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ABSTRACT 

Bordetella pertussis is the causative agent of the childhood disease whooping cough 

or pertussis. The regulation of virulence factor expression by two proteins (Baf and Btr) in 

this organism was studied. Pertussis toxin {ptx) transcription is activated by the two 

component BvgAS system. BvgAS-dependent ptx-lacZ expression in Escherichia coli can 

be achieved by DNA gyrase inhibitors, growth in minimal medium, or addition of the B. 

pertussis bafgtne in trans. The mechanism by which Baf affects pertussis toxin 

expression in E. coli and B. pertussis is the subject of this investigation. In E. coli, wild 

type Baf increases ptx-lacZ expression, has no effect on bvgA-lacZ expression, yet 

increases BvgA protein levels 2-fold. In B. pertussis, ptx-lacZ expression is increased 10-

fold when baf is overexpressed. However, BvgA protein levels are unaffected in B. 

pertussis as are permssis toxin, adenylate cyclase toxin, and filamentous hemagglutinin 

levels. The effects of Baf on pertussis toxin expression in E. coli and B. pertussis is not 

due to a slowing of growth since overexpression of Baf does not affect growth rate. 

Finally, baf 'xs, shown to be an essential gene for viability, suggesting that Baf regulates the 

expression of other genes in addition to pertussis toxin in B. pertussis. Available data 

suggests Baf enhances BvgA function through an unknown mechanism. Possible models 

for Baf s role in pertussis toxin expression are discussed. 

Btr is an oxygen responsive transcriptional regulator homologous to the FNR 

protein of £. coli. Btr was shown to be important in growth and survival of B. pertussis in 

a mouse model. Btr-regulated genes were identified using a titration assay and include B. 

pertussis soclB and btr, E. coli aspA and a newly identified B. pertussis gene, brgl. brgl 

is unaffected by Btr aerobically but is activated 3-fold by Btr under anaerobic growth 

conditions, brgl encodes a protein similar to the LysR family of transcriptional regulators. 
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The nucleotide sequence adjacent to brgl was determined and found to encode proteins 

with similarity to various metabolic enzymes. 
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CHAPTER 1; BACKGROUND 

A. CHARACTERISTICS OF B. PERTUSSIS AND THE GENUS 

BORDETELLA 

The genus Bordetella and B. pertussis 

The genus Bordetella contains five species: B. pertussis, B. parapertussis, B. 

liinzii, B. bronchiseptica and B. avium. B. pertussis, a strict human pathogen, is the 

causative agent of pertussis (whooping cough) although B. parapertussis also causes a mild 

pertussis-like illness in humans. B. hinzii is a new species recently identified as the cause 

of bacteremia in AIDS patients (43). B. bronchiseptica is primarily an animal pathogen 

causing kennel cough in dogs, snuffles in rabbits and atrophic rhinitis in pigs. B. 

bronchiseptica can also cause a pertussis-like disease and other infections in 

immunocompromised patients. B. avium is the cause of turkey coryza and is not known to 

infect humans (102). All five species are aerobic. Gram negative coccobacilli that grow 

optimally at 37°C. B. pertussis and B. parapertussis are non-motile while the other species 

are motile via peritrichous flagella. 

B. pertussis relies on the oxidation of amino acids which are expected to be 

abundant in the respiratory aact, especially during the inflammation and necrosis that result 

from infection (162). B. pertussis grows in relatively simple media requiring nicotinamide, 

organic sulfur (cysteine) and organic nitrogen (amino acids). Glutamine, proline, serine, 

alanine, and aspartate are metabohzed with production of ammonia and carbon dioxide: 

carbohydrates are not fermented (105). While B. pertussis growth requirements are 

simple, the list of known inhibitors is long including peptone, sulfur, peroxide and fatty 

acids (199). Many medias contain starch, charcoal or blood to adsorb these inhibitors 

(105. 162). Despite removal of these compounds, growth inhibition can still occur (199). 
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Growth of B. pertussis is slow with a doubling time of 6 hours. Colonies form on Bordet 

Gengou medium (the most common culture medium) after 3 to 6 days incubation (105, 

162, 199). 

B. THE DISEASE PERTUSSIS 

History 

The first written description of pertussis or whooping cough recounts the 1578 

Paris epidemic, recorded by Guillame de Baillou in 1640 (40). The next account was a 

century later when the disease was endemic in Europe. Syndenman first used the term 

pertussis ("infantum pertussis") in 1670 to describe this disease. 

Bordet first observed the causative organism in 1900 after finding coccobacilli in 

sputum of his infant daughter with pertussis (162). The bacterium was subsequently 

cultured on artificial medium by Bordet and Gengou and named Haemophilus pertussis (the 

name was changed to Bordetella pertussis in 1952 in honor of Jules Bordet) (154). 

Williams definitively identified Haemophilus pertussis as the cause of pertussis but because 

the organism is difficult to culture, suspicion remained that pertussis was of viral origin 

(162). This doubt was erased by the MacDonalds' experiments in which two of their 

children were inoculated with 140 live B. pertussis cells. Their other two children were 

immunized with killed B. pertussis before being infected. While the immunized children 

remained disease free, the unimmunized children developed pertussis seven days later and 

B. pertussis was isolated from each. These experiments confirmed the cause of pertussis 

and demonstrated the efficacy of immunization for disease prevention (162). 
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Clinical syndrome 

Pertussis is an acute inflammatory disease of the tracheobronchial tree typified by 

violent coughing. Infection begins with the inhalation of respiratory secretions containing 

live, virulent B. pertussis from an infected contact. Pertussis is highly contagious; 

inoculation with 140 bacteria is sufficient for disease production. The incubation period 

lasts 6-20 days (averaging 7 days) then the patient enters the first of three stages. In the 

catarrhal stage the patient experiences symptoms of a mild upper respiratory tract infection 

including rhinorrhea, tearing, sneezing, mild and occasional cough and a fever <10rF. 

