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ABSTRACT

Bordetella species express virulence factors that enable host immune evasion and

establishment of prolonged respiratory infection. Upon interaction with ciliated cells of

the host upper airway, bordetellae are subjected to antimicrobial reactive nitrogen species

(RNS) and reactive oxygen species (ROS) as part of the host innate immune defense. I

hypothesized that RNS and ROS have anti-Bordetella activity at physiologically relevant

concentrations. In a novel in vitro assay, B. bronchiseptica exposure to prototypical redox

active species revealed toxicity at physiologically relevant (nM–mM) concentrations.

Antimicrobial synergy was observed when individual redox active species were applied

in combination. Additionally, there was increased bacteriostatic activity of nitric oxide

towards Bordetella relative to hydrogen peroxide. Analysis of B. bronchiseptica mutant

strains unable to respond to physiological stimuli via the two-component virulence

control system BvgAS identified a protective role for BvgAS in the Bordetella redox

stress response. The observation that RNS and ROS produced by airway epithelial cells

have anti-Bordetella activity at physiologically relevant concentrations encourages

further analysis of how manipulation of redox active species in the airway can be utilized

to combat airway infection.

Species of the Bordetella genus express a conserved virulence factor,

dermonecrotic toxin (DNT), that in purified form can target host cell cytoskeletal

regulators. However, DNT is not released from cultured bacteria, and no mechanism for

bacteria to host transfer has been described. I hypothesized that loss of DNT expression

affects bacterial physiological processes. Comparison of wild type B. bronchiseptica and

a DNT mutant strain revealed an altered proteome that included several proteins

associated with bacterial metabolism. In vitro, loss of DNT expression resulted in

increased sensitivity to physiological stress. Comparison of wild type and DNT mutant B.
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bronchiseptica interactions with primary cultured rabbit tracheal epithelial cells did not

reveal a function for DNT in host cell actin cytoskeletal rearrangement during the B.

bronchiseptica-host interaction. It is suggested that DNT is conserved across the

Bordetella genus because of its effects on bacterial physiology. This is a novel

perspective on a Bordetella factor under BvgAS control and may have implications for

understanding similar necrotizing factors from other virulent bacteria.
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CHAPTER 1: BACKGROUND AND LITERATURE REVIEW

1. 1. PREAMBLE

Antibacterial reactive nitrogen species (RNS) and reactive oxygen species (ROS)

constitute an initial line of defense against infection of the respiratory tract. Both airway

epithelial cells and migratory immune cells have the capacity to produce RNS and ROS.

The effect of RNS and ROS on members of the Bordetella genus of respiratory pathogens

has not been determined. Analysis of redox active species at physiologically relevant

levels is necessary to determine how RNS and ROS may influence the viability of

bordetellae during natural infection. I will determine how RNS and ROS contribute in

innate immunity against Bordetella by addressing the following specific aim.  Specific

Aim 1: Determine the antibacterial activity of prototypical RNS and ROS on B.

bronchiseptica at physiologically relevant concentrations.

Dermonecrotic toxin (DNT) is a protein with transglutaminase activity expressed

by all bordetellae. Because expression of DNT is co-regulated with Bordetella virulence

factors, it has been assumed that expression of DNT across the Bordetella genus accounts

for a conserved role of DNT in virulence. Although experiments with purified DNT have

shown that DNT can affect host cell actin cytoskeletal regulation, the discovery that DNT

is not secreted during growth in culture questions the function of DNT as a virulence

factor in the context of the live bacterium. Containment of DNT within the bacterial

cytoplasm points to a function for DNT within the bacterium. I will assess whether loss

of DNT expression affects bacterial physiology via Specific Aim 2: Loss of DNT results

in reduced ability of B. bronchiseptica to withstand physiological stress.
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1. 2. INTRODUCTION

The respiratory tract was recognized as a portal of entry for microorganisms in the

process of disease development early in the era of modern medicine. In 1546, Girolamo

Fracastoro reviewed the mechanisms by which microorganisms cause respiratory disease

as follows:

“One method of penetration is by propagation and, so to speak, progeny… A second
method of penetration is by attraction, which works inwards, partly through the breath of
inspiration, partly by dilation of the blood vessels. For along with the air that is drawn
in, there enter, mixed with it, germs of contagions, and when once these have been
introduced, they do not retire as easily by expiration as they entered by inspiration; for
they adhere closely to the humors and organs, and some even to the spirits, which retreat
from the image of their contrary, and carry their enemy with them even to the heart…”
(28).

Epidemiological studies published by the World Health Organization for 2003

(294) show that microbial pathogens that gain access to the human body via the “second

method of penetration” described by Fracastoro constitute the third most significant cause

of death in humans, after ischemic heart disease and cerebrovascular disease. With an

estimated 10,000 liters of inhaled air daily containing up to 4,000 microorganisms per

cubic meter the daily exposure of the human respiratory tract to bacteria, molds and fungi

is on the order of 40,000 colony forming units (CFU) (101). It is the continuous exposure

of the respiratory tract to a wide array of virulent microorganisms that makes the airway a

focal point in the development of infectious disease. The absence of a natural microbial

flora in the (lower) respiratory tract illustrates that a healthy innate immune system is

designed to keep microorganisms away, and conversely, that microbes able to colonize

the airways have developed specific virulence mechanisms that allow them to maintain

an association with the host organism.



14

Bordetella pertussis, the causative agent of whooping cough (pertussis), was the 6th

leading cause of death in children world wide in 2002 (294). The paroxysmal coughing

syndrome characteristic of whooping cough in infants and adolescent patients is so severe

that it can result in rectal prolaps, rupture of the diaphragm, seizures, exhaustion and

death (105). It is believed that the severe cough induced by B. pertussis is, at least in part,

a result of the ability of this organism to damage the delicate epithelial surface of the

upper respiratory tract (46, 176). In an effort to dissect the nature of the interaction

between B. pertussis and the human host, an extensive body of literature has been

produced with a primary focus on Bordetella genome structure, individual virulence

factors and virulence factor regulation. To understand the virulence of any given

organism it is important to understand the environment within the host where the

organism resides during a natural infection. Surprisingly few studies have investigated

the relation of Bordetella physiology to the biochemical environment of the epithelial

surface of the respiratory tract. In this dissertation, emphasis is placed on bacterial

responses to the innate immune functions of the upper respiratory tract.

1. 3. THE R ESPIRATORY T RACT: INNATE IMMUNITY AND HOST-PATHOGEN

INTERACTIONS

The mammalian respiratory system can be separated into upper and lower

respiratory tracts separated by the pharynx. The upper respiratory tract is subdivided into

three sections: the nasal cavity, paranasal sinuses, and the nasopharynx. The lower

respiratory tract initiates at the larynx and extends through the thorax via the trachea. The

trachea divide into consecutively smaller airways, the smallest branches of which reach
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the lung alveoli after several levels of division (approximately 20 in humans) (245, 306).

The respiratory tract is designed to protect the host against airborne pathogens. The

innate immune function of the respiratory tract epithelium can be divided into distinct

functional levels; a tissue-level response, and a direct biochemical response. Five cell

types with distinct functions make up the tracheal epithelium and contribute to the tissue-

level defenses of the tracheal mucosa: 1) ciliated cells, 2) goblet cells, 3) serous cells, 4)

neuroendocrine Kulchitsky cells, and 5) basal/reserve cells (134, 245). The tracheal

epithelium can be described as a functional unit consisting of three components – ciliated

cells, secretory cells, and support cells, including basal/stem cells and neuroendocrine

cells (188, 306). The ciliated cells establish a unidirectional system for continuous

movement of particulate matter trapped in secretions of the secretory cells, a system

referred to as the mucociliary escalator. The words “ciliary” and “muco” refer to the

respiratory epithelial cell cilia, and to the uppermost mucus layer of a two-layer liquid

film known as airway surface liquid (ASL), respectively (295). The periciliary layer is an

ASL layer in immediate contact with the epithelium. This layer is less viscous than the

mucus layer allowing efficient beating of the cilia (295).

Considerable differences in the chemical composition of ASL have been reported

between animal species, as well as between healthy individuals and people with

respiratory disorders (56, 138, 228). Both the mucus producing cells of the serous-mucus

glands as well as the goblet cells of the respiratory epithelium secrete mucins,

glycoproteins that make up the major visco-elastic element of ASL mucus (134). Because

of the highly charged nature of mucins, these molecules trap particulates entering the
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airways and serve as a medium for transport out of the airway via the mucociliary

escalator (127). Hypersecretion of mucins affects the consistency of ASL and lowers the

efficiency of mucociliary clearance (127). Respiratory disorders and diseases involving

irritation of the airway epithelium, or improper ion transport are associated with

alterations of ASL composition and consistency, factors believed to influence the ability

of microbes to colonize the compromised airway (137). The involvement of several cell

types in secretion of ASL constituents together with changes in ASL in response to

physiological needs highlight the complexity and significance of maintaining ASL

homeostasis.

Fleming reported in the early 1900s that ASL has significant antimicrobial

activity (85). Since this initial report, it has been established that ASL constitutes a

significant component of the innate immune function of the airway (91). Both airway

epithelial cells and serous-mucus glands in the respiratory sub-mucosa release proteins

with antimicrobial activity into ASL (15, 16). Lysozyme and lactoferrin secreted by the

serous cells in the airway submucosal glands (16) are two of the most important protein

antimicrobials of ASL (67, 276). While lysozyme is an enzyme targeting the bacterial

cell wall, lactoferrin is an iron chelator serving to restrict the availability of free iron for

colonizing microbes. Epithelial derived b-defensin peptides and the cathelicidin LL-37

are broad spectrum antibiotic peptides present at the airway mucosa (13, 62, 253). A

group of proteins known as collectins, including surfactant proteins, are pattern

recognition molecules believed to cause aggregation of bacteria increasing the efficiency

of mucociliary clearance (279). The diverse modes of action of ASL antimicrobial
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peptides result in a multifaceted assault on invading pathogens limiting the chances of

successful colonization.

In addition to macromolecules, biochemical protection against invading microbes

can also be provided by non-peptide antimicrobials including reactive nitrogen species

(RNS) and reactive oxygen species (ROS). The significance of RNS and ROS in the host

response against invading microbes has been established for the respiratory system.

Respiratory epithelial cells, including ciliated tracheal cells, express nitric oxide

synthases (NOS) (66, 111, 225). Nitric oxide synthase generates the free radical nitric

oxide (NO), from the oxidation of L-arginine to citrulline (226). Although NO is

involved in the antimicrobial defense of the respiratory tract, NO is also involved in other

physiological processes, most notably the regulation of vascular tone (285). Nitric oxide

has recently been characterized as a “double-edged sword” because of its roles as a

physiological regulator on the one hand and the harmful properties associated with NO

and NO-derived reactive nitrogen-oxide species (RNOS) on the other (86). Whether the

exposure to an environment where NO is present is harmful for a bacterial cell is

determined by what RNOS are generated in that particular environment and whether the

bacterium has effective means of protecting itself from these reactants via mobilization of

anti-oxidants or detoxifying enzymes. Direct determination of the concentration of NO in

ASL has not been reported, however, the level of NO in exhaled breath can be used as a

measure of the amount of NO produced by the respiratory epithelium. Nitrate (NO3
-) and

nitrite (NO2
-) are stable reaction products of NO that accumulate as a result of NO

oxidation. The level of NO3
- and NO2

- in ASL has been used as a measure of the
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production of NO by airway epithelial cells. Increased production of NO in response to

respiratory infection and irritation are consistent with a role for NO in airway disease

(146). The detection of higher concentrations of NO3
- and NO2

- in sputum of individuals

with airway infection compared to healthy controls (167) reflects increased production of

NO by the airway epithelium in response to infection.

Nitric oxide is a free radical because it has an odd number of valence shell

electrons (25). In the presence of molecular oxygen in gas phase, NO undergoes auto-

oxidation to form nitrogen dioxide (NO2) (Equation 1). In the presence of superoxide

(O2), a reaction takes place at near diffusion control to yield peroxynitrite (ONOO-) and

its conjugate acid, peroxynitrous acid (ONOOH) (Equation 2) (221, 299).

2NO + O2 Ÿ 2NO2   (Eq. 1)

NO + O2
- Ÿ ONOO-/ONOOH   (Eq. 2)

Under conditions found at the mucosal surface of the respiratory tract, a plethora of

reactions involving highly anti-microbial molecules could be generated based on the

reactivity of NO and RNOS alone (Figure 1). The biochemical context surrounding NO

can determine the generation of RNOS. For example, NO2 is not readily formed between

NO and O2 in aqueous solution, but increased O2 level can affect the reaction positively.

Because different RNOS have dissimilar bactericidal activity, the biochemical

composition of ASL can influence NO-dependent antimicrobial activity in the airway. In

this environment the otherwise non-reactive NO-molecule can lead to formation of

antibacterial RNOS.
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The formation of molecular radicals is a mechanism by which several RNS and

ROS exert their antibacterial effect. Peroxynitrite has been reported to be the active

bactericidal agent under controlled in vitro conditions of NO-dependent toxicity in

Escherichia coli (31). Peroxynitrous acid is an intermediate in the decomposition of

ONOO-, a process postulated to proceed via generation of hydroxyl radicals (OH•) or

hydroxyl-like species (214).  In systems where carbon dioxide (CO2) is present at

sufficiently high levels, ONOO- can react to form nitrosoperoxycarbonate (ONOOCO2
-)

(261). This component is postulated to generate the charged radicals CO3
-• and NO2•.

Because the toxic effect of ONOO- can be inhibited by inactivation of radicals, it is

plausible that anti-bacterial effect of ONOO- originates from the ability of this component

to generate radicals. Hydrogen peroxide (H2O2) is a potent anti-bacterial ROS produced

by airway sub-mucosal glands and airway epithelial cells (94, 151). It has been reported

that the toxicity of H2O2 is dependent on the concentration of this species and the level of

iron in the surrounding fluid (203, 275). A mechanism of H2O2 toxicity is based on OH•

formation in a reaction between H2O2 and ferrous iron (Fe2+) (Equation 3) (301).

Fe2+ + H2O2 Ÿ Fe3+ + H2O2
- Ÿ OH• + OH-   (Eq. 3)

Bacteria, including members of the Bordetella genus, produce catalase (CAT) as a means

to detoxify H2O2 (61). Bacteria are not believed to express factors with capacity to

detoxify OH• however. Because reactions of H2O2 can generate OH•, it is possible that

expression of CAT provides an indirect mechanism to protect against OH•, a potent

inducer of DNA damage in prokaryotes (204). By the activity of CAT, H2O2 is removed

thus reducing the concentration of a precursor for formation of OH•.
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The ability of RNS and ROS to diffuse within ASL to interact with colonizing

bacteria can influence the antibacterial activity of given RNS and ROS. For example, in

experiments designed to determine the diffusion of NO in tissue, NO was readily detected

100 mm away from the source (aortic wall) and was determined to have a diffusion

coefficient of 3,300 mm2/sec (175). In the chemical environment of ASL, NO would also

be subject to reaction with other reagents, resulting in loss of NO via chemical

consumption (e.g. Figure 1). The potential limited ability of NO to diffuse from the site

of production within airway epithelial cells and across the membranes (outer and inner)

and cell wall of a bacterium colonizing the airway underlies the question of whether NO

itself can actually exert considerable antimicrobial activity in vivo. An alternative

hypothesis is that RNOS, such as ONOOH or other reactive intermediates, represent the

actual antimicrobial species.  The relatively stable ROS H2O2 is also a viable candidate

for translocation from ASL into the bacterial cell. In summary, the anti-microbial activity

of ROS, RNS and RNOS is subject to spatial, temporal and chemical restrictions. To best

define the responses of Bordetella to RNS and ROS, we will use reaction buffers that

mimic the chemical milieu of ASL in combination with physiologically relevant levels of

RNS and ROS (Chapter 2).

While the reactions of RNS and ROS at the respiratory epithelial surface

constitute an antimicrobial control system, the resident epithelial cells are not adversely

affected under normal conditions. As a component of ASL, glutathione (GSH) is believed

to scavenge ROS present at the respiratory mucosa and therefore protect against oxidative

damage. ASL has been reported to contain GSH at levels between 400 and 1100 mM (35,
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102), and the concentration of GSH increases with oxidative stress (35). This implies that

the level of GSH is actively adjusted in response to the redox stress level of the airway.

Both ascorbic acid and uric acid serve as molecular scavengers for ROS and RNS. In

vitro, uric acid reacts with radicals produced from nitrosoperoxycarbonate, the reaction

product between ONOO- and CO2 (260). These and other protective mechanisms by

epithelial cells allow a combined chemical assault made up of RNS and ROS at

component concentrations that do not affect the epithelial cells because of their higher

capacity to detoxify the reactive elements, but overwhelm the microbial capacity to

detoxify the reactive species (203).

The effect of redox stress on bacteria can also be influenced by other

physiological determinants, including bacterial nutritional state. Abnormal growth in a

nutritionally deficient strain of E. coli can be attributed to increased sensitivity to

oxidative stress (139). In Bacteroides fragilis, expression of the katB gene encoding CAT

is partially under nutritional control, linking the redox stress response to nutritional state

(230). In addition to the antimicrobial activities from RNS and ROS produced by airway

sub-mucosal glands and airway epithelial cells, recruitment of immune cells to the

respiratory tract mucosa can also present a challenge to invading pathogens.

Polymorphonuclear leucocytes (primarily neutrophils) produce RNS and ROS during the

respiratory burst and evasion of phagocytosis is a virulence mechanism employed by

bacterial pathogens, including Bordetella (239). Although killing of microorganisms by

recruited immune cells is primarily considered to occur after phagocytosis, the recruited

immune cells also release RNS, ROS and enzymes used in the synthesis of such species
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(152). It is not any one factor that imparts physiological stress on the invading bacterium,

but a combination of several types of stresses that can be mounted by the multifaceted

innate immune response of the host airway.

1. 4. THE BORDETELLA GENUS OF BACTERIAL PATHOGENS

The genus Bordetella (formerly included in the genus Haemophilus) received its

name to honor Jules Bordet. Bordet was one of the pioneer researchers studying the

physiology of the respiratory syndrome whooping cough and the underlying etiological

agent, Bordetella pertussis. Bordetella species are gram-negative coccobacilli. Although

a typical cell of B. bronchiseptica grown under Bvg+ phase conditions is 0.5x2.0 mm,

bordetellae are pleiomorphic bacteria with large variations in cellular shape and size

(273). In addition to appearing as both cocci and bacilli, cells can also be organized into

strings. The genus consists of seven recognized species: B. avium, B. holmensii, and B.

hinzii, B. trematum, B. pertussis, B. parapertussis, and B. bronchiseptica, (95). Individual

species have been associated with varying forms of infections in animals. B. avium is the

cause of bordetellosis, an upper respiratory infection of several avian species (216). In

humans, B. holmensii has been associated with bacteremia (249) and B. hinzii has been

identified as the causative agent of fatal septicemia (142), while B. trematum has been

recovered from wounds and ear infections (281). B. pertussis, B. parapertussis and B.

bronchiseptica are all associated with various forms of respiratory infections and

represent the most clinically relevant Bordetella species. The following discussion will

focus on the human pathogen of interest, B. pertussis, and the closely related B.

bronchiseptica used in animal models of B. pertussis infections.
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B. pertussis, the causative agent of whooping cough, is the species associated with

most human Bordetella infections. An estimated 60 million annual infections worldwide

are caused by B. pertussis (30). With 285,000 deaths in 2001 in developing countries

(39), this translates to approximately one death every two minutes, placing B. pertussis

among the most lethal infectious agents affecting humans. In children, lower respiratory

tract infection is the leading cause of death, with whooping cough listed as the fourth

overall cause of mortality world wide (294). Introduction of the pertussis vaccine in the

1940s initially resulted in a 98% decrease in the incidence of pertussis in the United

States, from more than 200,000 cases per year to 4,400 cases in 1980 (39). Since the early

1980s however, the incidence of pertussis has been on a steady incline and the number of

provisional cases in the United States for 2004 was 18,957, up from 10,670 cases in 2003

(39, 40). The dramatic increase in the incidence of pertussis over the past few years

demonstrates the need for continued research on this potentially deadly microorganism.

Although typically described as a species closely related to B. pertussis, B.

bronchiseptica is primarily associated with infection of mammals other than humans,

including rabbits, dogs, and pigs (100, 162). Mice and rats are used extensively as

laboratory models with B. bronchiseptica, but their role as natural hosts has been

disputed (18).  B. bronchiseptica is the causative agent of kennel cough in canines, a

condition that can lead to persistent cough (70). In domesticated swine, B. bronchiseptica

has been associated with development of atrophic rhinitis, a syndrome characterized by

atrophy of snout cartilage (29). Atrophic rhinitis can also be caused by the pathogen

Pasteurelle multocida and the relationship between these two pathogens and the
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aetiology of the disease has not been conclusively established (218). B, bronchiseptica

has also been isolated from humans, primarily from immunocompromised individuals

(43, 68, 271). The pathogenic potential for B. bronchiseptica and other atypical human

respiratory pathogens has risen due to the increasing number of people with medical

conditions associated (directly or indirectly) with immune system disorders (e.g.

HIV/AIDS and cancer).

After  initial discoveries pointing to extensive genetic, physiological,

morphological, and antigenic similarities between B. pertussis, B. parapertussis, and B.

bronchiseptica  the three species came to be considered members of the “B .

bronchiseptica cluster” (95). Recent genomic evaluation of B. pertussis, B. parapertussis

and B. bronchiseptica show that B. pertussis and B. parapertussis developed separately

from B. bronchiseptica-like ancestors (206). Although initial analysis of the Bordetella

genomes established that bordetellae had similar genomic structure, there are

considerable differences in surface structures between Bordetella species that may

contribute to host specificity (59). The observation that the B. pertussis genome (4.09

Mb) is roughly 25% smaller than the B. bronchiseptica genome (5.34 Mb) and the theory

that the reduction in genome size is a consequence of loss of genetic elements from a B.

bronchiseptica like ancestor, makes it is possible that B. bronchiseptica has metabolic

capabilities beyond that of B. pertussis (206). A more sophisticated metabolic machinery

may contribute to differences in host range between these two species. Despite obvious

differences, B. pertussis, B. parapertussis and B. bronchiseptica share major

physiological determinants such as the Bordetella virulence gene – activator/sensor
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(BvgAS) virulence control system (discussed below). The majority of (virulence) factors

regulated by BvgAS are also conserved between the species. These similarities translate

to parallels in both virulence and physiological characteristics. Work reported in this

dissertation is based on the analysis of virulence factors with conserved activity and

regulation across the Bordetella genus.

1. 5. BORDETELLA VIRULENCE

1. 5. 1. Terms and concepts

In bacteriology, the term “virulence” refers to the ability of a bacterium to

establish itself on or within a host organism. Accordingly, bacteria of lower virulence are

more likely to be cleared by the host whereas bacteria of higher virulence stay associated

with the host because of their ability to escape host immunity. In clinical bacteriology,

bacteria are considered to be “virulent” if they have the capacity to grow (i.e. increase in

number) and metabolize while associated with a host at a level that compromises host

cell, tissue and/or organ function. Virulent bacteria obtain their ability to grow after

infecting a host by expressing virulence factors. In broad terms, virulence factors are

specific bacterial gene products that are incompatible with host cellular metabolism

and/or immune function. Expression of virulence factors by bacterial pathogens are often

strictly regulated and may be triggered by an alteration in temperature, osmotic pressure,

or availability of nutrients (48), all signals that can define the environment within a host

organism. The strict regulation of virulence factors reflects the specific functions of these

gene products in the life cycle of bacterial pathogens; mutations that prevent virulence

factor expression in pathogens typically limit the ability of the bacterium to cause



27

disease. The result of host-pathogen interactions involving virulent bacteria, range from

the establishment of persistent (chronic) infections, with signs of abnormality only at the

host cellular level, to the development of overt disease and clinical symptoms. The level

at which a bacterium is capable of causing destruction of host cells (i.e., cellular

pathology or cytopathology) and/or organs (i.e., special pathology) is expressed in terms

of the “pathogenicity” of the bacterium. The term “pathogenesis” refers to the

development of disease processes. Because bacterial virulence is distinguished from

pathogenicity by the capacity to induce pathological changes in the host, a bacterium can

be highly virulent without being equally pathogenic. Bacteria capable of establishing long

term infections are in part dependent on low pathogenicity to prevent death of the host

organism. B. bronchiseptica can establish life-long infection of the host respiratory tract

and is therefore a good model organism to investigate parameters of virulence. Bacterial

characteristics that can influence virulence include metabolic capacity and ability to

detoxify antimicrobial factors produced by the host, such as RNS and ROS. The various

mechanisms employed by bacteria to achieve virulence are referred to as “virulence

mechanisms.” At the molecular level, virulence mechanisms are determined by the

function of the various virulence factors a bacterium expresses.

