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Abstract 

Bordetella pertussis, the etiologic agent of whooping cough or 

pertussis, produces a multitude of virulence factors including a hemolysin. 

Virulent phase B. pertussis isolates are hemolytic, whereas avirulent 

isolates are not. Other investigations concerning B. pertussis adenylate 

cyclase toxin indicate it has hemolytic activity and is a member of the 

bacterial RTX toxin family. 

In an attempt to further characterize hemolysis by B. pertussis, a 

new B. pertussis gene was isolated which conferred a hemolytic phenotype 

on non-hemolytic E. coli. DNA sequencing of the putative B. pertussis 

hemolysin gene revealed it encoded a 27 kDa protein similar to IDyX, an 

FNR-like transcriptional regulator from Actinobacillus pleuropneumonia, 

which also confers hemolysis upon E. coli. No similarity to bacterial 

cytolysins was found. The B. pertussis transcriptional r.egulator-like gene 

and its encoded protein were named btr and BTR, respectively. BJB1, a BTR 

deficient B. pertussis strain was constructed. The btr::kan mutation was 

shown to have no effect on the production, or phenotypic modulation, of 

hemolysis by B. pertussis. BTR production was not regulated by the BvgA-S 

two component sensor-regulator. An FNR deficient E. coli, JRG1728 (/:lfnr), 

was transformed with a btr recombinant plasmid pHLYIA. The B. 

pertussis btr gene complemented the FNR deficient E. coli to grow 

anaerobically on a non-fermentable carbon source. This suggested that BTR 

may function as a B. pertussis transcriptional regulator which responds to 

anoxic conditions. 

11 



Introduction 

Pertussis 

Whooping cough is a highly contagious human respiratory disease 

(140). The disease, also known as pertussis, affects mostly infants and 

preschool age children, although older children are susceptible. Pertussis 

is also implicated in atypical respiratory infections of adults (85, 112, 60, 61). 

The etiologic agent of pertussis is the Gram negative bacterium Bordetella 

pertussis. It was initially described by Bordet and Gengou who isolated it 

from a patient with whooping cough by culturing on a blood enriched 

medium (14). They named the organism Haemophilus pertussis, and 

subsequently it was placed in its own genus Bordetella (39). The bacterium 

is highly infectious, and is spread among susceptible individuals by aerosol 

(2, 20, 61). B. pertussis cells adhere to and colonize the ciliated epithelia of 

the human upper respiratory tract (140) and occasionally can be found in 

the lower respiratory tract and alveoli (l03, 36). Infected individuals are the 

only known reservoir for B. pertussis (2, 20). 

Patients with the disease present in one of three clinical stages. In 

the catarrhal stage, patients typically have a mild cough, low grade fever 

and other symptoms which are often confused with a common cold (39, 

139). During this early stage B. pertussis can usually be cultured from the 

nasopharynx. Unfortunately this stage is often misdiagnosed and cultures 

are not routinely taken. Unlike a cold, the catarrhal stage can last for 

several weeks as the coughing worsens and moves into the paroxysmal 
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stage of the disease. This stage is characterized by repetitive episodes of 

violent paroxysmal coughing, often followed by an inspiratory effort that 

produces the characteristic "whoop", long associated with pertussis. These 

episodes can be so severe as to induce vomiting and cause injuries such as 

pneumothorax, hernia, and hemorrhage. Other complications such as 

encephalopathy and seizures may arise due to anoxia and possibly toxemia 

(39, 139,50). The paroxysms can last for several weeks and gradually lessen 

in frequency and severity during the convalescent stage which can last for 

several months. Pertussis patients are highly susceptible to secondary 

bacterial infections due to respiratory tissue destruction, exhaustion, and 

long duration of the disease (39, 20). 

Pertussis is a major cause of morbidity and mortality among 

children. World Health Organization statistics state that the disease claims 

600,000 lives world wide each year (61). Prior to the development of a 

vaccine, pertussis was the leading cause of death in children under 14 

years of age in the United States (61). 

Pertussis vaccine 

A whole cell bacterin preparation was developed in the 1940's to 

combat pertussis epidemics. Cultures of virulent B. pertussis were grown 

on plate media containing blood, and more recently in semi-synthetic fluid 

media without blood. Whole cell preparations containing merthiolate killed 

suspensions of these cultures were used for vaccination (22). This type of 

preparation is still in use in the United States in combination with 
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diphtheria and tetanus toxoid preparations (DTP), or alone (2). This 

advance greatly curtailed the incidence of pertussis and related deaths in 

countries with vaccination programs. In the postvaccination era pertussis 

continues to be a major problem in underdeveloped countries and in 

countries with modern health care. In the United States 10,468 cases of 

pertussis were reported between the years 1986-1989. This represents a 17% 

increase in the disease over the preceding two years (24). The highest 

incidence of the disease ocurred among children less than 1 year of age, 

with hospitalization and complications (pneumonia, seizures, and 

encephalopathy) being highest for children less than 6 months of age. 

Children in this age group also had the highest death rate attributable to 

pertussis, with a case fatality rate of 0.5%. Vaccination status was assessed 

and it was determined that 66% of the cases reported during this period, in 

children between ages 7 months and 4 years, could have been prevented by 

appropriate vaccination (24). 

The increased incidence of the disease in the vaccine era may be 

attributed to a lack of confidence in the safety of commercial vaccine 

preparations due to reports of vaccine related side effects. Vaccinated 

children were reported to react with a variety of symptoms including 

localized pain and swelling at the site of vaccination, persistent crying, 

febrile seizures, and encephalopathy (21, 132, 2, 139). More recent studies 

show that the rate of febrile seizures, among children in the age group 

receiving the pertussis vaccine, is not statistically different between 

vaccinated and unvaccinated children (50). The rates of encephalopathy 

and infant deaths among these same children showed no difference 
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between the vaccinated and unvaccinated groups (30). Several deaths were 

attributed to the pertussis vaccine and reports were sensationalized by the 

news media (20). Many countries that had little problem with epidemic 

pertussis discontinued use of the vaccine and consequently the incidence of 

pertussis among children in these countries escalated to epidemic 

proportions. The United Kingdom, Japan, and Sweden all experienced a 

rise in pertussis outbreaks following a drop in the rate of pertussis 

vaccination (2, 139, 13, 30). This necessitated a return to use of the whole 

cell bacterin and stimulated development of safer vaccines (20). 

Vaccine trials are currently being performed in several countries 

using an acellular pertussis vaccine (69, 13, 30). This vaccine differs from 

the original in that whole B. pertussis cells are not used in the formulation. 

Purified immunogenic components from B. pertussis are used providing 

these will induce the development of protective antibodies. One acellular 

vaccine currently in use in Japan seems to provide adequate levels of 

protection with reportedly less incidence of adverse reactions associated 

with the whole cell bacterin (17, 2, 69, 13). This formulation contains 

purified pertussis toxin toxoid, filamentous hemagglutinin, agglutinogens, 

and a 69 kDa outer membrane protein (pertactin). A vaccine trial was 

recently performed in the United States comparing this acellular vaccine 

combined with diphtheria and tetanus toxoids, with the whole cell vaccine 

DTP (13). Antibody titers to pertussis toxin, agglutinogens, diphtheria 

toxin, and tetanus toxin, were induced to equal levels by the two 

formulations. However, the acellular vaccine was able to induce higher 

antibody titers to filamentous hemagglutinin and the 69 kDa protein. The 
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acellular formulation also produced fewer local or systemic side effects 

than the whole cell preparation (13). 

Through immunization the incidence of pertussis deaths in children 

has declined, however pertussis is being recognized more frequently as a 

disease of adults (112, 20, 60, 61). This may be due in part to the fact that 

pertussis vaccines currently in use do not provide lifelong immunity (85, 

30). In the prevaccination era, adults who survived pertussis infection as 

children had high anti-pertussis titers and less chance of acquiring the 

infection as adults. Currently adults who were vaccinated for pertussis as 

children often do not have sufficient anti-pertussis titers to protect them 

from acquiring the disease (85). The advent of improved diagnostics for 

pertussis (105, 39, 41) and improved physician awareness may also account 

for increased reports of adults with pertussis (61). Adults vaccinated as 

children can acquire pertussis at subclinical levels and may be the 

reservoir for infection of children (2, 20). Further study is needed to 

determine the necessity for revaccination of the adult population (112, 2, 20, 

60,61). 

BordeteUa pertussis virulence factors 

Pathogenic organisms often produce a panoply of products which 

enable them to establish infection and produce disease. The infectious 

disease process usually follows the sequence of 1) infection of the host by the 

pathogen via a specific route; 2) evasion of the host defenses and subsequent 

proliferation of the pathogen; 3) local damage produced by the pathogen at 
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the site of infection; and 4) dissemination of the pathogen or its products 

(146, 36). Virulence factors are products produced by pathogenic organisms 

which aid them in following this sequence and causing disease. Virulence 

in B. pertussis is multifactorial through the production of many factors 

which may be responsible for its ability to cause whooping cough. These 

include pertussis toxin (PT) and filamentous hemagglutinin (FHA) (3), 

hemolysin (108), adenylate cyclase toxin (ACT) (107), tracheal cytotoxin 

(TCT) (53), dermonecrotic toxin (heat labile toxin or HLT) (153), pertactin 

(P.69) (81), and various agglutinogens (146). B. pertussis is a Gram negative 

organism and produces a lipopolysaccharide (LP8) endotoxin with toxic 

properties similar to other Gram negative LP8 (144). 

Pertussis toxin 

PT has been known as histamine-sensitizing factor, lymphocytosis

promoting factor, and islet-activating protein. These names were derived 

from the various physiological effects of the toxin (146). PT is composed of 

five dissimilar subunits coded for by separate genes which are organized in 

the operon, ptx (88). The hexameric toxin has an enzymatic portion 

composed of a single 81 molecule, and a receptor binding and translocation 

component composed of two dimers (82-84) and (83-84) joined by the 85 

subunit (86, 88, 102). The structure of the active toxin is that of an "A-B" 

toxin. The enzymatic "A" portion has adenosine diphosphatase (ADP)

ribosylation activity (87). The "B" portion of the toxin is involved in binding 

to the host cell and subsequent translocation of the "A" portion into the cell 

where it catalyzes the addition c.' :.111 ADP-ribose moiety to the u subunit of 
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the guanine nucleotide binding protein Ni (12). This results in the loss of 

inhibition of the hormone stimulated adenylate cyclase, resulting in 

elevated intracellular cyclic AMP levels. PT has also been shown to block 

the stimulation of phosphatidyl inositol hydrolysis, arachidonic acid 

metabolism, and calcium channel functions, resulting in decreased 

immune cell functions (122, 148, 1, 87, 12). PT is also a major 

immunodeterminant of B. pertussis, and plays a significant role as a 

vaccine component (122, 13). Antibodies to PT are able to block the lethal 

challenge of B. pertussis in certain animal models (1, 87, 17). PT has been 

suggested to be the component in whole cell preparations responsible for 

vaccine induced encephalopathy (132), although others have shown that 

significant doses of native PT given intravenously to human volunteers 

caused no adverse reactions (57). 

The construction of B. pertussis PT mutants emphasized the 

importance of this virulence factor. PT deficient strains were severely 

impaired in their ability to cause disease in an infant mouse model (148). 

Once the pertussis toxin gene had been cloned and sequenced (86, 88, 102), 

work was undertaken to elucidate the toxic and immunoprotective domains 

of the molecule (11, 87, 120). The findings showed that the 

immunodominant portion of PT is an epitope of the 81 subunit required for 

ADP-ribosyltransferase activity (12). B. pertussis mutants producing 

genetically detoxified versions of PT have been prepared for testing in both 

whole cell and acellular vaccine preparations (17, 101). These vaccines may 

provide sufficient levels of protection with fewer adverse reactions. 

18 



Filamentous hemagglutinin 

B. pertussis was reported to have hemagglutinating activities (the 

ability to agglutinate erythrocytes). One of these activities was attributed to 

PT and was called hemagglutinin LPF. The other was described as a 

filamentous molecule of large molecular weight which could agglutinate a 

variety of erythrocytes and was thus named filamentous hemagglutinin 

(FHA) (3, 121). In subsequent years it was determined that both PT and 

FHA were involved in the adherence of B. pertussis to respiratory epithelial 

cells (141). Prevention of B. pertussis adherence to cell surfaces is an 

excellent strategy for development of vaccines. Antibodies to both PT and 

FHA were shown to inhibit B. pertussis binding to Vero cells (54). A 

vaccine of FHA alone does not protect mice against aerosol challenge with 

B. pertussis, yet when administered with PT, a synergistic response was 

noted (141). The combination greatly decreased the dose of PT necessary to 

provide adequate protection. This could allow PT to be used in acellular 

vaccines at concentrations below the dose which may cause adverse 

reactions (122, 54, 69). 

The FHA gene, fhaB, has been cloned and characterized by several 

groups (15, 110). FHA is an unusually large 220,000 dalton protein which 

appears to be processed into smaller molecules of variable lengths (29). 

FHA contains a tripeptide sequence of Arginine-Glycine-Aspartic acid 

(RGD) which plays a crucial role in B. pertussis adherence to eukaryotic 

cells (110, 29). FHA has been shown to mediate B. pertussis adherence to 

cells such as human macrophages by interaction with galactose-containing 
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glycoconjugates, and through the interaction of its RGD peptide with the 

eukaryotic integrin CRa (109, 123). 

Pertactin 

Recently another B. pertussis surface protein, formerly referred to as 

the 69 kd outer membrane protein, has been characterized as a molecule 

promoting adhesion to mammalian cells and thus has been named 

pertactin (81) or P.69 (79). This non-fimbrial protein is found on all virulent 

strains of B. pertussis. Purified preparations of pertactin can contribute to 

protection of mice against aerosol and intracerebral challenge, and 

stimulates T-cell and B-cell responses in humans (83). Pertactin also 

contains the tripeptide sequence RGD which is absolutely 'r:'equired for 

pertactin mediated adherence to mammalian cells (79, 109, 81, 123). These 

data clearly establish pertactin as a virulence determinant of B. pertussis. 

Dermonecrotic toxin (heat labile toxin) 

As both names imply, this B. pertussis toxin causes necrotic ulcers 

at the site of intradermal injection and can be inactivated by heating at 

560 C. The activity of HLT was the first toxic activity described for B. 

pertussis. The purified toxin appears to be a single polypeptide of 140,000 

daltons (153), although in the past it has been described as being composed 

of smaller subunits (146, 39). Very little purified toxin is required for 

dermonecrotic activity and lethal activity in animal models. This makes it 

one of the most potent bacterial toxins known, comparable to tetanus and 

diphtheria toxins (153). It is produced by several species of Bordetella and 



has been shown to be inhibited by cholesterol, arachidonic acid, and certain 

long chain unsaturated fatty acids (32). It is likely that this toxin 

contributes significantly to the respiratory tissue destruction associated 

with pertussis. The mode of action of this toxin is not yet known. 

Tracheal cytotoxin 

B. pertussis has been observed to cause specific damage to ciliated 

respiratory epithelial cells in an in vitro tracheal culture model. This 

activity has been attributed to a toxin known as tracheal cytotoxin (52). TCT 

is a small glycopeptide between 1,000 and 1,400 daltons in size. The amino 

acid composition of TCT suggests its origin is the bacterial peptidoglycan 

(53, 115). It has now been demonstrated to be a muramyl peptide fragment 

of the B. pertussis peptidoglycan released from actively growing cultures 

(52). Although this toxin is produced by both virulent and avirulent phase B. 

pertussis cultures, it contributes to the pathogenicity of B. pertussis by 

destruction of ciliated respiratory epithelium. Recent studies have shown 

that a 1 J.lM concentration of TCT is sufficient to destroy the ciliated 

epithelial cell population of respiratory epithelium in an in vitro model 

using hamster tracheal cultures (26). TCT also inhibits DNA replication in 

a dose dependent fashion. The pathologic changes in human respiratory 

epithelium, seen during pertussis infection, have been compared to the 

cytopathic changes seen with in vitro human respiratory epithelial 

specimens treated with purified tracheal cytotoxin (151). TCT is responsible 

for the loss of ciliated cells, reduction of ciliary beat frequency, and 

subsequent accumulation of mucous seen in pertussis patients. 
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Adenylate cyclase toxin 

PT enzymatic activity has the effect of causing increased cAMP levels 

to accumulate in eukaryotic cells by interfering with the target cell's 

intrinsic adenylate cyclase regulation. B. pertussis also produces an 

extracytoplasmic adenylate cyclase enzyme (ACT) which is secreted into 

the growth medium of virulent phase cultures (62, 33). Mutants of B. 

pertussis deficient in production of ACT and hemolysin were found to be 

impaired in their ability to produce disease in an infant mouse model (148). 

B. pertussis ACT is similar to the edema factor of Bacillus anthracis (34, 

111, 137), in that both bacterial adenyl ate cyclase toxins are stimulated by 

eukaryotic calmodulin (152, 71, 76). This property has been exploited for the 

purification of ACT with toxic activity (38). ACT has been purified by several 

methods yielding variable results regarding the size of the enzyme and its 

biological activity (77, 114,6,44,95). ACT has been shown to be an invasive 

toxin which severely impairs the functions of immune cells (23, 40, 42). 