During this stage B. pertussis is easily recovered from respiratory secretions. Symptoms 

worsen over the next 1-2 weeks as the disease progresses to the paroxysmal stage. The 

hallmark of the paroxysmal phase is severe coughing. Violent coughing episodes gradually 

increase in number and severity and begin without warning. At first coughing is more 

frequent at night but later becomes as common during the day as at night. A typical case 

averages fifteen coughing episodes per day. Olson (162) describes a patient experiencing 

these coughing fits graphically: "He leans forward, or if standing, stands with legs spread, 

grasping the nearest object and leaning far forward, tongue proUiided to the utmost, saliva 

and mucus streaming from nose and mouth, eyes bulging with tears streaming, his entire 

body wracked with the total exertion of each cough. The coughing continues in a staccato 

series. The face becomes more and more cyanotic, the neck bulges with venous congestion 

and still the attack continues. Finally, when it seems certain that death is imminent, a final 

cough appears to clear offending secretions or mucus from the upper airway and the first 

opportunity to inspire is offered. With a massive effort inspiration ensues, air rushes into 

the lungs against a still narrowed glottis and the characteristic whoop is produced." 

Although a "whooping" sound is typical of the disease not all those afflicted will exhibit 

this symptom. Patients are exhausted and become weak and apathetic, have a decreased 
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appetite and lose weight. Complications are most likely in the paroxysmal stage especially 

in infants. Complications include umbilical or inguinal hernia, rectal prolapse, 

pneumothorax, mediastinal emphysema, and subcutaneous emphysema due to increased 

pressure in thorax and abdomen during coughing paroxysms. Hypoxia during coughing 

can lead to irreversible central nervous system damage especially in infants including 

encephalopathy, convulsions, coma and death. Respiratory complications include 

bronchopneumonia caused by B. pertussis and other organisms (e.g. Streptococcus 

pneumoniae, Haemophilus influenzae, P-hemolytic streptococci, and pathogenic 

staphylococci) and atelectasis. Affected children often experience otitis media and 

pneumonia caused by other organisms (35). Most complications are rare, except secondary 

infections, which account for most of the mortality associated with pertussis. Culture 

attempts at this stage are often unsuccessful due to the low numbers of B. pertussis present 

(35, 162). The paroxysmal stage lasts one to four weeks with symptoms slowly 

diminishing in the final convalescent stage. Total loss of symptoms may take six months 

and resistance to reinfection and disease is not life long (102). Pertussis outbreaks in 

college age adults suggests immunity lasts 10-15 years, although little data is available on 

this point. 

Pathology 

The pathology associated with a B. pertussis infection is striking. Bacteria are 

primarily associated with the ciliated respiratory epithelium. They are non-invasive and do 

not enter the bloodstream. A diffuse bronchopneumonia results with necrosis and 

desquamation of ciliated epithelial cells throughout the respiratory tract from 

nasopharyngeal cavity to alveoli (162). As a result, secretions are not removed via the 

ciliary escalator. Bronchiolar obstruction results, triggering violent coughs to clear the 

airways. Laboratory findings include elevated peripheral white blood cells (predominantly 
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lymphocytes, 15,000 - 50,000 cells per microliter). A white cell count greater that 50,000 

per microliter is indicative of a secondary bacterial infection (35, 162). 

Diagnosis 

A confirmed diagnosis of B. pertussis infection can be difficult. Positive culture of 

the organism is the most definitive method of diagnosis but is only successful in 0-50% of 

cases. B. pertussis is readily cultured from the nasopharynx early in the disease but by the 

time symptomology suggests pertussis, few bacteria are present and culture is often 

unsuccessful (35). Nasopharyngeal swabs (dacron or calcium alginate) are plated to 

Bordet-Gengou or Regan-Lowe medium containing cephalexin and methicillin to suppress 

normal flora. Direct plating immediately following sample collection is more apt to yield 

positive cultures (35). 

Because of difficulties in obtaining positive cultures, a direct fluorescent antibody 

(DFA) test is often used in addition. The organisms need not be cultured or viable for this 

method which increases the speed and sensitivity of diagnosis (35). This test can also be 

used if the patient has received antibiotics when culture attempts would be fruitless. The 

DFA test is often used in conjunction with culture since the DFA assay varies depending on 

the lot of antibody and the expertise of the technical staff. Detection of B. pertussis 

adenylate cyclase toxin activity in nasopharyngeal swabs is another method of pertussis 

diagnosis that offers the advantage of speed and sensitivity but which also detects other 

organisms that produce similar enzymes (e.g. B. bronchiseptica, B. parapertussis and B. 

anthracis). Serological and PGR based methods are also available but require special 

equipment and reagents not available in all clinical diagnostic laboratories (35). 



Treatment 

Suspected pertussis cases are treated with erythromycin, the most active drug 

against pertussis (35). Trimethoprim-sulfamethoxazole is also given if erythromycin is not 

tolerated. Once symptoms are established, antibiotics have little effect on the course of 

pertussis although they hasten eradication of B. pertussis from the respiratory tract and 

therefore reduce transmission to susceptible contacts (35). Antibiotics can also reduce 

mortality due to secondary bacterial infections (162). Hospitalized patients are often placed 

in respiratory isolation and exposed contacts are treated with erythromycin prophylactically 

(35). Hyperimmune pertussis antibody is also helpful in reducing the duration of the 

paroxysmal stage of the disease although this treatment is not commonly used in the United 

States (35). 

Epidemiology 

Pertussis is one of the most contagious diseases with up to 100% of 

immunologically naive contacts becoming infected (162). There are no seasonal 

fluctuations or geographic preferences for pertussis (162). The disease is most severe in 

small children in whom 72% of pertussis deaths occur (162). 