1. 5. 2. Regulation of virulence

In an extensive study published in 1960, Lacey described how B. pertussis and B.

bronchiseptica can be influenced to express three distinct profiles of antigens (160)

(Figure 2). Each profile was recognized as reflecting a specific phenotypic state whose

expression was determined by environmental conditions such as temperature and the ratio
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between certain ions. The work of Lacey further illustrated that the three physiologically

distinct phases of Bordetella are arranged along a continuum and that any one specific

state reflected the maximal antigenic output at three sites along that continuum. At one

extreme of the spectrum, the bacterial phenotype is characterized by the expression of a

virulence factor profile capable of supporting optimal infection efficiencies in animal

models. On the other extreme, the bacterial phenotype is characterized by loss of

expression of most virulence factors, and the induction of motility (52). A less well-

characterized intermediate phase has been identified based on the distinct expression of

certain genes that are maximally expressed in this phase (90). The intermediate phase has

been proposed to have significance during transmission of bacteria between hosts (282).

The phenotypic states of Bordetella are controlled at the molecular level by a two-

component signal transduction system, Bordetella virulence gene activator-sensor

(BvgAS) (193, 290). Two-component signal transduction systems have been identified in

both prokaryotes and eukaryotes and typically serve as sensors for changes in the

environment, such as alterations in temperature and the availability of nutrients. As the

name implies, two-component signal transduction systems are composed of two

elements: a sensor, typically a kinase, and a response regulator, the latter allowing

translation of the environmental stimuli to a cellular response (49). Due to the role of

BvgAS in the regulation of virulence, this signal transduction system is commonly

referred to as a virulence control system. When activated, the BvgS protein initiates a

phosphorylation cascade that ends with phosphorylation and activation of the cytoplasmic

transcription factor BvgA (277). Phosphorylated BvgA (BvgA-p) initiates transcription of
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BvgA-p responsive genes collectively referred to as virulence activated genes (vag) (21,

238). Several BvgAS responsive promoters have been analyzed experimentally and

classified as strong, intermediate, or weak based on their affinity for BvgA-p (51). The

organization of promoters with a range from strong to weak affinity for BvgA-p underlies

the continuum of virulence factor expression initially described by Lacey. The phenotype

of bordetellae can be characterized as virulent (Bvg+), intermediate (Bvgi) or avirulent

(Bvg-) depending on the level at which BvgAS responsive promoters are activated. In the

Bvg+ phase, most virulence factors necessary for infection are expressed whereas lack of

virulence factor expression in the Bvg- phase renders the bacterium unable to establish

infection.  Transcriptional regulation of bipA, the gene encoding Bordetella intermediate

phase protein A (BipA), has been analyzed in detail both structurally and functionally

(296). Under Bvgi phase conditions, when expression of BipA protein is maximal, BvgA-

p was found to bind with high affinity to sequences 5’ and overlapping sequences bound

by RNA polymerase (RNAP). Under Bvg+ phase conditions, when BipA protein levels

are low, BvgA-p bound to sequences downstream of those bound by RNAP, thus

blocking transcription. By differential binding to gene regulatory sequences, BvgA-p can

therefore act both as an activator and as a repressor of transcription. BvgA-p also

stimulates the expression of the repressor protein BvgR (189). The expression of BvgR

and concomitant repression of virulence repressed genes (vrg), establishes another level

of transcriptional regulation under BvgAS control; repression of genes whose protein

products do not contribute to virulence. Although constitutive expression of vrg did not

affect B. bronchiseptica virulence, expression of vrg in B. pertussis during infection
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resulted in reduced leukocytosis and mortality in mice (80, 190). The role of BvgR in B.

bronchiseptica may serve to prevent unnecessary metabolic activity rather than blocking

expression of proteins that are detrimental to virulence and/or pathogenicity while

directly contributing to virulence regulation in B. pertussis. An active BvgAS virulence

control system is essential for establishment of Bordetella infection (52) and strict

temporal expression of toxins under BvgAS control has been reported (150). Some

virulence factors are expressed within ten minutes of Bvg+ stimulatory signals, while

expression of other virulence factors are delayed several hours. Because alteration of the

sequence in which virulence factors under BvgAS control are expressed reduced the

ability of B. pertussis to establish prolonged infection in a murine model of infection,

temporal control BvgAS regulated factors is a determinant of virulence. The importance

of BvgAS in the control of virulence has made virulence factors under BvgAS control

focal points of investigation in the elucidation of virulence mechanisms employed by

Bordetella. However, as exemplified by tracheal cytotoxin (TCT), not all Bordetella

virulence factors are under BvgAS control.

1. 5. 3. Bordetella virulence factors – manipulation of host immune functions

As described above, Bordetella species express virulence factors that function to

inflict damage to host cellular physiological processes. The following discussion will

focus on a subset of Bordetella virulence factors with reported activities capable of

manipulating host cellular immune functions including production of redox active

species.
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1. 5. 3. 1. Pertussis toxin

Pertussis toxin (PTX) is unique among Bordetella species in that it is exclusively

expressed by B. pertussis (107) despite preservation of the gene in B. bronchiseptica and

B. parapertussis (9, 178). PTX is a multi-subunit protein toxin consisting of five different

polypeptides, S1-S5 (272). Pretreatment of cultured human monocytes with PTX leads to

a dose dependent reduction in the ability of monocytes to engulf bacteria without

affecting adherence to monocytes (239). In the interaction between B. pertussis with mast

cells, expression of PTX leads to reduction of mast cell production of interleukin 6 (IL-6)

and IL-10, but does not appear to affect phagocytosis (192). An acellular pertussis

vaccine affects the immune response against B. pertussis in part via IL-10 (72). Because

IL-6 and IL-10 are involved in the regulation of the host response to microbial infection

the function of PTX in virulence may extend to suppression and/or evasion of host

immune functions rather than specific effects in a particular cell type (233). PTX was

long considered to be responsible for the dramatic coughing symptoms of whooping

cough. However, B. parapertussis can induce symptomatic disease similar to that induced

by B. pertussis in the absence of PTX expression (20, 302). It appears that PTX may

serve to augment the pathogenicity of B. pertussis relative to B. parapertussis, but that

the expression of PTX is not a requirement for development of whooping cough.

1. 5. 3. 2. Adenylate cyclase toxin

Adenylate cyclase toxin (CyaA) is a bifunctional toxin with adenylate cyclase and

hemolytic activities (106). The hemolytic domain is believed to allow entry of the

enzymatic subunit into target cells. The enzymatic subunit is a functional adenylate
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cyclase resulting in elevated levels of cyclic-AMP in affected host cells. CyaA-deficiency

in B. pertussis reduced the ability of this species to cause mortality in mice about 1,000-

fold (106). At the cellular level, a CyaA mutant of B. pertussis was compromised in its

ability to cause apoptosis in macrophages early during infection of mice when compared

to the wild type strain (108). Experiments with B. bronchiseptica showed that wild type

bacteria induced increased infiltration of pulmonary neutrophils and also lead to more

tissue damage than a CyaA mutant strain (115). Taken together, CyaA appears to

function early during infection by removing resident pulmonary macrophages by

inducing apoptosis in these cells. Increased tissue damage in animals infected with CyaA

expressing bacteria is possibly a secondary effect of CyaA due to increased infiltration of

neutrophils. The strong correlation between expression of CyaA and Bordetella virulence

has made this toxin subject to intense investigation.

In addition to being a secreted toxin, CyaA is associated with the bacterial

surface. A possible consequence is contribution by CyaA in bacterial attachment to host

cells in vitro either by acting as an adhesion or by affecting activity other adhesion

molecules (69). However, secretion of toxin from bacteria attached to the host cell is

necessary for induction of cytopathology (104). Although a particular host cell receptor is

not strictly needed for CyaA to associate with a host cell membrane (179), the aMb2

integrin (CD11b/CD18) has been reported to allow specific interaction between secreted

CyaA and host cells expressing this surface protein (109). The expression of aMb2

integrin primarily on immune cells suggests that that these cells constitute the primary

target for this toxin.
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CyaA is a calmodulin dependent toxin of the RTX (Repeats in ToXin) family

(161). The toxin is produced as a pro-toxin and is dependent on activation by the CyaC

protein (14, 293). CyaC activation of CyaA takes place via palmitoylation of lysine 983

of CyaA (112). CyaA is known to gain entry into several eukaryotic cell types and cause

up-regulation of cAMP in the host cells (198). CyaA has been demonstrated to cause

apoptosis in macrophages (108, 149, 308). A specific function for CyaA during infection

has been presented: down-regulation of the host inflammatory response (185). In a recent

study the authors concluded that differences in temporal expression between PTX and

CyaA determine their combined effect on virulence (36). While PTX inhibits neutrophil

recruitment early in the infection process, CyaA functions in intoxication of neutrophils

that have been successfully recruited. It is possible that the effects of both PTX and CyaA

on human monocyte derived dendritic cells occur via upregulation of cAMP, reducing the

ability of these immune cells to produce immunomodulators (12). Given the predominant

loss of virulence phenotypes that have been described for PTX and CyaA-deficient

Bordetella in animal infection models, it appears that inhibition of host innate immune

functions by CyaA constitute a major virulence mechanism in Bordetella virulence.

1. 5. 3. 3. Tracheal cytotoxin

Tracheal cytotoxin (TCT) is a paradoxical determinant of Bordetella virulence

because it is not regulated by the BvgAS virulence control system. Moreover, it is so far

the only virulence factor reported to induce airway epithelial cell pathology consistent

with the pathology of clinical whooping cough (119, 172). TCT is a muramyl peptide

component of the bacterial cell wall - a peptidoglycan fragment produced by all gram-
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negative bacteria in connection with breakdown of peptidoglycan during cell division

(97, 235). Only Bordetella species and Neisseria gonorrhoeae are known to secrete this

peptidoglycan fragment (45). Specific actions of TCT include mitochondrial bloating,

disruption of tight junctions and extrusion of ciliated cells in hamster tracheal ring

cultures (98). In human nasal epithelial biopsy cultures, TCT results in loss of ciliated

cells, cell blebbing, and mitochondrial damage (298). In combination with endotoxin,

application of TCT to hamster tracheal organ cultures results in induction of inducible

nitric oxide synthase (iNOS) with concomitant epithelial pathology (83). Due to the

effect of TCT in upregulation of IL-1a and a link between IL-1a  and iNOS, TCT

dependent pathology is believed to result from toxic effects of NO. Increased production

of NO in hamster tracheal epithelial cells treated with TCT coincided with reduced

activity of the energy metabolism related enzyme aconitase (119). The presence of an

iron-sulfur center in aconitase and the ability of NO to react with such centers makes a

model of toxicity whereby NO interferes directly with enzymatic processes possible (47).

1. 5. 3. 4. Type III secretion system

Type III secretion systems constitute a molecular machinery used by gram-

negative bacteria to deliver toxins directly into the host cell cytoplasm (50, 163).

Sequence similarity between the Yersinia yscN locus (which encodes a protein associated

with the Yersinia type III secretion system) and the Bordetella bscN locus lead to the

discovery of a type III secretion system in Bordetella (309). Only B. bronchiseptica

appears to express and secrete proteins related to the type III secretion system in vitro.

However, because the differences between B. pertussis and B. bronchiseptica appear to
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be post-transcriptional, it is possible that secretion of type III related proteins in B.

pertussis simply requires a different mode of activation than that observed for B.

bronchiseptica (186). Because type III secretion is under BvgAS control, virulence

factors associated with the type III system are secreted when the bacterium is in the

virulent phase (Bvg+) (186, 309). A functional type III secretion system has been reported

to be required for persistent colonization of the trachea (309). Moreover, wild type B.

bronchiseptica, but not a type III secretion system mutant, resulted in apoptosis in

inflammatory cells in vivo and apparent inactivation of NF-kB in the L-2 lung epithelial

cell line in vitro (308). Consistent with a specific role for type III secretion system-

dependent inactivation of NF-kB, challenge of primary cultured bovine tracheal epithelial

cells with wild type B. bronchiseptica has been shown to result in decreased transcription

of b-defensin tracheal antimicrobial peptide concomitant with reduced activation of NF-

kB (164). Similar to the reported modes of action of PTX and CyaA as suppressors of

host innate immune functions, current data regarding the Bordetella type III secretion

system point to a role type III effector molecules in host immune evasion.

1. 5. 3. 5. Lipopolysaccharide

Lipopolysaccharide (LPS, or endotoxin) is produced by all gram-negative

bacteria. LPS has reported roles in host-pathogen interactions ranging from a potent

activator of the host immune response to the protection of bacteria from host derived anti-

microbials (33, 116, 240). LPS is a large molecule consisting of three components

embedded in the outer membrane of gram negative bacteria; lipid A which serves to

adhere LPS to the outer membrane, a core oligosaccharide, and the membrane-distal O-
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antigen (38). In B. pertussis, LPS is composed of a branched core trisaccharide, in B.

parapertussis a core trisaccharide with an O-antigen repeat and in B. bronchiseptica, a

core trisaccharide and an O-antigen like repeat (116). LPS from clinical isolates of B.

pertussis, B. parapertussis and B. bronchiseptica further exhibit extensive antigenic

heterogenicity reflected in differences among Bordetella species to elicit host immune

responses (162). It has been shown that loss of the outer O-antigen subunit in B.

parapertussis and B. bronchiseptica results in altered colonization in a mouse model of

infection and increased sensitivity to complement mediated killing, suggesting that intact

LPS is a specific virulence determinant among bordetellae (33, 116). BvgAS-dependent

structural differences have been reported for B. bronchiseptica LPS, whereas BvgAS

does not appear to influence the LPS structure in B. pertussis (280). LPS highly augments

the toxic effect of TCT in tracheal organ cultures (84) and the CyaA dependent activation

of immune cells (discussed earlier) appears to be positively effected by LPS (236).

Following infection with B. pertussis, a considerable inflammatory response has been

observed in murine lungs, a process postulated to be highly dependent on the expression

of PTX and CyaA (147). The link between LPS and immune system activation suggest an

important role for Bordetella in being able to protect itself from immune system

effectors. In summary, Bordetella LPS is a virulence determinant whose primary mode of

action appears to be interference with host innate immune functions.

1. 5. 3. 6. Dermonecrotic toxin

Because the role of dermonecrotic toxin (DNT) in Bordetella virulence is a focus

of Specific Aim 2, this factor will be discussed in greater detail. DNT was identified in
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1909 and represents the first isolated factor reported to be a determinant of Bordetella

virulence (26). The structural gene for DNT, dnt, covers 4395 bases. No post-

translational processing of DNT has been reported, suggesting that the complete 160 kDa

protein represents the functional form of the protein in vivo. Analysis of the B .

bronchiseptica genome sequence shows that dnt is situated among a group of genes with

a broad range of predicted functions, in addition to several preserved hypothetical

proteins (Figure 3). N-terminal sequence analysis has shown that the transcriptional start

site is the unconventional bacterial start codon “GTG” located 39 bases upstream of the

conventional “ATG” codon initially presumed to represent the dnt start site (141).

Because expression of DNT is positively regulated by the BvgAS virulence control

system, DNT is likely a determinant of virulence in Bordetella. However, arguing against

a role for DNT as an exotoxic factor is the finding by several groups that DNT is not

released from the bacterium during growth in culture (55, 200). Containment of DNT

within the bacterial cytoplasm is consistent with a function in bacterial physiology rather

than as a conventional toxin.
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1. 5. 3. 6. 1. Discovery and biological activities of DNT

Paradoxically, as the first factor in Bordetella with a predicted role in virulence, a

role for DNT in induction of host cytopathology by viable bacteria in vitro, or in the

establishment and maintenance of respiratory infection in vivo, has not been conclusively

established. In early studies, Bordet and Gengou showed that DNT is capable of

producing necrotic lesions after intradermal injection into laboratory animals, an

observation that led some researchers to call this putative virulence factor “dermonecrotic

toxin”. The factor was later re-named heat liable toxin (HLT) after the discovery that

mild heat effectively attenuated the toxic properties of bacterial extracts (75, 207).

However, after 1990, most researchers have used the original name, dermonecrotic toxin,

or its abbreviation, DNT, when describing this factor. Sensitization of animals with

purified DNT and infection of animals with DNT producing bordetellae does not result in

a strong antibody response indicating that DNT is not a major Bordetella antigen (71).

During the 1990s, several groups independently reported that DNT in its pure form has

transglutaminase activity in vitro. Typical transglutaminases can have complicated

enzymatic properties catalyzing several distinct reactions including deamidation,

polyamination, transpeptidation, and dephosphorylation of ATP (284). DNT does not

exhibit homology to known eukaryotic or prokaryotic transglutaminases. Moreover,

studies on the enzymatic reactions of DNT indicate that although both deamidation and

polyamination can be achieved, polyamination is the dominant reaction provided the

appropriate polyamines are available (182). Effects of purified DNT on eukaryotic cells

include morphological changes due to alterations in the actin cytoskeleton, and
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stimulation of DNA replication, with impaired cell proliferation that results in

binucleated cells (215). It has been established that purified DNT has transglutaminase

activity catalyzing deamidation or polyamination of the small GTPases Rho, Rac, and

Cdc42, leading to their constitutive activation in vitro (122, 123, 182, 202). However,

there are no reports on DNT-dependent effects on the host cell actin cytoskeleton in the

context of live bacteria.

1. 5. 3. 6. 2. Analysis of DNT during Bordetella-host interactions

Although the established activity for DNT in vitro supports compelling

hypotheses for how DNT may contribute to Bordetella virulence in vivo, there is

considerable disagreement regarding a role for DNT during animal infections. Loss of

DNT expression in B. pertussis has been reported to have no effect on virulence in a

mouse model of infection (291, 292). In contrast, experiments with DNT-deficient B.

avium suggest that DNT plays a significant role in pathogenesis in an avian model of

infection. The inability of a B. avium mutant to express DNT has a measurable effect on

the ability of this bacterium to induce pathology in the ciliated tracheal epithelium of an

avian in vivo model 14 days post inoculation (274). The differences between reported

DNT function in B. pertussis-mouse versus B. avium-turkey experiments might result

from the strict human etiology of B. pertussis with possible abnormal characteristics of

virulence in mice whereas B. avium naturally infects several avian species. The DNT of

B. avium has been reported to differ significantly from DNT of other Bordetella species.

However, the high degree of similarity between Bordetella species suggests that DNT

might also contribute to the pathogenicity of other bordetellae. A possible role for DNT
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in development of atrophy of swine snout cartilage, a prominent symptom of the disease

atrophic rhinitis, has also been reported (29).

1. 5. 3. 6. 3. Bacterial transglutaminases and dermonecrosis inducing factors

In addition to potential toxins in bacteria, proteins with transglutaminase activity

can also have physiological/metabolic functions. In Bacillus subtilis, transglutaminase

activity has been implicated in the process of sporulation (120, 153). It has been reported

that Streptoverticillium mobaraense expresses a transglutaminase for which there are

endogenous substrates in the bacterial peptidoglycan layer (209); The identification of

transglutaminases associated with bacterial metabolism in other bacteria suggests that the

intracellular location of DNT reflects a role in bacterial physiology. The observation that

Rho GTPases are also targeted by mammalian transglutaminases during coincubations in

vitro point to the possibility that Rho GTPases could be artificial targets for DNT (131,

255). Because the reactions catalyzed by DNT are dependent on the chemical

environment, extrapolations of what is known about DNT enzymatic activity in vitro may

not relate directly to the activity in an in vivo, cellular context.

In addition to Bordetella  DNT, bacterial factors capable of inducing

dermonecrotic lesions have been identified in other human pathogens. Cytotoxic

necrotizing factor (CNF) 1 and 2 of E. coli (122), cytotoxic necrotizing factor y (CNFy)

from Yersinia pseudotuberculosis (171), Pasteurella multocida toxin (PMT) of

Pasteurella multocida (44), and Epidermal Cell Differentiation Inhibitor (EDIN) of

Staphylococcus aureus (117) and Bacillus subtilis (117) constitute other members in the

family of dermonecrosis inducing bacterial toxins. Because EDIN and CNFy can be
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isolated from culture supernatant, these factors appear to be actively secreted by dividing

bacteria (171, 267). DNT has been extensively compared to E. coli cytotoxic necrotizing

factor-1 (CNF-1), structurally, functionally, and biochemically (159, 166). Similar to

DNT, CNF-1 causes activation of (human) RhoA by deamidation of glutamine 63 in

purified form (243). Moreover, in vivo studies reveal contrasting findings of whether

CNF acts as an exotoxin during pathogenesis (88, 136, 223). Mutants of pathogenic E.

coli that do not express CNF-1 have decreased virulence in vitro (145). Expression of

CNF-1 in UPEC increases the ability of this bacterium to resist killing by neutrophils

(224). The contribution of genes other than cnf-1 in CNF-1 dependent cytopathology has

been used as suggestive evidence for contact-dependent release of CNF-1 into host cells

(60). Aside from biochemical similarities between the members of the dermonecrosis

inducing toxin family, there is extensive variability at the amino acid level of these

proteins. Although CNF-1 and PMT are highly homologous, DNT only shares homology

to CNF-1 in the C-terminal catalytic domain (122) and DNT and PMT are not

homologous (286). CNF-1, CNFy and DNT share extensive homology in amino acid

residues necessary for catalytic activity (241) consistent with an evolutionary relationship

between these proteins. In summary, protein factors with biochemical and/or structural

similarities to Bordetella DNT are expressed by a variety of pathogenic microorganisms.

It is uncertain, however, how these factors influence virulence in the respective

pathogens. It is possible that these proteins have different functions within the context of

each host-pathogen interaction and that their characterization as a group of protein toxins

with similar function based on dermonecrosis assays has limited relevance to their
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functions under physiological conditions. Findings from the current project in line with a

function for DNT in bacterial physiology may lead to research to test similar hypotheses

for other members of this protein family.

1. 5. 4. Bordetella virulence and virulence related factors

Bacterial virulence is typically discussed in terms of expression of classical

virulence factors including adhesions and secreted toxins. However, the profile of

classical virulence factors is probably more reflective of being the “icing on the cake” in

determining the virulence potential of a bacterium. Molecular constituents of biochemical

pathways that allow synthesis of bacterial building blocks from the constituents of ASL

and bacterial response systems that allow efficient neutralization of host produced

antimicrobial factors constitute less prominent, but no less significant, building blocks of

virulence. For example, pathogens including Pseudomonas and Neisseria species have

the capacity to reorganize their respiratory machineries depending of the availability of

oxygen. This metabolic plasticity allows these bacteria to function optimally even when

the environmental conditions are sub-optimal (7, 269). Another example of a virulence-

associated factor is g-glutamyltranspeptidase (GGT), a component of glutathione

metabolism and the cellular redox stress response. Although an intra-bacterial enzyme in

Helicobacter pylori, the expression of GGT is believed to influence virulence by

optimizing the ability of this pathogen to colonize the gut (42), an environment associated

with extensive anti-bacterial defenses. The BvgAS virulence control system of Bordetella

regulates far more than the classical virulence factors that have been characterized in

Bordetella. Microarray analyses of wild type and BvgAS mutant B. pertussis showed that
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BvgAS is involved in the regulation of several dozen genes (126). Several of the genes

regulated by BvgAS appear to be proteins associated with metabolic functions rather than

typical virulence factors. Because molecules with different functions are necessary to

establish virulence, virulence determinants are better defined by their roles in virulence

and pathogenicity (288). Accordingly, “true virulence genes” encode factors that interact

directly with the host cell, “virulence associated factors” are involved in their regulation

and “virulence life-style genes” encode proteins that enable evasion of the host immune

system. Bordetella BvgAS influences the expression of an array of proteins with a range

of functions. The regulation of conventional toxins and adhesins (e.g. pertussis toxin and

adenylate cyclase toxin, and filamentous hemagglutinin), metabolic processes, as well as

motility by BvgAS suggests that all three groups of virulence factors function

collaboratively in virulence (1, 2, 126, 170). Examples of metabolic processes affected by

virulence-related factors regulated by BvgAS include alterations of the respiratory chain

(76) and serum resistance (81). Because virulence-related factors can be components of

general metabolic pathways, the production of subtle phenotypes after deletion of a gene

can be the result of metabolic plasticity. In Bordetella, disruption of iron acquisition via

the alcaligin siderophore did not result in reduced virulence whereas iron uptake through

a separate system (Ton) increased virulence in mice but was not required for growth in

vitro (212, 213). Similar results have been obtained after genetic manipulation of

glutathione metabolism in H. pylori, demonstrating that bacteria can rely on

complementary metabolic pathways to compensate for loss of certain virulence

determinants (42). A subtle phenotype does not rule out a significant function for a gene
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product, but rather that very specific conditions are necessary to observe physiological

functionality.

1. 6. BACTERIAL PROTECTIVE RESPONSES TO REDOX STRESS

1. 6. 1. Molecular organization of the bacterial stress response

An integral aspect of bacterial physiology is the ability of a bacterium to respond

to changes in the environment in response to a stimulating factor. In general terms, the

stimulus either presents as an opportunity, such as introduction of a food source to the

environment, or as a stressor, such as loss of a nutrient. Because an alteration in cellular

metabolism to a single component in the environment often requires mobilization of

several cellular components, it is convenient to consider bacterial responses to

environmental change in terms of a “stimulon.” It is not uncommon for stimulons to

include 20-40 genes with the effect of a significant change in metabolism. In E. coli,

stimulons are implicated in bacterial responses to changes in temperature, specific

nutrients and oxidative stress (78). The response of Basillus subtilis to oxidative stress

has recently been investigated (197) and it is shown that redox stress leads to

rearrangements in metabolic stress response networks and in proteins involved in the

synthesis of cellular building blocks (e.g. purines, pyrimidines, and amino acids).