Recent in vitro studies suggest that B. pertussis survives phagocytosis by 

human polymorphonuclear leukocytes (PMNL) (131). Depletion of 

intracellular ATP by ACT may playa role in the inhibition of phagosome

lysosome fusion seen in PMNL infected with virulent B. pertussis. 

Bordetella virulence genes (bug) 

B. pertussis has been shown to undergo a phase shift to an avirulent 

phase (called phase 3 or phase IV) which does not produce the same array 

of factors produced in the virulent phase (phase 1 or phase 1) (51, 145). The 
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frequency of spontaneous phase variation under normal culture conditions 

varies from 10-3 to 10-6 (108). A similar phenomenon called phenotypic 

modulation is seen when the organism is cultured under different 

environmental conditions such as temperature below 37oC, or in medium 

supplemented with increased concentrations of MgS04 or nicotinic acid (75, 

16). 

Both phenomena result in a coordinate change in expression of PT, 

FHA, pertactin, HLT, ACT and hemolysin. The possibility of a single factor 

regulating the expression of these virulence factors was first hypothesized 

by Weiss et al. (147, 145). B. pertussis insertion mutants deficient in the 

expression of putative viruler.ce factors were constructed using the 

transposon Tn5 (147). An insertion mutant deficient in the expression of 

multiple factors was characterized. From this observation it was proposed 

that this locus was responsible for the expression of a positive regulator 

which governs expression of several virulence genes and was named vir. 

The cloning and characterization of the vir (renamed bvg) locus has shown 

it to be a member of a class of bacterial two component sensory transduction 

complexes (99). Phenotypic modulation is controlled by a trans-membrane 

sensor component encoded by bvg S which responds to changes in 

environmental conditions. Bvg S controls the activity of a soluble trans 

acting transcription factor (Bvg A) through phosphorylation (118, 119, 125, 

27, 117). Phase variation appears to occur by mutations of the bvg locus in a 

cytosine rich region of the bug S coding sequence (133). The transcriptional 

regulation of individual virulence factors by Bvg A differs and the exact 

mechanisms are being studied (58, 116,25, 125, 117). 
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B. pertussis Hemolysin 

One of the visible indicators of B. pertussis phase variation is the zone 

of hemolysis seen surrounding virulent phase organisms cultured on 

medium containing whole blood. When the organism shifts to the avirulent 

phase, the colonies no longer exhibit a zone of hemolysis (108). Little is 

known regarding the mechanism of B. pertussis hemolysis or its 

contribution to disease. Kawai et al, (1982) reported an ornithine-containing 

lipid with hemagglutinating activity from both virulent and avirulent phase 

B. pertussis. Upon removal of a hexadecanoic acid moiety from the lipid by 

base hydrolysis, the resulting hydroxy fatty acids exhibited hemolytic 

activity (70). Since it is present in the envelope of both virulent and avirulent 

phase organisms it is unlikely that this lipid is the major hemolytic 

determinant from B. pertussis. 

A hemolysin deficient B. pertussis Tn5 mutant was shown to have an 

LD50 200 times greater than wild type B. pertussis in an infant mouse 

intranasal challenge model (148). This suggests hemolysin may playa role 

in the pathogenicity of B. pertussis. All of the hemolysin negative mutants 

created by this method showed some change in the expression of adenyl ate 

cyclase toxin suggesting a linkage between the two traits (147). A single 

transposon can insert within a gene causing inactivation of the gene, and 

also have a polar effect on expression of genes distal to the transposon 

insertion (8). Recent nucleotide sequencing of B. pertussis DNA with Tn5 

insertions altering hemolysin expression and secretion of ACT has 

identified a set of genes necessary for the secretion of the toxic form of 
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adenyl ate cyclase and hemolytic activity (47, 4). These genes are highly 

homologous to the secretion and activation genes of the E. coli alpha

hemolysin and with the ACT structural gene form an almost identical 

operon (Figure 1). In fact, cloned ACT is secreted from E. coli harboring the 

alpha-hemolysin operon (94). The carboxy-terminal 1300 amino acid 

residues of ACT show 25% similarity with the Escherichia coli alpha

hemolysin and it is believed that this region is responsible for secretion of 

ACT in a manner analogous to the secretion of alpha-hemolysin from E. 

coli. (6). During the course of this dissertation project, several groups 

studying the toxic activity of purified ACT from B. pertussis have described 

a weak hemolytic activity associated with the toxin (31, 113). The hemolytic 

activity is seen only if the purified ACT retains toxic activity (the ability to 

induce increased intracellular levels of cAMP in a mammalian target cell) 

(7). It is believed cya C, a gene analogous to hly C in E. coli, produces a 

gene product necessary for conversion of ACT to the toxic and hemolytic 

form (4). The amount of ACT required for hemolytic activity is 10 fold 

higher than required for adenyl-cyclase toxicity (113). The hemolytic activity 

is also slow. Hemolysis occurs in one hour, and the membrane pores 

appear to be 5 times smaller than pores produced by E. coli alpha

hemolysin (31). Hemolysis by B. pertussis may simply be a consequence of 

cellular intoxication by ACT. 
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Bacterial Hemolysins 

The ability of bacteria to lyse erythrocytes is a characteristic reported 

for a wide variety of pathogenic bacteria. Hemolysis has been observed in 

the Gram-negative genera Aeromonas, Escherichia, Proteus, Vibrio, 

Pseudomonas, Bordetella, Pasteurella, and Gram-positive genera 

including Staphylococcus, Streptococcus, Listeria, Clostridium, and 

Bacillus (59). Epidemiological studies indicate that hemolysis may be a 

marker of virulence for many bacterial species and may be one of the 

virulence factors contributing to pathogenesis (65). Hemolysis is a general 

term indicating lysis of erythrocytes by the bacteria when cultured in, or on, 

media containing blood. Cytolysin is a better description of many bacterial 

hemolysins since the effect may be lysis of a wide variety of susceptible cells 

which mayor may not include erythrocytes (100). 

Mechanisms of hemolysis 

The mode of action of the bacterial hemolysins is quite varied 

and has been classified into the following categories: (A) those that are 

enzymatically active upon membrane phospholipids (eg. phospholipases); 

(B) thiol-activated (SH-activated) cytolysins which bind to cholesterol and 

alter membrane permeability; (C) those that appear to have a detergent-like 

ability and rapidly disrupt the integrity of a wide range of membranes; and 

(D) cytolysins for which there is not yet an explained mechanism of action 

(30). Pathogenic bacteria can produce one cytolysin, and it is not uncommon 



for a pathogen to produce several. Staphylococcus aureus is capable of 

producing up to five different types of cytolysins, Streptococcus pyogenes 

produces at least two (67), Pseudomonas species often produce several (143, 

89), as do many other bacteria (59, 19). 

Cloning of hemolysins from pathogenic bacteria 

Many groups have undertaken the cloning of hemolysin genes 

from various pathogens. Since hemolysis is an easily assayable trait, some 

groups have used a "Shot Gun" cloning approach to finding hemolysin 

genes. The genes encoding the alpha-hemolysin operon from hemolytic E. 

coli were cloned by separate groups (150, 91). In both instances 

chromosomal DNA isolated from hemolytic E. coli was partially digested 

with the enzyme Sau 3A and used to generate cosmid gene banks in a non

hemolytic host E. coli. These were screened for hemolysis on agar plates 

containing blood. Examples of hemolysin genes which have been cloned 

using this methodology include; the hemolysins of V. cholerae EI Tor 

strains (48, 93, 49); the B-hemolysin (aerolysin) from Aeromonas hydrophila 

(18); phospholipase C (heat-labile hemolysin) from P. aeruginosa (143, 89); 

and recently the listeriolysin determinant of L. monocytogenes from a 

cosmid pHC79 gene bank (98). 

Dissertation objective 

At the start of this dissertation project, the cause of B. pertussis 

hemolysis on Bordet Gengou agar was unknown. Preliminary data 

suggested this trait contributed to the virulence of B. pertussis, and further 



characterization was warranted. We proposed to characterize B. pertussis 

hemolysis using methods similar to those mentioned above. Our objectives 

were: 

A) To clone the putative hemolytic determinants from B. pertussis 

utilizing "shotgun" cloning methods as described above. This involved the 

use of B. pertussis genomic libraries constructed in nonhemolytic E. coli, 

with plasmid and cosmid vectors. Molecular biology techniques were used 

for the analysis of cloned nucleic acids and expressed recombinant 

proteins. 

B) To determine the significance of the putative hemolysin gene(s) in 

B.pertussis through the construction of isogenic B. pertussis mutants. 

During the course of this work, a recombinant plasmid was found 

containing B. pertussis DNA highly homologous to a portion of an 

activating subunit gene, clp B, of the ATP-dependent Clp protease. This 

family of proteases is found in many organisms and appears to be highly 

conserved (56). B. pertussis genomic libraries were used to clone and 

characterize the entire B. pertussis clp B gene. 



Materials and Methods 

Recipes for microbiological culture media and buffers are listed in 

Appendix A. 

Analytical reagent grade chemicals, unless indicated separately, 

were purchased from the following companies: Sigma, St. Louis, MO; 

Mallinkrodt, Paris, KY; Fisher Scientific, Fair Lawn, NJ; J.T. Baker, 

Phillipsburg, NJ; Pharmacia LKB, Piscataway, NJ; Fluka Chemika, 

Ronkonkoma, NY. 

Bacterial strains and media 

Bacterial strains used in this study are listed in Table 1. 

B. pertussis strains were stored at -70°C as thick suspensions in 

Stainer-Scholte medium with 25% glycerol. Cultures were started by 

inoculating Bordet Gengou agar (Difco Laboratories, Detroit ,Ml) plates or 

charcoal agar (Difco) plates with several drops of frozen stock. Plates were 

incubated in plastic bags for 3 to 4 d at 37°C. Liquid cultures were started by 

swabbing the lawn of growth from 1 plate of B. pertussis into 25 ml of 

Stainer-Scholte medium. If larger cultures were needed the 25 ml culture 

was used to seed 200 ml of medium and incubated with shaking (275 rpm) 

at 37°C in a model G-25 incubator shaker (New Brunswick Scientific, 

Edison, NJ) for 24 to 48 h. 



E. coli strains were also stored frozen at -70°C in TYP broth or Luria

Bertaini (LB) broth supplemented with 25% glycerol. Frozen stocks were 

used to inoculate LB agar plates. Liquid cultures were started by picking 

one colony of E. coli into 5 ml of TYP or LB medium, and incubated at 37°C 

with shaking. Larger cultures were inoculated with 1 to 5 ml of the liquid 

starter cultures and incubated with shaking. Growth times varied between 

strains and procedures. 

Antibiotics were added to growth media in the following 

concentrations: ampicillin, 100 Ilg per ml; tetracycline, 15 Ilg per ml; 

kanamycin sulfate, 40 Ilg per ml; naladixic acid, 40 Ilg per ml; 

streptomycin sulfate, 100 Ilg per ml. 

DNA isolation 

Chromosomal DNA 

Liquid cultures or plate cultures harvested into liquid medium were 

used for isolation of chromosomal DNA. Cells were pelleted from 25 to 50 ml 

ofliquid medium by centrifugation at 5,000 x g in a Sorval SS-34 rotor for 10 

min. The cell pellet was resuspended in 9.5 ml of TE buffer, and 0.5 ml of 

10% SDS and 50 III of 20 mg/ml proteinase K was added. The tube was 

mixed gently by inversion several times and incubated 1 h at 37°C. 

Following incubation, 1.8 ml of 5 M NaCl was added, mixed thoroughly, 

and 1.5 ml of 10% CTAB (in 0.7 M NaCl) was added, mixed, and incubated 

for 20 min at 65°C. The mixture was extracted twice with an equal volume 



of phenol/chloroform/isoamyl alcohol (25:24:1). Centrifugation at 6,000 x g 

was used to separate the phases. The upper aqueous phase was removed to 

a clean tube and the DNA was precipitated by the addition of 0.6 volumes 

isopropanol. The DNA precipitate was washed with 70% ethanol, air dried 

and resuspended in 1 to 2 ml of sterile distilled-deionized water. DNA 

concentrations were determined by spectrophotometry (conc. DNA in Jlg/ml 

= absorbance 260 nm x 50). DNA (800 Jlg) was diluted in 4 m1 of water, to 

which 4.3 g of CsCI and 200JlI of 10 mg/ml ethidium bromide was added, 

and centrifuged in a Beckman Vti 80 rotor at 55,000 rpm overnight at 22°C. 

DNA was visualized by fluorescence under 300 nm UV light and harvested 

from the gradient by aspiration with a Pasteur pipet. The DNA was 

extracted twice with equal volumes of water saturated 2-butanol, and 

dialyzed against 4.0 liters of distilled-deionized water and final DNA 

concentrations determined by spectrophotometry. 

Plasmid DNA 

Plasmids were isolated from liquid cultures by the alkaline lysis 

method (10). Overnight cultures were harvested by centrifugation at 5,000 x 

g in a Sorval GSA rotor. Cell pellets from 250 to 500 ml culture volumes 

were gently resuspended in 6 ml of ice cold lysis buffer (25 mM Tris-HCI pH 

8.0, 10 mM EDTA, 50 mM glucose) and incubated in ice water for 10 min. 

The cell suspension was lysed by the addition of 12 ml of freshly prepared 

0.2 N NaOH, 1% SDS and mixed by inversion. Following incubation on ice 

for an additional 10 min, 7.5 ml of 3 M sodium acetate, pH 4.6, was added 

and mixed by inversion. A precipitate was formed during incubation on ice 
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for an additional 10 min, pelleted by centrifugation at 12, 000 x g in a 88-34 

rotor at 4°C for 15 min. The supernatant was transferred to a clean tube 

and DNase free RNase added to a final concentration of 20 Ilg/ml and 

incubated at 37°C for 20 min. The solution was extracted with 

phenol/chloroform/isoamyl alcohol several times until no interface was 

seen between phases. The aqueous phase was removed to a fresh tube. 

Plasmid DNA was precipitated by addition of 2 vol of absolute ethanol, and 

pelleted by centrifugation at 12,000 x g followed by a wash in 70% ethanol. 

Plasmid DNA was further prepared by either of the following methods. 

A) DNA pellets were resuspended in 8 ml of 6.8 M CsCI containing 

400 III of 20 mg/ml ethidium bromide. 8upercoiled plasmid was harvested 

after isopycnic centrifugation at 60,000 x g for 16 h in a Beckman Vti-80 

rotor. The plasmid bands were visualized in the CsCI gradients by ethidium 

bromide fluorescence under 300 run UV light. Residual ethidium bromide 

was extracted from plasmid DNA by repeated extraction with water 

saturated 2-butanol. The aqueous phase containing the DNA was dialized 

for 12 h against distilled-deionized water. 

B) The DNA pellet was resuspended in 1.6 ml of water and 0.4 ml of 

4 M N aCI was added. After tnorough mixing, 2 ml of 13% polyethylene 

glycol was added and mixed by vortexing. DNA was precipitated by 

incubation in ice water for 60 min and pelleted by centrifugation at 12,000 x 

g for 15 min. The DNA pellet was washed twice in 70% ethanol, air dried, 

and resuspended in water. Plasmid DNA concentrations were determined 

by spectrophotometry. 
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Mini-preparations of plasmid for rapid screening were prepared 

using a similar procedure, scaled down appropriately for 1.5 ml of culture. 

For mini-preps, steps A and B were omited. 

Alternatively, Magic Minipreps (Promega, Madison, WI) or 

Nucleobond AX (The Nest Group, Southborough, MA) were used to isolate 

plasmid DNA. The manufacturers protocols were followed. 

Plasmid preparation methods above proved unsatisfactory for the 

preparation of large recombinant cosmid clones. An alternative protocol for 

minipreparation of cosmid DNA was used (9). Briefly, this involved 

preparation of cosmid by the boiling minilysate method. From overnight 

cultures, 1.5 ml of cells was resuspended in 300 ~l of STET buffer (8% 

sucrose, 5% Triton X-100, 50 mM EDTA, 50 mM Tris-HCI at pH 8.0, and 250 

~g of lysozyme). The cell suspensions were boiled for 2 min, cooled on ice for 

2 min, and centrifuged at 12,000 X g for 10 min. The supernatant was 

removed to a clean tube and cosmid DNA precipitated by the addition of an 

equal volume of cold isopropanol and incubation on ice for 15 min. Cosmid 

DNA was recovered by centrifugation at 12,000 X g for 10 min, washed with 

70% ethanol, and resuspended in 25 ~l of sterile water. 

Bacterial RNA isolation 

Twenty-five ml bacterial cultures in late logarithmic phase were 

pelleted by centrifugation in 40 ml Corex tubes at 8000 x g in a Sorval S8-34 

rotor, and the supernatant removed by aspiration. Cell pellets were 
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resuspended in 1.5 ml of guanidinium thiocyanate homogenization buffer 

(4.0 M guanidinium thiocyanate, 0.1 M Tris-HCI, pH 7.5, 1% 2-

mercaptoethanol). The lysed cell suspensions were passed several times 

through a 21 gauge syringe needle. A 10% sodium lauryl sarcosinate 

solution was added to a final concentration of 0.5% and mixed well. Debris 

was pelleted by centrifugation at 5000 x g for 10 min at room temperature. 