Before the whole cell vaccine was widely available, 115,OCX) to 270,000 cases of 

pertussis occurred each year in the United States with 5,(X)0 to 10,000 associated deaths 

(35). Incidence rates have subsequently decreased dramatically with 1,200 to 4,000 cases 

per year and 5-10 deaths annually in the United States. However, pertussis still remains a 

significant cause of morbidity and mortality worldwide. Worldwide cases of pertussis are 

estimated at 60 million annually with 700,000 deaths (36). 

Pertussis is considered a childhood disease but it is increasingly being recognized 

as a significant cause of p)ersistent cough in adults. The yearly rate of pertussis in adults 

has been estimated at 4-26% (57, 237). Most of these cases occur in contacts of a known 
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case of pertussis with infection rates as high as 83% of adult household contacts. Only a 

portion of those infected become clinically ill (237). Most adults with pertussis do not test 

culture positive but a diagnosis can be made based on increases in serum antibodies to 

pertussis toxin and filamentous hemagglutinin (237). Infected adults probably play a 

predominant role in transmission of pertussis and may be the main reservoir (237). This is 

consistent with the inability to find a non-human host for B. pertussis. It is known that 

immunity wanes following vaccination or natural infection and individuals can acquire 

subsequent pertussis infections that may be undiagnosed. These patients then serve to 

spread the disease to unimmunized children who get a more severe form of the disease 

(35). Despite the large body of evidence that B. pertussis is a significant cause of 

persistent cough (>14 days) in adults, few clinicians consider pertussis when confronted 

with such a case (165). Symptoms of pertussis in adults include a persistent cough that is 

usually not associated with "whooping" but followed by choking and or vomiting (165). 

Some adult patients may experience a scratching sensation in the throat rather than a cough. 

Sneezing attacks are seen in as many as 22% of cases and sweating episodes occur in 14% 

(165). Complications of adult pertussis include rib fracture, temporary urinary 

incontinence, hemias and lumbar pain. Treatment for adult pertussis is similar to that for 

childhood pertussis and includes erythromycin and isolation. Interestingly, one study 

found that most of the antibiotics prescribed by family physicians are either known to have 

no effect on B. pertussis or their efficacy is unproven (165). Thus, elimination of pertussis 

as a significant cause of disease in humans will require the adequate prevention of disease 

in adults since they appear to be the primary reservoir for infection of children. 

Pertussis Vaccines 

The incidence of permssis promptly decreased after introduction of the whole cell 

vaccine in the 1950s (102, 162). The whole cell vaccine contains chemically killed, whole. 
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virulent B. pertussis cells combined with diphtheria and tetanus toxoids in the DTP vaccine 

(102). Children are immunized three times at two month intervals starting at two months of 

age with boosters 6-12 months later and at 4-6 years (102). The efficacy of the whole cell 

vaccine preparation varies from 0-100% depending on the preparation, vaccine trial and 

case definition (102). In addition to its variable efficacy, concerns about the safety of the 

whole cell vaccine have resulted in a decrease in vaccination rates with a subsequent 

increase in pertussis cases in the United States and Europe. Side effects associated with 

administration of the pertussis component of DTP include pain and swelling at the 

inoculation site, fever, anorexia, fretfulness and inconsolable crying, and vomiting (102). 

Severe neurological complications such as encephalopathy and permanent neurological 

damage have been associated with vaccine administration but have not been conclusively 

shown to be caused by the vaccine. 

Because of concerns about the safely and efficacy of the whole cell vaccine, new 

acellular vaccines have been developed. Recently the efficacy of acellular vaccine 

preparations was determined in two large trials, one in Sweden and the other in Italy (87. 

91). The Swedish trial used acellular vaccine preparations containing either five 

components (pertussis toxoid, filamentous hemagglutinin (FHA), fimbriae types 2 and 3, 

and pertactin) or two components (pertussis toxoid and FHA) compared to the DTP or DT 

vaccines. Administration of the DTP vaccine was associated with more crying, cyanosis, 

fever and local reactions than the other three preparations. Efficacy of vaccination after 

three doses was determined to be 59% for the two component vaccine, 85% for the five 

component vaccine and 48% for the whole cell preparation. The poor performance of the 

whole cell vaccine may be explained in part by the fact that only three doses were given, 

but clearly the acellular vaccines are superior. The five component vaccine also appeared to 

produce longer lived immunity than DTP (91). 



23 

The Italian trial used two three component vaccines containing FHA, pertactin and 

either genetically or chemically detoxified pertussis toxin (87). Both acellular vaccines 

gave 84% efficacy while the DTP preparation was only 36% effective. Adverse reactions 

were much more frequent after administration of the DTP vaccine than either acellular 

vaccine (87). These studies confirm that acellular vaccines are a safe and effective means 

by which to prevent pertussis. Consequently, acellular vaccines are now approved for use 

in the United States. Currently, adults are not usually vaccinated against pertussis but 

given that adults serve as a primary reservoir for infection of unimmunized children and 

that immunity to pertussis wanes, eradication of pertussis will probably require 

reimmunization of adults. 

C. B. PERTUSSIS PATHOGENESIS 

B. pertussis produces a number of secreted and cell-associated factors involved in 

the pathogenesis of pertussis (102). These include the adhesins filamentous hemagglutinin 

(FHA). fimbriae, pertactin and tracheal colonization factor (Tcf). Toxins include pertussis 

toxin (PT), adenylate cyclase toxin (ACT), dermonecrotic toxin (DNT), and tracheal 

cytotoxin (TCT). In addition, B. pertussis produces lipopolysaccharide and a serum 

resistance protein that appear to be involved in virulence. The contributions of each of 

these factors to virulence has been well studied. Most of the B. pertussis virulence factors 

(except LPS and TCT) are regulated by the BvgAS proteins (179). BvgAS belongs to the 

two component family of bacterial transcriptional regulators which consists of a sensor 

kinase and a response regulator. Genes activated by the BvgAS system are called vags (vir 

activated genes) and include the genes encoding BvgAS, pertussis toxin, filamentous 

hemagglutinin, adenylate cyclase toxin, pertactin. fimbriae, dermonecrotic toxin, and serum 
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resistance proteins (102). Genes whose expression is repressed by BvgAS are called vrgs 

(vir repressed genes, see below) (102). 