Microarray analysis of the BEAS-2B human bronchial epithelial cell line has been used

to determine host cellular responses after challenge with B. pertussis (17). It was found

that bacterial exposure resulted in activation of a variety of host mRNA species related to

host defense mechanisms, including proinflammatory cytokines and PMN

chemoattractant molecules and redox stress compounds. Bordetella is able to stay
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associated with the host organism despite activation of host immune responses that

promote redox stress. This scenario argues for the significance of counter-measures

mounted by Bordetella to withstand the physiological stress imposed by the host

organism.

Bacteria are dependent on the ability to withstand, via detoxification and repair

mechanism, the challenge that redox stress poses to optimal physiological function.

Studies in E. coli and S. typhimurium have established a multi-layered redox stress

response as a consequence of exposure to specific oxidants as well as growth conditions

(78). Information about redox stress regulation in Bordetella is limited, but DNA micro-

array analysis has revealed that typical redox response proteins are not regulated by

BvgAS (126). In Bordetella, the O2
- and H2O2 detoxifying enzymes superoxide dismutase

(SOD) and CAT appear to be regulated in a virulence-independent manner. It is possible

that the continuous expression of CAT in Bordetella reflects adaptation to an

environment in which redox stress is a persistent and prominent challenge/threat to the

bacterium. Both SOD deficient and CAT deficient strains of B. pertussis have been

characterized and deficiency of either enzyme results in considerable loss of resistance to

challenge with paraquat (a generator of O2
-), or application of H2O2 in vitro (148).

As discussed in connection with the innate immune functions of the host

respiratory tract, bacteria are exposed to toxic insults while associated with the

respiratory epithelium. Most bacteria respond to stress from RNS and ROS by activation

of the “SOS” system, a highly conserved stress response activated by DNA damage (78).

In E. coli, coordination of the SOS response is achieved by inactivation of the LexA
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repressor  (168). The presence of a gene (BB2271) encoding a LexA homolog in B.

bronchiseptica is evidence for the existence of an SOS system also in Bordetella.

Surprisingly little is known about the SOS response and related protective stress response

systems in Bordetella. Deletion mutants of recA, a prominent SOS response gene

involved in recombination events of DNA, have been studied in some detail. Results

show that RecA activity is necessary for protection against DNA damage by methyl

methanesulfonate and ultra violet irradiation (157, 229).  These observations demonstrate

that the ability of a microbe to increase the mutation rate is an aspect of protection against

physiological stress. Although most mutations have a negative impact on physiological

fitness, increased mutation rate as a result of RecA activity may increase the possibility

that some cells are able to adjust successfully by acquiring beneficial mutations.

1. 6. 2. Components of the Bordetella redox stress response

While bacterial stress response systems are based on only a few proteins for initial

regulation of the response, a number of metabolic components/pathways can be adjusted

when bacteria are subjected to redox stress (78). Activation of stress response

machineries can therefore alter bacterial metabolism. The response can include

upregulation of typical redox stress enzymes such as CAT and SOD, but typically also

encompasses cellular components with more obscure associations to redox stress

protection. A search of the predicted proteomes of B. bronchiseptica and B. pertussis

identify homologs of some of the components that have been associated with the bacterial

redox stress response in other pathogens (78, 195, 197) (Table I). Among the metabolic
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        Table I. Limited list of Bordetella Redox Stress Related Metabolic Components
Component Short description Gene

Catalase Detoxification of H2O2 katA (Bb, Bp)
Superoxide
dismutase

Detoxification of the O2
- radical sodA (Bb, Bp)

sodB (Bb, Bp)
Glutathione
synthetase

Synthesis of cellular antioxidant gshB (Bb, Bp)

Glutaredoxin Reduction of disulfides grxC (Bb, Bp)
Thioredoxin Reduction of disulfides trxA (Bb, Bp)

trxC (Bb, Bp)
Thioredoxin
reductase

Reduction of (oxidized) thioredoxin trxB (Bb, Bp)

g-glutamyl
transpeptidase

Component of GSH metabolism ggt (Bb, Bp)

Flavohemoprotein Detoxification of nitric oxide fhp (Bb, Bp)
Ferric uptake
regulator

Iron acquisition under low iron
conditions

fur (Bb, Bp)

Alkyl
hydroperoxide
reductase

Detoxification of H2O2 ahpC (Bb, Bp)

        Limited list of redox stress related components of the Bordetella metabolic
        machinery. Abbreviation: GSH, glutathione; Bb, B. bronchiseptica;
        Bp, B. pertussis.
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processes listed in Table I is the transport of glutathione (GSH), a nutritional requirement

for B. pertussis during in vitro growth and similarly important for optimal growth of B.

bronchiseptica (237, 262). In bacteria, GSH serves to maintain the reduced state of the

cytoplasm, and has been reported to function directly in response to H2O2 stress. Because

GSH metabolism is dependent on complicated metabolic networks, the involvement of

this component alone in redox stress protection illustrates the extent to which bacterial

metabolism can change in response to physiological pressure (37, 79).

Although the proteins listed in Table I do not appear to be regulated by the

BvgAS virulence control system, metabolic functions with strong associations to

bacterial redox stress have been associated with BvgAS control in Bordetella. For

example, iron metabolism is an important aspect of redox stress partly because of the

requirement of iron for the activity of CAT, SOD (B-type) and flavohemoglobin, but also

because of the damage that can ensue via reactions between Fe3+ and H2O2. In B .

pertussis, the gene encoding Bordetella ferrisiderophore receptor D (bfrD) is repressed in

the Bvg- phase (6). A Bordetella ferrisiderophore receptor, Vir90, is encoded by a gene

whose transcription may be dependent on both BvgAS and iron (208). An association

between the BvgAS virulence control system and a physiological process(es) related to

the bacterial redox stress response show that BvgAS regulated gene products can play a

role in the ability of Bordetella to respond optimally to redox stress.

A two-component regulatory system associated with the redox stress response,

RisA-RisS (RisAS), has been identified in Bordetella (140). Experiments conducted in

vitro on the interaction between macrophages and B. bronchiseptica wild type and
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RisAS-mutant strains showed that gene products under RisAS control inhibit phagosomal

acidification and protect the pathogen from O2
- dependent damage (311). Although a

RisAS mutant was more susceptible to oxidative stress, CAT and SOD were not affected

(140). Because RisAS does not influence CAT and SOD expression, but RisAS mutant

strains are more susceptible to oxidative damage, additional yet unidentified factors

involved in redox stress protection likely exist in Bordetella.

The ability of a bacterium to generate energy under physiologically challenging

conditions requires a respiratory machinery that can adapt to the changing physiological

requirements of the bacterium. During the process of respiration via chemical reduction

of molecular oxygen to CO2 and H2O, O2
- and H2O2 are generated. Under normal

conditions, these components are effectively detoxified by SOD and CAT, respectively

(89, 132). Under excessive physiological stress, ineffective detoxification of ROS (and

RNS) have the capacity to negatively affect the respiratory process by reacting with the

metal centers of bacterial cytochromes interrupting electron transfer (248, 266). If the

oxygen tension in the environment is reduced, some pathogenic bacteria can increase

expression of cytochrome d oxidase, a terminal oxidase with a higher affinity for oxygen

than the cytochrome c oxidase that is normally associated with aerobic growth (220).

Cytochrome d oxidase is encoded by the B. bronchiseptica genome and this terminal

oxidase is positively regulated by the BvgAS virulence control system (76). Increased

expression of cytochrome d during virulent growth likely means that the Bordetella

respiratory machinery is adjusted for growth in an environment with limited available

oxygen during natural infection. Because reduced availability of oxygen can make



52

bacteria more susceptible to NO mediated inhibition of respiration, it is possible that the

ability of bordetellae to make adjustments in the respiratory machinery serves to decrease

the toxic effect of NO released by respiratory epithelial cells (303, 307, 312).

In the ensuing chapter, the antimicrobial effect of physiologically relevant levels

of RNS and ROS on B. bronchiseptica will be investigated. Because B. bronchiseptica is

highly adapted to survival in an environment rich in redox active species, the use of this

organism to study the physiological impact of such stressors will help to better define the

requirements for effective antimicrobial activity of RNS and/or ROS. In Chapter 3 and 4,

the possibility that DNT is involved in regulation of Bordetella physiology will be

investigated and a potential role for DNT in protection from physiological stress will be

assessed.
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CHAPTER 2: BORDETELLA BRONCHISEPTICA  RESPONSES TO

PHYSIOLOGICALLY RELEVANT CONCENTRATIONS OF REACTIVE

NITROGEN SPECIES AND REACTIVE OXYGEN SPECIES

2. 1. INTRODUCTION

The Bordetella genus of bacterial pathogens includes the closely related species

B. pertussis and B. bronchiseptica. The former is strictly a human pathogen and the

etiological agent of whooping cough, a severe and sometimes lethal respiratory syndrome

primarily affecting young children (105). B. bronchiseptica infects a variety of mammals

and can result in an asymptomatic infection or a well-characterized symptomatic disease

such as atrophic rhinitis (swine), kennel cough (dogs) and snuffles (rabbits) (100). B.

bronchiseptica expresses most of the virulence factors identified in B. pertussis, and their

expression is regulated by an interchangeable virulence control system, Bordetella

virulence gene activator-sensor (BvgAS) (51, 181). Positive regulation of most

Bordetella virulence factors is achieved upon activation of BvgAS. The recent

sequencing and comparative analysis of the B. pertussis and B. bronchiseptica genomes

underscores the conservation of their pathogenic machineries and the use of B.

bronchiseptica as a viable model for the study of Bordetella physiology (206).

During successful colonization, respiratory pathogens such as B. pertussis and B.

bronchiseptica must overcome innate defenses in the airway that include the mucociliary

escalator and a variety of antimicrobial molecules secreted into the airway surface liquid

(ASL) (297). Both reactive nitrogen species (RNS) and reactive oxygen species (ROS)

can provide antimicrobial activity by directly inactivating bacterial cell enzymes through



54

reaction with metal prosthetic groups, modification of specific amino acids, or by

induction of mutations in DNA (27, 132, 289). Bacterial response to redox active species

is dependent on concentration, duration of exposure and the ability of the pathogen to

detoxify specific RNS and ROS (32, 92, 148), and can be characterized as either

bacteriostatic or bactericidal. Bacteriostatic activity refers to a toxic insult that leads to

inhibition of cell division, while bactericidal activity leads to cell death. Understanding

the impact of redox active species on respiratory pathogens may help in the development

of therapies to disrupt infection of the airway.

Nitric oxide (NO) is a RNS produced by NO synthases (NOS) in cell types with

innate immune function, including epithelial cells lining the respiratory tract (66). NO has

been proposed to have specific antibacterial effects in the airway (77, 196, 201, 244). A

host protective effect of NO against bordetellae has been suggested by in vivo

experiments where iNOS knockout mice are more susceptible to B. pertussis colonization

than wild type mice (34). Although the induction of inducible NOS (iNOS) in airway

epithelial cells or traditional immune cells results in production of NO, many additional

RNS with antimicrobial activity can be produced following NO biosynthesis in the

airway mucosa. This includes the NO oxidation product nitrite (NO2
-) and several

reactive nitrogen/oxygen products, including the antimicrobial species peroxynitrite

(ONOO-) (74). Superoxide (O2
-) and hydrogen peroxide (H2O2) are ROS produced by

resident epithelial cells and/or migratory immune cells in the airway (87, 94, 113).

Bordetellae produce specific enzymes, superoxide dismutase (SOD) and catalase (CAT),

to detoxify these compounds, increasing the chances of airway colonization. The
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importance of these enzymes to B. pertussis virulence has been demonstrated in vitro

and/or in vivo, where increased susceptibility to ROS cytotoxicity is observed in B.

pertussis strains with mutations in SOD (148) or CAT (61).

An active BvgAS virulence control system is necessary for establishment of

Bordetella respiratory infection in animals (52). Yet, the natural environmental triggers

that control bacterial phenotypic switching, as a consequence of BvgAS activity, remain

elusive. A second two-component regulatory system in Bordetella, regulator of

intracellular survival activator-sensor (RisAS), has been reported to increase the ability of

bordetellae to survive within a host intracellular niche, at least in part by contributing to

resistance to oxidative stress (140, 311). Evidence consistent with cross-talk between

BvgAS and RisAS has been reported recently (265). However, a role for BvgAS in the

responses of bordetellae to withstand physiological levels of redox stress has not been

directly investigated.

In this study, we use B. bronchispetica as a model organism to determine the

antimicrobial effect of individual and combinatorial RNS and/or ROS at physiologically

relevant concentrations and to determine a role of the BvgAS phase in the ability of the

microbe to withstand redox stress. We find that within predicted physiological

concentrations, individual redox active species NO, O2
- and H2O2 have antimicrobial

activity against B. bronchispetica that can be increased when these redox species are

presented in combination. Further, NO and H2O2 display differential bacteriostatic effects

on wild type B. bronchiseptica following challenge at their respective 50% lethal dose
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(LD50). Differential antimicrobial activity of H2O2 on BvgAS phase locked virulent and

avirulent mutants of B. bronchiseptica is identified.

2. 2. MATERIALS AND METHODS

Material. Bordet Gengou agar plates, Bacto Agar, and Bacto Yeast Extract were

purchased from Becton Dickinson (Sparks, Maryland). Stock H2O2 was from Acros

Organics (Morris Plaines, New Jersey). Diethylenetriaminepentaacetic acid (DTPA),

hypoxanthine, superoxide dismutase, catalase, protease type XIV and mouse monoclonal

anti-b-tubulin IV antibody were obtained from Sigma-Aldrich (St. Louis, Missouri).

Dulbecco’s Modified Eagle Medium (DMEM) and antibiotic-antimycotic (Streptomycin,

penicillin and amphotericin-B) were from Invitrogen Corporation (Carlsbad, California).

The NucleoSpin RNA II kit was from Macherey-Nagel (Düren, Germany). Cytochrome c

was from Calbiochem (San Diego, California). S-nitroso-N-acetyl-D,L-penicillamine

(SNAP) was from Cayman Chemical (Ann Arbor, Michigan). TO-PRO-3 iodide, Alexa

Fluor 488 chicken anti-rabbit IgG and Alexa Fluor 488 goat anti-mouse IgG secondary

antibodies were from Molecular Probes Inc. (Eugene, Oregon). First strand cDNA

synthesis kit was from MBI Fermentas (Burlington, Ontario, Canada). Taq DNA

polymerase was from Promega (Madison, Wisconsin). Vectashield mounting medium for

fluorescence microscopy was from Vector Laboratories Inc. (Burlingame, California).

Spermine-NONOate was synthesized in our laboratory as per previously published

procedures (128). All other chemicals were of the highest biochemical grade and

purchased from Sigma-Aldrich (St. Louis, Missouri), VWR (West Chester, Pennsylvania)

or Fisher Scientific (Pittsburgh, Pennsylvania).
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B. bronchiseptica cultures. Use of wild type B. bronchiseptica strain (RB50), a

phase locked Bvg+ virulent strain (RB53) and a phase locked Bvg- avirulent strain (RB54)

have been previously described in detail (52). Stocks of B. bronchiseptica strains were

kept at -80oC for long-term storage. Bacteria were cultured on Bordet Gengou (BG) agar

plates and stored at 4oC. B. bronchiseptica strains were cultured at 37oC in Stainer-

Scholte medium (63 mM L-glutamic acid, 2 mM L-proline, 43 mM NaCl, 3.7 mM

KH2PO4, 2.7 mM KCl, 1.0 mM MgCl2, 0.14 mM CaCl2·2H2O, and 39 mM Tris, pH 7.6,

0.33 mM L-cysteine, and 10g/L casamino acids) with supplements (36 mM FeSO4·7H2O,

32 mM nicotinic acid, 0.49 mM glutathione, and 2.3 mM ascorbic acid) added at the time

of preparation of broth cultures (262). ASL mimic medium was prepared in phosphate

buffered saline (PBS) with specific components derived from published chemical

analysis of ASL (56, 65, 137, 156, 228) and consisted of the following: 90.4 mM Na+,

106.0 mM Cl-, 10.0 mM Mg2+, 1.0 mM Ca2+, 0.1 mM NO2
-, 0.1 mM NO3

-, 20.0 mM K+,

11.9 mM PO4
-, 2.0 mM SO4

2-, 4.0 g/L casamino acids and 550 nM ATP, pH 7.2. Bacterial

strains are described in Table I.
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Table I. B. bronchiseptica strains used in Chapter 2
Strain Genotype Phenotype Parent strain Comment Reference
RB50 wt Bvgwt - Original isolate (wt) (52, 206)
RB53 BvgS-C3 Bvg+ RB50 Phase locked Bvg+ (52)
RB54 BvgS∆54 Bvg- RB50 Phase locked Bvg- (52)
Abbreviation: wt, wild type
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Rabbit tracheal epithelial cell cultures (RTEC). RTEC were developed from

the tracheal epithelium of New Zealand White rabbits by modified methods as previously

described (64). Briefly, rabbits were sacrificed by injection (marginal ear vein) of sodium

pentobarbitol. Tracheas were removed, and the epithelial lining was exposed by a

longitudinal incision. The mucosal lining was teased away using forceps, cut into

explants and seeded onto glass coverslips coated with rat-tail collagen. Explants were

covered with DMEM containing 10% Fetal Bovine Serum and 1% antibiotic-antimycotic

and were grown up to 7-10 d in a humidified incubator at 37oC with 5% CO2. Use of

animals was approved by the University of Arizona Institutional Animal Care and Use

Committee.

Scanning Electron Microscopy (SEM). SEM sample fixation and imaging were

performed as described in (69) at the Arizona Health Science Center Core Imaging

Facility, Arizona Research Labs, Division of Biotechnology. Briefly, RTECs were

coincubated for 2 h with 250 ml suspension of phase-locked virulent B. bronchiseptica

(RB53) at an approximate OD600 of 0.25 in Hanks’ Balanced Salt Solution (1.3 mM

CaCl2, 5.0 mM, KCl, 0.3 mM KH2PO4, 0.5 mM MgCl2, 0.4 mM MgSO4, 137.9 mM

NaCl, 0.3 mM Na2PO4, and 1% glucose) additionally buffered with 25 mM HEPES, pH

7.4 (HBSS). Cultures were rinsed thoroughly with 1.0 ml HBSS and immediately fixed in

3% glutaraldehyde in cacodylate buffer (CB, pH 7.2). Fixed samples were washed with

CB, incubated in 1% tannic acid (in CB) for 1 h and washed again with CB. Cultures

were post-fixed with 1% osmium tetroxide (in CB), washed and dehydrated with a series

of graded ethanol washes. Cultures were then washed with 100% hexamethyldisilazane
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and allowed to dry overnight. Samples were then mounted, sputter-coated with 20 nm

gold particles, and imaged with a FEI-Phillips XL30 Scanning Electron Microscope at 10

KV. SEM images were pseudo-colored to highlight bacteria using Photoshop (Adobe

Systems Software, San Jose, California).

Characterization of iNOS mRNA in ciliated rabbit tracheal epithelial cells.

Overnight cultures of RB53 were resuspended in dH2O to an OD600 > 0.5. Resuspended

bacteria (250 ml) were added to a pre-warmed and sterile 15 mm glass coverslips and

flame-dried over a Bunsen burner for heat-affixation. Rabbit tracheal mucosa was cut

into thin strips with a #22 blade and digested in 3 ml pronase solution (0.5% w/v in

DMEM without FBS or antibiotic-antimycotic) for 50 min at 37°C under constant

agitation (64). At 10 min intervals throughout the incubation, the solution was vortexed

vigorously to increase individual cell yield. After incubation, visible pieces of tissue were

removed, and digested cells were collected by centrifugation at 100 x g for 5 min, and

resuspended in HBSS. A 50 ml aliquot of the resusupended cell solution was added to the

RB53-coated coverslips and monitored by light microscopy for cell adherence to the

bacteria fixed to the coverslip (< 10 min). Coverslips were gently rinsed twice with

HBSS to remove non-adherent cells.

To confirm isolation of ciliated cells, recovered adherent cells were fixed with 4%

paraformaldehyde for 20 min at 37oC. Fixed cells were permeabilized with 0.2% Triton

X-100 for 20 min at room temperature (RT), resuspended in 3% bovine serum albumin

(BSA) in HEPES-PBS (10 mM HEPES, 8 mM Na2HPO4, 128 mM NaCl, 2 mM KCl, pH

7.2) for 1 h, washed and incubated with mouse anti-b-tubulin-IV for 1 h at 37oC. Cells
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were washed thoroughly in HEPES-PBS, incubated for 1 h in HEPES-PBS/BSA and then

incubated overnight at 4oC with Alexa Fluor 488-conjugated goat anti-mouse secondary

antibody. Cells were washed thoroughly with HEPES-PBS, incubated in TO-PRO-3

nucleic acid stain at RT for 15 min, and washed again with HEPES-PBS. Stained RTEC

coverslips were mounted onto a glass slide with Vectashield mounting medium. Cell

staining was visualized using an Olympus IX70 microscope and a Photometrics

CoolSnap camera (Roper Scientific, Tucson, Arizona) under RS Image software control.

To confirm iNOS mRNA expression in adherent cells, total RNA was isolated

from cells using the NucleoSpin RNA II kit following the manufacturer’s protocol.

cDNA was synthesized using the First strand cDNA synthesis kit using both oligo(dt)18

primer and random hexamers. For cDNA synthesis, samples were incubated for 10 min at

25oC, 60 min at 37oC and 10 min at 70oC. To ensure no DNA contamination, control

samples were run without reverse transcriptase (RT). cDNA was amplified using primers

specific for rabbit iNOS or b -actin constructed with online software Primer 3

(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). Specific PCR primers for

iNOS were 5’CAAATACGAGTGGTTTCGGG3’ and 5’TGGTCACATTCTGCTTC-

TGG3’; PCR primers for b-actin were 5’CGTGGGCCGCCCTAGGCACCA3’ and

5’TTGGCCTTAGGGTTCAGGGGGG3’. PCR reactions were run for 35 cycles of 94oC

for 1 min, 57oC for 30 sec, and 72oC for 2 min. RT-PCR conditions were optimized for

detection of iNOS mRNA and these conditions resulted in appearance of an unspecific

band in the b-actin sample. The resulting products were run on 1% agarose gels
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containing ethidium bromide and visualized using a ChemiDoc Illumination system

under Quantity One Software control (BioRad, Hercules, California).

In vitro generation of reactive nitrogen species (RNS) and reactive oxygen

species (ROS). NO was produced in PBS by decomposition of the NO donor compound

spermine-NONOate added to PBS at the beginning of the experiment (143). Peak

absorption (250 nm) for spermine-NONOate stock was evaluated spectrophotometrically

at the beginning of each experiment to verify activity and effective concentration

(e=8,000 M-1cm-1). Expired spermine-NONOate for control experiments was produced by

incubation of stock solution at 37oC until complete loss of absorption at 250 nm. Steady

state concentrations of NO in solution were measured directly for 6 mM and 62.5 mM

spermine-NONOate stock solutions (300-400 nM and 3-4 mM NO, respectively; data not

shown) using an ISO-NO Mark II isolated NO meter equipped with a ISO-NOPMC NO

microchip sensor and SNAP as an NO standard, according to the manufacturer’s

instructions (World Precision Instruments, Sarasota, Florida) (Figure 1). At higher

concentrations of spermine-NONOate, the NO concentration was estimated from the

standard curve due to non-linear response of the ISO-NOPMC NO microchip sensor at

these concentrations (12-15 mM steady state NO at 250 mM spermine-NONOate; 50-60

mM NO at 1,000 mM spermine-NONOate). The level of NO released from 1,000 mM

spermine-NONOate likely represents a hyperphysiological concentration of NO.
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Hydrogen peroxide (H2O2) was added from a concentrated stock solution for

single species and combinatorial H2O2/NO experiments experiments. Because of its high

reactivity in solution (222), O2
- gradients were established by continuous enzymatic

production in controlled reactions between hypoxanthine (HX) and xanthine oxidase

(XO) in HX-buffer (500 mM HX, 50 mM DTPA in PBS, pH 7.2) containing 200 U/ml

CAT and a concentration gradient of XO. The steady rate of synthesis for O2
- at the 3.75

x 10-4 U/Ml (0.1 mM/min) and 3.75 x 10-3 (1.0 mM/min) reported values were determined

by spectrophotometric monitoring of the reduction of cytochrome c at 550 nm (187)

(Figure 2). Higher steady state productions were estimated from standard curves. When

both O2
- and H2O2 were required in bacterial challenge experiments, CAT was removed

from the reaction mixture. When necessary, SOD (200 U/ml) was used to consume O2
-,

and CAT (200 U/ml) was used to consume H2O2, respectively.
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Exposure of B. bronchiseptica to RNS and ROS. Because growth phase can

influence bacterial responses to redox stress (99, 191), all experiments were conducted

with bacteria cultured at early to mid log phase from a standardized inoculum. Bacterial

inocula were standardized by suspending 5-10 colonies from Bordet Gengou agar in PBS

to achieve a working suspension with an OD600 of 0.3. A 50 ml aliquot of working

suspension (approximately 5.0 x 107 colony forming units (CFUs)) was placed in 4.0 ml

Stainer-Scholte medium and incubated at 37oC with shaking (250 rpm) for 19 to 20 h.