The supernatants were transferred to clean tubes and, if needed, sheared 

by extra passages through a 23 gauge syringe needle. Samples (1.2 ml) were 

layered onto 3.1 ml cushions of 5.7 M CsCI, 0.1 M EDTA, pH 7.5, and 

centrifuged for 12 h at 40,000 rpm, 20°C, in a Beckman SW50.1 rotor. The 

fluid above the CsCI cushion (including a visible DNA interface) was 

removed by aspiration with a pasteur pipet. The lower CsCI layer was 

carefully removed with a second pasteur pipet to avoid contamination from 

the upper layer. The tube was cut just above the bottom to avoid any contents 

running down the sides and onto the RNA pellet. The pellet was rinsed 3 

times with 70% ethanol and air dried. The RNA was dissolved in 0.1 ml of 

DEPC-treated water (Appendix A) (92). RNA concentrations were 

determined by spectrophotometry (conc. RNA in Ilg/ml = Abs. 260 nm x 40), 

and stored at -70°C. 

Molecular biology enzymes and conditions 

All enzymes and accompanying reaction buffers such as restriction 

endonucleases, T4 DNA ligase, T4 polynucleotide kinase, and calf intestinal 

34 



alkaline phosphatase, were purchased from Boehringer Mannheim, 

(Indianapolis, IN), or Gibco BRL, (Gaithersburg, MD). 

Restriction digests were performed with appropriate buffers and 

reaction conditions recommended by the manufacturers. Restriction 

enzyme and DNA concentrations used, were at least 1 unit of enzyme per 

microgram of DNA. 

Agarose gel electrophoresis of DNA 

Routinely, agarose gel electrophoresis was performed with SeaKem® 

LE agarose (FMC Bioproducts, Rockland, ME) in 0.5-1X Tris-borate-EDTA 

(TBE) buffer (Appendix A) (92). Submarine-horizontal gels were cast and 

run using a SHU-1000, or MGU-1000 apparatus (American Bionetics, 

Emeryville, CA). 

Preparative agarose gel electrophoresis, for subsequent DNA 

cloning, was performed in SeaKem® genetic technology grade (GTG) 

agarose (FMC Bioproducts) in 0.5X TAE buffer (Appendix A) (92). 

Southern transfer of DNA 

Following electrophoresis of DNA, agarose gels were soaked in 0.25 N 

HCI for 15 min at room temp., followed by a rinse in distilled water. DNA 

was denatured by incubating the gels in 0.4 N NaOH-0.6 M NaCI for 30 min 

at room temp. The gels were neutralized by incubating in 1.5 M NaCI-0.5 M 

Tris-HCI, pH 7.5, for 30 min at room temp. Incubations were performed 
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with gentle agitation. DNA fragments were transferred onto GeneScreen 

Plus ™ (DuPont NEN Research Products, Boston, MA) in lOX SSC buffer by 

vacuum transfer with a VacuBlot™ (American Bionetics) following the 

manufacturers' recommendations. 

Agarose gel electrophoresis of RNA 

Formaldehyde-agarose gels (generally 1.2% agarose") were made by 

dissolving 0.42 g of SeaKem® GTG agarose in 30.5 ml DEPC treated water. 

After cooling to 60aC, 3.5 ml of lOX MOPS running buffer (Appendix A), and 

1.0 ml of 37% formaldehyde were added. Gels were cast in a horizontal gel 

apparatus (American Bionetics) and submerged in 1X MOPS running 

buffer. RNA was loaded (3 Ilg per lane) in an equal volume of buffer 

containing 95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% 

xylene cyanol. Gels were electrophoresed until the bromophenol blue dye 

migrated 3/4 of the distance down the gel. Gels were stained in 1 Ilg/ml 

ethidium bromide to visualize RNA. 

Northern transfer of RNA 

Following electrophoresis. gels were soaked in 50 mM NaOH for 15 

min, followed by neutralization in 50 mM Tris-HCI, pH 7.0, for 15 min with 

gentle agitation. RNA was transferred to GeneScreen Plus™ (Dupont NEN 

Research Products), by capillary transfer in lOX SSC buffer, air dried and 

baked at Boac for 2 h (92). 

36 



Preparation of DNA for cloning 

Plasmid and cosmid vectors were purified as described in this 

chapter. Vector DNA was prepared by digestion with the appropriate 

restriction endonucleases, followed by dephosphorylation of 5' termini with 

calf intestinal alkaline phosphatase (CIP), in the accompanying buffer. 

Conditions used were those recommended by the manufacturer. Residual 

CIP and restriction endonucleases were removed by heating reactions to 

65°C for 15 min, followed by agarose gel electrophoresis of the vector DNA. 

Linearized vector was purified from the agarose by electro elution with an 

ElutrapTM, (Schleicher & Schuell, Keene, NH), in 0.5X TAE buffer. 

Alternatively, DNA was recovered from agarose using GeneClean® (Bio 

101, La Jolla, CA) 

Insert DNA fragments were prepared by restriction digestion, 

followed by agarose gel electrophoresis. Recovery of insert DNA fragments 

from agarose was performed using the methods described for recovery of 

vector DNA. 

Syn~ofoligonucleotideDNA 

Oligonucleotide DNA probes and primers were synthesized, utilizing 

0.2 ~mole phosphoramidite chemistry, on a Cyclone DNA synthesizer, 

(Biosearch Inc., San Rafael, CA). Phosphoramidites, synthesis columns, 

and ancillary reagents, were purchased from Cruachem, (Sterling, VA) or 



Milligen/Biosearch, (Burlington, MA). Following synthesis, the 

oligonucleotides were eluted from the columns in 1 ml of 30% ammonium 

hydroxide, and heated for 5 h at 55°C. The oligonucleotides were recovered 

by evaporation of the ammonium hydroxide using a vacuum evaporator 

(Savant Instruments, Farmingdale, NY), and were redissolved in sterile 

distilled-deionized water. 

Oligonucleotides used as DNA sequencing primers were further 

purified by electrophoresis in 12% polyacrylamide gels containing 7 M urea. 

Following electrophoresis, full length oligonucleotides were visualized by 

placing the gel (removed to Saran Wrap), on a DuPont CroneX® high plus 

intensifying screen (Dupont, Wilmington, DE) illuminated by 254 nm UV 

light from a hand held lamp. Bands were excised from the gel and eluted 

overnight in sterile water. 

Labeling of DNA probes for Southern and Northern analysis 

Oligonucleotide probes were 32P-Iabeled at the 5' termini using 

polynucleotide kinase and 6000Ci/mmole 'Y_32p ATP (DuPont NEN Research 

Products). The protocol followed has been described previously (92). 

Double stranded DNA fragments were 32P-Iabeled using a_32p deoxy

CTP (3000 Ci/mmole) and a Random Primed DNA Labeling Kit (Boehringer 

Mannheim) following the manufacturers recommended protocol. 
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Cloning of the Tn5 insertion locus from BP352 

Genomic DNA from B. pertussis strain BP352, a hemolysin deficient 

Tn5 insertion mutant, was prepared as described above. Genomic DNA (150 

Ilg) was digested with Eco R1 restriction endonuclease at 37°e for 2 h. 

Digested DNA was loaded onto a 40 ml 10-40% sucrose step gradient (92), 

and centrifuged with a Beckman SW28 rotor at 24,000 rpm for 20 h at 20oe. 

Fractions (750 J.1l) were collected from the bottom of the sucrose gradient. A 

sample from every third fraction was analyzed by TBE agarose gel 

electrophoresis. The average size of restriction fragments in each fraction 

was estimated by comparison with Hind 3 digested A phage DNA standards 

(BRL, Gaithersburs, MD). DNA was transferred to GeneScreen Plus™ 

membranes (DuPont NEN Research Products) for Southern analysis. 

Fractions hybridizing to 32P-labeled Tn5 were ligated into Eco R1 

digested pLAFR1, previously dephosphorylated with elP. Briefly, 3.0 Ilg of 

prepared pLAFR1 cosmid vector, and 300 ng of BP352 Eco R1 fragments, 

were ligated in 20 III reaction volumes at 16°e, overnight. Fifteen III of a 

ligation reaction was added to one tube of Packagene® lambda DNA 

packaging system (Promega, Madison, WI), and incubated at 22°e for 2 h. 

SM buffer (0.5 ml) was added, followed by 25 III of chloroform for storage at 

4°e. Serial dilutions of the packaged cosmid were performed to determine a 

multiplicity of infection sufficient to give 100 transfected E. coli MB408 

colonies per plate. 
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Colonies were lifted onto ColonylPlaque Screen ™ (DuPont NEN 

Research Products) hybridization transfer membranes, and prepared for 

hybridization according to the manufacturers protocol. Briefly, membranes 

containing colony lifts, were wetted 3 times for 2 min with 0.75 ml of 0.5 N 

NaOH. Membranes were neutralized with 0.75 ml of 1 M Tris-HCl, pH 7.5, 

for 2 min and air dried. 

Membranes were prehybridized for 4 h in sealed plastic bags 

containing 50% formamide, 10% dextran sulfate, 1% SDS, 1 M NaCl, at 

42°C. This solution was removed and a similar hybridization solution 

containing 32P-labeled Tn5 probe at 5 x 105 counts per minlml was added. 

Hybridization was performed at 42°C for 18 h. 

Membranes were washed twice in 500 ml of 2X SSC buffer, followed 

by two washes in 500 ml of 2X SSC, 1% SDS, at room temp. Final high 

stringency washes were performed twice with O.lX SSC buffer, 0.1% SDS at 

65°C. Filters were autoradiographed overnight with X-OMAT AR film 

(Eastman Kodak, Rochester, NY). 

B. pertussis genomic libraries in pUC18 and pHC79 

B. pertussis strain 504 genomic libraries were constructed in the 

laboratory of Dr. Kenneth Ryan, Department of Pathology, University of 

Arizona Health Sciences Center. Briefly, BP504 genomic DNA was partially 

digested with Sau 3A, and size fractionated on sucrose gradients as 

described above. Genomic fragments, averaging 40 kilobases in length, 
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were ligated into the Bam H1 site of the cosmid vector pHC79 (64), and 

transfected into E. coli MB406. Genomic fragments averaging 4 to 6 

kilobases in length were ligated into the Bam H1 site of the plasmid pUC 18, 

and transformed into non-hemolytic E. coli DH5cx. 

Screening of B. pertussis library recombinants for hemolysis 

Recombinant E. coli colonies were screened for hemolysis on tryptose 

blood agar (Difco) containing 5% defibrinated sheep blood. Plates were 

incubated no longer than 36 h. 

35S-Methionine labeling ofpIasmid encoded proteins 

B. pertussis inserts were sub cloned into the pT7 vectors which were a 

gift of Stanley Tabor (136). pT7 recombinant plasmids were transformed 

into E. coli K38 containing the T7 polymerase plasmid pGPl-2 (Figure 2). E. 

coli containing both pGPl-2 and a pT7 recombinant plasmid were cultured 

in LB broth containing kanamycin sulfate and ampicillin to maintain each 

plasmid, respectively. Cultures were incubated at 30°C with shaking until 

the optical density was 0.5 at A590. Cells (0.2 ml aliquots) were pelleted by 

centrifugation in a microfuge for 1 min, washed with 5 ml of M9 medium 

(Appendix A), and were resuspended in 1 ml of M9 medium supplemented 

with Methionine Assay Medium (Difco) (Appendix A). Cells were incubated 

for an additional 60 min with shaking at 30°C. The temperature was shifted 

to 42°C, for 15 min, to induce production of the T7 RNA polymerase. Freshly 

prepared rifampicin was added to a final concentration of 200 ~g/ml, and 
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cultures were incubated for an additional 10 min. Temperature was then 

shifted down to 30°C for 20 min. Cultures were pulsed with 10 JlCi (0:: 1.0 Ill) 

of 35S-methionine (1200 Cilmmole)(Dupont NEN Research Products) for 5 

min at 30°C. Cells were pelleted, resuspended in 120 J.1l of cracking buffer 

(60 mM Tris HCI, pH 6.8, 1% SDS, 1% 2-mercaptoethanol, 10% glycerol, 

0.01% bromophenol blue), and boiled for 3 min. Samples were stored frozen 

at -20°C. 

SDS-polyacrylamide gel electrophoresis of labeled proteins 

35S-methionine incorporation into proteins was measured as 

trichloroacetic acid (TCA) precipitable counts. Briefly, 2 III aliquots of 

cracked cell samples were placed onto small squares of Whatman 3M M 

chromatography paper. These were boiled for 10 min in 10% TCA, followed 

by 2 rinses in 95% ethanol, and 2 rinses in acetone. Paper squares were air 

dried, immersed in 5 ml of Ready Safe® (Beckman), and counted in a liquid 

scintillation counter programmed for 35S B-emission spectrum (Beckman). 

Labeled proteins were analyzed by SDS denaturing polyacrylamide 

gel electrophoresis (SDS-PAGE) (136). Briefly, sufficient quantities of 

cracked cells were mixed with cracking buffer to yield, 50,000 acid 

precipitable counts/min per lane of an SDS-PAGE gel. Following 

electrophoresis, the gels were soaked in 1 M sodium salycilate, pH 6.0, 0.5% 

glycerol, for 60 min. Gels were dried onto Whatman 3MM paper using a 

Model 583 gel dryer (BioRad), and autoradiographed overnight against X

OMAT AR film (Kodak). The size of labeled proteins was estimated by 
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comparison with prestained protein standards (BioRad, Richmond, CA), 

run on the same gel. 

Transcription analysis 

Northern hybridizations 

Isolation of RNA, formaldehyde-agarose gel electrophoresis, 

Northern blotting, and labeling of double strand DNA probes were 

previously described. Membranes were prehybridized for 4 h in sealed 

plastic bags containing 50% formamide, 10% dextran sulfate, 1% SDS, 1 M 

NaCl, at 42°C. The pre hybridization solution was removed and a similar 

hybridization solution containing 32P-labeled probe, at 5 x 105 counts per 

minlml, was added. Hybridization was performed at 42°C for 18 h. 

Membranes were washed twice in 500 m1 of 2X SSC buffer, followed by two 

washes in 500 m1 of 2X SSC with 1% SDS at ambient temperature. Final 

high stringency washes were performed twice with O.lX sse buffer with 

0.1% SDS at 65°C. Filters were autoradiographed overnight with X-OMAT 

AR film (Eastman Kodak). 

Primer extension 

Bacterial RNA isolation and oligonucleotide synthesis were described 

above. Transcripts were extended by reverse transcription using a cDNA 

cycle™ kit (Invitrogen Corp., San Diego, CA),following the manufacturers 

protocol with the following changes. Briefly, 10 Ilg of total RNA was 
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annealed with 105 counts/min of a 32P-Iabeled primer complementary to the 

gene sequence of amino acids within the N-terminal coding region. 

Primers used were 21 nucleotides long. The annealing reaction consisted of 

8 J.Ll of RNA and primer, 2 J.Ll of 100 mM MeHgOH and 2.5 III of 0.7 M 2-

mercaptoethanol. The reaction was heated to 65°C for 2 min and allowed to 

cool to room temperature before placing on ice. To the annealing reaction 

was added 1 III of placental RNase inhibitor, 4 III of 5X reverse transcriptase 

buffer, 1 J.Ll of 25 mM deoxynucleotide triphosphates, and 5 units of reverse 

transcriptase. The reaction was gently mixed and incubated at 42°C for 60 

min. The reaction was heated to 95°C for 3 min and placed on ice. 5 

additional units of reverse transcriptase was added and incubated at 42°C 

for 60 min. the reaction was stopped by the addition of 1 III of 0.5 M EDTA. 

An equal volume of 4 M ammonium acetate and 2 volumes of ice cold 

absolute ethanol were added, and the cDNA was precipitated by incubation 

at -20°C for 30 min. The precipitate was peUeted by centrifugation at 12,000 x 

g for 15 min, followed by washing in 80% ethanol. The pellet was air dried, 

resuspended in 4 III of water, and 4 III of loading buffer containing 95% 

formamide, 0.5% bromophenol blue, and 0.5% xylene cyanol was added. 

The primer extension reaction was analyzed by 7M urea-6% polyacrylamide 

gel electrophoresis as described in the following section, "DNA sequencing 

and analysis". 

Oligonucleotide primers used for primer extension 

btr primer extension was performed with the oligonucleotide: 

(5' ACAGTGTGCCGCATCCGGAGA 3'). 
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clpB primer extension was performed with the oligonucleotide: 

(5 I GGCCTGCTGGAACTTGGTGGTAAG 3 I). 

DNA sequencing and analysis 

B. pertussis DNA, in pUCI8, was directly sequenced using the 

pUCIM13mp18 primers, or primers synthesized as described above. B. 

pertussis DNA was also subcloned into pGEM7zf(+) to facilitate 

construction of sequential deletions. The 3.0 kb Bam HI insert from 

pHLY1A was inserted into pGEM7zf(+), creating pSHLYI (Figure 9). 

Exonuclease 3 digestion was performed at the unique Hind 3 site using an 

Erase-A-Base® kit (Promega). The Kp n 1 site is not susceptible to 

exonuclease 3 digestion and served as the blocked site. As digestion 

proceeded, reaction aliquotes were removed at 30 second intervals. A total of 

20 reaction times were analyzed for extent of deletion by agarose gel 

electrophoresis of aliquotes as described in the manufacturers instructions. 