B. pertussis Virulence Factors; Adhesins 

Adherence to the appropriate host tissue is the first step in any pathogen-host 

interaction. B. pertussis produces several adhesins that mimic natural host ligand-receptor 

interactions. Adherence in the respiratory tract is critical to avoid clearance by the 

mucociliary escalator and to establish infection. B. pertussis produces several adhesins that 

appear to function at different sites as the infection progresses. These include filamentous 

hemagglutinin (FHA), pertactin, fimbriae and the newly identified tracheal colonization 

factor (Tcf). 

Filamentous Hemagglutinin 

The best studied of the Bordetella pertussis adhesins is the filamentous 

hemagglutinin (FHA), a cell associated adhesin and the major secreted product of this 

organism. The FHA structural gene (fhaB) lies adjacent to the bvgAS operon on the B. 

pertussis chromosome and is the first gene in an operon that also includes the fliaDAEC 

genes. fhaDAE have subsequently been found to play a role in fimbriae biogenesis and not 

in FHA production and so these genes have been renamed fmBCD (130), see below). 

FHA production and fimbriae biosynthesis are tighdy linked and they are among the first 

virulence factors produced; this is consistent with their role in the first step of pathogenesis, 

attachment (232). The fliaC gene product is believed to play a role in the activation and 

secretion of FHA (109. 205). FhaC is localized to the outer membrane and is similar to 

ShlA and HpmB. two outer membrane proteins involved in the export and activation of the 
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S. marcescens and P. mirabilis hemolysins to which FHA is similar (232). The fhaB gene 

encodes a 367-lcDa protein of which the N-terminal 220 kDa makes up the mature FHA 

protein. Expression of fhaB is BvgAS-regulated probably via TTTCC repeats upstream of 

the promoter to which BvgA~P may bind (128). 

The FHA protein plays a critical role in adherence for B. pertussis in vivo. FHA 

may serve as a bridge between the bacterium and host since exogenously added FHA can 

enhance adherence (128). Studies with FHA mutants suggest that FHA is critical for 

attachment to the trachea (98, 229). fhaB mutants are found in the lungs of infected mice 

rather than in the trachea. This suggests that fhaB is essential for tracheal colonization and 

that other factors may be important for adherence in lungs (128). 

The FHA molecule has several domains that perform distinct functions (53). The 

N-terminus carries a putative signal peptide involved in targeting the protein to the bacterial 

membrane for secretion. This is followed by a region with homology to the N-termini of 

hemolysins of 5. marcescens and P. mirabilis. The C-terminus contains a proline-lysine 

rich region repeated five times (the "A" repeats), three repeats with similarity to Gram 

positive outer membrane proteins (the "B" repeats), and an arginine-glycine-aspartate 

(RGD) sequence. The proline rich region may serve as an anchor in the periplasm. Three 

different binding domains are contained in the mature FHA molecule. FHA is the primary 

adhesin to ciliated epithelial cells probably via a carbohydrate (galactose or lactose) binding 

domain present in the B repeats (166, 182). This region shares sequence similarity with 

the pertussis toxin S2 subunit which also binds lactosylceramide (166). FHA also adheres 

to non-ciliated epithelial cells via a domain in the C-terminus that binds sulfated sacchcirides 

like heparin and dextran sulfate. This activity may also allow binding to mucus and other 

sulfatides abundant in the respiratory tract which would likely be the first substrate 

encountered by the organism after inhalation (93, 98, 143). 
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FHA also plays a role in binding to phagocytes. Leukocyte response integrin (LRI) 

is associated with the integrin-associated protein (lAP) in phagocytes. LRI binds RGD 

sequences of extracellular matrix proteins and forms a signal transduction complex with 

lAP which induces neutrophil and monocyte chemotaxis, adherence, phagocytosis and 

oxidative burst. FHA interacts with the LRI/IAP complex via its RGD sequence and 

stimulates CR3 mediated binding of B. pertussis to monocytes (107, 182). The in vivo 

significance of this interaction is not known, but it may; (I) be a competitive blockade by 

secreted FHA (i.e. prevent uptake of B. pertussis by blocking LRI/IAP with secreted 

FHA), (2) facilitate delivery of toxins to leukocytes, or (3) facilitate uptake of the organism 

for intracellular survival and persistence (107). The RGD sequence plays no role in 

binding to ciliated or non-ciliated epithelial cells. While B. pertussis can invade epithelial 

cells, other adhesins such as pertactin probably play a more important role here (128). 

Maturation of FHA is time dependent (11). FHA is produced within ten minutes 

after a shift to nonmodulating conditions but surface associated ETiA is not detected until 

two hours later. While the C-terminus is not present in the mature protein it is critical for 

FHA production and may act as an intramolecular chaperone to allow secretion (53, 109). 

Several hours after maximum binding efficiency is achieved the N-tenninal 220-kDa 

portion of FHA is cleaved. This may serve to release the bacteria and facilitate spread to 

other sites in the trachea or lungs (11). In a natural infection the lungs may serve as a 

reservoir for tracheal reinfection. The initial inoculum adheres to the trachea and causes 

destruction and loss of ciliated cells (and FHA dependent ligands). The lung may then 

serve as a reservoir for reinfection of underlying cell layers and subsequent transmission of 

the organism to other hosts (128). 