Bacteria were recovered from the media by centrifugation, normalized in PBS to an

OD600 of 0.3, and diluted 1,000-fold. Bacterial suspension (5 ml, ~5,000 CFUs) was added

to appropriate redox challenge medium in 96-well microtiter plates (100 ml reaction

volume) or control buffer (100 ml) for 5 h at 37oC with agitation (150 rpm). Sample

aliquots were then plated in duplicate onto Luria-Bertani (LB) agar. Survival for bacteria

challenged by RNS and/or ROS were determined by dividing the average number of

CFUs surviving the challenge by the number of CFUs surviving incubation in buffer

alone (100%). Challenge experiments were not conducted in Stainer-Scholte medium

because components of this growth medium provided protection against redox active

species (Figure 3).
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Analysis of colony morphology after LD50 challenge of B. bronchiseptica by

NO or H2O2. B. bronchiseptica strain RB50 was exposed to 250 mM active spermine-

NONOate, expired spermine-NONOate, or to 5 mM H2O2 as described above. At the end

of the exposure period, aliquots were plated on BG agar and incubated at 37oC for 48 h.

Plates were imaged using a Chemi-Doc imaging system under Quantity One Software

control. To determine the number of CFU per colony after exposure of bacteria to ROS or

RNS, individual colonies were excised from the plate with a sterile scalpel and

immediately suspended into 1.0 ml PBS. Colonies were vigorously vortexed and a

standard serial dilution assay was used to determine the number of CFUs/colony. The

determined number of CFUs/colony represents the average of 10 randomly selected

colonies for each category from two independent experiments.

Comparison of B. bronchiseptica growth from normal sized colonies and

microcolonies. Following exposure to 250 mM spermine-NONOate, 5 mM H2O2 or PBS

control, sample aliquots were plated on BG agar and incubated for 48 h as described

above. Ten to fifteen individual colonies (normal sized or microcolonies) were recovered

from the agar plates and normalized in PBS to achieve an OD600 = 0.3. A 50 ml aliquot of

bacterial suspension was used to seed 4.0 ml liquid cultures at 37oC. Growth in Stainer-

Scholte medium was monitored spectrophotometrically by determining an OD600 at 3 h

intervals. Because of the reduced growth rate, growth in ASL mimic medium was

assessed by plating samples from developing cultures on LB agar plates using a

conventional serial dilution assay.
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Statistical methods. One-way ANOVA with Bonferroni post-test was used to

determine statistical significance within each experiment. Two-tailed unpaired student-t

tests were used to analyze statistical significance between different experiments. For all

experimental comparisons, a value of P < 0.05 conferred statistically significant

differences. Statistical analyses were performed using Prism (GraphPad Software Inc.,

San Diego, CA).

2. 3. RESULTS

Colonizing bordetellae can be exposed to an environment rich in redox active

species. We have shown that initial interactions between B. bronchiseptica and ciliated

rabbit tracheal epithelial cells (RTEC) include high specific binding to cilia and almost

no binding to aciliated cell surfaces (69). B. bronchiseptica adheres to the upper portion

of cilia on ciliated RTEC, placing the bacterium within the length of the cilium

(approximately 7 mm) from the apical host cell surface (Figure 4A). Although iNOS

expression has been shown in airway epithelial cells from rodents and humans (111, 225,

227), similar studies on ciliated epithelial cells from the natural host for B. bronchiseptica

are lacking. To determine whether ciliated RTEC have the capacity to produce NO, we

took advantage of the strong, specific interaction between B. bronchiseptica and cilia to

specifically isolate ciliated cells. Individual epithelial cells digested from the tracheal

mucosa were captured onto glass coverslips coated with heat-affixed B. bronchispetica

RB53 (Figure 4 B-D). RT-PCR analysis of these captured RTEC shows constitutive

expression of iNOS mRNA (Figure 4E). Expression of iNOS in ciliated RTEC, in

conjuction with known H2O2
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production in nearby epithelial cells (87, 94), allow for an enrichment in redox

active species in the local environment where initial interaction between the pathogen and

host occurs.

Antimicrobial challenge of B. bronchiseptica to physiological relevant

concentrations of airway redox active species. To determine the responses of B.

bronchiseptica to RNS and ROS, dose response analyses of antimicrobial activity were

performed initially with a commonly studied RNS, NO, and two commonly studied ROS,

H2O2 and O2
- (Figure 5). B. bronchiseptica was able to withstand low levels of NO

(~300–400 nM) as shown by the 94.0 ± 2.6% survival after 5 h treatments with 6 mM

spermine-NONOate as compared to the buffer control (Figure 5A). However, as the

concentration of spermine-NONOate increased B. bronchiseptica survival significantly

decreased. Exposure to 62.5 mM spermine-NONOate resulted in 69.1 ± 10.5% (P < 0.05)

bacterial survival, while exposure to 250 mM resulted in only 58.8 ± 7.3% (P < 0.05)

bacterial survival. In the presence of 1,000 mM spermine-NONOate only 4.4 ± 1.0% (P <

0.05) of initial inoculum was recovered. The lack of an effect after challenge with fully

expired spermine-NONOate confirmed that the observed antimicrobial effects were due

to NO production and not to the accumulation of breakdown products after oxidation of

NO (e.g., nitrate, nitrite and/or spermine) (Figure 5A, “Exp.”).

Incubation of B. bronchiseptica with the ROS H2O2 also resulted in a dose-

dependent antimicrobial activity (Figure 5B). At the lowest H2O2 concentrations tested

there were slight reductions in bacterial survival (86.8 ± 8.5% at 1.25 mM; 77.1 ± 13.5%

survival at 2.5 mM; and 68.4 ± 7.7 at 5 mM), although these values were not significantly
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different from controls. A significant reduction in B. bronchiseptica survival (36.9 ±

3.2%; P < 0.05) was observed after incubation in 10 mM H2O2. The response of B.

bronchispetica to an alternative ROS (O2
-) at mM concentrations also displayed a dose-

dependent response in antimicrobial activity (Figure 5C). Despite an immediate reduction

in B. bronchiseptica survival at the lowest O2
- concentration tested (68.7 ± 13.1% at 0.1

mM/min), the large variation between experiments prevented a significant change in

survival at the lower O2
- concentrations tested. At 100 mM/min O2

- only 32.6 ± 14.5% (P

< 0.05) of the bacteria survived. All three redox active species tested displayed

antimicrobial activity against B. bronchiseptica within concentrations estimated to be

relevant to ASL where Bordetella colonization takes place.

Combinations of redox active species increase their antimicrobial activity on

B. bronchiseptica. Because RNS and ROS are released continuously into ASL by airway

epithelial cells, the total antimicrobial effect of redox active species in vivo is likely the

result of the cumulative effect of several RNS and ROS. In vitro, NO has been reported to

augment the antibacterial effect of H2O2 up to 1,000-fold in E. coli (203). To determine

whether NO augments the antimicrobial effect of H2O2 on B. bronchiseptica, challenges

with spermine-NONOate over a wide concentration range were combined with a sub-

antimicrobial concentration of H2O2 (2.5 mM). As observed in challenge experiments

with NO alone, survival of B. bronchiseptica after NO/H2O2 challenge was also dose-

dependent (Figure 6A). A significant drop in bacterial survival occurred when a low

concentration of spermine-NONOate was combined with a sub-bactericidal concentration

of H2O2; at 3.9 mM spermine-NONOate and 2.5 mM H2O2 there
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was 72.7 ± 2.5% in bacterial survival (P < 0.05 as compared to control). Although

increasing spermine-NONOate to 15.6 mM or 62.5 mM, respectively, did not increase

killing as compared to 3.9 mM spermine-NONOate (61.6 ± 9.1% and 69.6 ± 4.5%

survival, respectively), significance compared to buffer control was maintained (P <

0.05). In addition to a reduction in absolute spermine-NONOate concentration required

for significant antimicrobial activity, the combinatorial antimicrobial effect of 2.5 mM

H2O2 and 250 mM spermine-NONOate resulted in a significant increase in B .

bronchiseptica killing from 250 mM spermine-NONOate alone (29.4 ± 4.3% (Figure 6A)

and 58.8 ± 7.3% (Figure 5A), respectively; P < 0.05).

In a complimentary experiment to analyze combinatorial effects of NO and H2O2,

spermine-NONOate was kept constant at a sub-bactericidal concentration (15 mM) and

H2O2 was used over a range of increasing concentrations (Figure 6B). At the lowest

concentration of H2O2 tested (1.25 mM) a reduction in survival was observed (75.1 ±

8.9%), although this reduction was not significant. At all other concentrations of H2O2

tested, the level of B. bronchiseptica survival was significantly reduced compared to

controls (2.5 mM had 64.4 ± 10.7% survival; 5 mM had 49.3 ± 4.5% and 10 mM had 10.6

± 3.8%; all P < 0.05). The combination of 10 mM H2O2 and 15 mM spermine-NONOate

resulted in statistically significant augmentation of bacterial killing as compared to 10

mM H2O2 alone (10.6 ± 3.8% (Figure 6B) versus 36.9 ± 3.2 (Figure 5B), P < 0.05).

To test the effects of combined ROS on B. bronchiseptica viability, bacterial

survival was evaluated after challenge with a steady state release of 0.1 mM/min of H2O2

and O2
-, (Figure 7A). This exposure significantly reduced the level of B. bronchiseptica





77

survival to 42.7 ± 8.9% (P < 0.05) as compared to control. Addition of either SOD or

CAT to inactivate one of the reactive species resulted in partial rescue of B .

bronchiseptica survival with 68.3 ± 23% survival after addition of CAT, or 78.1 ± 22.2%

after addition of SOD, respectively.

The antimicrobial activity of NO against B. bronchiseptica is in part

bacteriostatic. In an effort to determine whether NO and H2O2 differed in their

bacteriostatic or bactericidal capacities, B. bronchiseptica colony morphology was

evaluated after exposure to the 50% lethal dose (LD50) of each redox active species (250

mM spermine-NONOate and 5 mM H2O2 derived from experiments outlined above).

Challenge with LD50 dose of NO resulted in the generation of distinct colony

morphologies after growth on solid medium: approximately 40% of the colonies were

normal in size whereas 60% of the colonies were noticeably smaller (microcolonies)

(Figure 8B). In contrast, there was no evidence of altered colony morphology after

exposure to an LD50 of H2O2 (Figure 8C). The absence of microcolonies after exposure to

expired spermine-NONOate (Figure 8D) was consistent with NO being a necessary

component for the generation of microcolonies.
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To determine initial differences in microcolony morphology, the number of CFUs

within each colony was estimated for NO-induced microcolonies and compared to that of

normal sized colonies from spermine-NONOate treated, H2O2 treated, and control (PBS)

challenge experiments (Figure 8E). The average number of CFUs in 48 h colonies from

samples exposed to PBS was 6.6 x 107 ± 5.6 x 106 CFUs/colony. Normal sized colonies

obtained following exposure to 5.0 mM H2O2 or 250 mM spermine-NONOate were

similar to that determined after exposure to PBS (5.6 x 107 ± 7.5 x 106 and 5.8 x 107 ± 8.6

x 106 CFUs/colony, respectively). The NO-induced microcolonies contained a

significantly reduced number of CFUs as compared to that determined for all other

samples (2.1 x 107 ± 3.0 x 106 CFUs/colony, P < 0.05).

To test if the reduced  bacterial number in microcolonies was due to permanent

(e.g., DNA damage) or a transient (e.g., reversible metabolic inhibition) alteration,

growth characteristics of bacteria recovered from each colony type were assessed under

optimal (Stainer-Scholte medium) and airway surface liquid-like (ASL mimic medium)

culture conditions. In either case, no differences in B. bronchiseptica growth could be

determined during log phase growth (Figure 9A-B). These results are consistent with a

bacteriostatic effect of NO on B. bronchiseptica resulting in the development of

microcolonies.
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The Bvg+ phase exhibits a protective effect against redox stress. We examined

if an active BvgAS virulence control system conferred a protective effect against redox

active species (Figure 10). Because the environmental factors that influence the activity

of the BvgAS regulatory system are not well characterized and the possibility that redox

stress may contribute to phase switching in BvgAS, we used well characterized Bvg+

(virulent) phase-locked (RB53) and Bvg- (avirulent) phase-locked (RB54) strains for

these experiments (52). Incubation with spermine-NONOate was used to analyze the

effect of BvgAS state upon NO-mediated redox stress (Figure 10A). Challenge of B.

bronchiseptica with 62.5 mM spermine-NONOate reduced the survival of RB53 to 71.8 ±

8.1%, although this was not significantly different than control. At the same

concentration of NO donor, survival for RB54 was significantly reduced in comparison to

control (58.3 ± 8.0%; P < 0.05). After challenge with 1,000 mM spermine-NONOate,

survival of RB53 (12.0 ± 4.1%) and RB54 (22.0 ± 7.3%) were both significantly lower

than that observed for controls (P < 0.05). No significant differences were observed

between strains at any concentration tested.
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A similar analysis was conducted to determine whether the BvgAS virulence

control system influenced the ability of B. bronchiseptica to withstand challenge to H2O2

(Figure 10B). The phase locked Bvg+ strain (RB53) was reduced after challenge with 2.5

mM H2O2, with 79.4 ± 15.7% survival, although this was not significantly different than

control samples. This trend continued with 62.3 ± 9.8% survival after challenge with 5

mM H2O2 and 60.2 ± 9.2% survival after 10 mM H2O2 challenge. B. bronchiseptica locked

in the avirulent Bvg- phase (RB54) also displayed a dose-dependent response after H2O2

treatment (Figure 10B). In these experiments, 2.5 mM H2O2 challenge resulted in a 63.2 ±

12.1% survival. Significant reductions in survival as compared to controls were obtained

after 5 mM H2O2 challenge (49.5 ± 10.4%; P < 0.05) and 10 mM H2O2 challenge (25.8 ±

5.9%; P < 0.05). Additionally, survival of RB54 at 10 mM H2O2 was significantly lower

than that of RB53 (P < 0.05), consistent with a protective effect for the bacteria when in

the virulent phenotypic phase.
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2. 4. DISCUSSION

In this study we have investigated the antimicrobial effects of prototypical RNS

ROS against B. bronchiseptica. We found that controlled generation of physiologically

relevant concentrations of individual redox species NO, O2
-, or H2O2 reduced B .

bronchiseptica survival in a dose-dependent manner. B. bronchiseptica survival was

further reduced when individual redox active species were combined with sub-

antimicrobial amounts of a second redox active species. In experiments that focused on

differential antimicrobial effects of NO and H2O2, surviving bacteria formed colonies of

unique morphology following exposure to LD50 levels of NO but not to H2O2. This

suggests  an enhanced bacteriostatic effect of NO as compared to H2O2 on the microbe.

Our studies also show that positive regulation of the BvgAS system in B. bronchiseptica

(as occurs during host colonization) can confer a protective effect against H2O2, but did

not influence the antibacterial effect of NO, further separating mechanisms of action

between individual redox active species. We believe this is the first study to document

direct anti-Bordetella effects of RNS and ROS at physiologically relevant (nM-mM)

concentrations.

For succesful colonization of the respiratory tract, Bordetella must overcome an

array of innate antimicrobial defenses presented by the respiratory epithelium (63). The

production of RNS can be an important part of innate defenses by respiratory epithelial

cells (11, 87, 231) where both constitutive and inducible forms of NO synthases, cNOS

and iNOS, respectively, are expressed in a variety of Bordetella hosts (11, 111, 225, 227,

231). In this study we show that primary cultured rabbit airway epithelial cells, a natural
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host for B. bronchispetica, also express mRNA for iNOS and thus have the capacity to

produce RNS near the cilia where bordetellae specifically bind in vitro and during

colonization of the host airway (69, 100, 170, 257). Similarly, H2O2 has been measured in

exhaled breath condensates at low mM values (135). Although sources for H2O2 are not as

well defined as those for NO, it has been shown that human airway epithelial cells can

produce H2O2 for release into the ASL through dual oxidase (94). The intimate

interaction between bordetellae and ciliated epithelial cells of the host places the

pathogen in an envrionmental niche enriched in RNS and ROS that must be overcome for

succesful colonization of the host.

There are several lines of evidence that suggest RNS and ROS are important

antimicrobial products produced in the airway. NO measured in exhaled breath

condensates and NO oxidation products (NO3
- and NO2

-) measured in sputum, both are

increased in individuals with established infections (146, 167). Studies in knockout mice

demonstrate that loss of iNOS, or the ROS-producing enzyme phagocyte oxidase,

increases succeptibility to microbial infection (201). The synergstic effects of these

enzymes in immune defense are further emphasized in double knockouts, where

increased spontaneous infection by commensal microbes results in a high incidence of

animal death (251). Consistent with RNS effects on bordetellae, mice deficient in iNOS

are more sucseptible to B. pertussis colonization (34). A problem in interpreting results

from iNOS deficient animals is in determining whether the apparent loss of antimicrobial

effects occurs through a loss of NO itself, NO-derived RNS (e.g., ONOO-) following

local production, or loss of the synergistic effect between NO and other redox active
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species. There are at least five oxidation states of elemental nitrogen with biological

relevance in the airway (93). The level of nitrogen species in each of these oxidation

states is variable and is dependent on the initial concentration of NO and potential

reactants (73). Any of these biologically active RNS may be important in the actual

antimicrobial activity (77). A similar dilemma arises from results obtained with SOD or

CAT deficient Bordetella where loss of SOD activity has been shown to reduce virulence

(148). Because O2
- is a precursor of H2O2, these results may reflect an imbalance of H2O2

detoxification rather than sensitivity to O2
-. To better define Bordetella responses to

redox stress, we have devised an in vitro system to dissect antibacterial effects of

individual and combinatorial RNS and/or ROS on B. bronchiseptica at physiologically

relevant concentrations.

NO production has been measured in the proximity of a single endothelial cell in

vitro at a concentration of 400-500 nM (174). Because iNOS can predominate NOS

species in respiratory epithelial cells, and the capacity of this isoform to produce NO is

significantly higher than cNOS found in endothelial cells (219), we therefore considered

400 nM to be a lower concentration for NO in the ASL. In order to mimic the constant

production of NO typical to enzyme activity, we used the NO donor compound spermine-

NONOate (143). In our system, 6 mM spermine-NONOate resulted in an NO

concentration of between 300-400 nM. In our model system with B. bronchiseptica,

predictable reduction in bacterial viability was achieved with a relatively low number of

cells (approximately 5,000 CFUs per 100 ml reaction volume) exposed to each redox

species. These challenge experiments represent at least a 20-fold reduction in the
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bacterial density as compared to studies where high levels of redox stress were used to

precipitate effective antibacterial effects (31, 129, 203). We believe that such a protocol

is advantagous in that it is more representative of biologically relevant ratio of bacteria to

reactants found in the respiratory tract, and the use of low concentrations of RNS and

ROS reduced the likelyhood of inducing non-physiological (hyperactive) stress responses

in the bacterium.

Although the antimicrobial effects of individual redox active species tested under

the constraints of our in vitro model appear relatively low (i.e., % reduction vs.

logarithmetric reduction in survival), such moderate levels of antimicrobial activity by

RNS and ROS are not unexpected. Within the airway, antibacterial peptides including

lysozyme, lactoferrin, surfactant proteins, and the physical movement that underlies the

mucociliary escalator constitute addtional levels of innate protection against bacterial

colonization (58, 63). We have shown that effective concentrations for antimicrobial

activity of individual redox active species are improved when a second redox active

species is introduced at component concentrations that are too low to have antimicrobial

activity by themselves. These mechanisms can be supplemented by recruitment of

immune cells to sites of bacterial colonization. These varied components of the innate

immune system likely work to remove very low numbers of colonizing bacteria during

natural infection; infection can be established in mice with doses below 20 CFUs for B.

bronchiseptica (115). Thus, the anti-bacterial contribution from individual redox active

species in the airway only need to slightly bias the host in the host-pathogen interplay to

provide an essential function in innate immunity.
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There is a distinct advantage within the host environment to limit redox stress in

the control of pathogens in that host cells can also be adversely affected by excessive

RNS and ROS. In experiments with Bordetella, prolonged incubations (> 24 h) of

hamster tracheal organ cultures with B. pertussis can induce an overproduction of NO in

non-ciliated cells that subsequently leads to loss of ciliated epithelial cells in this model

(82, 83). Similarly, high concentrations of H2O2 in prolonged exposure experiments (> 25

mM for 24 h) can result in reduced viability of cultured human airway epithelial cells

(259). The higher level of redox active iron and a lack of compartentalization of DNA in

bacterial cells compared to mammalian cells increases bacterial susceptibility to NO and

H2O2 (203, 300). The synergistic antimicrobial action of multiple redox active species

(e.g., Figure 6) also provides a mechanism to keep host cytotoxicity under control (300).

In summary, optimal innate immune protection by RNS and/or ROS is achieved when

redox active species are maintained at concentrations high enough to act as bactericidal

or bacteriostatic agents, but low enough to prevent adverse effects on the host.

Exposure of B. bronchiseptica to NO resulted in development of colonies with

two distinct sizes, normal size and microcolonies. Exposure to H2O2 at a concentration

that resulted in a similar level of bacterial killing did not produce microcolonies.

Variability in colony morphology after redox challenge could be the consequence of

induced mutations or a result of a transient bacteriostatic effect. Because bacteria exposed

to NO or H2O2 did not show characteristics of impaired growth during subsequent

culturing under optimal or sub-optimal nutrient conditions, we conclude that

microcolonies arose via a bacteriostatic effect of NO challenge. Increased potential for
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NO to act as a bacteriostatic agent towards B. bronchiseptica may alter normal

physiological activity and make the bacterium more susceptible to subsequent challenge

by other redox active species or antimicrobial mechanisms in the airway.

It has been established that the Bvg+ phase is necessary for B. bronchiseptica to

establish respiratory infection (52). In our experiments with BvgAS phase locked

mutants, both phases were susceptible to NO and H2O2. Although we could not determine

significant differences across the tested concentrations for NO, there was a significant

increase in the ability to resist physiologically relevant levels of H2O2-induced stress by

bordetella locked in the Bvg+ phase. DNA microarray analysis has revealed that the two

major antioxidant enzymes SOD and CAT are not regulated by BvgAS (126), possibly

excluding a role for these enzymes as the protective effect of the Bvg+ phase to H2O2. An

alternative enzyme that confers protection against H2O2, alkyl hydroperoxide reductase

(Ahp), has been identified in E. coli (246). Review of the annotated B. bronchiseptica

genomic sequence (205) identified a gene encoding an AhpC juxtaposed to RisS, one of

the subunits of the RisAS two component regulatory system. The RisAS system has been

associated with protection against macrophage induced oxidative stress (311), and has

been associated with BvgAS control (57, 265). Although the regulation of AhpC by

RisAS cannot be predicted simply based on its genomic location, it should be considered

a viable candidate for an antioxidant effector molecule under BvgAS and/or RisAS

control.

Following establishment of antibacterial roles for RNS and ROS towards

respiratory pathogens, it will be possible to define the potential for treatments based on
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pharmacological upregulation of RNS and/or ROS biosynthesis by airway epithelial cells.

In this study, the principles in the response of B. bronchiseptica to redox active species at

physiologically relevant doses have been established and the findings show that minor

alterations in redox stress level can result in significant antibacterial effects. Our model

for the analysis of RNS and/or ROS is, to our knowledge, the first such model established

using a pathogen highly adapted to colonization of the healthy airway and encourages

further study to define the activity of specific redox active species in vitro and in vivo.
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CHAPTER 3: CONSTRUCTION OF DNT-DEFICIENT B. BRONCHISEPTICA

STRAINS

3. 1. INTRODUCTION

Species of the Bordetella genus of bacterial pathogens express dermonecrotic

toxin (DNT) (286). Studies aimed at establishing a role for DNT in Bordetella virulence

and/or physiology go back to the early 1900s when DNT was first recognized as a

putative Bordetella virulence factor. DNT is a 160 kDa single chain peptide encoded by

the dnt gene. Regulation of DNT expression is under transcriptional control of the two-

component regulatory system Bordetella virulence gene activator-sensor (BvgAS), a

virulence control system that correlates the expression of most Bordetella virulence

factors (52). The association between DNT and the BvgAS virulence control system is

consistent with a role for DNT in bacterial virulence. Contemporary studies aimed at

identifying a function for DNT in Bordetella virulence has largely focused on the study

of DNT protein isolated from cultured bacteria (122, 242). This focus has resulted in

detailed knowledge of DNT protein domain organization and biochemical activity. In

vitro, DNT has transglutaminase activity and the capacity to activate the cytoskeletal

regulators Rho, Rac, and Cdc42 following application to cultured cell lines (183, 241).

An obstacle for a role as a bacterial toxin targeting host cells is the observation that DNT

is not released by bacteria during growth in culture (200). An alternative hypothesis for

the role of DNT is that its enzymatic activity serves a function in bacterial metabolism. In

order to establish a role for DNT in Bordetella virulence we will first distinguish between
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the possibility that DNT specifically targets host cells or whether it functions within the

bacterial cell.