Recombinant plasmids were also analyzed for extent of deletion by agarose 

gel electrophoresis. A total of 18 recombinants representing sequential 

deletions of pSHLYI were picked for DNA sequencing, and cultured on 

blood plates to assay hemolytic activity. 

DNA sequencing was performed by the chain termination method 

using the Sequenase® version 2.0 kit (United States Biochemical Corp., 

Cleveland, OH), and 35S-Sequetide® (Dupont NEN Research Products), 

following the manufacturers protocol. 
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DNA template was prepared from double stranded plasmid 

templates. Plasmid DNA (5 to 10 J.lg) was denatured by addition of 1110 

volume of 2M NaOH, and incubated at 37°C for 20 min, and neutralized by 

addition of 1110 volume of 3 M sodium acetate. Denatured plasmid was 

precipitated by addition of 2 volumes of ice cold absolute ethanol. The DNA 

solution was vortexed and incubated on ice for 15 min, followed by 

centrifugation at 12,000 x g for 15 min. The DNA pellets were washed once 

with 70% ethanol and air dried. Primer annealing was performed in IX 

sequencing buffer (lOX buffer is supplied with the Sequenase® kit). 

Primer:template ratios used were 1:1 molar stoichiometry. Annealing was 

performed by heating the mixture to 65°C for 2 min, and cooled to 30°C on 

the bench top. 

DNA sequence reactions were electrophoresed using a Sequi-Gen™ 

nucleic acid sequencing cell (BioRad Laboratories). The gels were typically 

5% polyacrylamide, 7 M urea, IX TBE, with IX TEE used as running buffer 

Gels were dried onto Whatman 3MM paper using a Model 583 gel 

dryer (BioRad), and autoradiographed against X-OMAT AR5 film 

(Eastman Kodak). 

DNA sequences and protein sequences deduced from DNA 

sequences, were analyzed using MacVectorTM sequence analysis software 

for a Macintosh computer (International Biotechnologies, Inc., New 

Haven, CT), and the GCG sequence analysis software package for a VAX 

computer (Genetics Computer Group, Inc., Madison, WI). 
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PCR 

PCR reactions were performed using the GeneAmp® PCR reagent 

kit with Amplitaq® DNA polymerase (Perkin Elmer Cetus, Golden, CO), 

and a Ericomp TwinBlock™ thermal cycler (Ericomp, Inc., San Diego, 

CA). Briefly, denatured target DNA samples (100 ng) were mixed with kit 

components using the manufacturers recommendations. Reaction volumes 

were 100 ~l in 0.5 ml mircofuge tubes. Primers were synthesized and 

purified as described previously, and were added to reactions at a 

concentration of 200 pmol per reaction. Cycle times, temperatures, and 

number of cycle repetitions varied and were optimized for each experiment. 

A hot start was performed for each run by allowing the reaction mixture to 

be heated to 94°C for 5 min prior to the addition of Taq DNA polymerase. 

Each reaction program was followed by an additional 5 min at 72°C to allow 

maximum extension of the PCR products. clpB primers used were: 

primer-N (5' ATAAGCTTGACGAAATCCGCCGCACCATA 3'), and primer-C, with 

degenerate bases indicated in italics within brackets, 

(5' ATAAGCTTAC{AG}TC{GATC}GG{AG}TG{GATC}GC{TC}TT{TC}TC 3') . 

Construction of B. pertussis mutant BJBl 

The plasmid pSORTP1 (pSSl129) was obtained from Dr. Scott Stibitz. 

This plasmid is a derivative of pRTP1 (134) with the addition of a 2.4 kb 
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fragment encoding gentamycin resistance (an aminoglycoside 

acetyltransferase gene). The unique Eco R1 site was removed by digesting 

Eco R1 digested plasmid with 81 nuclease, followed by addition of 

deoxynucleotide triphosphates and Klenow fragment from the Erase-a-base 

kit (Promega). Ligase buffer was added to 1X concentration, followed by T4 

DNA ligase from the same kit, except that 0.5 JlI of T4 RNA ligase was 

added and incubated at room temp for 1 h. The ligated plasmid was used to 

transform E. coli DH5a. Recombinant colonies were picked for growth in 

liquid medium and plasmids were prepared from minilysates. Plasmids 

were digested with Eco R1 and Bam H1 to determine if they were susceptible 

to digestion. Plasmids which no longer were susceptible to digestion with 

Eco R1 were prepared from large scale cultures as described. This new 

version of p80RTP1 lacking an Eco R1 site was renamed pJRTP2 (Figure 

12). The 3.0 kb Bam H1 fragment from pHLY1A was subcloned into the 

unique Bam H1 site of pJRTP2 creating pRHLY3 (Figure 12). A 1.6 kb Eco 

R1 kanamycin resistance cartridge from pUC4-KIXX (Pharmacia) was 

inserted into the unique Eco R1 site of pRHL Y3 creating pRMHL Y1 (Figure 

12). E. coli 8M10 was transformed with pRMHLY1 and mated with BP339, a 

streptomycin resistant isolate of BP338. Briefly, 50 colonies of BP339 were 

picked up with a sterile dacron swab and smeared onto a charcoal plate (1/3 

to 1/2 of the plate). Approximately 10 colonies of E. coli 8M10 (pRMHL Y1) 

were picked up with a sterile swab and smeared over the patch of BP339 . 

These plates were incubated at 37°C in sealed plastic petri sleaves for 3 h to 

facilitate conjugation (Figure 13, A to B). Following incubation, the mating 

patch was removed with a sterile dacron swab and restreaked, as though 
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for isolation of colonies, onto charcoal agar plates containing 50 J.lg/ml 

nalidixic acid and 12.5 J.lg/ml kanamycin sulfate. Following 3 d of 

incubation, B. pertussis transconjugants (Figure 13, B and C) were 

transferred to charcoal agar plates containing 100 J.lg/ml streptomycin and 

12.5 J.lg/ml kanamycin sulfate. Exconjugants were picked from these plates 

after 3 days and cultured for chromosomal DNA isolation. Southern 

transfers were probed with the kanamycin cassette from pUC4-KIXX to 

detect allelic exchange of the wild type locus for the kanamycin insertion 

mutation (Figure 13, E). 

Complementation of E. coli fnr withB. pertussis btr 

Complementation of the I1fnr mutation in E. coli JRG 1728 by 

pHLY1A was kindly performed by Glenn Soltes and Janet MacInnes of the 

Department of Veterinary Microbiology and Immunology, University of 

Guelph, Guelph, Ontario, Canada. 

E. coli JRG1728 (!¥nr) is unable to grow anaerobically in minimal 

medium containing nonfermentable carbon sources. JRG 1728 was 

transformed with pHL Y1A, pT51 (hlyX) and pGS24 (fnr). Growth was 

performed in a minimal liquid medium (78) containing essential and 

nonessential aminoacids (Gibco), supplemented with 0.04 M glycerol and 

0.04 M potassium nitrate. Anaerobic growth was performed in the same 

medium at 37°C in 5 ml tubes overlayed with sterile mineral oil. The optical 

density was measured at 650 nm. Doubling times were calculated from 

growth curves (45). 
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Table 1. List of bacterial strains used in this study, including the relevant 
genotypic or phenotypic characteristics of each strain, and the reference or 
source from which the strain was obtained. 

Strain 

B. pertussis 

BP338 

BP326 

BP347 

BP348 

BP352 

BP339 

BJB1 

BP504 

DH5a 

SM10 

K38 (pGPl-2)' 

JRG1728 

MB408 

Relevant 
genotMle orphenotype 

NaIr, virulent, phase I 

Avirulent, phase IV 
derivative of BP338 

bvgC ::Tn5 avirulent 
derivative of BP338 

eyaA::Tn5 derivative of 
BP338. HLY-, ACT-

eyaB::Tn5 derivative of 
BP338. ACT+, HLY-

Strr, derivative of BP338 

btr::Kanr derivative of 
BP339 

virulent clinical isolate 

recA1, non-hemolytic 

RP4-2 Tc::Mu, mating 
strain 

pGPl-2 containing T7 gene 
10 controlled by IJ>L,C1857 

MC1000 ll(tyrR, fnr, 
rae, try) 

reeB, reeC, and reeF 
mutations preventing 
recombination of repetitive 
phage sequences. 

Reference or Source 

(147) 

(147) 

(147) 

(147) 

(147) 

This study 

This study 

FDA 
(Bethesda, MD) 

BRL 
(Gaithersburg, MD) 

(119) 

(136) 

(127) 

Prom ega 
(Madison, WI) 
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Results 

Cloning of the BP352 Tn5 insertion Locus 

B. pertussis strain BP352 contains a Tn5 insertion into the 

chromosome which renders it nonhemolytic. To clone and characterize this 

region of the B. pertussis chromosome, 32P-labeled Tn5 was hybridized to 

Southern transfers of Eco Rl digested BP352 genomic DNA fractions which 

were size fractionated by sucrose density gradient centrifugation. Tn5 

hybridized to a 15 to 19 kilobase (kb) fragment in fractions representing 

DNA of 10 to 20 kb in size (data not shown). These were pooled and inserted 

into Eco Rl digested pLAF &1 cosmid. The use of pooled fractions which 

hybridized with Tn5 insured that a large portion of the recombinants would 

contain the BP352 genomic locus with the Tn5 insertion. E. coli MB406 was 

transfected with the packaged cosmid. Plates with 200-250 colonies per plate 

were lifted onto membranes for hybridization. Colony lifts were probed with 

Tn5 and 10 colonies hybridizing to Tn5 were picked for characterization. As 

controls, 10 non-hybridizing colonies were also picked for characterization. 

Cosmids were prepared from cultures by the alkaline lysis method 

described in methods, but due to the large size of the recombinant cosmid 

DNA, this proved to be an unsatisfactory method. An alternative protocol 

for minipreparation of cosmid DNA was used (9). This procedure was 

much better at preparing large cosmid DNA for analysis on agarose gels. 

Electrophoresis of the cosmids showed that the 10 nonhybridizing 

recombinants each contained a unique insert. The 10 recombinants which 
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hybridized to the Tn5 probe had the same 19 kb insert containing the 

BP352::Tn5 insertion causing the nonhemolytic phenotype. At this stage in 

the project the B. pertussis chromosomal loci containing the Tn5 insertions 

in BP348, BP349, and BP352, were characterized and published by other 

laboratories (46, 47). Since the Tn5 insertion in BP352 was characterized as 

an insertion inactivating an essential secretion gene of the adenylate 

cyclase operon (Figure 1), no further characterization was performed on 

this project, and the published results will be covered in the discussion. 

Screening of the pUC18 and pHC79 B. pertussis genomic libraries for 

hemolytic E. coli recombinants 

B. pertussis genomic libraries were constructed in the plasmid 

pUC18 and the cosmid pHC79. The pUC18::B. pertussis library was 

transformed into nonhemolytic E. coli DH5cx.. The pHC79::B. pertussis 

library was transfected into nonhemolytic E. coli MB406. Stocks of the 

amplified libraries were diluted to achieve a colony density of 500-600 

colonies per plate. Each library was plated onto tryptose blood agar 

containing 5% defibrinated sheep blood (TBA). A total of 6000 colonies from 

each library were screened for hemolysis after 36 h growth. No hemolytic 

colonies were found among the pHC79 recombinants. Close examination 

revealed 33 colonies from the pUC18 library which appeared hemolytic and 

these were picked and streaked for isolation on TBA. Upon rescreening, 9 

colonies which appeared hemolytic were repeatedly cultured on TBA and 

only four of these produced a zone of hemolysis after 36 h. The recombinant 

producing the largest zone of hemolysis was designated pHL Y1A. The zone 
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of hemolysis surrounding E. coli DH5a (pHL Y1A) after 36 h growth on TBA 

supplemented with 5% sheep blood (Figure 2C) is comparable to the 

hemolysis produced by BP338 following 48 h growth on BG plates containing 

5% sheep blood (Figure 2A). The avirulant Tn5 mutant BP347 (Figure 2B), 

and E. coli DH5a (pUC18) (Figure 2D), show no hemolysis on media 

containing sheep blood. A restriction endonuclease map of pHL Y1A was 

generated in order to facilitate subsequent sub cloning of the insert for 

further characterizations (Figure 3). The three remaining recombinants, 

in order of decreasing hemolysis on TBA, were designated pHLY4C, 

pHL Y 4A, and pHL Y5C. Stocks were made and stored frozen as described. 

Large scale plasmid preparations were made of the four hemolysin 

recombinants. Restriction digests of the plasmids with several six base 

restriction endonucleases were compared by agarose gel electrophoresis. 

Each plasmid produced a unique restriction pattern and did not show any 

similarity to the others, therefore each was considered to have a unique B. 

pertussis insert. To confirm this, insert fragments from each recombinant 

were 32P-Iabeled and used to probe Southern blots containing all four 

recombinants. Figure 4B shows a Southern blot containing the four putative 

B. pertussis hemolysin clones (lanes 3, 4, 5 and 6) and pSF4000, a 

recombinant plasmid containing the E. coli a-hemolysin operon (lane 2). 

This blot was probed with the 3.0 kb Bam Hl insert fragment from pHL Y1A 

which hybridized with itself but not with the other B. pertussis 

recombinant inserts or the E. coli hemolysin plasmid. The slight reactions 

seen with the vector pUC18 (lanes 4, 5, and 6, faint comigrating bands at 2.8 

kb) were due to contamination of the 3.0 kb probe with small amounts of 
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pUC18 during purification of the probe. Similar blots were probed with the 

4.5 kb Eco RI-Hind III pHLY4A insert, 4.2 kb Eco RI-Hind III pHLY4C 

insert and the 6 kb Eco RI-Hind III pHLY5C insert. Each probe hybridized 

only with itself and not with the other B. pertussis inserts, or the E. coli 

hemolysin plasmid (data not shown). 

Southern blots of B. pertussis DNA, from wild type strains and 

hemolysin deficient Tn5 insertion mutants, were probed with each of the 

putative hemolysin clone inserts. Figure 5 shows a Southern blot of Cial 

digested B. pertussis DNA from three wild type virulent strains, BP504, 

BP165, and BP338, the avirulent Tn5 mutant BP347, adenylate cyclase

hemolysin deficient Tn5 mutants BP348 and BP349, and the hemolysin 

deficient Tn5 mutant BP352. This enzyme was used because pHL YIA does 

not contain any CIa 1 sites. If Tn5 inserted into the B. pertussis genomic 

locus corresponding to the pHL YIA insert, one would expect to see a 

change in migration of that Tn5 mutant CIa 1 DNA compared to the wild 

type CIa 1 DNA. The pHLYIA insert hybridized with the same 9 kb CIa 1 

fragment in all of the B. pertussis strains. This suggested that the Tn5 

insertions into the B. pertussis genome, which inactivate the hemolytic 

phenotype, are not linked to the pHL YIA putative hemolysin. 

Similar blots were probed with the insert fragments from pHLY4A 

and pHLY4C. The results were not as clear as that obtained with pHLYIA. 

The insert fragments ofpHLY4A and pHLY4C hybridized with so much of 

the B. pertussis genome that it was impossible to determine single 

fragments corresponding to the cloned DNAs (data not shown). High 
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stringency hybridizations were performed in 50% formamide at 50°C, and 

final washes were performed at high stringency in O.lX SSC - 0.1% SDS at 

65°C. Despite these stringent conditions, the pHLY4A and pHLY4C probes 

hybridized to a significant number of restriction fragments throughout the 

B. pertussis genome. 

Within weeks of these results, reports of highly repetitive DNA 

elements found in B. pertussis were published (97, 104). The repetitive 

elements in B. pertussis were similar in appearance to insertion elements 

found in other bacteria. Our results of the B. pertussis blots probed with 

pHL Y 4A and pHL Y 4C inserts, were most likely due to the presence of 

highly repetitive sequences within these clones. Restriction mapping of 

these clones combined with Southern blotting with genomic DNA was able 

to identify the regions of the B. pertussis inserts corresponding to the repeat 

elements, and the unique nonrepetitive regions. Genomic blots containing 

DNA from nonhemolytic Tn5 mutants probed with the nonrepetitive 

portions of pHL Y 4A or pHL Y 4C showed no difference in migration of the 

hybridizing bands compared to the wild type B. pertussis genomic DNA 

(data not shown). These results suggested that the B. pertussis hemolysin 

locus affected by the Tn5 insertions was not linked to the pHL Y 4A or 

pHLY4C insert DNA causing weak hemolysis in E. coli. 

The B. pertussis insertion-like repeat sequences have open reading 

frames capable of being coding sequences, however, transcripts from these 

elements have not been reported (97, 104). The nonrepetitive DNA 

represented on plasmids pHLY4A and pHLY4C is therefore most likely 
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responsible for producing the hemolysis seen in E. coli. Since the emphasis 

of this dissertation project was related to cloning of a hemolysin, no further 

characterization of the repetitive elements was performed. 