The structure of purified FHA has been studied using electron microscopy and 

circular dichroism (134). While most filamentous proteins are made of coiled-coil a-

helices, FHA is made of P-sheets and p-tums. FHA has the shape of a horseshoe nail. It 
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has a globular head made of two domains: a 35 nm long shaft that is 4 nm in width and a 

small flexible tail. A hairpin model for FHA structure has been proposed: the A and B 

repeats make up the sides, the N and C-termini are at one end and the RGD sequence is at 

other end where the protein turns the hairpin comer (134). The hemagglutination domain is 

at the opposite end where the N and C-termini meet (134). Given this structure, a model 

for maturation and secretion of FHA has been developed (109, 170). FhaB first interacts 

with a pilot protein which targets it to the inner membrane. FhaB is translocated across the 

inner membrane and the N-terminal signal sequence is cleaved. The new N-terminus is 

then covalently modified and interacts with FhaC to cross the outer membrane. Finally, 

during or after outer membrane crossing the C-terminus is cleaved allowing the release of 

FHA to fold into the hairpin structure (109, 170). 

Pertactin 

Originally called P.69, pertactin is a 69-lcDa non-fimbrial adhesin present in the 

outer membrane of virulent B. pertussis encoded by pm (29, 38, 125). The pm gene 

encodes a 93.5-kDa protein which is processed to release the 69-kDa N-terminus (38). 

The C-terminus remains in the outer membrane after proteolytic cleavage. Pertactin has 

two RGD sequences (one at amino acids 225-227 and the other at amino acids 665-667) 

with only the N-terminal RGD involved in cell binding (126). Pertactin (P.69) has two 

proline-rich regions: (1) (GGXXP); following the RGD sequence and (2) (PQP), at the C-

terminus which contains the immunodominant portion of molecule (38). 

Studies to determine the role of penactin in adherence suggest that FHA is the 

dominant adhesin since the effect of pertactin can be measured only in an FHA mutant. 

FHA may be important at initial contact with pertactin playing a role in a closer association 

at the cell surface (125). Pertactin mutants have been constructed and their interactions 

with HEp2 cells (laryngeal cells) studied (174). A pertactin mutant adhered and invaded 
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HEp2 cells the same as wild type; an fha mutant adhered and invaded at half the level of 

wild type, and an fha/pm double mutant adhered and invaded at half the level offlia 

mutant. Others have shown that Chinese hamster ovary cells adhere to purified pertactin 

and a pertactin mutant is reduced in its ability to bind mammalian cells (126). Therefore, 

pertactin participates in adhesion and invasion but FHA is the dominant adhesin. There 

was no difference in growth or survival of the pertactin mutant versus wild type in lungs or 

tracheas of mice (174). 

The RGD sequence of pertactin appears to be important in the adhesin function of 

pertactin. Attachment of epithelial cells (CHO and HeLa cells) to pertactin coated wells was 

inhibited by an RGD-containing peptide derived from pertactin, while entry of B. pertussis 

into HeLa cells was also inhibited by the pertactin RGD peptide. The RGD sequence from 

FHA had no effect in either case (124). While its function in adherence is still unclear, 

pertactin is an important component of acellular vaccines. 

The crystal structure of P.69 pertactin has been determined (64) and shows that 

P.69 pertactin is a monomer folded into a single domain that is mostly p-helix. The RGD 

and (GGXXP)5 domains protrude on a loop. Its long linear structure suggests that 

pertactin may promote adherence through many relatively weak nonspecific interactions in 

addition to the RGD sequence. Pertactin has amino acid similarity with other B. pertussis 

proteins, TcfA and BrkA, suggesting that these proteins may form similar structures (64). 

Fimbriae 

Another of the B. pertussis adhesins is fimbriae (formerly called serotype specific 

agglutinogens) (44). B. pertussis produces two serologically distinct fimbriae (type 2 and 

type 3) and a given strain may produce 0, 1 or 2 fimbrial types. In addition, at least two 

fimbrial subunit pseudogenes (fimX and funA) exist (163, 233). B. pertussis is unusual in 

that the genes for the major fimbria! subunits are not clustered on the chromosome (153. 
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163). Phylogenetic analysis of fun genes suggests that fim2,fim3 and fimX are more 

closely related to each other than fimA. This may suggest that the others arose after gene 

duplication of fimA which then became obsolete (233). 

Comparison of the amino acid sequences of these proteins reveals the presence of 

conserved, variable and hypervariable regions. The hypervariable regions correspond to 

antigenic determinants and have probably diverged under immunological pressure. The 

most conserved regions of the proteins are in the N and C-termini (153). Genes involved 

in fimbriae biogenesis (finiBCD) have been identified and are transcribed from the fliaB 

promoter and also from a separate promoter upstream offimB (130). FimB shares 

sequence sinnilarity with E. coli PapD which is a periplasmic chaperone protein which 

binds to the E. coli P pilin subunits. FimC is similar to PapC which is responsible for 

pilus membrane translocation (130) and FimD is the putative adhesin for both typje 2 and 

type 3 fimbriae (231,233). FimD has sequence homology to other minor fimbrial subunits 

of E. coli and K. pneumoniae which are involved in receptor binding and FimD is required 

for polymerization of fimbriae (231). Recent studies have shown that FimD binds to the 

integrin VLA-5 (very late antigen-5) of monocytes. VLA-5 binds fibronectin, a protein 

found in the extracellular matrix. Thus, B. pertussis mimics the natural host ligand-

receptor interactions (79). Binding to VLA-5 activates CR3 and results in enhanced binding 

of B. pertussis via FHA (97). The major fimbrial subunits, like FHA, also bind to sulfated 

sugars which are ubiquitous in mammalian tissues including the extracellular matrix, mucus 

and epithelial cell surfaces (79). FHA and fimbriae may cooperate to allow binding to the 

optimum niche in vivo, this cooperation is mirrored in the genetic organization of the flta 

and fim genes. 