A number of B. pertussis and B. bronchiseptica mutants with mutations in the dnt

gene have been developed for the purpose of identifying a role for DNT in Bordetella

virulence. The majority of these early studies were conducted with uncharacterized

spontaneous mutant strains and through analysis of the dermonecrotic activity of bacterial

whole cell lysates. Because purification of DNT removes the protein from its natural

cellular context, it is hard to derive information about a role for DNT in bacterial

virulence from these reports. To our knowledge, three reports exist in which the authors

concluded that the expression of DNT is related to increased virulence and/or

pathogenicity after bacterial infection (29, 234, 274). In one of the cited studies several B.

bronchiseptica strains of different origin were utilized and a correlation is reported

between the level of DNT expression and the severity of nasal and lung lesions produced

after infection in neonatal swine (234). Although the results from this report are

consistent with a contribution of DNT in pathogenicity, the use of bacterial isolates of

different origin could mean that abnormal expression of factors other than DNT

contributed to differences in pathogenicity between the bacterial isolates. This

uncertainty prevents attributing a role for DNT in Bordetella pathogenicity from this

study. In the other two studies, the DNT-mutant strains used were either marked

(antibiotic resistance) and/or generated via transposon insertion (29, 274). These methods

are associated with an increased risk for introduction of polar genetic effects; polar

mutations can influence the expression of other than the target gene (177). A dnt mutant
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developed by an insertion mutation is therefore more likely to produce phenotypes that

cannot be directly attributed to loss of DNT expression. In summary, the understanding

of DNT as a determinant of virulence and/or pathogenicity in Bordetella has been limited

by use of uncharacterized DNT mutant strains in a limited number of studies. The

experiments described in this chapter detail the development and characterization of a

series of dnt deletion mutants derived from B. bronchiseptica strain RB50.

3. 2. MATERIALS AND METHODS

Materials. Bordet Gengou blood agar plates, Bacto Agar, and Bacto Yeast

Extract were purchased from Becton Dickinson (Sparks, Maryland). HindIII, BamHI and

KpnI restriction enzymes were from New England Biolabs Inc. (Beverly, Massachusetts).

DNA mini-prep kits and pDrive cloning vectors were from Qiagen (Valencia, California).

pBluescript KS cloning vector was from Stratagene (La Jolla, CA). Immun-Blot PVDF

Membrane and iProof high-fidelity polymerase were from Bio-Rad (Hercules,

California). All other chemicals were of the highest biochemical quality and purchased

from Sigma-Aldrich, VWR (West Chester, Pennsylvania) or Fisher Scientific (Pittsburgh,

Pennsylvania). Anti-DNT antibody and DNT protein standard were kind gifts from Dr.

Yasuhiko Horiguchi, Osaka University, Osaka, Japan. B. bronchiseptica parental strains

and vector pEG7 were generous gift from Dr. Peggy A. Cotter, University of California,

Santa Barbara.

Bacterial culture conditions. E. coli was maintained on Luria-Bertani (LB:

10g/L Bacto-tryptone, 5g/L yeast extract, 86 mM NaCl, 30g/L Bacto-agar, pH 7.2) agar

plates, and cultured in liquid LB at 37oC. Stocks of B. bronchiseptica strains were kept at
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-70oC for long-term storage, and maintained on Bordet Gengou blood agar. Bordetella

strains were cultured in Stainer-Scholte medium consisting of 63 mM L-glutamic acid, 2

mM L-proline, 43 mM NaCl, 3.7 mM KH2PO4, 2.7 mM KCl, 1.0 mM MgCl2, 0.14 mM

CaCl2·2H2O, and 39 mM Tris, pH 7.6, 0.33 mM L-cysteine, 36 mM FeSO4·7H2O, 32 mM

nicotinic acid, 0.49 mM glutathione, and 2.3 mM ascorbic acid and supplemented with

10g/L casamino acids at 37oC (262). Certain components (Stainer-Scholte Supplements:

L-cysteine, FeSO4·7H2O, nicotinic acid, glutathione, and ascorbic acid) were added at the

time of preparation of broth cultures. To compare the growth characteristics between wild

type and DNT mutant strains, growth conditions were standardized as follows: The OD600

of over night starter cultures were normalized to 0.2 and 400 ml seeded to 5.0 ml Stainer-

Scholte medium at t=0. Bacterial growth was monitored over time by determining culture

OD600 at specific time points.

Construction of B. bronchiseptica mutants lacking DNT. The RB50

dermonecrotic toxin sequence (dnt) was identified by a search with the Basic Logical

Alignment Search Tool on the Sanger Institute database and the dnt sequence reported

previously (215). An upstream Ddnt complement (Ddnt-c1) was constructed using

forward primer 5’-GG[AAGCTT]CGCTGCACAAGCAGACCGGG-3’ and reverse

primer 5’-CC[GGTACC]AAGCGCCATGTCGACAAGTTGCC-3’. A downstream Ddnt

complement  (D d n t _c2) was constructed using forward primer 5’-

GG[GGTACC]GCGCCGGTCTGAATCGCATTCCGCG-3’ and reverse primer 5’-

GG[GGATCC]CGCCCAACAACATCAAGGAACTGG-3’. Target sites for restriction

enzymes HindIII and KpnI, and BamHI and KpnI (brackets) were introduced into
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Ddnt_c1 and Ddnt_c2 from the primers, respectively. Ddnt_c1 and Ddnt_c2 were

incorporated into TA-vectors, and used to transform E. coli  DH5a. After amplification

and recovery of Ddnt_c1 and Ddnt_c2 by restriction enzyme digestion, the fragments

were ligated at the KpnI restriction site forming Ddnt_c1/2, carrying a 4338 base-pair (bp)

truncation of the predicted 4395 bp wild type dnt with a 63 bp (57 bp wild type sequence

and 6 bp cloning junction) preserved open reading frame. The cloning junction between

Ddnt_c1 and Ddnt_c2 was sequenced from pDdnt prior to allelic exchange to confirm that

the deletion was in-frame with the dnt start codon. Briefly, the cloning junction was

amplified by PCR using forward primer 5’-CCGCCGCCAGCATTTCCGAGG-

CGCTCGGCT-3’ and reverse primer 5’-GCCCACCATGGACGAGTCCGGCTAC-

AAGGGTTT-3’. Amplified DNA was separated from template DNA by electrophoresis

and extracted from the gel using a commercial gel extraction kit (Qiagen, Valencia,

California). DNA sequencing was performed at Laragen Inc. (Los Angeles, California).

Ddnt_c1/2 was introduced into B. bronchiseptica recipient RB50, RB58 or WD3 by

allelic exchange from suicide plasmid pDdnt, a pEG7 derivative (53). Conjugations were

carried out between B. bronchiseptica and E. coli Sm10lpir on BG blood agar. Selection

of pDdnt cointegrates was based on gentamicin resistance, and counter-selection on

sucrose sensitivity conferred by Bacillus subtilis SacB (210). PCR characterization of the

d n t  locus in RB50 and 50D dnt was carried out using forward primer 5’-

CCGCCGCCAGCATTTCCGAGGCGCTCGGCT-3’ and reverse primer 5’-

GCCCACCATGGACGAGTCCGGCTACAAGGGTTT-3’. PCR experiments were
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performed according to standard protocols (8). All DNA digests were performed

according to manufacturer’s recommendations.

Construction of DNT complemented strain, 50∆dnt(pCI-25). A 50∆dnt strain

complemented with DNT in trans was constructed by introducing a sequence spanning

the wild type dnt structural gene and predicted promoter region carried by plasmid

pBBR1MCS (155) into 50∆dnt (Figure 1). To reduce the likelihood of introducing

mutations in the target sequence during PCR amplification, the wild type dnt gene and

promoter sequence were amplified in five segments using iProof high-fidelity polymerase

and the following primer pairs (forward and reverse primers, respectively): segment 1 –

5’-CCGCCGCCAGCATTTCCGAGGCGCTCGGCT-3’ and 5’-ATCCGCGACCACGC-

CATATG-3’, segment 2 – 5’-GATTTTCCAGGCATCCGGCC-3’ and 5’-CAGCATTT-

CTTGACATCCAG-3’, segment 3 – 5’-CAAGTCTGCGCGACAACTAC-3’ and 5’-

GACGTGGACTCGACCAAACC-3’, segment 4 – 5’-GGGCCAATTGGCAAGCG-

AATG-3’ and 5’-TCCGGTCCACTGCGTTAAAC-3’, and segment 5 – 5’-TCGACGA-

TGTCGCAACGCTG-3’ and 5’-CGATGCTAGCCGTCAGACCGGCG-CCGGAAACA-

3’. Segments 1-5 were cloned into pDrive cloning vactors, isolated and ligated to

generate the full-length sequence via sequential ligation of segment 1-5 using the

pBluescript KS cloning vector. The target sequence was cloned into pBBR1MCS creating

plasmid pCI-25. Triparental mating between 50∆dnt, E. coli SM10lpir/pCI-25 and E.

coli DH5a/pRK2013 was carried out on BG blood agar at 37oC for 4 h. 50∆dnt





98

recipients carrying pCI-25 (conferring chloramphenicol resistance) were selected on BG

blood agar containing 10 mg/ml chloramphenicol.

Analysis of DNT expression in 50∆dnt(pCI-25). Bacterial inocula for B.

bronchiseptica wild type strain RB50 and the DNT-deficient strain 50∆dnt (negative

control) were standardized by suspending 5-10 colonies from BG agar plates in PBS and

normalized to achieve a working suspension with an OD600 of 0.3. A 50 ml aliquot of

working suspension was placed in 4.0 ml Stainer-Scholte medium and incubated at 37oC

with shaking (250 rpm) for 19 to 20 h. Strain 50∆dnt(pCI-25) was cultured as described

for RB50 and 50∆dnt, but the medium was supplemented with 10 m g / m l

chloramphenicol. Bacteria were recovered from the media by centrifugation, washed

once with dH2O, and lyzed (2X lysis buffer: 4.0 ml 10% SDS, 2.4 ml 0.5 M Tris-HCl pH

6.8, 2 ml glycerol, 1 ml 0.1% BPB, 0.6 ml ddH2O, 2.5 ml 1M DTT). Total protein

concentration was determined and 100 mg protein was loaded for each strain onto a 8%

polyacrylamide gel. Following electrophoresis, proteins were transferred to PVDF

membrane and DNT protein identified with polyclonal anti-DNT antibody. Blots were

developed using a ChemiDoc imaging system under Quantity-One software control (Bio-

Rad).

3. 3. RESULTS

Replacement of the wild type dnt gene with a truncated allele. We introduced

a non-polar, in-frame deletion mutation in the gene encoding DNT (dnt) in a wild type B.

bronchiseptica (strain RB50), an adenylate cyclase toxin (CyaA) mutant (strain RB58)

and a type III secretion system mutant (strain WD3) to create strains 50∆dnt, 58∆dnt and
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WD3∆dnt, respectively (Table I). To verify that the deletion made in the dnt structural

gene was in-frame with the transcriptional start and stop codons, the cloning junction of

the ∆dnt allele was sequenced from the allelic exchange vector (Figure 2). The nucleotide

sequence for the preserved open reading frame (ORF) of the truncated dnt locus can be

determined from the electropherogram where blue, black, red and green signal peaks

identifies the sequence of the DNA bases cytosine (C), guanosine (G), thymine (T) and

adenine (A), respectively. The presence of 21 complete codons and the absence of stop

codons in the preserved ORF are consistent with the ∆dnt allele representing an in-frame

deletion in dnt. Successful replacement of the wild type dnt locus with the ∆dnt locus was

confirmed by PCR by amplification of the dnt locus in wild type and prospective mutant

strains and evaluation of electrophoretic mobility of amplified sequences (Figure 3A-B).

The electrophoretic migration of the amplicon containing the wild type dnt locus

corresponded to a size of approximately 5 kilo bases (kb). Electrophoretic migration of

the amplicon developed from the ∆dnt construct was approximately 0.7 kb, consistent

with the predicted deletion of 4338 bases.
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Table I. Developed B. bronchiseptica ∆dnt Mutants
Strain Genotype Phenotype Parent strain Reference
50∆dnt ∆dnt DNT- RB50 (wt) (52, 206)
58∆dnt ∆cyaA, ∆dnt CyaA-, DNT- RB58 (∆cyaA) (115)
WD3∆dnt ∆bscN, ∆dnt T3SS-, DNT- WD3 (∆bscN) (309)
50∆dnt
(pCI-25)

- DNT+ 50∆dnt This study

Abbreviations: CyaA, adenylate cyclase toxin; DNT, dermonecrotic toxin;
T3SS, Type III secretion system; wt, wild type.
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Characterization of DNT protein expression and growth characteristics of

wild type and ∆dnt mutant strains. To verify that the mutant strains did not produce

DNT protein, bacterial whole cell lysates were separated electrophoretically and DNT

probed using polyclonal anti-DNT antibody. In addition to parental strains and the

constructed DNT mutants, DNT expression was evaluated for a Bvg+ phase-locked

derivative RB53 (52), and a Bvg- phase-locked derivative RB54 (52) (Figure 4A). DNT

protein was detected in RB50 and RB53 grown under Bvg+ phase conditions and not

detectable in 50∆dnt, 58∆dnt, WD3∆dnt or RB54. These results show expression of DNT

in Bvg+ phase and loss of DNT expression by 50∆dnt, 58∆dnt and WD3∆dnt. In vitro

growth characteristics of parental and DNT mutant strains in complete Stainer-Scholte

medium, an enriched medium designed for optimal growth of B. pertussis, were

indistinguishable (Figure 4B). This result shows that the inability of B. bronchiseptica to

express DNT does not affect bacterial capacity to grow under optimal nutrient conditions.

To be able to verify that any phenotype identified for 50∆dnt is correlated to loss

of DNT expression rather than a secondary mutation, a 50∆dnt derivative carrying an

expression plasmid (pCI-25) with the wild type dnt structural gene as well as the

expected promoter region for dnt was developed as described in Materials and Methods

(50∆dnt(pCI-25). To assess whether DNT expression in 50∆dnt(pCI-25) was comparable

to the expression level of DNT in RB50, DNT expression in four clones of 50∆dnt(pCI-

25) were compared to the level of DNT expression in the wild type strain (Figure 5). A

faint chemiluminescent signal was detected for RB50 whereas strong DNT specific
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signals were detected for all four clones of 50∆dnt(pCI-25). Because the level of DNT

expression in 50∆dnt(pCI-25) clone number I, 50∆dnt(pCI-25)_cI, was similar to wild

type DNT expression, 50∆dnt(pCI-25)_cI will be used in conjunction with 50∆dnt to

assess phenotype rescue.

3. 4. DISCUSSION

We now report the development of three dnt mutant derivatives of the

prototypical B. bronchiseptica strain RB50, as well as RB58 and WD3. The availability

of dnt-deletion mutants of these particular B. bronchiseptica strains offers advantages

over other B. bronchiseptica strains. Although several Bordetella strains with mutations

in dnt have been constructed, as described below (Table II), they do not offer the same

utility as DNT mutant strains developed from RB50. Increased applicability of 50∆dnt,

58∆dnt and WD3∆dnt can be explained in part by the availability of the genomic

sequence of strain RB50, recently made available by the Wellcome Trust Sanger Institute

and the only B. bronchiseptica genomic sequence available (206). Detailed knowledge of

the genomic sequence offers unparalleled opportunities for analyses of the effect of DNT

expression at the genomic and proteomic levels. DNA micro-array technology and high-

throughput proteomics represent screening methods that can be employed to determine

potential effects of a mutation on bacterial physiology.
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Table II. Published Bordetella Strains with Mutations in dnt.
Strain Genotype Phenotype Parent

strain
Bordetella
species

Reference

BPM1809 dnt::Tn5 lac DNT- BP338 B. pertussis (291)
B58GP dnt::Kan DNT- B58 B. bronchiseptica (29)
KB24 ∆dnt::GenR/oriT DNT-,

GmR
KM22 B. bronchiseptica (29)

WBA16 dnt1::neoR DNT-,
KanR

197N B. avium (274)

wBP40 ∆dnt::GenR/oriT DNT-,
GmR

BP338 B. pertussis (286)

wBP41 ∆dnt::GenR/oriT DNT-,
GmR

BP338 B. pertussis (286)

wBPa44 ∆dnt::GenR/oriT DNT-,
GmR

wBPa21 B. parapertussis (286)

wBPa45 ∆dnt::GenR/oriT DNT-,
GmR

wBPa21 B. parapertussis (286)

wBPa46 ∆dnt::GenR/oriT DNT-,
GmR

wBPa21 B. parapertussis (286)

wBPa47 ∆dnt::GenR/oriT DNT-,
GmR

WBPa21 B. parapertussis (286)

Strains wBP40 and wBP41 are insertion variants of BP338. Strains wBPa44, wBPa45,
wBPa46 and wBPa47 are insertion variants of WBPa21. Abbreviation: GmG, gentamicin
resistance; KanR, kanamycin resistance.
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In addition to the available genome sequence, expression of virulence factors

under BvgAS control in B. bronchiseptica strain RB50, and the phenotypes of RB50,

RB58 and WD3 have been extensively characterized both in vitro and in vivo (52, 115,

309). Because strain RB50 was isolated from a naturally infected rabbit (52), natural host

in vivo experiments using a small natural host animal (as opposed to larger and more

costly swine and canines) will be possible with the strains reported herein.

Bacterial virulence factors can be dependent on a second virulence determinant

for proper function/activity including secretion pathways for export out of the bacterial

cell and activity of a co-expressed toxin. Bacterial double mutants can be used to assess

such interactions. DNT has been implicated in development of atrophic rhinitis, a

respiratory disorder in swine (29). In addition to DNT, a protein with adenylate cyclase

activity can influence the development of atrophic rhinitis (154, 194). Because the

Bordetella virulence factor CyaA is a functional adenylate cyclase it is possible that DNT

and CyaA function together in development of certain diseases. The ∆dnt derivative of

strain RB58 can be used to investigate a potential cooperation between DNT and CyaA in

Bordetella virulence. Because DNT is not detected in bacterial culture supernatant it has

been proposed that secretion of DNT is dependent on a functional type-III secretion

system. Export of bacterial toxins via type-III secretion is typically dependent on contact

with the host cell (163). Because strain WD3∆dnt is a DNT/Type-III secretion system

double mutant, this strain can be used to investigate a potential mechanism of release for

DNT.
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The bacterial strains used in the study of DNT in the context of live Bordetella

species in earlier studies have been natural isolates with low level of DNT expression,

transposon mutants, or strains developed by insertion of an antibiotic resistance cassettes

in the dnt structural gene (29, 234, 274, 292). The use of spontaneous mutants in the

study of bacterial virulence is hindered by the possibility that these strains carry

mutations in other genes or regulatory sequences. Because deletion or reduced activity of

some of the virulence factors regulated by BvgAS have been reported to reduce or

abolish virulence in Bordetella (52, 54, 106, 115), uncharacterized mutants with reduced

DNT expression could also have abnormal expression of other BvgAS regulated

virulence factors. In the event that an essential virulence factor exhibits abnormal

expression or activity, the bacterial phenotype could be misinterpreted as a direct effect

DNT. Because a control strain cannot be obtained for natural isolates, obtained results

cannot be interpreted by comparison to a “normal” reference strain. To draw reliable

conclusions from experiments conducted with natural isolates, a collection of strains

should be analyzed in an effort to establish trends between virulence factor expression

and phenotype. The inconvenience of this approach makes the use of characterized

mutants preferable. Similar to spontaneous mutants, bacterial strains developed by

insertion mutagenesis (both transposons and resistance cassettes) are also associated with

an increased risk of introducing out of frame mutations that can affect transcription of

genes other than the target gene. In E. coli, transposon-5 insertion into a gene of interest

altered transcription levels of several adjacent genes (19). Both increased and decreased

expression of genes outside the region of insertion were observed demonstrating
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generation of bacterial mutants with unpredictable phenotypes. Alteration of expression

from genes adjacent to dnt following insertion mutagenesis could produce a bacterial

phenotype independent of a role for DNT. It is not known how expression of DNT is

associated with expression of adjacent genes. Because DNT is under BvgAS control and

virulence genes regulated by BvgAS can be clustered (14, 186), it is possible that genes

in the proximity of dnt encode proteins with functions in virulence. The availability of

characterized mutant strains allow for reliable analyses on the role of DNT in Bordetella

virulence and/or physiology.

50∆dnt, 58∆dnt and WD3∆dnt contain a preserved ORF of 63 bases, predicted

from a deletion of 4338 bp of the 4395 bp wild type dnt sequence. The organization of

genes in the proximity of dnt is consistent with no interruption of DNA sequences

necessary for proper function of other genes. A genome map focused on the region in the

proximity of dnt shows the organization of the genes surrounding dnt (Figure 6). The dnt

gene is not directly opposite another gene and the gene closest to dnt (BB3977) is located

on the opposing strand.  Moreover, BB3977 is oriented in the opposite direction from dnt.

Because DNT is thought to contain sub-regions with different biological activities

including a catalytic and putative cell binding domain (184), a substantial portion of the

dnt gene was deleted in our strains to reduces the likelihood that a segment of DNT with

biochemical activity is expressed.
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In summary, we have developed DNT deficient mutants of B. bronchiseptica wild

type strain RB50 and the derivatives RB58 and WD3. The data presented herein are

consistent with the presence of non-polar in-frame deletions of dnt in the three developed

mutants. Because of the availability of the complete genomic sequence for strain RB50

the utility of our mutants extend to projects that require detailed information about DNA

sequence and genomic organization. We will employ the developed strains to analyze the

significance of DNT expression in Bordetella virulence and analyze the possibility that

DNT is a bacterial enzyme involved in the regulation of bacterial physiology. To confirm

that loss of DNT is the result of any bacterial phenotype obtained with 50∆dnt, 58∆dnt or

WD3∆dnt, control experiments should be conducted with DNT mutant strains expressing

DNT from expressing plasmids.
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CHAPTER 4: CHARACTERIZATION OF 50∆DNT IN AN ANIMAL MODEL

AND NATURAL HOST CELL CULTURE MODEL

4. 1. INTRODUCTION

Bacteria of the genus Bordetella include the human respiratory pathogen B.

pertussis. Whooping cough is the respiratory syndrome caused by B. pertussis. The death

toll of whooping cough in developing countries was estimated to be 285,000 in 2001

(294). In 2004, the incidence of whooping cough in the United States was 18,957 cases

representing a 77.6% increase from 2003 (40). The re-emergence of B. pertussis in

developing countries is believed to result from a combination between lack of

immunization, insufficient protection from past immunization, and possibly

differentiation of the agent within the population (110). B. bronchiseptica is a closely

related species that can cause respiratory infections of domesticated animals (95). B.

bronchiseptica is used as a model organism in the study of B. pertussis virulence and

pathogenicity because of the availability of natural animal host models and conserved

expression of most virulence factors between the two species. In both organisms, the

expression of most virulence factors is regulated by a virulence control system,

Bordetella virulence gene activator-sensor (BvgAS) (51). When the BvgAS virulence

control system is active, virulence factors are expressed and the bacterial phenotype is

referred to as Bvg+. Expression of virulence factors under BvgAS control is necessary for

establishment of infection in animal models (52, 80). An avirulent Bvg- phenotype is

characterized by loss of virulence factors expression, resulting from an inactive BvgAS

virulence control system. In addition to typical virulence factors, BvgAS has been



114

reported to control expression of proteins with metabolic functions including the

respiratory chain component cytochrome d, and pathways for iron and cell wall

metabolism (76, 126). Because the putative virulence factor dermonecrotic toxin (DNT)

is regulated by BvgAS, but not secreted from the bacterial cell during growth in vitro,

this factor is possibly one of the BvgAS regulated factors involved in regulation of

physiological functions in Bordetella in the virulent state.

Dermonecrotic toxin is 160 kDa protein that when isolated from the bacterial cell

has enzymatic activity capable of activating eukaryotic cytoskeletal regulators Rho, Rac,

and Cdc-42 (183). Incubation of cultured embryonic bovine lung (EBL) cells or a

fibroblast cell line (Swiss 3T3) with lysates of E. coli expressing Bordetella DNT can

result in DNT-dependent cytopathology consistent with abnormal cell morphology and

division (215). Application of whole cell lysates from DNT-expressing Bordetella to

cultures of an osteoblast cell line (MC3T3-e1) results in polymerization of the actin

cytoskeleton (125). These observations are consistent with the host cell actin cytoskeleton

being a target for DNT during infection. To be able to act as a virulence factor by

disrupting the host cellular actin cytoskeleton, DNT would have to be released by the

bacterium and gain entry into the host cell. Unlike other Bordetella virulence factors,

DNT is not detected in culture supernatant at levels consistent with secretion from the

bacterial cell (200). Rather, DNT activity is primarily associated with the bacterial

cytoplasm (55). These observations have resulted in speculations of whether DNT could

be a virulence related factor involved in a metabolic function within the bacterium. We

have developed mutants of B. bronchiseptica with a deletion in the structural gene
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encoding DNT to study the effect of loss of DNT in the context of the live bacterium

(Chapter 3). Mutant strain 50∆dnt is a ∆dnt derivative of B. bronchiseptica wild type

strain RB50. The genome of RB50 has recently been sequenced and is the only B.

bronchiseptica strain for which detailed genomic information is available. This allows the

use of RB50 and 50∆dnt in high throughput proteomic analysis as discussed later in this

chapter. In addition to 50∆dnt, two strains were developed that contain mutations in dnt

as well as an additional virulence determinant: 58∆dnt was derived from the CyaA

mutant strain RB58 (115). WD3∆dnt was derived from strain WD3 that does not express

a functional type III secretion system (309). Strains 58∆dnt and WD3∆dnt can be used to

study the effect of loss of DNT in combination with loss of virulence determinants for

which phenotypes have been characterized.