Expression of cloned proteins from a T7 promoter plasmid 

A plasmid system which can express high levels of protein from a 

cloned DNA insert has been described (136). This system relies on 

expression from genes cloned into a plasmid containing a phage T7 010 

promoter. Transcription of the cloned DNA from the T7 promoter is 

controlled by the T7 phage RNA polymerase which is typically on another 

vector in the same host, and is under the control of an inducible/repressible 

promoter. E. coli cultures can be grown to a desired density prior to the 

induction of expression of the cloned genes. This system is particularly 

useful for 35S-methionine labeling of cloned proteins. E. coli transcription 

can be inhibited by treatment with rifampicin, whereas transcription from 

a 010 promoter by T7 RNA polymerase is resistant to rifampicin treatment. 

Cultures pulsed with 35S-methionine specifically label only the cloned 

protein expressed from the 010 promoter. This system was kindly provided 

by Dr. Stanley Tabor and the plasmids used are diagramatically 

represented (Figure 6). 

The 3.0 kb Bam H1 insert fragment from pHLY1A was cloned into 

pT7 -5 in the same orientation behind the 010 promoter as it was in 

pHLY1A, with respect to the lac promoter. The resulting plasmid was 

named pHP200. It was also cloned into pT7 -5 in the opposite direction 
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resulting in pHP300 (Figure 3). These plasmids were transformed into E. 

coli K3B (pGPI-2) for analysis of proteins expressed from the 010 promoter. 

Cells were treated three ways; uninduced (30°C), induced (42°C) without 

rifampicin treatment, and induced with rifampicin treatment. In Figure 

7b, lanes 2, 3, and 4 showed no detectable proteins were produced from pT7-

5 alone as a control. Similarly, no detectable proteins were produced from 

010 transcripts of pHP300 (Figure 7b, lanes 5, 6 and 7). However, a 27 kDa 

protein was pulse labeled in rifampicin treated cells containing pHP200 

(Figure 7b, lane 10). No other proteins produced by 010 transcripts of this 

insert were detected. The single 27 kDa protein encoded by the 3.0 kb insert 

was not visually detectable on Coomasie blue stained gels of E. coli extracts 

from cells harboring pHLYIA or pHP200 (data not shown). The amount of 

27 kDa protein produced by E. coli containing these plasmids must be too 

low to detect by means other than 35S-labeling. 

The 4.5 kb Eco RI-Hind III insert fragment (4A) of pHLY4A was 

cloned into the T7 expression in both orientations in front of the 010 

promoter using pT7-5 and pT7-6. The 4A insert in pT7-6 encoded a protein of 

30 kDa which seemed to degrade with time into two fragments of 16 kDa 

and 14 kDa. No protein was detectable from the the insert transcribed in 

pT7-5 (data not shown). 

The 4.2 kb Eco R1-Hind III insert (4C) from pHLY4C was also cloned 

in both orientations in front of the 010 promoter using the plasmids pT7-5 

and pT7-6. The 4C insert encoded a 20 kDa protein which was pulse labeled 

in rifampicin treated E. coli harboring the pT7-5::4C recombinant plasmid. 
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In cells harboring the pT7-6::4C recombinant plasmid, a 40 kDa protein 

was produced (data not shown). 

The recombinant plasmids pLHY4A and pHLY4C did not confer 

hemolysis upon E. coli to the same degree as did pHL YIA. For this 

dissertation project it was decided to limit further characterizations to the 

putative B. pertussis hemolysin encoded by the pHL YIA clone. 

Deletions ofpHLYlA which effect hemolysis in E. coli 

The restriction map of pHL YIA (Figure 3) shows Eco RI and Sal I 

sites almost in the center of the 3.0 kb Bam HI insert fragment. These sites 

were exploited to construct deletions of pHL YIA by restricting the plasmid 

with Eco RI or SaIl, followed by ligation of the plasmids. Plasmid pERID is 

pHLYIA with the Eco RI fragment deleted (Figure 3). E. coli DH5a (pERID) 

was not hemolytic on TBA plates. Plasmid pSAID is pHL YIA with the Sal I 

fragment deleted (Figure 3). E. coli DH5a (pSAID) was not hemolytic on 

TBA plates. These results suggest that the hemolysis produced by the B. 

pertussis DNA in pHLYIA, is encoded by a gene which spans the Eco RI 

and Sal I sites of the insert. 

The 3.0 kb Bam HI fragment of pHLYIA was subcloned into the 

Bam HI site of pGEM7 zf( +), resulting in pSHL YI (Figure 8A). The insert is 

in the same orientation with respect to the lac and T7 promoters as it was in 

pHLYIA, and pHP200. E. coli DH5a (pSHL YI) was hemolytic on TBA, but 

not as hemolytic as the original recombinant E. coli DH5a (pHL YIA). 

Deletions of pSHL YI were constructed using an exonuclease III deletion 
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protocol as described in methods. Figure BB is an agarose gel of linearized 

deletion plasmids illustrating the extent each clone was deleted and the 

degree of hemolysis produced by recombinant colonies. E. coli DH5a 

containing the first three deletion clones, pSHL Y2, pSHL Y3 and pSHL Y 4, 

remained hemolytic, although each progressive deletion rendered the clone 

less hemolytic on TBA. E. coli containing pSHL Y5 showed no halo of 

hemolysis surrounding the colony but showed a hemolytic spot directly 

beneath the colony when removed from the agar. E. coli containing pSHL Y6 

through pSHL YIB were not hemolytic. 

Northern analysis 

Gene expression in B. pertussis varies between virulent phase and 

avirulent phase isolates. The hemolytic phenotype is seen in virulent phase 

but not in avirulent phase B. pertussis variants. This phase variation is 

modulated by the bug locus. Northern blots were analyzed to determine if 

the putative hemolysin encoded on pHL YIA is transcriptionally regulated 

by bug. RNA was prepared from virulent phase BP33B, the avirulent Tn5 

mutant, BP347, and the 8bugA strain, BC71. Northern blots, of RNA 

electrophoresed through formaldehyde-agarose gels, were probed with a 

32P-labeled 1.4 kb pHLYIA Eco Rl fragment. As a control for variable gene 

expression between virulent phase and avirulent phase isolates, Northern 

blots were also probed with a 1.3 kb Pst 1 fragment from pTX42, a 

recombinant plasmid containing the pertussis toxin operon. This 1.3 kb 

fragment encompasses the pertussis toxin (PT) 81 subunit gene. PT 

expression is known to be transcriptionally regulated by bug. 
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The PT SI probe hybridized with RNA from the virulent phase BP338 

(Figure 9B, lane 1), but did not hybridize with RNA from BP347 or BC71 

(Figure 9B, lanes 2 and 3, respectively). This was expected since PT is only 

expressed by virulent phase B. pertussis. The pHLYIA Eco Rl probe 

hybridized with RNA from BP338, BP347, and BC71 (Figure 9A, Lanes 1, 2 

and 3, respectively). These results suggest that the putative hemolysin 

encoded on this fragment is not transcriptionally regulated by bug. 

DNA sequencing and analysis 

As mentioned previously, the 3.0 kb Bam HI fragment from pHL YIA 

was subcloned into pGEM7zf(+) creating pSHLYl. This facilitated the 

construction of deletions using the exonuclease III Erase-A-Base kit 

(Promega). Eighteen deletion clones (named pSHL Yl through pSHL Y18) 

representing sequential deletions of the pSHL Yl insert are shown in Figure 

8B. Plasmids were prepared as described above for double strand DNA 

sequencing. 

Sequencing of the pSHLYl-pSHLYI8 series of plasmids proceeded in 

the direction of the sequential deletions. Sequencing reactions were 

initiated from the T7 promoter of each plasmid in the series. Primers, 

complementary to the sequences obtained, were also synthesized to obtain 

contiguous sequences over large gaps between plasmids, and for 

sequencing the opposite strand. An open reading frame of 722 nucleotides, 

capable of encoding a protein with a molecular weight of 27,037, was found 

begining on deletion plasmid pSHL Y5. The size of this coding sequence is in 
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agreement with the size of the protein encoded in the T7 expression system 

by pHP200. In fact, transcription from the T7 promoter in pSHLYl also 

produced a 27 kDa protein when transformed into E. coli K38 (pGPl-2) (data 

not shown). The location of this open reading frame coincides with the 

ability of the deletion clones to cause hemolysis in E. coli, suggesting that 

the encoded 27 kDa protein is causing the hemolysis. An annotated 

sequence encompasing this open reading frame, and the deduced amino 

acid sequence of the encoded protein is shown in Figure 10. The DNA 

comprising this coding sequence is approximately 65% G-C rich, which is 

consistent with other knownB. pertussis sequences (88, 102,46,97, 110,35). 

Using the deduced amino acid sequence of this putative hemolysin as 

the query sequence, homology searches of the protein data bases "Swiss 

Protein" and "GenBank-EMBL" were performed using the program FastA 

(GCG). Initially, the most significant homology with the putative hemolysin 

protein was to a class of bacterial transcriptional regulators related to CRP 

(the cyclic AMP receptor protein which mediates catabolite repression). E. 

coli FNR, the fumarate-nitrate reductase regulatory gene which regulates 

several genes responsible for anaerobic metabolism, was consistently 

matched with high probability to the B. pertussis putative hemolysin 

protein using either the FASTA or BLASTP programs. Related proteins, 

ANR from Pseudomonas aeruginosa (124), and HlyX from Actinobacillus 

pleuropneumoniae (90), also showed significant homology to the putative B. 

pertussis hemolysin. No homology with any cytolysins or hemolysins was 

found in any database searched. Interestingly, the A. pleuropneumonia 

hlyX gene, like B. pertussis btr, was originally discovered by its ability to 
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cause hemolysis in E. coli (84). Since the B. pertussis DNA appears to 

encode a Bordetella .transcriptional !:egulator, the gene and the encoded 

protein were named btr and BTR, respectively. Table 2 shows the 

percentage of identical amino acids B. pertussis BTR shares with related 

transcriptional regulators from other bacteria, as well as the percentage of 

functionally similar amino acids in conservative substitutions. A multiple 

sequence alignment of several bacterial transcriptional regulators 

emphasized the similarities BTR shares with this class of proteins (Figure 

11). BTR, like E. coli FNR, P. aeruginosa ANR, and A. pleuropneumoniae 

HL YX, exhibited four highly conserved cysteine residues which are 

believed to function as metal binding (probably Fe2+) residues (Figure 11, 

cysteine residues at aligned positions 24, 27, 33 and 126, shaded and marked 

with asterisks). A change in the oxidation state of the metal bound is 

believed to act as a sensor by which E. coli FNR regulates gene expression 

between aerobic and anaerobic metabolism (128). Since BTR has these four 

conserved cysteine residues, it may function similarly in B. pertussis as a 

regulator of genes differentially expressed by changes in atmospheric 

oxygen content. The helix-turn-helix DNA binding motif (Figure 11, boxed 

and labeled) showed considerable homology with other transcription 

regulators among the CRP-like group, including the FixK nitrogen fixation 

regulatory proteins from Acaulobacter caulinodans, and Rhizobium 

meliloti. 
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Construction of B. pertussis mutant BJBl 

The open reading frame for btr contained a unique Eco R1 site at 

nucleotide position 660 (Figure 10), five codons upstream of the helix-turn

helix DNA binding motif. This site was used to construct a btr:: kan 

mutation by insertion of a kanamycin-bleomycin resistance gene cartridge 

(Figure 12). Introduction of a cassette at the Eco R1 site was expected to 

eliminate the helix-tum-helix DNA binding portion of BTR since the stop 

codons within the cassette would terminate translation. A plasmid system 

used for the construction of B. pertussis mutants by allelic exchange has 

been described (134). A new version of this plasmid, pSORTP1, was kindly 

provided by Dr. Scott Stibitz, of the Center for Biologics Evaluation and 

Research, Food and Drug Administration, Bethesda, MD. Plasmid 

(pRMHLY1) (Figure 12) containing btr::kan was constructed as described 

in methods. This plasmid was transferred to BP339 by conjugation with E. 

coli SM10 (pRMHL Yl). The insertion mutation was introduced into the 

BP339 chromosome through integration of the plasmid and subsequent 

allelic exchange by homologous recombination as diagramed in Figure 13. 

Selection of the btr::kan mutant strain BJB1 was as described in materials 

and methods. 

Allelic replacement of the btr wild type locus with the btr::kan 

mutant locus was confirmed by Southern analysis. btr was contained on a 

9 kb Cla1 fragment in all B. pertussis strains previously probed with the 

pHLY1A insert (Figure 5). Following mating with E. coli SM10 
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(pRMHL Yl), Southern blots of Clal digested BP339 chromosomal DNA, and 

streptomycin-kanamycin resistant exconjugants of BP339, were probed 

with the pHLYIA insert. The BP339 btr locus was also found on a 9 kb Clal 

restriction fragment (Figure 14, lane 1). All streptomycin-kanamycin 

exconjugants probed showed a change in the migration of the btr locus 

from a single 9 kb Cla 1 fragment, to two smaller fragments (Figure 14, 

lanes 2-7). This confirmed the chromosomal replacement of the wild type 

btr locus with the btr::kan mutated locus. The B. pertussis btr::kan strain 

was named BJBl. 

Analysis ofBTR activity 

Hemolysis by BJBl 

BJBl was cultured on Bordet-Gengou plates containing 5% 

defibrinated sheep blood to determine if the mutation in btr would inactivate 

hemolysis. BP338 was also plated as a control strain positive for hemolysis 

on the same medium. BJBl was hemolytic to the same extent as the wild 

type BP338 (data not shown). The btr::Kan mutation does not alter the ability 

of BJBl to produce a zone of hemolysis on Bordet-Gengou medium. These 

results suggest that the btr gene, present on a high copy number plasmid, 

appeared to cause hemolysis in E. coli, however it does not appear to playa 

role in hemolysis in B. pertussis under normal growth conditions. 

Since BTR contains the four cysteine residues analogous to those 

found in FNR, we considered the possibility that BTR may differentially 



regulate hemolysis in B. pertussis between aerobic and anaerobic 

conditions. BP338 and BJB1 were cultured on Bordet-Gengou plates 

containing 5% sheep blood under normal atmosphere, in a candle jar 

(reduced oxygen) and in an anaerobe jar containing a Gas Pak® anaerobic 

system (BBL Microbiology Systems, Cockeysville, MD). BP338 was hemolytic 

as expected under normal aerobic growth conditions. When cultured in a 

candle jar, BP338 grew equally well and was hemolytic under reduced 

oxygen conditions. BJB1 was also hemolytic under normal aerobic 

conditions and when cultured in the reduced oxygen atmosphere of a 

candle jar. Neither BP338 or BJB1 grew when cultured on plates in a Gas 

Pak anaerobe jar. The btr::kan mutation also did not effect the ability of 

BJB1 to be phenotypically modulated by the addition of 20 mM MgS04 to the 

culture medium, or an incubation temperature of 25°C. Phenotypic 

modulation of BJB1 and BP338 to the avirulent phase was accomplished 

equally well under these conditions (data not shown). 

Complementation of fnr in E. coli 

FNR is the most highly characterized protein in the group of 

transcription factors regulating gene expression between aerobic and 

anaerobic growth conditions (128). HlyX and ANR have been characterized 

as oxygen responsive transcriptional regulators based on their amino acid 

compositions, size, structural similarities with FNR, and by their abilities 

to complement FNR functions inE. coli (90,43, 124, 154). The possibility that 

BTR might complement FNR deficient E. coli seemed a strong possibility 

due to its similarity with FNR and the other members of this family of 
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transcriptional regulators. Janet MacInnes and Glenn Soltes, of the 

Department of Veterinary Microbiology and Immunology, University of 

Guelph, Guelph, Ontario, Canada, who had previously shown 

complementation of E. coli fnr with hlyX from A pleuropnuemoniae, 

graciously agreed to repeat similar experiments for us using the btr 

plasmid pHL Y1A. 

E. coli JRG 1728 is a fnr deletion mutant which is unable to grow 

anaerobically in medium containing a non-fermentable carbon source and 

nitrate as a final electron acceptor (126). This is due to the fact that no FNR 

is available to act as an inducer of genes necessary for anaerobic 

metabolism (eg. the nitrate reductase regulon). Several plasmids were 

tested for their ability to complement the tifnr mutation and restore E. coli 

JRG 1728 to grow anaerobically in glycerol-nitrate medium. The growth rate 

of JRG 1728 cultured aerobically in glycerol-nitrate medium is not affected 

by the I1fnr mutation (Figure 15). JRG 1728 had a doubling time of just 

under 2 h regardless of the plasmid it contained including pGS24, a pBR322 

derivative carrying the fnr gene (Figure 15). Cultured anaerobically in 

glycerol-nitrate medium, JRG 1728 containing the vectors pUC 18 and 

pBR322 had doubling times of 20 h or more, demonstrating these vectors 

were not able to complement the fnr mutation. pGS24 was able to restore 

JRG 1728 to anaerobic growth with a doubling time of 7.5 h. pT51 containing 

A. pleuropneumonia hlyX, a gene 71% identical to fnr (90), also restored 

JRG 1728 to anaerobic growth. The B. pertussis btr plasmid pHL Y1A was 

able to restore E. coli Jrg1728 to grow anaerobically in glycerol-nitrate 

medium with a doubling time of 10.5 h (Figure 15). 
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Identification of aBo pertussis clp B like gene 

During sequencing of the B. pertussis insert DNA from pHL Y1A, an 

open reading frame of 600 nucleotides was found, encoding the first 200 

amino acids of a protein homologous to E. coli ClpB protein (56). The coding 

sequence began 39 nucleotides to the right of the second Stu 1 site (Figure 3), 

and ended at the pUC18 Eco R1 proximal end of the insert. This open 

reading frame was on the opposite strand of the btr coding sequence. 