In addition to regulation via BvgAS-mediated phenotypic modulation and phase 

variation, fimbriae production is also affected by serotype variation (230). The mechanism 

by which this variation occurs has been elucidated (230). Comparison of the fini2Jm3 
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and fimX promoters reveals the presence of a run of 9 to 14 C's which varies in length 

with the expression of the serotype. fimX, which is never expressed, has 5 fewer Cs than 

the expressed fim genes, fiml promoter regions lack 1 to 5 Cs as compared to fimS* 

promoters. Therefore, the switch between expressed and non-expressed fim3 genes occurs 

via insertions or deletions in this stretch of C's. Control is at the level of transcription so it 

has been hypothesized that varying lengths of C repeats affects the distance between the -10 

box and a conserved DNA sequence called the activator binding region that is present in all 

fim promoter regions and is required for BvgAS regulation. Changing this distance would 

prevent recognition of the promoter by RNA polymerase (230). 

Fimbrial variation has been shown to occur in vivo as infection progresses. A fimS" 

fim2* strain when inoculated into rabbits switched to fim3*fim2* after 40 days. The 

sequence of the fini3 promoter regions revealed an insertion of one C, thus confirming the 

proposed mechanism of fimbrial serotype switching (230). 

The role of fimbriae in adherence is unclear. A fimlfimSfiniX triple mutant is less 

able to persist in mouse tracheas than wild type but is unaffected in its lung persistence 

(152). These studies suggest that FHA plays a more critical role in colonization of the 

upper respiratory tract. The fact that fimbriae vary antigenically but FHA does not may 

suggest a role for fimbriae later in infection when the immune system would be more active 

against specific B. pertussis antigens (152). 

Tracheal Colonization Factor 

A new virulence associated adhesin unique to B. pertussis has been identified and 

named tracheal colonization factor (Tcf) (72). The tcfA gene (previously called vag34) (71) 

was originally identified by a TnphoA insertion in this locus and is BvgAS-activated. 

Analysis of the tcfA sequence reveals the presence of TTTCCC at -84 which resembles the 

sequence common to many Bvg-activated genes. The predicted Tcf protein is 52*^ 
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identical to tiie C-terminal 344 amino acids of pertactin. This region is believed to be 

involved in pertactin secretion and in fact, Tcf is one of the major secreted products of B. 

pertussis although it is also cell associated. Tcf also has an RGD sequence and a protease 

cleavage site similar to the one in pertactin. An N-terminal signal sequence is cleaved to 

yield a 64-kDa protein. 

tcf A mutants have a phenotype similar to that of FHA mutants in mice (71). A 

tcfA/.lnphoA mutant was less able to colonize the trachea of infected mice than wild type 

but there was no difference in lung colonization of the two strains (71. 72). The 

tcfA:l!nphoA mutant is deficient in the production of several outer membrane proteins so 

the mutation may also be affecting other proteins in the cell in addition to Tcf (71). 

Confirmation of Tcf s role in adherence awaits construction of defined, nonpolar mutants. 

B. pertussis Virulence Factors: Toxins 

Pertussis toxin 

Pertussis toxin (PT) is the best soidied of the B. pertussis virulence factors and is 

believed to be responsible for the systemic effects of B. pertussis infection (23). Pertussis 

toxin is required for lethal infection of mice but is not required for colonization of lungs 

(226). This suggests that PT is required in the later stages of infection (225, 226). Its 

biological activities include lymphocytosis promotion, histamine sensitization, 

hypoglycemia, platelet activation, hemagglutination, enhanced insulin secretion (islet 

activation), mitogenicity and adjuvanticity (89, 113, 162, 219). There are two mechanisms 

of pathogenesis for PT: (1) ADP-ribosylation and inactivation of G proteins of the host 

and (2) lectin binding activity to eukaryotic cells. 

PT is an A-B toxin similar to diphtheria toxin, cholera toxin and Pseudomonas 

exotoxin A (211). The B subunit binds to a host cell receptor resulting in internalization of 



the A subunit which accomplishes the intoxication of the host cell. Pertussis toxin consists 

of five dissimilar subunits S1, S2, S3, S4 and S5 that are noncovalently linked in the molar 

ratio of I; 1; I ;2; 1. SI comprises the A portion of the toxin while S2-5 make up the B 

oligomer (211). After internalization, PT undergoes an intracellular processing that may 

involve reduction to yield the active enzyme (219). The S1 subunit has a NAD-

glycohydrolase activity and an ADP-ribosyltransferase activity which u^sfers an ADP-

ribose moiety to a cysteine residue in the C-terminus of the alpha subunit of inhibitory G 

proteins (e.g., Gaj,.,, Ga„ ^ ,, and Ga^) of mammalian cells (101. 129, 211. 

219). These proteins are GTP-binding proteins responsible for inhibiting the activity of the 

host cell adenylate cyclase and other cellular enzymes (101). ADP-ribosylation of the these 

proteins results in their inactivation and the host adenylate cyclase is therefore not 

inactivated appropriately (101). As a result, cAMP levels accumulate in the host cell 

altering a myriad of normal cellular processes. 

Xu and Barbieri (238) have recently shown that the ability of PT to ADP-ribosylate 

cellular targets involves a cytochalasin D-independent (non-actin based) endocytic 

mechanism, a pH sensitive step, and microtubules (238). They propose a model in which 

PT is internalized by receptor mediated endocytosis, carried through a pH sensitive step 

and transported from early to late endosomes to the Golgi. ADP-ribosylation of targets 

does not require functions of the endoplasmic reticulum, protein synthesis nor dissociation 

of the A and B oligomers as previously proposed (219, 238). 

In addition to its role in binding to host cell receptors to deliver the A subunits, the 

B subunit elicits biological responses of its own including platelet activation and T cell 

mitogenicity (219). Sindt et al (194) have demonstrated that the receptor for the B oligomer 

on platelets is the glycoprotein GPIb. GPIb is the major sialoglycoprotein on platelet 

membranes and is linked to a signaling pathway that activates protein kinase C. Protein 

kinase C in turn activates GPIIbllla (the receptor for fibrinogen) and this leads to platelet 
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aggregation. PT increases intracellular calcium aggregation and granule release in platelets 

and this can be inhibited by antibodies to GPIb. Binding of PT to T cells crosslinks 

glycoprotein receptors leading to T-cell proliferation (219). PT may bind different 

receptors on different cell types. It is not known if binding to a receptor that results in B 

oligomer effects can also be used for internalization of the A oligomer. The effects of B 

oligomer binding may simply be a side effect of an interaction intended to internalize the A 

subunit (194). 