Loss of bacterial fitness in animal models of infection can be used to study the

roles of bacterial virulence factors and their significance in virulence. In Bordetella, rats

and mice are the most frequently used in vivo models and B. bronchiseptica mutants of

prototypical virulence determinants including CyaA and type III secretion result in loss of

virulence phenotypes in these hosts (115, 309). Single challenge experiments are animal

infection experiments conducted by infecting hosts with one bacterial strain. This

experimental design allows determination of the ability of a mutant bacterial strain to

establish infection in comparison to the parental isolate. The infection of previously non-

infected animals with one bacterial strain allows the analysis of host antibody production

and bacterial antigenic profile without interference from another source of infection.

Because natural infection often occurs with multiple pathogens in competition for a
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specific niche within a host, single challenge experiments are less sensitive for the

identification of bacterial loss of virulence phenotypes. To increase sensitivity, in vivo

competition experiments can be performed. In these experiments, both the wild type

organism and a mutant strain are used to inoculate individual animals. After a period of

infection, determination of the level of colonization in organs of interest can be used to

compare the virulence between the strains. Although infection of animal hosts can be

used to study gross parameters of host-pathogen interactions such as the humoral immune

response and the ability of bacteria to colonize different tissues, in vivo analyses are not

used to investigate events at the cellular level. For such studies, cell culture models are

employed.

To uncover potential differences between wild type and mutant B. bronchiseptica

we used primary cultured rabbit tracheal epithelial cells (RTEC) as a host cell model. The

primary RTEC culture system is well established and has been the basis for previous

publications from our laboratory (23, 24, 69). Because B. bronchiseptica strain RB50 was

isolated from a naturally infected rabbit (52), RTEC represent a natural host cell type for

this particular pathogen. Because the cells of the tracheal epithelium are the first points of

contact between bordetellae and the host upper respiratory tract during natural infection,

the use of tracheal epithelial cells to study the Bordetella-host interaction will allow the

bacterium to respond naturally to the host cell and vice versa. A model system that

promotes a natural interaction between host cell and pathogen will increase the efficiency

of processes that can be host cell contact dependent, such as type III secretion. Similarly,

the activity of virulence factors can be host cell specific due to the expression of host cell
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proteins targeted by the virulence factor. Unlike other cell culture systems used in the

study of the upper respiratory tract, primary cultured RTEC express cilia, a feature that

makes our host cell model similar to the environment in the intact trachea. Species of the

Bordetella respiratory pathogens have been shown to interact with high affinity and

specificity to the cilia of ciliated cells in the trachea (69, 247). Host cell models used in

previous studies including EBL, Swiss 3T3, and MC3T3-e1 cell lines were not derived

from the upper respiratory tract epithelium and therefore do not represent the initial host

cell target for B. bronchiseptica. Because DNT is not found in Bordetella culture

supernatant, it has been postulated that DNT may be secreted via host cell contact

dependent secretion. Contact dependent secretion may be strictly dependent on host cell

specific features (e.g. surface proteins) (163). As B. bronchiseptica is adapted to the

ciliated epithelium of the rabbit respiratory tract, our model provides an optimal model

system to test whether a natural interaction is necessary for DNT to act as a toxin in the

context of the live bacterium.

In this chapter, we describe the characterization of DNT in the context of the live

bacterium. This characterization is presented in three stages. The effect of dnt deletion on

B. bronchiseptica virulence is analyzed in a rat model of infection via infection with

either parental or DNT-mutant strains, or in vivo competition. To determine if bacteria

expressing DNT can induce rearrangements of the natural host cell actin cytoskeleton, the

effect of actin polymerization in RTECs is analyzed after challenge with live bacteria.

Lastly, we address whether DNT is a component of bacterial metabolism rather than a
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conventional toxin by probing the effect of DNT deficiency on the ability of bacteria to

response to physiological stress.

4. 2. Materials and Methods

Materials. Immun-Blot PVDF Membrane was from Bio-Rad (Hercules,

California). ChemiGlow enhanced chemiluminescence reagents were from Alpha

Innotech (San Leandro, CA). Antibiotic-Antimycotic, Dulbecco’s Modified Eagle

Medium (DMEM), Hanks’ Balanced Salt Solution, and Fetal Bovine Serum were from

Invitrogen Corporation (Carlsbad, California). Bordet Gengou blood agar plates, Bacto

Agar, and Bacto Yeast Extract were purchased from Becton Dickinson (Sparks,

Maryland). Anti-rat IgG-Fc Fragment-alkaline phosphatase conjugated antibody (A110-

128AP) was from Bethyl Laboratories (Montgomery, Texas). Monoclonal anti-rat k and

l light chains-alkaline phosphatase conjugated antibody (A1062), monoclonal mouse

anti-b-tubulin-IV antibody (T-7941) and cytochalasin-D (C-8273) were from Sigma-

Aldrich (St. Louis, Missouri); monoclonal mouse anti-actin (MAB1501) and peroxidase

conjugated goat anti-mouse IgG (AP124P) were from Chemicon International (Temecula,

California). Rhodamine phalloidin (R-415), Hoechst nucleic acid stain (H-1399) and

Alexa Fluor 488 goat anti-mouse IgG antibody (A-11001) were from Molecular Probes

(Eugene, Oregon). p-Nitrophenyl phosphate (pNPP) was from ICN biochemicals Inc.

(Aurora, Ohio).Vectashield mounting medium was obtained from Vector Laboratories

(Burlingame, California). Jasplakinolide (420107) was from EMD Biosciences, Inc. (La

Jolla, California). NaN3 (26628-28) was from Alfa Aesar (Ward Hill, Massachusetts).

Immun-Blot PVDF Membrane and 3-7 non-linear immobilized pH gradient strips were



119

from Bio-Rad (Hercules, California). PlusOne 2-D Clean-Up Kit and Destreak

Rehydration Solution were from Amersham Biosciences (Piscataway, New Jersey). G-

actin/F-actin In Vivo Assay Kit was from Cytoskeleton Inc. (Denver, Colorado). All

other chemicals were of the highest biochemical quality and purchased from Sigma-

Aldrich, VWR (West Chester, Pennsylvania) or Fisher Scientific (Pittsburgh,

Pennsylvania). B. bronchiseptica strains RB53 and RB54 were generous gifts by Dr.

Peggy A. Cotter, University of California, Santa Barbara.

Bacteria and culture conditions. Stocks of Bordetella bronchiseptica strains

were kept at –70 oC for long-term storage, and maintained on Bordet Gengou blood agar.

Bordetella strains were cultured in Stainer-Scholte medium consisting of 63 mM L-

glutamic acid, 2 mM L-proline, 43 mM NaCl, 3.7 mM KH2PO4, 2.7 mM KCl, 1.0 mM

MgCl2, 0.14 mM CaCl2·2H2O, and 39 mM Tris, pH 7.6, 0.33 mM L-cysteine, 36 mM

FeSO4·7H2O, 32 mM nicotinic acid, 0.49 mM glutathione, and 2.3 mM ascorbic acid and

supplemented with 10g/L casamino acids at 37 oC (262). Stainer-Scholte Supplements

(L-cysteine, FeSO4·7H2O, nicotinic acid, glutathione, and ascorbic acid) were added at

the time of preparation of liquid cultures. Unless otherwise noted, inocula were

normalized in PBS from BG plates by suspending 5-10 colonies from Bordet Gengou

agar in saline and normalized to achieve a working suspension with OD600 of 0.3. A 50 ml

aliquot of working suspension (approximately 5x107 colony forming units) was placed in

4.0 ml medium and incubated at 37 oC with shaking (250 rpm). The bacterial strains used

in this study are listed and described in Table I.
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                    Table I. B. bronchiseptica Strains Used in Chapter 4
Strain Genotype Phenotype Parent strain Reference
RB50 wt Bvgwt - (52, 206)
RB50G flaA::GmR GmR RB50 (33)
50∆dnt ∆dnt DNT- RB50 This study

        Abbreviations: GmR, gentamicin resistance; DNT, dermonecrotic
        toxin; wt, wild type.
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Analysis of virulence in an animal model. RB50G, a RB50 derivative carrying a

gentamicin resistance marker controlled by a constitutive flaA promoter (33), and 50Ddnt

were used to inoculate groups of three female Wistar rats. Inoculations were performed

with either RB50G, 50Ddnt, or the two strains in a 1:1 ratio (in vivo competition). In all

experiments, inocula were confirmed to be between 500-1000 colony forming units

(CFU). Animals were sacrificed by Halothane inspiration at 14, 28, and 60 days P.I. and

the level of colonization was established from serial dilutions of nasal septum mucosa

and tracheal tissue homogenates. For competition experiments, the percentage

colonization of each strain after competition was determined. Following plating of tissue

homogenates from individual animals, between 69 and 208 colonies were transferred

from Bordet Gengou (BG) solid medium supplemented with 50 mg/ml streptomycin (BG-

Sm50) to BG-Sm50 and BG solid medium supplemented with both 50 mg/ml

streptomycin and 20 mg/ml gentamicin  (BG-Sm50/Gm20) to determine the percentage of

colonies originating from gentamicin resistant cells. Results are presented as the

percentage of GmR (RB50G) and GmS (50Ddnt) cells colonizing each respective tissue.

Sample variability is reported as SEM.

Analysis of antigenic profile of bacterial strains. Overnight cultures grown in

Stainer-Scholte medium under Bvg+ conditions were normalized according to cell density

(OD600 = 25) and lysed (2X lysis buffer: 4.0 ml 10% SDS, 2.4 ml 0.5 M Tris-HCl pH 6.8,

2 ml glycerol, 1 ml 0.1% BPB, 0.6 ml ddH2O, 2.5 ml 1M DTT). Equal amounts were

separated by 4-12% SDS-PAGE and transferred overnight to Immobilon-P PVDF
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membrane. Antigenic proteins were probed with serum from a rat sensitized to RB50 and

detected by ChemiGlow enhanced chemiluminescence reagents.

Analysis of relative antibody titer in host animals. Overnight cultures of B.

bronchiseptica strain RB50 were normalized in coating buffer (0.016 M C6H5Na3O7•H2O,

0.034 M NaHCO3, pH 9.6) to OD600 of 0.5. This RB50 suspension was used to coat wells

of microtiter plates with RB50 whole cell antigens, except for “no antigen” control.

Plates were incubated in a humidified chamber for 2 h at 37oC after which wells were

blocked for 1 h at 37oC using Tris-buffered saline with Tween-20 (TBST) (0.02 M Tris-

HCl, 0.05 M NaCl, 0.01% Tween-20, pH 8.0) w/ 5% non-fat dry milk. Blood serum from

infected animals were added to the plates in a dilution series in duplicate and plates

incubated at 37oC for 1 h. Plates were washed with TBST following the incubation and

alkaline phosphatase conjugated antibodies used to detect anti-Bordetella serum

antibodies. Plates were incubated at 37oC for 1 h and excess secondary antibody removed

by repeated washing with TBST. pNPP-diethanolamine (DEA) substrate buffer (1.0 M

DEA, 1.0 mM MgCl2, 0.1 mM ZnSO4•7H2O, 1.0 mg/ml pNPP, pH 10.0) was added to

wells and signal developed at room temperature (RT) for 45 min. Signal development

was stopped by addition of 25 ml 3N NaOH per 100 ml substrate buffer. Optical density

was determined at 405 nm using a Labsystems Multiscan MS microtiter plate reader

(Fisher Scientific). Linear regression analysis was used to determine the linear range of

the signal and relative antibody titer calculated from the regression line.

Preparation of collagen coated coverslips. 15 mm diameter glass coverslips

were acid washed and sterilized by dry heat. Using a Pasteur pipette, sterile liquid rat tail
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collagen was mixed with flavine mononucleotide to aid subsequent solidification and

applied to coverslips by gently blowing a bubble in the collagen and moving the bubble

across the coverslip to create an even, thin coat of collagen (64). The collagen coat was

solidified by exposure to full-spectrum light for 15 min. Following solidification of the

collagen, coverslips were washed by incubation in sterile dH2O for 3 x 20 min. The

coverslips were transferred to sterile culture dishes and incubated with culture medium at

RT until further use. Coverslips were prepared the day before preparation of rabbit

tracheal epithelial cell cultures.

Primary cultures of rabbit tracheal epithelial cells (RTEC). These

experiments were approved by and performed according to the regulations of the

University of Arizona Institutional Animal Care and Use Committee. RTEC were

developed from the tracheal epithelium of New Zealand White rabbits with modified

methods described in (64). Briefly, rabbits were sacrificed by injection (marginal ear

vein) of sodium pentobarbital. The trachea was removed and the epithelial lining exposed

by a longitudinal incision. The mucosal lining was teased away using forceps, cut into

explants and seeded onto glass coverslips coated with rat-tail collagen. Explants were

covered with DMEM containing 10% Fetal Bovine Serum (FBS) and antibiotic-

antimycotic and grown up to 9 d in a humidified incubator at 37 oC with 5% CO2.

RTEC cytoskeletal response to B. bronchiseptica. Overnight cultures of B.

bronchiseptica were recovered in log phase, pelleted, and re-suspended in Hanks’

Balanced Salt Solution (HBSS) (1.3 mM CaCl2, 5.0 mM KCl, 0.3 mM KH2PO4, 0.5 mM

MgCl2, 0.4 mM MgSO4, 137.9 mM NaCl, 0.3 mM Na2PO4, 1% glucose, additionally
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buffered with 25 mM HEPES, pH 7.4). In addition to 50∆dnt, the Bvg- phase-locked

strain RB54 and the Bvg+ phase-locked strain RB53 (52) were used in these experiments

to control for phase-switching during extended co-incubations with RTEC. Bacteria were

inoculated to primary RTEC cultures in DMEM with Stainer-Scholte Supplements, but

without FBS or antibiotic-antimycotic to provide a suitable environment for both RTEC

and bacteria. The approximate multiplicity of infection (moi) was 200 CFU. The medium

was replaced bi-hourly during the incubation period. After incubation, cultures were

washed 3 times with HBSS at 37oC, fixed with 4% formaldehyde for 20 min at 37oC, and

permeabilized with 0.2% Triton-X100 for 5 min at room temp. Cultures were blocked

overnight at 4oC in PBS containing 2% non-fat dry milk, washed at room temp and

incubated with 0.05 mM rhodamine phalloidin for 20 min at 37oC. Cultures were washed

3 times for 20 min in PBS, then incubated with 0.25 mg/ml Hoechst stain for 10 min.

Cultures were again washed 2 times for 5 min in PBS and 1 time in dH2O. To identify

ciliated cells, an additional block, incubation and wash cycle were added using anti-b-

tubulin-IV antibody, and secondary antibody tagged with Alexa Fluor 488. Preparations

were mounted using Vectashield mounting medium and stored at 4 oC until analysis.

Samples were analyzed using an Olympus IX70 microscope (Melville, New York)

equipped with a 60X oil immersion lens in both differential interference contrast (DIC)

and epifluorescent modes. Briefly, individual ciliated cells were identified by DIC, the

optics adjusted for epifluorescence of rhodamine phalloidin staining and the organization

of the actin cytoskeleton analyzed. Evaluation of control samples showed two identifiable

patterns of F-actin staining in RTEC: 1) well established stress fibers, or 2) cortical actin
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organization. Between 240 and 300 ciliated cells from six independent experiments were

analyzed. The percentage of ciliated cells with each of these patterns was scored in a

blind draw for each sample preparation and results plotted with standard error of the

mean. Care was taken to evaluate the samples through several focal planes. As controls

for RTEC cytoskeletal responses to toxins affecting the actin cytoskeleton, 9 d old RTEC

were challenged by either the actin destabilizing agent cytochalasin-D or the actin

stabilizing agent jasplakinolide (2.0 mM for 1.5 hours). Cell culture samples were stained

with rhodamine phalloidin and Hoechst as described above. All images were captured

using a 60X oil immersion objective via a CoolSnap camera (Roper Scientific, Tucson,

AZ) and Roper Scientific Software.

Determination of filamentous/globular (F/G) actin ratios. The actin extraction

protocol was modified from a commercial kit (Cytoskeleton, Inc.). RTEC cultures were

incubated in a modified DMEM (devoid of antibiotic-antimycotic and FBS) or co-

incubated in modified DMEM with strains of B. bronchiseptica at a moi of 200 for 2 h.

At the end of the incubation period, cultures were washed 3 times with 1 ml HBSS at

37oC, and transferred to 100 ml of 37oC lysis buffer (50 mM NaCl, 5 mM MgCl2, 5 mM

EGTA, 5% glycerol, 0.1% Nonidet P40, 0.1% Triton X-100, 0.1% Tween-20, 0.1%

b-mercaptoethanol, 0.001% Antifoam, 1.0 mM adenosine triphosphate, 0.01 mg/ml

Pepstatin, 0.01 mg/ml Leupeptin, 0.1 mg/ml Benzamidine and 5 mg/ml tosyl arginine

methyl ester). Cells were homogenized with 10-12 plunges of a 21 gauge syringe needle

with a bent tip, and incubated at 37oC for 30-40 min. Samples were centrifuged at

100,000 x g at 37oC for 60 min in a TL-100 Ultracentrifuge equipped with a TLA-100
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rotor (Beckman, Fullerton, California). Supernatants were recovered and placed on ice,

the sample volume was determined, and the pellet re-suspended in the same volume of

ice-cold dH2O containing 1.0 mM cytochalasin-D. Samples were placed on ice and mixed

by pipette every 15 min to promote the dissociation of F-actin. After 105 min, samples

were centrifuged at 14,000 x g and the supernatant collected. Raw extracts were diluted 5

times with dH2O, and frozen at –70oC until further analysis. Samples were prepared for

SDS-PAGE using a standard Laemmli sample buffer (1.0% SDS, 22.5% glycerol, 0.1%

bromophenol blue, 1.8M b-mercaptoethanol, 17.5 mM Tris-HCl, pH 6.8). Samples were

loaded in duplicate and separated on 12.5% SDS-PAGE gels, transferred to PVDF

membrane, and subjected to a standard western blotting procedure to identify relative

levels of F- and G-actin using MAB1501 and AP124P as primary and secondary

antibodies, respectively. Densitometric analysis was performed using a ChemiDoc

imaging system and Quantity-One software (Bio-Rad). Densitometric analysis of all

bands was performed in triplicate and the average reported. Sample variability was

reported as values with the standard error of the mean.

Effect of bacterial whole cell lysates on RTEC migration or L-2 cell

morphology. B. bronchiseptica strains RB50 and 50∆dnt were grown overnight in 15 ml

Stainer-Scholte medium in 125 ml Erlenmeyer flasks at 37oC with shaking. Bacterial

cells were collected from 8.0 ml culture medium by centrifugation, washed, re-suspended

in 0.75 ml sterile dH2O and lysed by repeated freeze-thaw cycles in liquid nitrogen. Total

protein content was normalized to 2.0 mg/ml and diluted 2-fold with 2X DMEM without

FBS. DMEM with 50% bacterial cytoplasmic protein or DMEM control medium was
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applied to RTEC 48 after seeding to rabbit tracheal explants to collagen coated

coverslips. Developing RTEC cultures were incubated for an additional 72 h, washed and

fixed by incubation in 3.7% paraformaldehyde for 20 min at 37oC. The distance of RTEC

migration from the explant was determined microscopically by determining the number

of fields of view from the tissue explant edge to the migration front. All samples were

analyzed by blind draw.

L-2 cells were incubated overnight prior to application of medium with bacterial

whole cell lysate (WCL) to allow adherence of cells. At the end of the challenge period,

L-2 cultures were washed, dried, and imaged using an Olympus IX70 microscope

(Melville, New York) equipped with a 20X phase contrast objective, a CoolSnap camera

(Roper Scientific, Tucson, AZ) and Roper Scientific Software.

Two-dimensional differential in-gel electrophoresis (2D-DIGE). Strains of B.

bronchiseptica were grown overnight with shaking to log phase in 15 ml complete

Stainer-Scholte medium in 125 ml Erlenmeyer flasks at 37oC. 6 ml of bacterial culture

was centrifuged, supernatant removed and pellet washed 3 times in sterile dH2O. Pellet

was resuspended in urea lysis buffer (7.0 M urea, 2.0 M thiourea, 4% CHAPS, 30 mM

Tris, pH 8.5) and incubated 10-15 min on ice. Whole cell lysates were frozen

immediately and kept frozen at –20 oC until the time of sample preparation for 2D-DIGE.

200 mg of respective Whole cell lysates were cleaned of excess salts and lipids using the

PlusOne 2D cleanup kit (Amersham) and resuspended to 200 ml in urea lysis buffer. 50 ml

of each of the RB50 and 50∆dnt samples were labeled with Cy3 (RB50) or Cy5 (50∆dnt).

The remaining 150 ml of each sample were pooled; 50 ml of pooled sample was removed
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and labeled with Cy2. Each labeled sample and 250 m l of unlabeled pool were

rehydration-loaded with 95 m l of Destreak Rehydration Solution and 5 m l 4-7

Immobilized pH gradient Buffer onto a 3-7 non-linear immobilized pH gradient strip.

Samples were focused for 70,000 vh, then reduced with dithiothreitol and alkylated with

iodoacetamide during re-equilibration. Samples were separated in the second dimension

using 12.5% SDS-PAGE gels. Gels were scanned for detection of Cy2, Cy3, and Cy5

labeled proteins using a Typhoon Gel Scanner (Amersham) at 600V. Analysis was

performed with DeCyder DIA software (Amersham) to determine the number of protein

spots and their corresponding volume. In-gel digestion and nanoflow high performance

liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS). Following

quantitative image analysis of protein expression changes, gels were post-stained with

silver (250). Visible spots were manually excised and transferred to 96-well plates. The

plates were transferred to a Perkin Elmer Multiprobe-II liquid handling robot for

destaining (96) and in-gel digestion with trypsin (250). Following digestion, tryptic

peptides were extracted from the gel pieces with 5% formic acid/50% acetonitrile. A

microbore high performance liquid chromatography system (Surveyor, ThermoFinnigan,

San Jose, CA) was modified to operate at capillary flow rates using a simple T-piece

flow-splitter. Columns (6 cm x 100 mm inner diameter) were prepared by packing 100 Å,

5 mm Zorbax C18 resin at 500 psi into columns with integrated electrospray tips made

from fused silica, pulled to a 5 mm tip using a laser puller (Sutter Instrument Co., Novato,

CA). Peptides were eluted in a gradient using buffer A (5% v/v acetonitrile, 0.1% formic

acid) and buffer B (90% v/v acetonitrile, 0.1% formic acid), at a flow rate of 400 nL/min.
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Following an initial wash with buffer A for 10 min, peptides were eluted with a linear

gradient from 0-100% buffer B over a 30 min interval. Samples were introduced onto the

analytical column using a Surveyor autosampler (Surveyor, ThermoFinnigan, San Jose,

CA). The high performance liquid chromatography column eluent was eluted directly

into the electrospray ionization source of a ThermoFinnigan LCQ-Deca XP Plus ion trap

mass spectrometer (ThermoFinnigan, San Jose, CA). Spectra were scanned over the

range 400-1500 atomic mass units. Automated peak recognition, dynamic exclusion, and

daughter ion scanning of the top three most intense ions were performed using the

Xcalibur software as previously described (118). MS/MS data were analyzed using

SEQUEST, a computer program that allows the correlation of experimental data with

theoretical spectra generated from known protein sequences (304), and SEQUEST output

data were sorted and filtered using DTAselect (270).  In this study, the criteria for a

preliminary positive peptide identification for a doubly-charged peptide were a cross-

correlation factor (Xcorr) greater than 2.5, a delta cross-correlation factor (∆Xcorr)

greater than 0.1 (consistent with statistical significance between the best match and the

next best match), and a minimum of one tryptic peptide terminus (5). For triply charged

peptides, the Xcorr threshold was set at 3.5. All matched peptides were confirmed by

visual examination of the spectra. All spectra were searched against a composite database

containing the sequences E. coli, B. pertussis, B. parapertussis, B. bronchiseptica, and

the yeast Saccharomyces cerevisiae supplemented with the sequences of common

contaminants. Differential modifications of Cysteine with 57 atomic mass units

(iodoacetamidation) and methionine with 16 atomic mass units (oxidation) were allowed
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in all searches. Bacterial genome sequences were downloaded from the Sanger Institute

data base (ftp://ftp.sanger.ac.uk/pub/pathogens). The genome sequence for S. cerevisiae

was obtained from the S. cerevisiae Genome Database (www.yeastgenome.org). MS/MS

spectra were labeled according to accepted nomenclature (232).

Generation of reduced-minus-oxidized difference spectra from bacterial

inner membrane fractions. Bacteria were cultured to stationary phase (limited oxygen /

stress) in 200 ml Stainer-Scholte medium at 37OC with agitation. Bacterial cells were

harvested by centrifugation for 10 min at 9,800 x g (J2-21 centrifuge, JA-14 rotor,

Beckman). Supernatant was removed, and bacteria resuspended in 10 ml 0.1 M sodium

phosphate buffer (0.576 M Na2HPO4, 0.0420 M NaH2PO4, pH 7.0) and washed briefly.

Cells were transferred to eppi tubes and washed with 750 ml sodium phosphate buffer.