Protease Ti (ClpP) is an energy dependent protease which requires a 

regulatory subunit to enhance proteolytic activity (66, 68, 55, 74, 96). The 

ClpA protein was discovered to be the ATP dependent subunit with intrinsic 

ATPase activity responsible for enhancing the proteolytic activity of ClpP 

(66, 68). ClpA is a member of a highly conserved class of proteins found in a 

diverse range of prokaryotes and eukaryotes (56). This family of proteins 

includes three subfamilies, ClpA, ClpB and a recently found ClpC (129). 

The three types of proteins are nearly identical in two regions associated 

with nucleotide (ATP) binding, yet differ slightly in their N-terminalleader 

regions, variable spacer regions separating the ATP binding domains, and 

the C-terminal trailer regions (Figure 16). E. coli ClpB protein was shown 

to be heat shock regulated (72, 130), while ClpA was not (68, 74). These traits 

have been used to classify the Clp proteins as ClpA, B or C (129). 

The 200 amino-terminal residues of the B. pertussis protein, as 

deduced from the 600 bp of sequence from pHL Y1A, suggested this gene 

encoded a ClpB protein. In addition to the coding sequence, the 5' non-



coding region contained a promoter sequence resembling the consensus of 

0 32 dependent heat shock promoters (130). To further characterize this B. 

pertussis gene as elpB, the remainder of the coding sequence was needed. 

PCR amplification of B. pertussis elp8 

Two oligonucleotide primers were synthesized for PCR amplification 

of B. pertussis elpB. Primer-N (see Methods) was synthesized based on the 

initial DNA sequence of pHLYIA. The primer-N sequence encodes a 

peptide at the beginning of the first conserved ATP binding domain of the B. 

pertussis ClpB. The deduced peptide (DEIRRTI) is similar to the 

corresponding region of both the E. coli ClpB (EEIRRTI) and B. nodosus 

ClpB (EE IRRAM), but not eukaryotic ClpB proteins or bacterial ClpA 

proteins. 

The second primer (primer-C) was synthesized without the benefit of 

B. pertussis sequence information. The aligned sequences of known 

ClpA and B proteins was used to identify a highly conserved peptide 

sequence near the C-termini of these proteins from which a degenerate 

nucleotide primer sequence was made. Primer-C was based on the 

antisense sequence of the peptide EKAHPDV, which was common to all ClpA 

and B proteins and required less nucleotide degeneracy than other highly 

conserved regions (see Methods). 

Use of these two primers in PCR amplification of B. pertussis 

chromosomal DNA (BP338) resulted in amplification of a 1.5 kb DNA 

fragment. This was the size of DNA expected to be amplified based on the 



average sizes of this region from clpB sequences of other organisms (56). 

The PCR product was digested wi~h Hind III, subcloned into pBSSK( +), and 

was sequenced. DNA sequence extended from primer-N was the same as 

the previous DNA sequence from pHL Y1A. The protein sequence deduced 

from the amplified DNA, which extended beyond previous sequence 

information from pHL Y1A, continued to be highly homologous with E. coli 

ClpB. This suggested that the amplified DNA was B. pertussis clpB, and 

the plasmid was named pCLP10. 

Isolation of the intact B. pertussis clpB 

To isolate the intact clpB gene, the 1.5 kb insert from pCLP10 was 

32P-Iabeled and used to probe the B. pertussis genomic library in pUC18. A 

single recombinant was isolated which hybridized with the probe, and DNA 

sequencing was performed using primer-No The sequence obtained was 

identical with that obtained from pCLP10, indicating the library clone 

contained clpB DNA. The library plasmid was named pCLP12. 

DNA sequencing ofB. pertussis clpB 

The DNA sequence of B. pertussis clpB was obtained from 

sequencing the PCR insert plasmid pCLP10, and the library clone pCLP12. 

The B. pertussis ClpB protein deduced from the partial DNA sequence is 

highly homologous with E. coli ClpB (Figure 17), and other members of this 

family. 



Primer extension of eloB RNA 

B. pertussis strain BP338 was cultured overnight with shaking at 

37°C. In the morning the cultures were split in half and one half was heat 

shocked at 42°C for 10 min in a shaking waterbath. RNA was prepared 

from the 37°C culture and the 42°C culture as described in methods. Primer 

extension was performed on both RNA preparations using an 

oligonucleotide primer complimentary to the coding sequence of amino 

acids 6 to 13 of the ClpB protein as deduced from the gene sequence 

(5' GGCCTGCTGGAACTTGGTGGTAAG 3'). 

Figure 18, shows the annotated nucleotide sequence of the N

terminal half of the B. pertussis clpB gene including the 5' non coding 

region. A promoter with -35 and -10 regions resembling the heat shock 0 32 

promoter consensus is boxed. The clpB transcript extended to the central 

adenine of the triplet CAT, which was within 10 bases of the heat shock 

promoter, and is a sequence commonly found at transcriptional start sites. 

Transcription of the clpB gene was induced to higher levels at 42°C than it 

was at 37°C (Figure 19), confirming B. pertussis ClpB as a heat shock 

protein analogous to ClpB proteins from other organisms (72, 106, 130). 
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Figure 1. Comparison of the B. pertussis adenylate cyclase operon 
with the E. coli alpha-hemolysin operon. cyaA and hlyA represent the 
respective adenylate cyclase toxin (ACT) and a.-hemolysin structural 

genes. cyaB, cyaD and cyaE are involved in secretion of ACT from B. 
pertussis. hlyB and hlyD are involved in the secretion of 
alpha-hemolysin from E. coli. tolC, a gene not linked to the a.

hemolysin operon, encodes an E. coli outer membrane protein which is 

believed to act in a manner analogous to cyaE of B. pertussis. Both cyaC 
and hlyC are necessary for toxic and hemolytic activity of ACT and a.

hemolysin, respectively. 
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Figure 2. Hemolysis produced by B. pertussis virulent phase strain BP338, 

cultured on Bordet-Gengou agar plates containing 5% defibrinated sheep 
blood (A), and as a comparison, the lack of hemolysis produced by an 

isogenic avirulent Tn5 mutant strain, BP347, cultured on the same 
medium (B). Hemolytic colonies of E. coli DH5a. (pHL YlA) a B. pertussis 

genomic library recombinant cultured on tryptose blood agar plates 

containing 5% sheep blood (C), and the same E. coli strain harboring the 

vector pUC 18 demonstrating the lack of hemolyuis characteristic of this 
strain (D). 
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Figure 3. Plasmid maps of various constructs of a B. pertussis DNA 
fragment encoding a putative hemolysin. pHL YIA is the original 
pUC18::B. pertussis genomic library clone isolated by its ability to cause 
hemolysis in E. coli DH5a. pSAID is pHL YIA with the Sal 1 fragment 

deleted. pERID is pHL YIA with the Eco Rl fragment deleted. pHP200 and 
pHP300 are the 3.0 kb Bam HI insert from pHL YIA subcloned into the T7 
expression plasmid pT7-5 in two different orientations. Restriction sites 
are: Bam HI, B; Sma 1, Sm; Pst 1, P; Stu 1, St; XIw 1, X; Sal 1, Sa; Eco Rl, E. 
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Figure 4. (A) An agarose gel containing Eco Rl restricted pSF4000 which has the E. coli a-hemolysin 
operon (lane 1), Lambda Hind III DNA standards (lane 2), Bam Hl restricted pHLYlA (lane 3), Eco Rl
Hind III restricted plasmids pHLY4A (lane 4), pHLY4C (lane 5), and pHLY5C (lane 6). (B) A Southern 
transfer of the same gel probed with the 32P-labeled 3.0 kb Bam Hl insert from pHLYlA. The pHLYlA 
insert probe hybridized with itself (lane 3B), but not with the E. coli a-hemolysin insert (lane lB), or the 
other putative B. pertussis hemolysin plasmid inserts Oanes 4B, 5B and 6B). Weak reactions with the vector 
pUC18 in lanes 4, 5 and 6 are due to minor pUC18 contamination of the pHLYlA insert with the similarly 
sized pUC18 vector. 
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Figure 5. (A) Ethidium bromide stained agarose gel containing Bam H1 digested pHLY1A (lane 2), and Cla 
1 digested genomic DNA from B. pertussis strains BP165 (lane 3), BP504 (lane 4), BP338 (lane 5), BP347 
(lane 6), BP348 (lane 7), BP349 (lane 8), and BP352 (lane 9). Lanes 1 and 10 are Lambda Hind III DNA 
standards. (B) An autoradiograph of a Southern transfer of the same gel probed with the 3.0 kb 32P-labeled 
pHL Y1A Bam H1 insert. The probe hybridized with itself (lane 2), and with a single 9 kb Cla 1 fragment in 
all wild type B. pertussis strains Oanes 3, 4, and 5) and Tn5 mutant B. pertussis strains (lanes 6, 7, 8 and 9). 
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Figure 6. T7 plasmid expression system (135). pGP1-2 contains the phage 
T7 RNA polymerase gene expressed from a APL promotor. This promotor is 

derepressed hy heating to 42°C which inactivates the temperature sensitive 
C1857 repressor also encoded on this plasmid. pGP1-2 also carries the gene 
for kanamycin resistance. pT7-5 and pT7-6 plasmids contain opposite 

multiple cloning sites into which genes may be inserted for expression from 
the T7 010 promotor. These plasmids also contain a beta-lactamase gene, 

(bla), which is transcribed in the opposite direction of 010. 
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Figure 8. Graphic representation of pSHLYl linearized with Kpn l(K) and 
Hind III (H). Exonuclease III digestion of the insert DNA proceeded from 
the Hind III site, while the Kpn 1 site blocked the vector DNA from 
digestion. Each new deletion plasmid, pictured as a line representing the 
size of the deleted insert, is labeled with its name and the degree of 
hemolysis produced by E. coli harboring the plasmid. DNA sequencing 
proceded in the direction of the deletions using a T7 promoter/primer. The 
reverse strand was sequenced using primers synthesized according to the 
first strand sequence. The black box represents the ORF endcoding the 
27 kDa putative hemolysin. The shaded box represents portion of an ORF 
encoding 200 amino acids of the 5' end of a ClpB like protein. 
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Figure 9. Northern blots of B. pertussis RNA from strains BP338 (vir+), 

lanes 1; BP347 (vir-), lanes 2; and BC71 (vir-), lanes 3. Hybridization was 

performed with a 32P-labeled 3.0 kb Bam H1 fragment from the putative 

hemolysin plasmid pHL Y1A (A), and a 1.3 kb Pst 1 fragment containing the 

81 subunit gene from the pertussis toxin plasmid pTX42. Pertussis toxin is 

transcribed only in virulent B. pertussis (lB), but not in the avirulent 

strains (2B and 3B), whereas the 27 kd protein encoded on pHLY1A is 

transcribed in both virulent strains (1A), and avirulent strains (2A and 

3A). 
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10 20 30 40 50 * 60 
AATGTTGTAACCACTCCqTCAAACTGCCGCGCACGGTCCGGTCACAA]GTAACGATTCCT 

100 rbs 
AGCGTGCCGGGCQ£T~GGCGCACCGGCCCTTACGCATTGCCAGAGGTATCAC ATG 
~ .....- M 

CAA AGA CGG GTT CCC CTT TCT CCG GAT GCG GCA CAC TGT Tce AGC 
Q R R V P L S P D A A H C S S 

200 

TGC ATG CTG AGG CAC GTC TGC GTC CCC GTA GCA TGC CTG CCA ACG 
C M L R H V C V P V A C L P T 

AAG TCG AGA AAC TGG ACG AAC TCG TCA AGG AGG CCG TGC GCG TGG 
K S R N W T N S S R R P CAW 

AGC GCG GCA AAA CGC TCT ACG AAC TCG ACG ATC CCC TGG AGe CGT 
S A A K R S T N S TIP W S R 

300 
CTA CGG GTG CGC TTC GGC TCG CTC AAG ACG CAG CTC GAG GAT TCC 

L R V R F G S L K T Q LED S 

AGC GGG CAG CTG CAG ATC ACC GGT TTT CAT CTG CCC GGC GAA ATC 
S G Q L Q I T G F HLP GEl 

400 
GTC GGC CTG GTC GGC ATG ATC GAG AGC AAG CAC GTC TCG AGe GCC 

v G L V G M I E S K H V S S A 

GTC GCC CTT GAA GAC TCC GAG GTC TGC GTC ATT CGC CTG CCG GAG 
V ALE D S E V C V I R L P E 

500 
ATC GAC CGC GTC TCG ACC CAG CTG CCA TCG CTG CAG CAG CAA TTC· 

I D R V S T Q L P S L Q Q Q F 

CGC CGC CTG ATG AGC CGC GAG ATC ACC CGC TCG CAC CAG ATG CTG 
R R L M S REI T R S H Q M L 

600 
GCG ACG GTG GGC GCG ATG CGC TCG GAA CAG CGG CTG GCC Gce TTC 

A T V GAM R SEQ R L A A F 

CTG CTG AAT CTG TCG CAG GCT ACG CGG CGC TCG GeT ATT CGT CGA 
L L N L S QAT R R S A I R R 

(Figure 10 continues on next page) 
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EcoRl 700 
CCG AAT TCG TGC GTG CGC ATG AGC CGC GAG GAG ATC GGC MC TAC 

p N S C V R {M S R E E I G N Y 

CTC GGC CTG ACG CTG GAG ACC GTA AGC CGA TTA TTC TCG CGC TTC 
L G L T L E T V S R L F S R F} 

GGC CGC GAG GGC TTG ATC CGC ATC MT CM GCC GM GTC CGC CTG 
G R E G L I R I N Q A E V R L 

800 
ATC GAC CTG CCC GGC CTG MG CAG TTG ATC GGC CM GM AGC TGT 

I D L P G L K Q L I G Q E S C 

TGACCGGCACGCCGCGGGCCCCATGGTATCCGCCCTTTTCCGCATAGGCGCGCTGCTGGC 
900 
CGCCGGACTGCTGTGTGCGGGGGCGCATGGGCGAGGACGCCGAGGCCGACCCCTACGGCG 

1000 
ATCCCATCGTGGCGCCGCGCCGCGCCGCCGCAGTGGMGCCGCTGMGATCGACCCGCCC 

1020 
GGG 

Figure 10. Annotated DNA sequence of 1020 nucleotides encompasing the 

B.pertussis btr gene. The deduced BTR protein sequence is represented in 

one letter amino acid code beneath the coding sequence. A small region of 

dyad symmetry is indicated by shaded arrows. Bases which could pair into 

a secondary structure underscored. The transcriptional start determined 

by primer extension is most likely the adenine (bold with asterisk) at 

position #55. Seven bases 5' of the putative translation start is a sequence 

resembling an E. coli Shine-Delgarno site (rbs). A possible promoter region 

is boxed. The Eco Rl site (nucleotide position 660), into which a kanamycin 

cassette was inserted to construct the btr::kan mutant strain BJBl, lies five 

co dons upstream of the helix-tum-helix DNA binding motif {in brackets}. 
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1 * * * 60 
.......... MQRRVPLSPD~C Sm~!PVACLPTKSRNWTNSSRRPCAWSAAK 
......... MAETIKVRALPQ C LAP~C PLSLTVEDMDSLDEIVKRGRPLKKGE 
.MIPEKRIIRRIQSGG ... CAlC Db ISQ C PFTLNEHELDQLDNIIERKKPIQKGQ 
..... MKIVSDAKHTGRTRCTI ~pJc ISQ P PFTLSEHELTQLDNIIERKKPVQKSQ 
MS lAASVIAH I APVPAQAYAH PMP SNRWS EMARGVAADESARPAQVVAALGTPAVFARNS 
................. MYAAAQAKPQSIEVEHLGPAPMSGPR ........ LVATYKPGR 

61 120 
RSTNSTIPW.SRLRVRFGSLKTQLEDSSGQLQITGFHLPGEIVGLVGMIESKHVSSAVAL 
FLFRQGDPFGSVFAVRSGALKTFSITDAGEEQITGFHLPSELVGLSGMDTETYPVSAQAL 
TLFKAGDELKSLYAIRSGTIKSYTITEQGDEQITGFHLAGDLVGFDAIGSGHHPSFAQAL 
IIFQSGDELRSIYAIRSGTIKSYTISESGEEQITAFHLPGDLVGFDAIMNMKHVGFAQAL 
EIFGDDQVAENVYVVVSGVVRICKLMGDGRRQlEAFCLPGDAFGWET .. GERYRFSAEAV 
EIYAQGDLNDKCYQVSTGAVRIYRLLSDGRRQVVSFHLPGEMFGFEA .. GSNHSFFAEAI 

121 * 180 
EDSiIRLPEIDRVSTQLPSLQQQFRRLMSREITRSHQMLATVGAMRSEQRLAAFLLN 
ETTS ;IPFERLDELSEQLPQLRRQLMRLMSREIRDDQQMMLLLSKKTADERIATFLVN 
ETS IPFETLDDLSGKMPNLRQQMMRLMSGEIKGDQDMILLLSKKNAEERLAAFIYN 
ETSMI IPFDILDDLAGKMPKIRHQIMRLMSNEIKSDQEMILLLSKMSAEEKLAAFLHN 
SECRLVRVKRSVLFARAGSDPELACALWALSFAELQRAQEHLLLLGRKTAQERVGSFLLD 
TETTLAIFGRRNM ..•.... QERSRELLALALTGMARAQQHLLVIGRQCAVERlAAFLVD 

181 Helix Turn Helix 240 
LSQATR.RSAIRRPNS~REEIGNE:GL~. ETVSRL~~!EREGLIRI.NQAEVRLI 
LSARFR.ARGFSAQQ RNEIGN ~ TVSRVFTRFQQNGLISA.EGKEVHIL 
LSRRFA'QRGFSPRE~RGDIGaNG~TISRLLG.R KSGMLAV.KGKYITIE 
LSQRYA.APGFSARE~~RGDIG G IETISRLLGR KSGMITV.QGKYITIN 
LARRSGTTNASHVTEVT~RQDIAD GL IETVSRTLTY EQGTISLPSSRRVLLR 
LCERQGGGR ..... QLRL~DIAD~GL~ETVSRVVT RSLIALRDARTIDIM 

241 256 
DLPGLKQLIGQESC .. 
DSIELCALAGGQLEG. 
NNDALAQLAGHTRNVA 
RMDELTV ........ . 
DRSALRRLDS ....•. 
KPEALRSLCN ..... . 