The pertussis toxin operon {ptxA-E) has been cloned and sequenced (127, 131, 

158) and analysis of the DNA sequence reveals several important features. The order of 

the ptx genes encoding the subunits is S1, S2, S4, S5 and S3. The predicted molecular 

weights are 26.0 kDa, 21.9 kDa, 12.1 kDa, 11.0 kDa, and 21.9 kDa respectively; this 

gives the holotoxin a total molecular weight of 105,060 daltons. Each gene encodes its 

own signal sequence for secretion. S4 has an unusually long and positively charged signal 

sequence which may increase the efficiency of its secretion since it is present at twice the 

concentration of the other subunits in the holotoxin. The S2 and S3 genes are 75% 

identical but don't complement each other, suggesting that a gene duplication event resulted 

in the expression of two functionally distinct proteins. A sequence resembling the E. coli 

consensus Shine-Dalgamo is present upstream of the S1 gene, the other four genes contain 

the sequence TCC(T)GG 8 to 12 bp upstream of each ATG. The function of this sequence 

is unknown but its position suggests a role in translation of the subunits (127, 131, 158). 

The 170-bp region upstream of the ptx transcriptional start is required for ptx 

expression (90). This region contains two direct repeats of 21 bp. Small deletions in these 

repeats results in a loss of ptx expression (89, 90). The promoter of pertussis toxin 

resembles the E. coli consensus -10 and -35 sequences but is weakly expressed in E. coli. 

If the distance between the -10 and -35 sequences is reduced from 21 to 17 bp, expression 
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is increased suggesting that a regulatory protein (BvgA) would be needed to increase the 

expression of ptx in B. pertussis to the levels seen in wild type strains (159). 

Of the four Bordetella species, only B. pertussis produces PT. B. parapertussis 

and B. bronchiseptica carry the genes for PT but they are not expressed even though both 

species have a functional BvgAS system (12, 90). The B. parapertussis ptx operon differs 

from the B. pertussis ptx genes at 72 bp, B. bronchiseptica differs at 192 bp. Half of these 

differences are in the promoter region which may account for the lack of ptx expression in 

these species. However, introduction of the B. pertussis ptx operon into B. parapertussis 

or B. bronchiseptica does not result in PT production indicating that other defects are 

present in these species (see below) (111). Phylogenetic analysis of the ptx operon 

suggests that ptx was first acquired as a silent gene and then mutated so that it was 

expressed only in B. pertussis (89). 

Pertussis toxin secretion 

Inactivated pertussis to.xin is included as a component in all acellular vaccines, as a 

result there has been much interest in understanding the mechanism of PT secretion. Since 

all PT subunits have a signal sequence they probably cross the inner membrane via a sec-

dependent mechanism (general export pathway) (131). The holotoxin assembles in the 

periplasm and is shuttled across the outer membrane and into the extracellular medium by 

the gene products of the ptl (pertussis toxin liberation) operon. The ptl operon is located 

downstream from the ptx operon and is transcribed from the ptx promoter (15, 47, 116, 

173, 228, 229). This region encodes eight open reading frames (ptlA-H), seven of which 

are highly homologous to the VirB proteins of Agrobacterium tumefaciens. The VirB 

proteins are membrane associated proteins involved in the transport of T-DNA across the 

bacterial and plant cell membranes. Consistent with this role, PtlE, PtlF, and PtlG are 

associated with Bordetella membranes (111). A predicted stem loop lies in the 55-bp 
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region between the PT S3 stop codon and ptlh start codon. Deletion of this region results 

in a 30% increase in ptl mRNA levels over wild type. This stem loop probably represents a 

weak transcriptional terminator that allows occasional read-through to the ptl genes 

downstream. This may allow for correct proportions of the toxin subunits and secretion 

proteins to be produced (172). 

The ptl genes are present in B. parapertussis and B. bronchiseptica but are not 

expressed presumably because of the numerous mutations in the ptx promoter of these 

organisms. This may explain why introduction of the ptx operon of B. pertussis into these 

strains does not result in secretion of the toxin in supematants but the toxin is found cell 

associated (111). 

The study of the Ptl proteins may allow construction of a strain that hypersecretes 

PT. Such a strain would simplify the production and purification of PT for acellular 

vaccines. Also, information about PT secretion might be used to develop new 

chemotherapeutics for the treatment of B. pertussis infections that would inhibit secretion 

of this important virulence factor (111). 

Adenylate Cyclase Toxin 

B. pertussis adenylate cyclase toxin (ACT) is an extracellular, bifunctional enzyme 

that has both adenylate cyclase and hemolytic activities (94, 180). The hemolytic domain is 

similar to the RTX (repeat in toxin) family of toxins in that it has eleven nonameric repeats 

rich in glycine and aspartate. ACT penetrates mammalian cells directly through the plasma 

membrane, interacts with calmodulin and generates uncontrolled levels of adenosine 3', 5'-

monophosphate (cAMP) from cellular ATP, thereby inhibiting normal cellular processes 

(94). 

The gene for ACT, cyaA, encodes a 177-kDa protein with multiple functional 

domains. The hemolytic and adenylate cyclase activities of ACT are contained in the single 
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secretion and activation of ACT and encode proteins homologous to the E. coli a-

hemolysin system (HlyA, B and D) (30, 81, 82, 150). cyaC is transcribed in the opposite 

direction of the cyaABDE operon and encodes a protein homologous to the E. coli HlyC 

protein. CyaC is required for post translational activation of ACT without which ACT is 

inactive (17, 150). CyaC modifies CyaA by amide-linked palmitoylation on the e-amino 

group of an internal lysine residue in the hemolytic domain (92). Palmitoylation is believed 

to mediate protein-protein and protein-lipid interactions and this modification of ACT may 

allow pore formation via interactions between ACT monomers in cell membranes (92). 