Cells were resuspended in 500 ml sodium phosphate buffer and broken by a FaspPrep

reciprocating shaker (Qbiogene Inc., Irvine, CA.) using 1.0 mm silica beads to promote

disruption of cells. Lysates were centrifuged at 11,000xg (5417C centrifuge, F-45-30-11

rotor, Eppendorf) for 5 min at RT to remove unbroken cells and insoluble material.

Lysate supernatant was centrifuged at 27,000xg (TL-100 ultracentrifuge, TLA-100.3

rotor, Beckman) for 1 hr at 4OC to remove cell walls. Supernatant was collected and

centrifuged at 100,000xg (TL-100 ultracentrifuge, TLA-100.3 rotor, Beckman) for 4 h at

4OC to separate membranes from soluble cytoplasmic proteins. Membranes were

suspended in 500 ml sodium phosphate buffer and stored at -20OC until further analysis.

Total protein was adjusted to 5 mg/ml in oxygenated sodium phosphate buffer.

Absorbance values for reduced and oxidized samples were recorded from 300-700 nm
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using a 8453 UV-VIS spectrophotometer (Agilent Technologies). Progressive addition of

sodium dithionite was used to reduce cytochromes. ∆absorbance values were calculated

by subtracting the absorbance values obtained from the oxidized sample from that

obtained from the fully reduced sample.

Statistical methods. Unpaired student-t tests were used to determine trends for

statistical significance between samples of bacteria exposed to RNS or NaN3. Differences

between samples were considered statistically significant with a cut-off of P < 0.05.

4. 3. RESULTS

Loss of DNT expression does not affect virulence in rats. To establish potential

physiological significance for DNT expression by B. bronchiseptica during infection,

RB50G, a RB50 derivative carrying a gentamicin resistance marker controlled by a

constitutive flaA promoter (33), and 50Ddnt were used to inoculate groups of three

female Wistar rats. Host animals were first inoculated with either RB50G or 50Ddnt. The

level of bacterial colonization was evaluated 14, 28, and 60 days post inoculation (P.I.) in

the nasal cavity and trachea by determining the number of colony forming units (CFUs)

in homogenized nasal septum and tracheal tissue samples (Figure 1). The average number

of CFUs recovered from the nasal cavity from animals infected with RB50G was 1.0x105

at 14 days P.I. The level of colonization for 50∆dnt was 1.6x105 CFU per nasal septum.

After 28 and 60 days of infection, the average level of colonization was 6.3x104 and

2.0x104 CFUs per nasal septum for RB50G, and 4.0x104 and 6.3x104 CFUs per nasal

septum for 50∆dnt, respectively. The average level of colonization of the trachea was

determined to be 1.6x104 CFUs per cm trachea for RB50G after 14 days of infection. The
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corresponding level of colonization for 50∆dnt was 3.2x104 CFUs. After 28 days of

infection, the level of colonization for RB50G was 3.2x102 CFUs per cm trachea and that

of 50∆dnt 4.0x104 CFUs. After 60 days of infection animals infected with RB50G had an

average level of colonization of 1.6x104 CFUs per cm trachea with a corresponding

number for 50∆dnt of 6.3x103 CFUs. Differences in the level of colonization during the

entire experimental period were determined to not be statistically significant.

To determine whether RB50G or 50Ddnt had a competitive advantage in vivo,

inocula containing equal numbers of both strains were used to infect groups of three

animals. The percentage of colonization in the nasal cavity and trachea for each strain

after in vivo competition was determined after 14, 28 and 60 days of infection (Figure 2).

Neither strain had a competitive advantage in the nasal cavity in this assay (Figure 2A).

After 14 days of infection, 2 of 3 animals were colonized with mixed populations at

levels of colonization of 50% and 30% for RB50G and 50% and 70% for 50Ddnt. Only

RB50G was isolated from the 3rd animal of this group. After 28 days of infection, mixed

populations of bacteria were recovered from each animal with colonization levels for

RB50G of 65%, 30%, and 15% and corresponding values for 50Ddnt of 35%, 70%, and

85%. After 60 days, 2 animals were colonized by 10% versus 90% of either strain while

99% of recovered bacteria were strain 50Ddnt for the last animal of the group. Tracheal

colonization (Figure 2B) over the 60-day experiment period was characterized by large

fluctuations for both strains. After 14 days of infection, the DNT mutant strain was

isolated from 1 of 3 infected animals. Only the wild type organism was recovered from

the two remaining animals of this group. Only 2 of 3 animals sacrificed at the 28 days
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time point were infected and 50∆dnt was isolated from both animals. Unlike colonization

in the nasal cavity where both RB50G and 50∆dnt were found throughout the

experimental period, colonization of the trachea was characterized by colonization by one

or the other strains at 14 and 28 days P.I. and both strains only after 60 days of infection.

The percentage range of colonization for RB50G was between 26% and 63% of gross

bacterial load. Correspondingly, the percentage range of colonization for the DNT mutant

was between 74% and 37%. Differences in average bacterial load by either strain in the

nasal cavity or trachea were not statistically significant.

DNT does not elicit a prominent specific immune response in the context of

the whole bacterium. Hosts infected with bordetellae produce serum antibodies against

typical Bordetella virulence factors including FHA and CyaA in response to infection

(41, 52). To determine whether DNT is a B. bronchiseptica antigen in the context of the

whole organism, whole cell protein lysates of DNT expressing and DNT mutant strains

were separated electrophoretically, and antigenic proteins were probed with serum from a

rat sensitized to RB50 (Figure 3). As a comparison, protein lysates from the Bvg- phase

locked mutant (RB54) grown under Bvg+ phase conditions was included in these

experiments. A comparison between lanes loaded with protein lysate from RB54 or the

wild type (RB50) showed prominent signals from several high molecular weight

molecules indicative of Bvg+ antigenic determinants larger than 100 kDa (Figure 3, black

arrow). The antigenic profiles of the DNT mutant strains 50∆dnt and WD3∆dnt were

similar to that of RB50. The antigenic profile of 58∆dnt could be distinguished from

those of the other strains by loss of signal from a factor larger than 200 kDa (Figure 3,
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gray arrow). Because the CyaA holotoxin can be detected as a 216 kDa protein by

electrophoretic mobility, the result reflect the expected absence of CyaA in 58∆dnt (121).

The absence of differences in detected antigens at 160 kDa is consistent with previous

reports on the lack of a role for DNT as a major antigenic determinant in Bordetella

(Figure 3, star) (169).
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Loss of DNT expression does not affect the host antibody response to

infection. Although DNT was not identified as a prominent antigen in B. bronchiseptica

in an antigenic profile assay (Figure 3), challenge of animals with purified DNT has been

attributed to interfering with host immune functions (124). To assess whether loss of

DNT affected the host humoral immune response in the context of the whole bacterium,

we determined the average of total serum immunoglobulin (Ig) or IgG titers in groups of

3 animals infected with RB50G or 50∆dnt (Figure 4). The levels of total Ig after 28 days

of infection were 1.23 ± 0.28 relative fluorescence units (RFU) for RB50G and 1.31 ±

0.09 RFU for the DNT mutant. After 60 days of infection the relative total Ig titer had

increased to 1.41 ± 0.36 RFU for animals infected with RB50G and 1.87 ± 0.13 RFU for

animals infected with 50∆dnt. These results show that host humoral immunity is not fully

developed until at least 60 days of infection. There were no statistically significant

differences between RB50G and 50∆dnt in the development of humoral immunity.

Because IgG is the predominant type of antibody beyond 14 days of infection, the

development of the IgG titer between animals infected with either strain was analyzed.

After 28 days of infection, the IgG titer in RB50G infected animals was 0.47 ± 0.067

RFU and that of animals infected with 50∆dnt 0.53 ± 0.067 RFU. At 60 days of infection

corresponding levels were 0.47 ± 0.067 RFU and 0.58 ± 0.02 RFU, respectively. There

was no difference in the ability of RB50G or 50∆dnt to elicit an IgG response in infected

animals.
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Loss of DNT expression does not affect RTEC cytoskeletal remodeling in the

context of the whole bacterium. In an effort to determine whether expression of DNT

by B. bronchiseptica is involved in inducing changes of the host cellular actin

cytoskeleton, we analyzed the effect of loss of DNT activity on a natural host cell model

using live bacteria. Wild type RB50 and 50∆dnt display similar Bvg+ phase-dependent

ciliary binding to RTEC cultures over a short co-incubation period (69). We determined

if co-incubation of RTEC with 50∆dnt had differential effects on the ciliated cell

cytoskeleton when compared to co-incubation with B. bronchiseptica mutant strains

expressing all BvgAS controlled virulence factors (RB53) or no BvgAS controlled

virulence factors (RB54). Naive host cells were characterized initially as having two

distinct cytoskeletal arrangements: cells with well developed stress fibers (Figure 5A) or

cells with cortically arranged actin (Figure 5B). Because application of purified DNT

leads to polymerization of host cellular actin in cultured cells (123), we determined the

percentage of ciliated RTEC with developed stress fibers between host cell cultures

challenged with DNT expressing and DNT deficient strains (Figure 5C). In RTEC

cultures that had not been challenged with bacteria 70.2 ± 7.4% of the ciliated cells

displayed actin stress fiber arrangement. The percentage of ciliated RTEC with stress

fibers after an 8 hr challenge with the Bvg- strain RB54 was 83.7 ± 5.8%. Corresponding

values for the Bvg+ strain RB53 and 50∆dnt were 87.2 ± 6.5% and 89.6 ± 2.8%,

respectively. Differences in cytoskeletal organization were not statistically significant

between any of the samples tested, but the data show that RTEC respond to bacterial

challenge by a modest increase in stress fiber formation. Because both 50∆dnt and RB54
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elicited similar increases in cytoskeletal stress fibers as RB53, the observed trend in actin

cytoskeletal response was not dependent on expression of DNT or other BvgAS regulated

virulence factors. To verify that RTEC are not resistant to toxin with known affects on

the eukaryotic actin cytoskeleton, RTEC were exposed to the actin destabilizing agent

cytochalasin-D or the actin stabilizing agent jasplakinolide (Figure 5D-E). Application of

cytochalasin-D resulted in complete disruption of the actin cytoskeleton (Figure 5D)

whereas incubation with jasplakinolide resulted in generation of robust stress fibers

(Figure 5E). The results exclude the possibility that lack of rearrangements in RTECs

following challenge with DNT-expressing and DNT-deficient strains of B. bronchiseptica

is an artifact of the host cell model used.

Because epifluorescence staining with phalloidin can only detect gross changes in

the actin cytoskeleton, and thus may not detect subtle differences in actin rearrangements

attributed to loss of DNT, we measured filamentous/globular (F/G) actin ratios to better

evaluate potential changes after co-incubation of RTEC with live bacteria (Figure 6A-B).

Following exposure of RTEC with bacteria, the F-actin and G-actin pools were isolated

from populations of host cells. Actin was separated from other cellular proteins by

electrophoresis and the relative levels of F-actin and G-actin detected by a Western blot

protocol. In naive host cell cultures, the average F/G-actin ratio was 1.20 ± 0.1

densitometric units (DU). The determined F/G-actin ratio for cell cultures challenged

with RB54 was 0.89 ± 0.06 DU and significantly lower than that observed in naive

cultures (P < 0.05). The F/G-actin ratio from RTEC cultures challenged with RB53 was

1.03 ± 0.04 DU, a non-significant reduction from the F/G-actin ratio of naive cultures.
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RTEC cultures challenged with 50∆dnt had an average F/G-actin ratio that was

significantly lower than both naïve samples and samples challenged with RB53 (0.70 ±

0.07 DU). Although RTEC cultures responded to bacterial challenge by a shift in F/G-

actin ratio, the effect was not strictly dependent on expression of DNT.

Control experiments designed to replicate the cytotoxic effect observed in cell

lines after application of WCL prepared from bacteria expressing DNT were carried out

to assure that RB50 expresses a DNT of comparable activity (Figure 7). Unchallenged

L-2 cell cultures developed to confluency during the experiment period (Figure 7A).

Application of WCL from RB50 to developing L-2 cell cultures resulted in inability of

these cultures to reach confluency, but collections of cytopathic and binucleated cells

were observed (Figure 7B-C). Incubation of L-2 cell cultures with WCL from the DNT

mutant strain did not result in extensive cytopathology (Figure 7D). The results obtained

from incubation of L-2 cells with WCE from RB50 or 50∆dnt show that RB50 expresses

a DNT with activity similar to the shown for other strains (215). To determine if a natural

B. bronchiseptica host cell type was susceptible to DNT, WCL from RB50 and 50∆dnt

were used to challenge cultured of RTEC (Figure 8). Because RTEC cultures primarily

develop by migration of cells from tracheal tissue explants onto the substratum rather

than cell division (144), microscopy was used to determine the effect of bacterial WCL

on RTEC migration. Unchallenged RTECs migrated an average of 7.8 fields of view over

72 h. RTEC incubated with WCL from RB50 or 50∆dnt for the same time period both

showed reduced ability to migrate (5.4 and 5.5 fields of view respectively), but no strain-

dependent differences were observed (Figure 8A). Because RTEC do not react to
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bacterial WCL in a DNT dependent manner, the function of DNT as a toxin affecting

tracheal epithelial cells during natural infection is questionable.

Loss of DNT expression results in a shift in the bacterial proteome. An

alternative hypothesis for a role of DNT in Bordetella virulence is that expression of

DNT affects the bacterial physiologic state during Bvg+ phase growth. As an initial

screen to determine whether physiological differences existed between the wild type and

the DNT deficient strain, a high-throughput proteomic approach was employed to

identify possible variations between RB50 and 50Ddnt at the protein level. WCL from log

phase cultures of RB50 and 50Ddnt grown under Bvg+ phase conditions were compared

by two-dimensional differential in-gel electrophoresis (2D-DIGE; (278, 310)). Whole cell

lysates from each strain and a pooled sample were labeled with distinct fluorescent dyes

and separated in a single gel according to isoelectric point (pH range of 3-7) in the first

dimension and SDS-PAGE in the second dimension (Figure 9A-C). An overlay color

image showing proteins from either RB50 (Cy3, Red) or 50∆dnt (Cy5, Blue) allows

visualization of proteins expressed differentially between the strains (Figure 9A). Using

gray scale format, a proteomic shift can be observed between RB50 and 50∆dnt (Figure

9B-C). Initial evaluation of the 2D-DIGE experiments using the DeCyder Software

resulted in approximately 10% of the resolved protein spots exhibiting a significant

volume change (> 1.73 fold) (Figure 10).

To characterize specific differences in protein expression between RB50 and

50∆dnt, 6 protein spots that showed 3.5 fold or greater differential expression between

samples in two independent experiments were excised from the gel, trypsin digested, and
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subjected to nanoLC-MS/MS analysis for identification. Protein spots selected for

nanoLC-MS/MS analysis are shown (Figure 11A; Table II). The low molecular weight

electron donor protein azurin was identified from two of the spots that showed obvious

differential expression (Figure 11A, spots 1 and 2). The MS/MS spectrum and predicted

amino acid sequence (AECSVDIAGTDQMQFDK) for one of 4 peptides identified after

tryptic digestion of protein spot #2 is shown along with data analysis (Figure 12A - C).

The predicted amino acid sequence was identical to a unique sequence fragment encoded

by gene BB3856 (azurin) in B. bronchiseptica. Results from similar analyses are also

presented for the bacterial stress response proteins DNA-binding protein from starved

cells (Dps) and universal stress protein (Usp) (158, 180) (Figure 13-14, spots 4 and 6,

respectively). Dps was identified by a match between the amino acid sequence

corresponding to gene BB2935 and a peptide (ADAANDOPTADLLTQR) predicted by

nanoLC-MS/MS analysis of a tryptic digest of spot # 4 (Figure 13A-B). An amino acid

sequence (VLPLASMAVLVHR) predicted from nanoLC-MS/MS analysis of a tryptic

digest of protein spot # 6 matched the amino acid sequence of Usp, encoded by gene

BB0979 (Figure 14A-B).
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Table II. Protein Spot Identification from 2D-DIGE Analysis of 50∆dnt and RB50/RB53
Proteomic Shift

Spot
No.

No. of
peptides

Protein identified by
nanoLC-MS/MS

Gene
number

Volume ratio
50∆dnt/RB50/53

Description

1 3 azurin BB3856 + 6.8 universal electron
carrier

  1 ribosomal protein BB1914 30S ribosomal
protein

2 4 azurin BB3856 + 6.1 universal electron
carrier

3 3 g-glutamyltranspeptidase
precursor (fragment)

BB0978 + 4.6 component of
glutathione
metabolism

4 2 putative DNA binding
protein

BB2935 + 3.5 homolog of Dps
family of stress
proteins

5 1 nucleoside diphosphate
kinase

BB3179 + 7.8 interconversion of
nucleoside di-P and
tri-P

6 5 putative universal stress
protein

BB0979 + 7.1 homolog of Usp
family of stress
proteins

Table II. Protein spot identification by nano-LC-MS/MS. Bacteria were grown in
Stainer-Scholte medium, cells harvested by centrifugation, and lysed. Following a 2D-
DIGE protocol (Figure 9), 6 protein spots that showed a difference in signal intensity of
3.5 fold or more between two independent 2D-DIGE experiments were identified by
nano-LC-MS/MS. Identified proteins are listed with the number of corresponding gene
(Sanger Center) in the B. bronchiseptica genome. Relative volume change and a short
description of protein function are listed for each identified protein. Proteins exhibiting
differential expression between DNT expressing and DNT deficient B. bronchiseptica are
largely associated with physiological stress.
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As a control to evaluate non-specific proteomic shifts due to genetic manipulation

of RB50 in the production of the 50Ddnt mutant, 2D-DIGE was used to compare directly

the Bvg+ phase-locked B. bronchiseptica strain (RB53) to 50Ddnt. This analysis yielded a

similar proteomic shift as seen in the analysis between RB50 and 50Ddnt (Figure 15). Of

835 resolved protein spots, 60 and 34 protein spots showed increased or decreased

volume in 50Ddnt, respectively (> 1.83 fold). The remaining spots were expressed at

similar levels between the two strains.
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Loss of DNT lowers bacterial protection against redox and metabolic stress.

Because the observed proteomic shift between RB50 and 50Ddnt was focused on proteins

with functions in metabolic pathways, we hypothesized that loss of DNT may affect the

ability of B. bronchiseptica to respond to physiological stress. To uncover differences

between strains to physiological stress, RB50, 50Ddnt and a DNT complemented strain,

50Ddnt(pCI-25)_cI, were subjected to the nitric oxide (NO) donor spermine-NONOate

(Figure 16) (143) or the respiratory chain inhibitor sodium azide (NaN3) (Figure 17) (10)

in dose-response assays. At high concentrations (1000 mM), spermine-NONOate

effectively killed all strains of B. bronchiseptica and at the lowest concentrations tested

(62.5 mM), spermine-NONOate resulted in ~30% killing. Although no differences were

observed at 62.5 mM spermine-NONOate between RB50 and 50Ddnt (72.2 ± 8.3% and

66.0 ±  6.2%, respectively), strain 50Ddnt(pCI-25)_cI, which overexpresses DNT

compared to RB50 (Chapter 3) showed a strong trend for increased survival (93.7 ± 15%,

P = 0.060 compared to 50Ddnt). At median concentration (250 mM), 50Ddnt showed a

strong trend for reduced ability to survive spermine-NONOate challenge compared to

RB50 (39.2 ± 5.8 and 57.2 ± 7.7%, P = 0.075) (Figure 16A). To confirm that breakdown

products of spermine-NONOate were not toxic to the bacteria, a challenge assay was

performed with expired NO donor (Figure 16B). The absence of bacterial killing during

challenge with expired NO-donor is consistent with NO being the antimicrobial

component in this system. Because a mechanism of NO toxicity is inhibition of bacterial

cytochromes (27), we next tested RB50, 50Ddnt and 50Ddnt(pCI-25)_cI responses to a

respiratory chain inhibitor, NaN3 (Figure 17A). Incubation with 1 and 2 mM NaN3 did
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not have an effect on RB50 survival (100.1 ± 8.3% and 97.0 ± 4.9% survival,

respectively), but a trend was observed for loss of survival for 50Ddnt (90.3 ± 10.6% and

85.5 ± 7.2% survival, respectively). Strain 50Ddnt(pCI-25)_cI showed a trend for

increased survival (114.7 ± 24% and 101.5 ± 12.9% survival, respectively). After

incubation with 5 mM NaN3, level of survival was reduced to 69.5 ± 3.2% for RB50, 61.0

± 5.4% for 50Ddnt and 53.4 ± 8.2% for 50Ddnt(pCI-25)_cI.

Because bacteria can increase expression of cytochromes with increased affinity

for oxygen upon respiratory stress, we tested whether the effect of NaN3 on B .

bronchiseptica was related to an inability by 50∆dnt to express cytochrome d oxidase

(22). This oxidase is expressed by virulent bordetellae and can be detected by a

characteristic absorption maximum at 629 nm (76). Bacterial inner membranes

containing bacterial cytochromes were isolated from RB50 and 50∆dnt grown to

stationary phase and the difference in absorption between reduced and oxidized

cytochromes determined by spectrophotometry (Figure 18). Inner membrane samples

from RB50 and 50∆dnt both resulted in peaks in differential absorption at 423 nm, 520

nm, and 550 nm. The absorption maxima at 520 nm and 550 nm are consistent with the

presence of cytochrome c-553 in Bordetella (268). There was no distinguishing feature in

the spectra recovered for either RB50 or 50∆dnt inner membranes at 629 nm. These

results do not implicate differences in cytochrome expression to the increased

susceptibility of respiratory chain blockage observed for 50∆dnt. The known effect of

NO as an inhibitor of respiration and the antibacterial effect observed following bacterial

challenge with spermine-NONOate warrant further analysis of potential differences in the
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respiratory machineries between RB50 and 50∆dnt following challenge with spermine-

NONOate.

4. 4. DISCUSSION

DNT is a conserved Bordetella protein with transglutaminase activity that, in

purified form can alter the mammalian cytoskeletal regulators Rho, Rac, and Cdc-42

(123, 183, 242). However, in vivo, DNT has been shown to be a cytoplasmic bacterial

enzyme (55, 200). In this study, potential functions of DNT in the context of live bacteria

were tested. Initially, animal infections were used to probe potential significance for DNT

expression in Bordetella virulence. We could not identify a role for DNT in establishment

of infection in a rat model of infection. To investigate whether DNT in the context of the

live bacterium can affect the host cell cytoskeleton, a natural host cell culture system was

used to reproduce a natural host-pathogen interaction. Neither wild type B.

bronchiseptica nor a DNT mutant strain induced prominent alterations in the host cell

actin cytoskeleton. In contrast to direct effects on host cells, deletion of dnt resulted in

distinct alterations in the bacterial proteome and a reduced ability to withstand

physiological stress. Taken together, we conclude that the conserved Bordetella virulence

related factor DNT functions intracellularly as a bacterial enzyme contributing to cellular

physiology and provides a competitive advantage under conditions of physiological stress

present during bacterial infection of the airway.

Reduced virulence and pathogenicity in DNT-deficient strains have been

described in natural swine and avian hosts for B. bronchiseptica including (29, 234, 274).

In the swine model, DNT expressing strains were associated with a higher number of
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respiratory lesions and a reduced ability to colonize the upper respiratory tract (29, 234).

In the avian model, turkeys inoculated with a dnt deficient B. avium strain experienced

reduced damage to the tracheal epithelium when compared to birds inoculated with the

parent strain (274). We used a rat animal model and could not identify a correlation

between DNT expression and loss of virulence of B. bronchiseptica over a 60-day period.

Both the level of colonization and host animal antibody responses were similar between

groups of animals infected with RB50 or 50∆dnt. Our findings in the rat animal study are

counterintuitive to the conservation of DNT across the Bordetella genus. However, the

ability to uncover a loss of virulence phenotype using in vivo host-pathogen models is

dependent on parameters such as animal host species, the age of animals at the time of

inoculation, infective dose, route of infection, and the duration of the infection period.

Prolonged infections can be necessary to observe loss of physiological fitness for bacteria

defective in virulence factors not essential during initial interaction with a host. For the

gastric pathogen Helicobacter pylori inability to express the antioxidant enzyme catalase

was found to increase bacterial susceptibility to oxidative stress in vitro, but the mutant

was not defective in establishment of infection in an animal model (114). While initial

establishment of infection was not attenuated in the catalase mutant, the ability to persist

within host animals was compromised during long-term infection with 50% of infected

animals clearing the mutant within 24 weeks. Transmission of bordetellae likely occurs

via aerosol with low numbers of bacteria. To uncover an in vivo phenotype for 50∆dnt, a

reduced inoculum or prolonged infections may be necessary. As a hyperphysiological

inoculum can overwhelm host innate immune functions and allow establishment of
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infection even under unfavorable conditions, a reduced inoculum will increase the

stringency of the host-pathogen interaction. Prolonged infection will increase the level of

physiological stress on colonizing bacteria. In our own studies, humoral immunity after

infection was assessed, but we did not detect any differences in host antibody titer

between groups of animals infected with either RB50 or 50∆dnt (Figure 4). Because the

anti-Bordetella antibody titer may not be fully developed, even after 60 days of infection,

extending the infection period could result in a stronger immune response and sufficient

pressure on the pathogen to produce a loss of fitness for dnt mutant Bordetella in rats.