Figure 11. Alignment of B. pertussis BTR with similar bacterial 
transcriptional regulators. P. aeruginosa ANR, E. coli FNR, Actinobacillus 

pleuropneumoniae HlyX, and BTR contain four conserved, essential 

cysteine residues (*) proposed to be involved in metal binding (Fe 2+). The 

FixK nitrogen fixation regulatory proteins from Acaulobacter caulinodans 

(A.FixK) and R. meliloti (R.FixK) lack these residues but share similar 

helix-tum-helix DNA binding motifs (residue positions 200-223). 
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Figure 12. Stepwise construction of pRMHL Yl, the plasmid used to 
introduce a mutant allele of the putative hemolysin gene into B. pertussis 
by homologous recombination. 
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Figure 13. Stepwise construction of B. pertussis mutant BJBl. 
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Figure 15. Complementation of E. coli JRG1728 (!!.fnr) cultured 
anaeobically in glycerol-nitrate medium at 37°C. Doubling times of E. coli 
JRG 1728 containing the vectors, pUC18 and pBR322, and the plasmids 
pT51(hlyX), pHLY1A(btr) and pGS24(fnr) cultured aerobically (black bars), 
and anaerobically (hatched bars). 
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Figure 16. Structural diagram of the ClpA, B, C family of proteins. The 
thicker boxes are highly conserved regions of the proteins representing the 
two nucleotide binding sites (Nl and N2) and the consensus regions within 
them (A, B, and B2). Other less conserved regions are the leader (L) which 
contains two duplicated regions (shaded), the spacer region (S) which is 
less well conserved and varies in length between ClpA, Band C, and the 
trailer (T)Adapted from Squires and Squires, 1982. 



1 MRFDKLTTKFQQAWRTRKAWPP ...... VTIIPISSPSMCWRPCWATP. . 42 B. per.ClpB 
I I : I : I I • I I I I: • •••• •• .,. I:: ••••• I 

1 MRLDRLTNKFQLALADAQSLALGHDNQFIEPLHLMSALLNQEGGSVSPLL 50 E.col.ClpB 

43 TAAGQPAGARARRRQPRAAGHRQRPERPAAGAGRRQCPGRARAAKRARAH 92 
I. II II I • I ••••• I .::: .••• 1 • I.. • I: 

51 TSAGINAG.QLRTDINQALNRLPQVEGTGGDVQPSQDLVRVLNLCDNVAQ 99 

93 RQGARGAATPTSPASCYSWRWPTTRATPAHPARGGPAEEGPGSGHRRRAR 142 
:. I.. • •••. I • I I. .: I : •• I: ••• ::. I : 

100 KRGDNFISSELFVLAALESR .. GTVADILKAAGATTANITQAIEQMRGGE 147 

143 RRERLGAEGESNREALSKYTLDLTERARQGKQDPVIGRDDEIRRTIQILQ 192 
•• III:: I: II • III: 111111 III 1111111: 1111111: II 

148 SVNDQGAEDQ .. RQALKKYTIDLTERAEQGKLDPVIGRDEEIRRTIQVLQ 195 

193 RRTKNNPVLIGEPGVGKTAIVEGLAQRIVNDEVPETLRA.SVLSLDLAAL 241 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I : I : I I I I • I :: • I I • I I : : I I 

196 RRTKNNPVLIGEPGVGKTAIVEGLAQRIINGEVPEGLKGRRVLALDMGAL 245 

242 LAGAKNRGEFEERLKAVLKELAQDDGQNIVFIDELHTMAGAGKAD.AMDA 290 
: I I I I I I I I I I I I I : I I • : I I • : : I. I: I I I I I I I I • I I I I I I I I I I 

246 VAGAKYRGEFEERLKGVLNDLAKQEGNVILFIDELHTMVGAGKADGAMDA 295 

291 GNMLKPALAGAELHCIGATTLDEYRKYIEKDAALEPRFQKVLVGEPDVES 340 
111111111 : 1111: 111111111. 111111111 .11111 : I: II. II. 

296 GNMLKPALARGELHCVGATTLDEYRQYIEKDAALERRFQKVFVAEPSVED 345 

341 TIAILRGLQERYELHHGVEITDPAIVAAAELSHRYITDRFLPDKAIDLIDE 391 B.per.ClpB 
11111111.1111111 I: 1111111111. 111111. II 11111111111 

346 TIAILRGLKERYELHHHVQITDPAIVAAATLSHRYIADRQLPDKAIDLIDE 396 E.col.ClpB 

Figure 17. Alignment of the B. pertussis ClpB partial protein sequence (top 
peptide sequence) with the same region of E. coli ClpB (bottom peptide 
sequence). This much of the proteins shows they are 58.5% Identical 
(denoted by {I }), and 71% similar (denoted by {: and .}). 
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1 50 
GGACAAGGTGTTGTAACGAGCAAGTCGTCATAACGGCAACAGGGGCGGGCGCAAqGTCT~ 

<-35 
100 

~GCCCTGCATTGfCCGCAijTTTCAGATCATCGGGCTGACCGCGACCCCGGTCGGGC 
-35> < -10 > +1 

TCTCTCATCTGCTAACCGTACATT ATG CGA TTC GAC AAA CTT ACC ACC AAG 
M R F D K L T T K 

200 
TTC CAG CAG GCC TGG CGG ACG CGC AAA GCC TGG CCG CCC GTA ACG 

F Q Q A W R T R K A W P P V T 

ATC ATC CCT ATA TCG AGC CCG TCC ATG TGC TGG CGG CCC TGT TGG 
I I PIS S P S M C W R P C W 

300 
GCG ACC CCG ACA GCG GCC GGC CAG CCT GCT GGC GCG CGC GCG CGT 

A T PTA A G Q P A GAR A R 

CGC CGT CAA CCG CGT GCA GCC GGC CAT CGA CAG CGC CCT GAA AGG 
R R Q P R A A G H R Q R PER 

CCT GCC GCA GGT GCA GGG CGA CGA CAA TGT CCA GGT CGG GCG CGA 
P A A GAG R R Q C P G R A R 

400 
GCT GCA AAG CGT GCT CGT GCG CAC CGA CAA GGA GCG CGC GGC GCG 

A A K R A R A H R Q GAR G A 

GCG ACA CCT ACA TCG CCA GCG AGC TGT TAC TCG TGG CGC TGG CCG 
A T P T SPA S C Y S W R W P 

500 
ACG ACA AGG GCG ACG CCG GCG CAT CCT GCG CGA GGC GGG CCT GCA 

T T RAT P A H PAR G G P A 

GAA GAA GGC CCT GGA AGC GGC CAT CGA CGC CGT GCG CGG CGG CGA 
E E G P G S G H R R R A R R R 

600 
GAA CGT CTC GGG GCC GAA GGC GAG TCC AAC CGC GAG GCG CTG TCC 

E R L G A E G E S N REA L S 

AAG TAC ACG CTG GAC CTC ACC GAG CGC GCC CGC CAG GGC AAG CAG 
K Y T L D L T ERA R Q G K Q 

700 
GAT CCG GTC ATC GGC CGC GAC GAC GAA ATC CGC CGC ACC ATA CAG 

D P V I G R D DEI R R T I Q 

ATC CTG CAG CGC CGC ACC AAG AAC AAC CCC GTG CTG ATC GGC GAA 
I L Q R R T K N N P V L I G E 

(Figure 18 continues on next page) 
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800 
CCC GGC GTC GGC AAG ACC GCC ATC GTC GAA GGG CTG GCG CAA CGC 

P G V G K T A I V E G L A Q R 

ATC GTC AAC GAC GAG GTG CCC GAG ACG CTG CGC GCA AGC GTG CTC 
I V N D E V PET L R A S V L 

TCG CTG GAC CTG GCG GCG CTG CTT GCC GGC GCC AAG AAC CGT GGC 
S L D L A ALL A G A K N R G 

900 
GAG TTC GAG GAA CGC CTG AAG GCC GTG CTC AAG GAG CTG GCC CAG 

E FEE R L K A V L K E L A Q 

GAC GAC GGC CAG AAC ATC GTC TTC ATC GAC GAA CTG CAC ACC ATG 
D D G Q N I V F IDE L H T M 

1000 
GCC GGG GCG GGC AAG GCC GAC GCC ATG GAC GCC GGC AAC ATG CTC 

A GAG K A DAM D A G N M L 

AAG CCG GCG CTG GCC GGC GCG GAG CTG CAT TGC ATC GGC GCC ACC 
K PAL A G A E L H C I GAT 

1000 
ACG CTG GAC GAA TAC CGC AAG TAC ATC GAA AAG GAT GCC GCG CTC 

T L DEY R K Y I E K D A A L 

GAG CCG CGC TTC CAG AAA GTG CTG GTC GGC GAG CCC GAC GTG GAG 
E P R F Q K V L V G E P D V E 

1100 
TCC ACC ATC GCC ATC CTG CGC GGG CTG CAG GAG CGC TAT GAG CTG 

S T I A I L R G L Q E RYE L 

CAC CAC GGC GTC GAG ATC ACC GAT CCG GCC ATC GTG GCG GCG GCC 
H H G V E I T D P A I V A A A 

GAG CTG TCG CAC CGC TAC ATC ACC GAC CGG TTC CTG CCC GAC AAG 
E L S H R Y I T D R F L P D K 

1217 
GCA ATC GAC CTG ATC GAC GAG ... > 

A I D LID E 

Figure 18. Annotated nucleotide sequence of the N-terminal portion of B. 

pertussis clpB. The deduced amino acid sequence in one letter code is 
shown beneath the sequence. The transcriptional start obtained by primer 

extension is marked with +1 below the adenine (bold) at position 145. The 
promoter -35 and -10 regions are boxed and labeled below with bases 

matching the heat shock promoter consensus in bold. 
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Table 2. Comparison of B. pertussis BTR deduced protein sequence with 
other bacterial transcriptional regulators exhibiting the helix-turn-helix 
DNA binding motif.oo 

E. coli FNR 
P. aeruginosa ANR 
A. pleuropnumoniae HlyX 
A. caulinodans FixK 
R. meliloti FixK 

% Identity with 
B. pertussis BTR* 

32.9 

38.5 

32.5 

24.9 

26.8 

% similarity with 
B. pertussis BTRt 

54.6 

56.1 

56.3 

49.3 

53.1 

OOProtein alignments were done using the program BESTFIT (GCG). 
*Percentage of identical amino acids in aligned positions. 
tPercentage of similar amino acids as conservative substitutions. 
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Discussion 

BordeteUa pertussis hemolysis associated with ACT 

When B. pertussis was initially isolated on a blood enriched medium 

early this century, one of the first noted characteristics of the organism was 

its ability to produce a zone of hemolysis surrounding the colonies. 

Transposon mutagenesis of B. pertussis identified loci of many virulence 

factors, as well as a system (bvgA, S ) which globally regulates many of the 

virulence factors in response to environmental stimuli. Three separate Tn5 

insertions were shown to effect only hemolysis and adenylate cyclase toxin 

(ACT) production. Mapping of these insertion mutations led to the 

hypothesis of an operon responsible for both ACT and hemolysin 

production. Efforts to clone and characterize the wild type locus 

corresponding to the ACT mutant BP348 Tn5 insertion were in progress in 

our laboratory. This provided the impetus to utilize similar techniques to 

clone and characterize the locus analogous to the Tn5 insertion inactivating 

hemolysin in BP352. 

We isolated the BP352 chromosomal::Tn5 locus and began 

characterization, however, this region of the B. pertussis chromosome was 

characterized by another group and published (47) before any further work 

was performed in our laboratory. The results of this work by Glaser, et al, 

(1988), identified a set of genes homologous to the secretion genes of the E. 

coli a-hemolysin. These genes were preceded by the adenylate cyclase toxin 
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gene, cyaA, in an operon (46). Although the deduced ACT protein had some 

homology (20% in the C-terminal half) to the E. coli a-hemolysin (46), no 

hemolytic activity had yet been attributed to ACT. 

Recently the mechanisms of secretion and activation of ACT to a toxic 

form have been characterized (94, 4). The B. pertussis ACT operon (cyaC, 

A, B, D, E ) has been compared to the E. coli a-hemolysin operon (hlyC, A 

,B, D ) (Figure 1). The proteins CyaB and CyaD show greater than 50% 

homology and 32% homology with ffiyB and HlyD respectively, and are 

major inner membrane proteins necessary for secretion of ACT from B. 

pertussis. 

An analogous version of the B. pertussis cyaE gene has not been 

found within the E. coli a-hemolysin operon, but tolC, an unlinked gene, 

has been shown to provide a similar function in the export of both 

a-hemolysin and B. pertussis ACT from E. coli. A similar gene, prtF of 

Erwinia chrysanthemi, encodes a protein homologous to TolC and CyaE, 

which is essential for the secretion of two calcium-dependent proteases 

from E. chrysanthemi (82). 

The cyaC gene product has been shown to be necessary for activation 

of B. pertussis adenylate cyclase to a cytotoxic (4) and hemolytic form (31). 

ffiyC plays an analogous function in E. coli by activating the secreted HlyA 

protein to its cytotoxic and hemolytic form. The method by which CyaC and 

ffiyC activate their respective toxins is as yet unknown (4). The bifunctional 

B. pertussis adenylate cyclase toxin/hemolysin has been named cyclolysin 

(47). The hemolytic activity associated with the toxic form of cyclolysin is 
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very weak, requiring large amounts of purified toxin to initiate hemolysis, 

and hemolysis does not occur for at least one hour. It has been speculated 

that hemolysis is the result of insertion of cyclolysin into the target cell 

membrane. The pore size has been estimated to be five times smaller than 

the channel produced by E. coli a-hemolysin (31). A requirement ofCa2+ for 

hemolytic activity by cyclolysin has not been demonstrated, however, 

cyclolysin seems to require calmodulin for hemolytic activity (113). 

The B. pertussis cyclolysin, like E. coli a-hemolysin, is a member of 

the newly identified family of proteins called RTX (repeats in toxin) toxins 

(149). These virulence factors are cytotoxic, cytolytic, and require Ca2+ for 

cytotoxic activity. Examples of other members of this ff:lmily include, 

Paste u rella hae moly t ica leukotoxin (LktA), Acti nobaci II us 

actinomycetemcomitans leukotoxin (AktA) and A. pleuropneumonia 

hemolysin (AppA). All of these toxins are encoded in an operon resembling 

the C, A, B, D, arrangement described for E. coli a-hemolysin. The repeat 

motif they share is a common series of glycine-rich nonapeptide repeats (L

X-G-G-(DIX)-G-(D/N)-D-X) near the C-terminal end of the toxin (149, 28). 

They appear to form small pores or channels in target cell membranes, 

however, the exact mechanism of action is not known. 

E. coli hemolysis associated with btr 

A recombinant plasmid (pHL Y1A), which conferred a hemolytic 

phenotype on non-hemolytic E. coli, was isolated from a B. pertussis 

genomic library. In an E. coli expression system, the cloned B. pertussis 
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chromosomal DNA encoded a single 27 kDa protein, which is much 

smaller than the previously characterized 200 kDa B. pertussis cyclolysin. 

The degree of hemolysis conferred on E. coli by this B. pertussis insert, and 

the small size of the encoded protein, suggested that a new B. pertussis 

cytolysin had been cloned. 