Lack of recognition of DNT by the host immune system can be interpreted to

mean that DNT is not released from the bacterial cell for presentation to the host during

infection. In a comparison of the antigenicity of Bordetella total protein following

infection, we found gross differences between an avirulent phase locked mutant and

parental and DNT deficient strains grown under Bvg+ phase conditions. There was no

indication of a difference in antigen expression between DNT expressing and DNT

deficient strains at the level of expected DNT migration (160 kDa). This result shows that

DNT is not a prominent Bordetella antigen in the context of the whole bacterium.

Efforts to identify a mechanism of action for DNT have focused on the effects of

purified DNT on the actin cytoskeleton of cultured cell lines. Because it is the whole

bacterium that interacts with the host cell during natural infection we extended our

analysis to determine whether DNT, in the context of the live bacterium, could also affect

the host cell cytoskeleton. In assays using a natural cellular host (RTEC), we could not

distinguish any differences between RTEC cultures challenged with DNT expressing of
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DNT deficient B. bronchiseptica in organization of the actin cytoskeleton after co-

incubation. Although RTEC responded to bacterial challenge by measurable alterations in

actin organization, induced changes were not strictly dependent on expression of DNT.

To confirm that RB50 expresses a DNT capable of inducing host cell toxicity, the effect

of application of WCL from RB50 or 50∆dnt to RTEC cultures was determined by

evaluating RTEC migration, a process dependent on the actin cytoskeleton. Host cells

responded to the challenge by reduced ability to migrate, but there was no difference in

migration between RTEC cultures challenged with WCL from RB50 or 50∆dnt. In

contrast, we could detect activity of DNT towards an immortalized, non-physiological

host cell (L-2) for B. bronchiseptica; bacterial lysate from RB50 disrupted L-2 cell

division and the formation of a confluent cell layer while WCL from 50∆dnt on L-2 cells

was less effective in eliciting cellular damage. The experimental design establishes that

DNT must be released mechanically from bacteria to act as a toxin towards eukaryotic

cells.

Based on the hypothesis that DNT is preserved across the Bordetella genus

because it serves a function without which the cell would be at a disadvantage, we

changed our focus to evaluate if DNT is a component of bacterial physiology.  Via a

combination between 2D-DIGE and nanoLC-MS/MS analysis of the proteomes of wild

type and DNT-mutant bacteria, a difference in the bacterial proteomes was identified that

allow for speculation of downstream effects of DNT in bacterial physiology. Several of

the identified proteins are associated with bacterial response to physiological stress. This

group includes the copper binding protein azurin, which was present in two distinct spots
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in 50Ddnt compared with RB50. Azurin from P. aeruginosa has been reported to serve as

an electron carrier for nitrite reductase in vitro (252), to be involved in protection against

redox stress (283) and, in a model for cystic fibrosis where P. aeruginosa are subjected to

anaerobic environments, loss of azurin has been suggested to be protective from auto-

induced nitrosative stress (305). A second protein that may alter reactive nitrogen or

oxygen stress properties of bacteria is g-glutamyltranspeptidase (GGT), a component of

glutathione metabolism. The importance of proper expression of GGT in bacterial

pathogenesis and physiology has been illustrated by an essential role for GGT during

Helicobacter pylori colonization of the mouse gastric mucosa and the reported increase in

mutation rate originating from glutathione breakdown products produced via GGT

activity in Salmonella typhimurium (42, 264). The putative DNA binding protein

differentially expressed between DNT expressing and DNT deficient strains is

homologous to Dps, a DNA binding protein from E. coli shown to be activated after

oxidative stress and to provide protection from varied environmental stresses (4, 199).

The putative universal stress protein (Usp) found to be upregulated in 50∆dnt is

homologous to UspA, a cytoplasmic protein involved in the stress response of several

bacterial pathogens including Haemophilus influenzae, and E. coli (158, 258). Increased

expression of stress related proteins in B. bronchiseptica during growth in fully

supplemented medium suggests increase in the basal stress level in 50∆dnt and an

abnormal responses of 50∆dnt to exogenously applied stress such as that provided by

ROS and RNS. Optimal growth conditions, such as that provided by Stainer-Scholte
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medium, could serve to mask a phenotype for 50Ddnt while sub-optimal conditions

would result in its penetrance.

To test whether the 50∆dnt was more sensitive than wild type bacteria to an

increase in physiological stress, wild type or DNT mutant B. bronchiseptica strains were

compared in their responses exogenous stressors. The effect of exposure to NO was

tested because of the role of this radical in host immune mechanisms, including the

defense against Bordetella (34). Bacterial responses to NaN3 were included because of

the ability of N3
- ions to inhibit respiration, a mechanism of toxicity for NO after reaction

with cytochrome metal cofactors (27). Because NaN3 has been reported to inhibit the

function of the antioxidant enzyme catalase, it is possible that bacterial exposure to NaN3

reflects increased susceptibility to oxidative stress rather than inhibition of respiration. A

subtle decrease in survability was observed for 50∆dnt following exposure to NaN3, but

there were no differences in the cytochrome profile of RB50 and 50∆dnt after growth to

stationary phase (stress). An avenue for further investigation is to directly address

potential differences between wild type and DNT mutant strains in their susceptibility to

oxidative stress controlled by catalase (i.e., H2O2). A strong trend for reduced ability of

50∆dnt to survive NO-mediated stress was observed when this strain was compared to

RB50 or the DNT complemented strain 50∆dnt(pCI-25)_cI following challenges with

spermine-NONOate. Moreover, 50∆dnt(pCI-25)_cI, which overexpresses DNT as

compared to RB50 (Chapter 3), showed a strong trend for increased survival as compared

to the 50∆dnt. These results identify an association between DNT expression and the

ability of B. bronchiseptica to withstand physiological stress. To detect a stronger
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phenotype for 50∆dnt, it may be fruitful to expose 50∆dnt to a combination of

physiological stressors such as both spermine-NONOate and NaN3.  It is possible that

statistical significance between RB50 and 50∆dnt survival can be reached following

exposure to spermine-NONOate and NaN3 by repeating the protocol used in this study to

strengthen the current data set. Because loss of DNT expression may increase the

expression or activity of Bordetella factors with functions complementary to that of

DNT, it is possible that a B. bronchiseptica strains with mutations in both dnt and another

protein involved in stress protection (e.g., catalase) is necessary to precipitate a strong

DNT-related phenotype.

We suggest that DNT provides benefit to Bordetella by increasing chances of

survival in stressful environments presented by the host rather than, or in addition to its

activity as an exotoxin. Bacteria respond to physiological stress by activation of cellular

response mechanisms whose function is to reduce potential harm to the cell. In broad

terms, the bacterial stress response machinery is divided into two branches 1) the heat-

shock response, and 2) the SOS response. While the heat-shock response is activated

primarily by temperature elevations leading to denaturation of cellular proteins, the SOS

response is primarily activated by DNA damaging stress, including exposure to redox

active species. The reported association between DNT-deficiency, apparent abnormal

regulation of several bacterial proteins and thus signaling pathways as well as increased

susceptibility to redox stress suggest that loss of DNT affects physiological functions

associated with the bacterial SOS response.
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The data presented herein do not allow us to specify a mechanism for the

extensive DNT dependent change in the bacterial proteome, however we can speculate on

two distinct possibilities. First, the observed alteration in protein levels between bacterial

strains could reflect DNT dependent transcriptional changes. The identification of two

DNA binding proteins is consistent with this interpretation. Alternatively, or additionally,

DNT may indirectly affect the function or stability of translated proteins. It is known that

polyamines can be incorporated into proteins by the transglutaminase activity in DNT

(130, 287). Such a change to native proteins could modify protein stability (or protein

function) within the bacterium and thus appear as an increased or decreased protein

volume in the 2D-DIGE analysis.

Although DNT is specific to Bordetella, it is considered a member of a group of

dermonecrosis inducing toxins including the cytotoxic necrotizing factors (CNF) of E.

coli, and Pasteurella multocida toxin (PMT) of P. multocida (165, 200). The most

extensively studied of these similar toxins is CNF identified in E. coli (122). Similar to

DNT, cytotoxic necrotizing factor 1 (CNF-1) activates RhoA by deamidation of

glutamine 63 in purified form (243). Also similar to DNT, work on animal models have

resulted in contrasting findings of whether CNF could act as an exotoxin during

pathogenesis (88, 136, 224). In light of the distinct proteomic shift within our 50∆dnt

mutant, a similar intracellular examination of effects of dermonecrosis inducing factors

may uncover conserved roles in bacterial physiology that contribute to augmentation of

bacterial virulence under conditions of physiological stress.
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Our working model for the role for DNT in virulence is that expression of DNT

allows maintained infection over a prolonged period by allowing the bacterium to

respond more efficiently to fluctuations in the host-pathogen relationship. Results

reported by others in addition to our own, show that the expression of DNT is positively

regulated by BvgAS. Direct transcriptional regulation by BvgAS occurs by binding of

BvgA to promoter sequences. Because there are no apparent BvgA binding sites in the

expected promoter region of dnt (286), it is possible that expression of DNT is under the

control of a BvgAS regulated transcriptional activator other than BvgA. This scenario

implies an indirect mode of transcriptional regulation between BvgAS and expression of

DNT. It is possible that the Bvg+ phase is a prerequisite for DNT expression, but other

stimuli such as nutritional stress may also contribute to the regulation of DNT expression.

Mapping of the promoter region of dnt and identification of transcriptional regulators

interacting with dnt promoter sequences will help to understand the relationship between

the BvgAS virulence control system and DNT expression.
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CHAPTER 5: FUTURE DIRECTIONS OF RESEARCH

5. 1. IDENTIFICATION OF BACTERIAL TARGETS FOR RNS AND ROS

Because NO can inactivate enzymes by reacting with metal co-factors, bacterial

proteins that depend on active metal centers for functionality are potential targets for NO

dependent antimicrobial activity. Flavohemoglobins are heme-proteins recently described

to be involved in the stress response against NO across several bacterial genera including

Mycobacterium, Bacillus, Escherichia and Salmonella (211). Identification of similar

functions for flavohemoglobins in different organisms shows a conserved role for

flavohemoglobins in regulating bacterial responses to NO. In E. coli, NO resistant

mutants were able to consume NO and an enzyme with NO-converting activity was

identified to be flavohemoglobin (92). A homolog of flavohemoglobin, flavohemoprotein

(Fhp, gene BB3091), is encoded by the B. bronchiseptica genome. A function for this

protein in Bordetella physiology has not been determined. Because heme proteins can be

inhibited by NO, it is possible that bacterial susceptibility to NO occurs due to depletion

of biochemically active flavohemoglobin during stress from NO. To determine whether a

mechanism of NO toxicity in bordetellae is dependent on inhibition by NO of Fhp, an NO

consumption assay (92) can be performed to assess whether bacterial ability to consume

NO is reduced upon NO challenge. In these assays, bacteria will be challenged with NO,

rested, and re-challenged. If Fhp is a target for NO, bacteria will be less capable of

consuming NO upon re-challenge. Catalase (CAT) is an antioxidant protein for protection

against H2O2. Because CAT is a heme protein, it is a potential target for NO. Because

H2O2 has antibacterial activity against B. bronchiseptica at physiologically relevant (mM)
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concentrations (Chapter 2), inhibition of CAT by a second redox active species could

help explain the mechanism for augmentation between different redox active species on

Bordetella. Inactivation by NO of respiratory cytochromes can also explain how NO acts

as an antimicrobial agent. In E. coli, NO exposure reduced oxygen consumption (203),

linking NO toxicity to loss of respiration. To determine if NO stress affects the

Bordetella respiratory machinery, bacterial cytochrome profiles can be compared

between challenged and unchallenged cells in experiments similar to that shown in Figure

18, Chapter 4. Alternatively, quantitative PCR can be performed to determine whether

bacteria exposed to redox stress respond to the stress by alteration in components of the

respiratory machinery. In addition to experiments aimed at specific proteins, a proteomic

approach can be employed to characterize gross Bordetella responses to redox stress.

Protein components of metabolic networks that exhibit reduced expression in response to

redox stress represent potential deficiencies in bacterial metabolic capacity that can help

explain the antibacterial effect of redox active species.

DNA damage has been shown to occur after exposure to high concentrations

(mM) of H2O2 in wild type E. coli (133), and at mM levels in a mutant strain deficient in

all known H2O2 detoxification enzymes (204). Because physiologically relevant

concentrations of redox active species in the respiratory tract are in the nM-mM range, it

is uncertain whether bordetellae are subject to DNA damage as a consequence of redox

stress during natural infection. We have shown that RNS and ROS at nM-mM

concentrations have significant antimicrobial activity against B. bronchiseptica (Chapter

2). To test if induction of DNA damage is a potential mechanism of toxicity during
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Bordetella colonization of the respiratory tract our current redox stress model can be

modified to determine the effect on DNA. Increased mutation rate as a consequence of

redox stress can be assessed by an antibiotic sensitivity assay based on bacterial

acquisition of antibiotic resistance as a result of induced mutations. Although mutations

can be induced within minutes of exposure of bacteria to redox active species at high

levels, it is possible that prolonged exposure will be necessary during experiments using

low concentrations of redox active species. Because bacterial survival during redox stress

will allow mutations to accumulate due to continued replication and expansion of the

bacterial population, we predict that physiologically relevant levels of redox active

species will result in increased mutation rate in Bordetella during prolonged exposure.

5. 2. IDENTIFICATION OF INTRA-BACTERIAL MOLECULAR TARGET FOR DNT

One way to establish a role for DNT in bacterial physiology is to show activity of

DNT within the bacterial cell. Purified DNT has transglutaminase activity (242). The

most efficient reaction carried out by DNT in vitro is polyamination between a glutamine

residue of a target protein and a polyamine substrate (242). The availability of

commercial polyamines with molecular tags can be used to identify cellular proteins

targeted for modification by transglutaminases (173, 254, 255). This method offers the

advantage of a high throughput format because knowledge of the protein targeted by

DNT is not necessary. A disadvantage is that incorporation of polyamines into proteins is

dependent on the enzymatic activity of polyamination, one of several reported enzymatic

activities for transglutaminases, including purified DNT (182).
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Modification of target proteins by DNT can result in altered electrophoretic

mobility of the substrate (182). 2D-differential in-gel electrophoresis can be used to

screen large numbers of proteins from DNT expressing and DNT deficient B.

bronchiseptica strains to identify proteins with altered electrophoretic mobility. In

combination with tandem mass spectrometry, identification of candidate DNT targets can

be made, and the type of modification determined (242). The proteomic shift reported

between DNT expressing and DNT deficient B. bronchiseptica (Chapter 4) can result

from altered transcription. Because Dps can function as a regulator of gene expression in

E. coli (3), a role for Dps in gene regulation in Bordetella is possible. To determine

whether Dps is directly modified by DNT, Dps can be isolated from RB50 and the DNT

mutant 50∆dnt and analyzed for potential modifications including deamidation, a second

enzymatic activity of DNT (123). Other potential targets for DNT are proteins whose

function is transcriptional regulation of stress response proteins, although these

regulatory pathways have not been well characterized in Bordetella. Until results from

such research are available, possible molecular players in Bordetella can be predicted

based on similarities between the predicted proteome of Bordetella and those of other

microbes for which molecular redox stress responses networks have been characterized.

In addition to making predictions about bacterial molecular targets for DNT,

potential function of DNT in the context of live bacteria can be developed based on

reported roles for transglutaminases in other genera. In Bacillus subtilis, a

transglutaminase has been reported to function in the process of sporulation (217), a

process where a viable cell enters a metabolically quiescent state. By serving as a cross-
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linking agent for the spore protein GerQ, B. subtilis transglutaminase is involved in

establishing structural integrity for the spore. In S. mobaraense, a substrate for

transglutaminase activity has been found in cell wall preparations (209), again associating

transglutaminase activity with bacterial structural integrity. Because integrity of cellular

structure serves to protect bacteria from exogenous physiological stress, a role for DNT

in cell wall metabolism in Bordetella can explain why 50∆dnt was more susceptible to

stress than RB50 (Chapter 4). A role for DNT in cell wall metabolism in Bordetella can

be addressed by comparing the profile of cell wall associated proteins, or cell wall

structure between DNT expressing and DNT deficient strains.

5. 3. DEVELOPMENT OF AN AIRWAY SURFACE LIQUID MIMIC MEDIUM

The physiological status of a bacterial cell is dependent on nutritional conditions.

The chemical composition of ASL, the biological fluid bordetellae are exposed to during

natural infection, has been investigated in detail (56, 102, 103, 137, 138, 156). In an

effort to better define the responses of Bordetella to redox and other forms of

physiological stress, we have developed an ASL mimic medium with a chemical

composition that more closely resembles the biochemical conditions of ASL. A

comparison of the components of ASL and the most common nutrient medium used for

culturing Bordetella species, Stainer-Scholte medium, demonstrates how nutritionally

different environments these media would provide for a pathogen (Table I).
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Table I. Comparison Between Stainer-Scholte Medium and ASL
Mimic Medium

Stainer-Scholte Medium ASL Mimic Medium
pH = 7.6 pH = 7.1-2

Component Concentration Concentration
Ionic composition

Na+ 105.7 mM 90.4 mM
Cl- 43.2 mM 106 mM
K+ 6.35 mM 20 mM
PO4

- 3.7 mM 11.9 mM
Mg2+ 1.0 mM 10 mM
Ca2+ 0.14 mM 1.0 mM
Fe+ 36 µM 0-35 µM
NO2

- - 0.1 mM
NO3

- - 0.1 mM
SO4

- 36 µM 2.0 mM
Buffer

Tris-HCl 39 mM PBS, pH 7.1-2
Nutrients and antioxidants

L-glutamic acid 63 mM -
L-proline 2 mM -
L-cysteine 0.33 mM -
Nicotinic acid 32 µM -
GSH 0.49 mM 1.0 mM
Ascorbic acid 2.3 mM 50 µM
Protein* 10 mg/ml 4.0 mg/ml CA
ATP - 550 nM
Urate - 250 µM

Abbreviations: CA, casamino acids.
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Because nutrient media used to culture bacteria and buffers currently used in

bacterial redox stress experiments (e.g. PBS) do not reflect the biochemical composition

of ASL, an ASL mimic medium will allow analysis of Bordetella physiology in an

environment more representative of the biochemical environment of the host airway. As

discussed in Chapter 1, the availability of iron has been postulated to affect bacterial

susceptibility to H2O2 because of the radicals produced in Fenton based reactions (275).

An ASL mimic medium can be used as a standardized medium to analyze how ionic

composition may affect the antibacterial effects of ROS and RNS at the airway mucosa.

Based on the reported concentration of specific ions, nutrients and antioxidants in ASL, a

recipe for a nutrient buffer resembling the chemical composition of ASL is presented

(Table II).
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Table II. Comparison Between Components in ASL and Proposed ASL Mimic Medium
Airway Surface Liquid

pH = 6.8 - 7.2
Component Concentration

Rat
By C.E.
(mM)

Concentration
 Pig

By I.E.B.A.
(mM)

Concentration
Ferret

By A.A.S.
(mM)

* (mg/ml)

Concentration
Human

By F.P.E.
(mM)

ASL Mimic
Composition

(mM)
* (mg/ml)

# (nM)

Ionic composition
Na+ 40.57 ± 3.08 135 167 ± 1.7 82 ± 6 90.4
Cl- 45.16 ± 1.81 95 121 ± 5.1 84 ± 9 106
K+ 1.74 ± 0.36 20 9.0 ± 0.05 29 ± 5 20
PO4

-

P
1.01 +- 0.22
-

-
8

- -
17 ± 3

11.9
-

Mg2+ 0.67 ± 0.04 10 - - 10
Ca2+ 1.28 ± 0.35 1 2.55 ± 0.18 4 ± 0.5 1.0
Fe+ - - - - 0-0.035
NO2

- 0.11 ± 0.03 - - - 0.1
NO3

- 0.10 ± 0.03 - - - 0.1
SO4

-

S
1.22 ± 0.49
-

-
5

-
-

-
21 ± 3

2.0

Buffer
HCO3

-/H+ 5.92 ± 0.93 - 13 PBS, pH 7.1-2
Nutrients and antioxidants

GSH
GSSG

-
-

-
-

-
-

-
-

1.0
-

Ascorbic
acid

- - - - 0.050

Protein - - 3.78 ± 1.87 * - 4.0 * (CA)
ATP - - - - 550 #
Urate - - - - 0.250
Sugars
(total)

- - 3.01 ± 0.97 - -

Galactose - - 0.80 ± 0.45 - -
Fucose - - 0.20 ± 0.06 - -
Abbreviations: C. E., capillary electrophoresis; I. E. B. A., ion exchange bead absorption;
A .A. S., atomic absorption spectrophotometry; F. P. E., filter paper extraction; CA,
casamino acids.
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Analysis of gene expression in Bordetella is typically done following growth in

Stainer-Scholte medium (126). Because of the large difference in chemical composition

between Stainer-Scholte medium and ASL, the availability of an ASL mimic medium

will allow more reliable predictions of the status of bordetellae during interaction with

the host respiratory tract. In E. coli, gene and protein expression are dependent on

environmental conditions including nutrients and pH (256, 263). A comparison of the

transcriptome of uropathogenic E. coli isolated from the urine of infected animals or

grown in nutrient medium showed that the physiological state of the pathogen during

infection was considerably different from that observed after growth in nutritionally

optimal media in vitro.

5. 4. EXTENDING STUDIES IN B. BRONCHISEPTICA TO B. PERTUSSIS

In the experiments described in this dissertation, B. bronchiseptica was used as a

model for the human pathogen B. pertussis. To test whether our observations for a

potential role of DNT in regulation of bacterial physiology and the effect of RNS and

ROS in B. bronchiseptica are also relevant for B. pertussis, our current protocols will be

adapted for experiments with B. pertussis. Because of conservation of DNT across the

Bordetella genus, deletion of dnt in B. pertussis is expected to elicit a physiological effect

similar to that identified for B. bronchiseptica. As an improvement to the analysis in B.

bronchiseptica, dnt deletion mutants will also be constructed in Bvg- and Bvg+ genomic

backgrounds to rule out that modulation of the BvgAS virulence control system

contributes to alterations in the proteome in DNT deficiant strains.
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B. pertussis is a more fastidious organism than B. bronchiseptica and will not

survive incubations in PBS, the buffer used to investigate the effect of RNS and ROS on

B. bronchiseptica. Because the described ASL mimic medium reflects the biochemical

environment of the respiratory tract more accurately than PBS (or Stainer-Scholte

medium), we will attempt to use the ASL mimic medium to support B. pertussis viability

during redox stress experiments. This adaptation will allow analysis of antibacterial

effects of physiologically relevant levels of RNS and ROS in B. pertussis in a

biochemical environment mimicking that of the host. Results from this research will help

define the role of RNS and ROS in host innate immunity against B. pertussis (34).
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APPENDIX A

ABBREVIATIONS AND ACRONYMS

Ahp: Alkyl hydroperoxide reductase
ASL: Airway surface liquid
ATP: Adenosine triphosphate
BvgAS: Bordetella virulence gene activator-sensor
CFU: Colony forming unit
cNOS: Constitutive nitric oxide synthase
CAT: Catalase
CyaA: Adenylate cyclase hemolysin toxin
DMEM: Dulbecco’s Modified Eagle Medium
DNA: Deoxyribonucleic acid
DNT: Dermonecrotic toxin
Dps: DNA binding protein from starved cells
EBL: Embryonic bovine lung (cell line)
FBS: Fetal bovine serum
FHA: Filamentous hemagglutinin
Fhp: Flavohemoglobin
GSH: Glutathione
HBSS: Hank’s buffered salt solution
iNOS: Inducible nitric oxide synthase
LB: Luria-Bertani medium
MC3T3-e1: Osteoblast like cell line
mRNA: Messenger RNA
PCR: Polymerase chain reaction
PTX: Pertussis toxin
RisAS: Regulator of intracellular resistance activator/sensor
RNA: Ribonucleic acid
RNS: Reactive nitrogen species
RNAP: RNA-polymerase
RNOS: Reactive nitrogen-oxide species
ROS: Reactive oxygen species
RTEC: Rabbit tracheal epithelial cell
SOD: Superoxide dismutase
SS: Stainer-Scholte medium
Swiss 3T3: Fibroblast like cell line
ORF: Open reading frame
PBS: Phosphate buffered saline
TBST: Tris-buffered saline / Tween-20
TCT: Tracheal cytotoxin
2D-DIGE: 2-dimensional in-gel electrophoresis
Usp: Universal stress protein
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APPENDIX B

LIST OF ABSTRACTS

2004 Anders Omsland, Carol Inatsuka, Peggy A. Cotter, and Scott Boitano. Bordetella
bronchiseptica dermonecrotic Toxin (DNT): removal of DNT causes specific
alterations in the bacterial proteome. 104th General Meeting of the American
Society for Microbiology, New Orleans.

2002 Anders Omsland, Peggy Cotter, and Scott Boitano. Investigating the role of
DNT in the Bordetella-host interaction using a B. bronchiseptica dnt deletion
mutant and natural host in vivo and ex vivo models. Seventh International
Symposium on Pertussis, Cambridge, UK.

2000 Scott Boitano, Anders Omsland, Nathan A. Groathouse, and Gabriela Helfgott.
Tracheal airway epithelial responses to Bordetella bronchiseptica. 40th Annual
Meeting of the American Society for Cell Biology, San Francisco.
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