DNA sequencing combined with exonuclease III deletions of the 

insert revealed the open reading frame encoding the 27 kDa putative 

hemolysin (Figure 10). Initial studies indicated the hemolysin gene was not 

regulated by the bvgA, S, two component system which transcriptionally 

regulates the major virulence factors of B. pertussis (Figure 9). The 

deduced protein sequence did not share homology with any known 

hemolysins or cytotoxins. Homology searches through protein data bases 

showed the putative hemolysin closely resembled DNA binding proteins in 

the FNR-like family of bacterial transcriptional regulators. This family of 

transcriptional regulator proteins is similar to the catabolite activator 

protein (cAMP binding protein, CAP) of E. coli. Features common to all 

members of this class of proteins are, helix-turn-helix DNA binding motifs 

near the C-terminal end of the molecule, and a molecular mass of 

approximately 30 kDa. The B. pertussis protein had 17 out of 24 amino acid 

residues identical to the helix-turn-helix motifs of both E. coli FNR and A. 

pleuropneumoniae ffiyX, and 19 out of 24 residues identical to the same 

region of P. aeruginosa ANR (Figure 11). The FixK proteins, 

transcriptional regulators of nitrogen fixation genes in R. meliloti and A. 

caulinodans, also had significant homology with the B. pertussis protein in 

their DNA binding domains. Since the B. pertussis gene conferring 
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hemolysis on E. coli encodes a protein which resembles FNR-like 

transcriptional regulators and not a cytolytic toxin, it was named BTR for 

Bordetella transcriptional regulator. 

BTR is not the only protein resembling FNR which can confer 

hemolysis on E. coli. The gene encoding A. pleuropneumoniae HlyX was 

isolated by two separate groups because of its ability to confer a positive 

CAMP reaction (37), and a hemolytic phenotype on E. coli (84). It was first 

thought to be a CAMP factor protein, similar in size and function to protein 

B from Streptococcus agalactiae, and was named CFP (37). It was also 

discovered, in another laboratory, to have significant hemolytic activity of 

its own and was named HlyX (84). DNA sequencing revealed it to be 71% 

identical to FNR, and no similarity to any known hemolysins or cytotoxins 

was found (90). The mechanism by which ffiyX confel's hemolytic activity 

on E. coli is not known. MacInnis, et al. (90), suggested that although HlyX 

may have activity similar to protein B from S. agalactiae, it also seems 

likely that in view of the strong homology with FNR, it may regulate the 

expression of a silent gene (or genes) capable of causing hemolysis. 

The ability of B. pertussis BTR to confer a hemolytic phenotype on E. 

coli in a manner analogous to HlyX is interesting. HlyX more closely 

resembles FNR than it does BTR, yet FNR does not contribute to hemolysis 

in E. coli. BTR more closely resembles P. aeruginosa ANR, yet ANR has 

not been reported to confer hemolysis on E. coli. It is possible that some 

unique properties of ffiyX and BTR, when expressed in E. coli, gives these 

two proteins the ability to lyse red blood cells. It is also possible that the 



differences among these DNA binding proteins alters their DNA binding 

specificities thus allowing each to regulate different sets of genes in E. coli. 

HlyX and BTR may activate a gene or genes encoding a protein with 

hemolytic activity that FNR, and ANR do not activate. Finally, one can not 

rule out the possibility that the hemolysis seen in E. coli is an artifactual 

consequence of over expression of ffiyX and BTR from promoters on high 

copy plasmids. 

btr and hemolysis in B. pertussis 

A B. pertussis mutant strain, BJB 1, was constructed by allelic 

replacement of the btr gene with a btr::kan mutation. The ability of B. 

pertussis BJBl to produce hemolysis on Bordet-Gengou was assessed. BJBl 

was equally as hemolytic as the parent strain BP338 after 48 h growth. 

BJBl, like BP338, was also capable of being phenotypically modulated to a 

hemolysin negative phase by addition of 20 mM MgS04 to the medium, or by 

growth at 25°C. The btr::kan mutation had no negative effect on hemolysis 

in B. pertussis, or on the modulation of hemolysin expression. Cyclolysin 

mutants, such as BP348, contain a wild type BTR gene, yet are not 

hemolytic. These results suggest that BTR does not contribute to the 

hemolytic phenotype of B. pertussis, and it does not effect regulation of 

hemolysin expression. 

BTR as a transcriptional regulator inB. pertussis 



Facultative anaerobes such as E. coli can grow under aerobic and 

anaerobic conditions. They can derive energy through a variety of 

respiratory or fermentative pathways. More energy is derived by respiration 

involving membrane associated, proton-translocation and electron

transport pathways. These typically couple substrate oxidation to the 

reduction of an exogenous electron acceptor such as oxygen or nitrate. 

Anaerobic growth on non-fermentable carbon sources requires substrates 

other than oxygen which can function as terminal electron acceptors for 

anaerobic respiration. Substrates which can replace oxygen include 

fumarate, nitrate, nitrite, and dimethylsulphoxide (DMSO). The enzymes 

required for substrate reduction during anaerobic metabolism differ from 

those needed for aerobic metabolism. An E. coli two component sensor

regulator system (ArcB-A) differentially regulates expression of a variety of 

genes between aerobic and anaerobic conditions. FNR is a single 

component necessary for transcriptional regulation of enzymes involved in 

the anaerobic respiratory processes of E. coli. FNR acts as a single sensor

regulator by responding to changes in the redox potential of the growth 

medium and alters its own DNA binding specificity (5, 128, 142). 

B. pertussis is described as a strict aerobe. Metabolism is always 

respiratory, never fermentative. The major metabolic activity of B. pertussis 

is oxidation of amino acids, through which ammonia and C02 are 

produced (73). In vitro, the major amino acid utilized is glutamate, however 

it can deaminate proline, alanine, aspartic acid, serine and glycine. 

Exogenous requirements also include nicotinamide, and organic sulfur in 

the form of cystine, cysteine or glutathione. Growth of B. pertussis, in vitro, 



requires adequate aeration or shallow cultures with high surface area for 

oxygen exchange. 

FNR responds to changes in redox potential or availability of oxygen 

during E. coli growth and initiates changes in gene expression. The 

mechanism by which FNR responds to these changes in oxygen is via four 

essential cysteine residues. Three are located near the C-terminal end and 

one is located centrally in the FNR molecule (138, 128). Studies have shown 

that the four cysteine residues are available for alkylation by iodoacetate 

under aerobic conditions, and are not alkylated under anaerobic conditions 

(138). These same studies showed that chelation of metals, specifically Fe2+, 

from the growth medium, mimicked the effect of oxygen on the availability 

of the cysteines to alkylation. This suggested that the four cysteine residues 

may act as the sensor domain of FNR via their ability to differentially bind 

Fe2+ in response to changes in the redox potential of the growth medium 

(138, 128, 142). 

The four cysteines are highly conserved among FNR, ANR, HlyX and 

BTR. ANR has been demonstrated to be a regulator of anaerobic growth in 

P. aeruginosa (124, 154). A. pleuropneumonia is a facultative anaerobe 

whose metabolism may be regulated by HlyX (90). B. pertussis has not been 

demonstrated to grow facultatively in the absence of oxygen, yet BTR has 

the four cysteine residues in conserved positions (Figure 11). Attempts to 

determine the role of BTR in oxygen regulated gene expression in B. 

pertussis were not successful. Growth of wild type BP338 and the BTR 

mutant was compared under aerobic, microaerophyllic, and anaerobic 
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conditions. As expected both BP338 and BJB1 grew equally well aerobically. 

Surprisingly, both BP338 and BJB 1 grew equally well in reduced oxygen 

conditions in a candle jar. Neither BP338 or BJB1 were able to grow 

anaerobically in a Gas Pak system. These results do not rule out the 

possibility that BTR regulates transcription of genes in response to changes 

in oxygen levels. The changes in gene regulation by BTR, as a consequence 

of oxygen reduction, may be more subtle than the ability or inability to grow 

anaerobically. 

BTR complementation of FNR inE. coli 

Due to similarities in the conserved cysteine residues needed for 

activity, and similarities in the helix-turn-helix regions, several of the 

FNR-like transcriptional regulators were tested for their ability to 

complement FNR mutations in E. coli. 

ANR was shown to differentially regulate gene expression in 

response to oxygen in P. aeruginosa (124, 154). ANR was also shown to be 

capable of controlling expression of FNR regulated E. coli genes in P. 

aeruginosa and to complement FNR deficient E. coli to anaerobic growth 

(43,124). 

Regulation of Actinobacillus pleuropneumoniae metabolic genes by 

HlyX has not yet been demonstrated. Since A. pleuropneumoniae is a 

facultative anaerobe, is seems likely that HlyX has a function similar to 

FNR in E. coli. The similarities between HlyX and FNR made it a candidate 
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for complementation of FNR deficient E. coli. Since these two proteins are 

71 % identical, it is not surprising that a plasmid containing hlyX was 

capable of restoring an E. coli fnr strain to anaerobic growth (90). In 

addition, HlyX was shown to be able to regulate expression of the FNR 

regulated frd (fumarate reductase deaminase) gene of E. coli. 

The present study, showed the B. pertussis protein, BTR, is 33% 

identical to FNR overall. BTR is 90% identical to FNR in its helix-turn-helix 

DNA binding domain and has the four conserved cysteines essential to FNR 

activity. The BTR gene was introduced into an FNR deficient E. coli on a 

plasmid (pHL Y1A), and was able to restore E. coli to anaerobic growth. 

These results demonstrated that BTR must be able to respond to changes in 

oxygen and is able to recognize FNR promoter elements in a manner 

similar to FNR. A region of dyad symmetry homologous with the FNR 

binding site was not found in the regulatory region of btr, however, a region 

of dyad symmetry with a more B. pertussis-like G-C rich sequence? was 

found in the 3' promoter region of btr (Figure 10). This location is where one 

would expect to find the BTR binding site ifBTR represses its own gene (btr) 

in a manner analogous to aerobic repression of fnr by its own product 

(FNR). 'l'he fact that BTR was able to complement FNR in E. coli suggests 

that BTR is capable of recognizing the FNR binding site to induce 

transcription of FNR regulated genes. 

We originally isolated the Bordetella pertussis gene, btr, by its ability 

to confer a hemolytic phenotype on E. coli. This study has not been able to 

demonstrate any role of btr in the hemolytic phenotype of B. pertussis. We 
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have shown that the BTR protein is a member of a class of transcriptional 

regulators closely resembling FNR of E. coli, and that BTR is able to 

function in a manner analogous to FNR in E. coli. The exact function of 

BTR in B. pertussis remains to be discovered. Efforts to demonstrate gross 

physiological impairment through inactivation of the BTR gene were 

unsuccessful. More detailed studies, such as comparing the protein 

profiles of the btr::kan mutant against wild type B. pertussis, may provide 

evidence for BTR functions in Bordetella. Future experiments may include 

promoter fusions in B. pertussis to discover the loci of genes regulated by 

BTR. A B. pertussis strain having btr regulated by a controllable promoter, 

ego lac UV5, could be constructed using allelic replacement techniques 

similar to those used in this study. Promoterless reporter genes, ego lacZ, 

or phoA, could be inserted into the chromosome of B. pertussis by 

transposon insertion. BTR regulated promoters would be identified by 

reporter gene activity in B. pertussis colonies upon IPTG induction of btr. 

The only other regulator of gene expression characterized from B. 

pertussis is the two component BvgA-S system. BvgS is a membrane protein 

which can sense environmental stimuli, and transduce a signal to the 

BvgA component. As a consequence, BvgA is altered and differentially 

regulates the expression of virulence factors. This system is analogous to 

the ArcB-A two component system of E. coli, as well as many other 

bacterial two component regulatory systems (99). 

A new, putative, B. pertussis transcriptional regulator, BTR, has 

been identified in this study. It resembles other bacterial FNR-like 
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transcription factors which regulate gene expression in response to 

changes in 02 levels. Such a system could play a role in regulating B. 

pertussis metabolic genes, or even genes related to the survival and 

pathogenicity of B. pertussis in response to changes in 02 levels, or other 

conditions which may alter the redox potential of the bacteria's 

environment. Little is known about the regulation of B. pertussis gene 

expression in the environment of the human host. One can speculate that 

BTR may play a role in the regulation of B. pertussis gene expression in 

such varied environments as the human upper respiratory tract, or inside 

a vacuole of a human phagocytic cell. 

B. pertussis contains a clpB-like gene 

The ClpA, B, C proteins (Figure 16) are representative of a new 

family of proteins found in all organisms studied thus far (56, 129). In fact 

these proteins are so conserved that the proteins from human cells and 

Chinese hamster cells react with antibodies to Hspl04, the heat shock 

regulated ClpB of Saccharomyces cerevisiae (106). The proteins in this 

family have two nucleotide binding domains which are highly conserved, 

and contribute to the ATPase activity of these proteins. The ClpA proteins 

are the activating subunits of the ATP-dependent protease ClpP (66, 68, 96, 

106). 

It seems that members of the ClpB subfamily are heat shock 

inducible proteins necessary for the survival of cells during growth at 

increased temperatures (72, 130, 129). The proteolytic subunit, ClpP, of the 
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energy-dependent protease is also induced by heat shock (74). The ClpB 

protein has not been demonstrated to replace the ATP-activating function 

associated with ClpA in enhancing proteolysis by ClpP. 

A portion of a ClpB-like gene from B. pertussis was serendipitously 

found during the characterization of a putative hemolysin. Using the 

partial clpB DNA sequence, and synthesis of degenerate oligonucleotide 

primers corresponding to a highly conserved peptide sequence in all Clp A

B proteins, more of the B. pertussis ClpB-like gene was obtained using PCR. 

The PCR product was used as a probe to isolate a recombinant plasmid 

containing the remainder of the B. pertussis ClpB gene. Additional DNA 

sequence obtained from this plasmid has confirmed that we have isolated 

the B. pertussis ClpB gene (Figure 18). Primer extension of B. pertussis 

RNA from heat shocked and non-heat shocked cultures, identified the start 

of transcription of the ClpB RNA, and confirmed transcription was 

regulated from a 0 32 consensus heat shock promoter. 

How this protein relates to the pathogenicity of B. pertussis is 

unknown. One can speculate that this protein represents a B. pertussis 

heat shock protein necessary for survival of B. pertussis at higher 

temperatures (eg. 37°C inside a human host). Virulence determinants of B. 

pertussis have been shown to be regulated in response to temperature, by 

the BvgA-S system (135, 118, 27). The expression of virulence genes 

(including listeriolysin) in Listeria monocytogenes has also been shown to 

be thermoregulated (80). The heat shock response of pathogens such as 

Trypanosoma brucei is seen at 37°C. In fact the ClpB gene of T. brucei is 
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induced ten fold higher at 37°C than at 27°C. The ClpB proteins could act as 

molecular chaperones vital to the expression and function of virulence 

determinants during stress conditions (130, 129). Chaperones are thought 

to interact with other molecules (enzymes, ribosomes, etc.) and aid them in 

maintaining an active configuration under adverse conditions. in addition 

to coping with stress, they protect transitory nonnative proteins as they are 

made, or when transported across membranes (129). Whether the ClpB 

proteins act as activators of the ClpP protease, or simply as molecular 

chaperones during heat shock, remains to be determined. It is clear that 

these proteins are stress-induced, and playa role in the survival of 

organisms during times of stress (63, 129). 
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ADpendix A: Media and Buffers 

Stainer Scholte basal medium. (grams I liter) 

TrisHCL 
Tris Base 
Na glutamate 
NaCI 
L-Proline 
KH2P04 
KCI 
MgCl2 
CaCl2 

1.26 
0.85 

10.72 
2.50 
0.24 
0.50 
0.20 
0.10 
0.02 

Adjust pH to 7.8, qs. to 1.0 liter. Sterilize by autoclaving. 

Stainer Scholte supplement (grams 1100 mI) 

Cysteine 
FeS04 
Ascorbic acid 
Nicotinic acid 
Reduced glutathione 

0.40 
0.10 
0.20 
0.04 
1.00 

Cysteine dissolved in 20 ml H20 + 1 ml HCI, diluted to 90 ml, add 
remainder of ingredients, qs. to 100 ml. 
For complete medium, add 1.0 ml of supplement to 100 ml of basal 
medium. Filter sterilize. 

Lauria-Bertani medium. (grams I liter) 

Bacto-tryptone 
Bacto-yeast extract 
NaCI 

10.0 
5.0 

10.0 

Adjust pH to 7.5, qs. to 1 liter. Sterilize by autoclaving. 

M9 medium (grams I liter) 

Na2HP04 
KH2P04 
NaCI 
NH4CI 

6.0 
3.0 
0.5 
1.0 
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Adjust pH to 7.4, Autoclave, cool, and then add the following filter 
sterilized ingredients: 

1MMgS04 
20% glucose 
1MCaCl2 

TEbuffer 

10 mM Tris HCL (pH7.4) 
1mM EDTA (pH 8.0) 

20XSSC (grams/liter) 

NaCI 
Na citrate 

2.0 ml. 
10.0 ml. 

0.1 ml. 

175.3 
88.2 

Dissolve in 800 ml, adjust pH to 7.0 with NaOH, qs. to 1 liter, sterilize 
by autoclaving. 

20X TBE (per liter) 

Tris base 
boric acid 
0.5MEDTA 

50XTAE (per liter) 

Tris base 
glacial acetic acid 
0.5MEDTA 

216.0 9 
110.0 9 

20 ml. 

242.0 9 
57.1 ml. 

100 ml. 

lOX MOPS [3-(N-morpholino)-propanesuIfonic acid] 

MOPS 
3 M Na acetate 
0.5MEDTA 

41.8 9 
16.6 ml. 
20 ml. 

Dissolve MOPS in DEPC treated water, adjust pH to 7.0, add acetate 
and EDTA buffers, qs. to 1 liter with DEPC treated water. 
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