Analysis of the ACT amino acid sequence reveals several interesting features. The 

N-terminal 400 amino acids correspond to the calmodulin-activated adenylate cyclase 

domain that contains the ATP and calmodulin binding sites. The C-terminus contains the 

hemolytic domain of this enzyme (150). Both domains can function independently (150). 

The hemolytic domain has a hydrophobic segment likely to be involved in membrane 

insertion, pore formation and translocation of the adenylate cyclase domain into the cell. B. 

pertussis ACT has weak hemolytic activity, as compared to other RTX toxins, and this 

domain's primary function may be to usher the adenylate cyclase domain into target cells 

(150). A specific receptor for ACT has not been identified; ACT probably interacts with 

lipids directly prior to insertion (104). The C-terminus also carries a region of glycine and 

aspartate rich repeats common to RTX (repeat in toxin) toxins which may represent the 

calcium binding domain. Calcium is required for ACT activity (95) and may allow 

interaction of ACT with target membranes (150). Finally, the extreme C-terminus consists 

of a sequence that probably interacts with CyaB for secretion. 

Expression of ACT occurs from a promoter located 115 bp upstream of the cyaA 

start codon (120). Transcription from this promoter occurs only in BvgAS* strains (see 

above). Similar to ptx, a cyaA-lacZ fusion is not expressed in E. coli when only hvgAS is 
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supplied in trans (84). A transcriptional terminator exists between the cyaA and cyaB 

genes but readthrough to the cyaBDE genes occurs. In addition, a second transcript is 

initiated between the cyaA and cyaB genes in a BvgAS-independent manner (120). 

ACT forms pores in phospholipid membranes in a calcium dependent manner. At 

least three ACT monomers are required to form pores (210). ACT is cell selective, it does 

not penetrate all cell types although a specific receptor has not been identified (95). Other 

evidence suggests that ACT does not enter cells via receptor-mediated endocytosis (95). 

ACT does not have a dedicated target cell-binding domain but amino acids 624-780 appear 

to be involved in delivery of ACT into cells (108). 

The role of ACT in pathogenesis appears to be very important. ACT's primary 

function appears to be inhibition of host immune functions to allow growth of B. pertussis 

in the respiratory tract. Human alveolar macrophages and neutrophils show a decrease in 

superoxide and hydrogen peroxide production, chemotaxis and phagocytosis and these 

effects correlate with high intracellular cAMP levels (41, 74). Studies with ACT deficient 

B. pertussis strains suggest that ACT plays an important role in colonization but not in 

lethality in mouse models (30, 150, 225, 226). Both the adenylate cyclase and hemolysin 

activities of ACT are required for full virulence (115). ACT also plays an important role in 

intracellular survival of B. pertussis in macrophages (75, 139). It is unclear why a 

pathogen would need two toxins that both increase intracellular cAMP. PT and ACT may 

act on different cell types or at different times during the infection (94). 
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Tracheal cytotoxin 

Tracheal cytotoxin (TCT) is a 1,6-anhydromuramic acid-containing disaccharide-

tetrapeptide fragment of pepiidoglycan released by logarithmically growing bordetellae (42. 

176). In humans, TCT causes extrusion of ciliated cells, increases the frequency of 

sparsely ciliated cells, reduces cilia beat frequency and is toxic for other cells at epithelial 

surfaces (234). These changes cause a profound disruption of mucociliary clearance, 

leaving coughing as the only means to clear mucus and debris from the airways. Because 

purified TCT reproduces the cytopathology observed in pertussis it is probably responsible 

for the violent cough associated with this disease (42, 132, 234). In addition, loss of the 

mucociliary escalator predisposes patients to secondary respiratory infections, the primary 

cause of pertussis mortality (42, 162). 

The effects of purified TCT on tracheal cells can be reproduced by the addition of 

Interleukin-Ia (IL-Ia). TCT induces production of IL-la in epithelial cells and in 

macrophages, thus implicating this molecule as a mediator of TCT-induced cellular damage 

(100). IL-la in turn activates nitric oxide synthase. In suppon of this theory, TCT 

inhibits cellular aconitase activity (a target for nitric oxide) and nitric oxide synthase 

inhibitors dramatically reduce the effects of TCT treatment (99). Thus. TCT damages 

target cells through a mechanism that involves nitric oxide (99). TCT also has striking 

effects on human neutrophil function including toxicity and inhibition of chemotaxis and 

oxidative burst (50). TCT concentrations 100 to 10,000 fold lower than those achieved in 

broth cultures were sufficient to produce these effects (99). 

The structure of TCT purified from culture supematants has been determined by 

Cookson et al using fast atom bombardment mass spectrometry (42). TCT is N-

acetylglucosamine-1,6-anhydro-A^-acetyImuramic acid-L-Ala-y-D-Glu-we^o-

diaminopimelic acid-D-Ala and is thus identical to the N. gonorrhoeae peptidoglycan 
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derived toxin and the neurologically active slow-wave sleep-promoting factor FS„ (42). 

Activities of these molecules (muramyl dipeptides) include: adjuvanticity, arthrogenicity, 

stimulation of leukocytes to produce IL-1. somnogenicity and inhibition of DNA synthesis 

(234). The peptide moiety of TCT is sufficient for toxicity and diaminopimelic acid is 

critical for this activity, while the disaccharide moiety is not necessary for full toxicity 

(132). 

Dermonecrotic toxin 

All species of the Bordetella genus make dermonecrotic toxin (DNT) also called 

heat labile toxin, lethal factor and lieno-toxin (162). DNT was one of the first toxins to be 

described in Bordetella, although it was originally misidentified as endotoxin (24). When 

injected subdermally into mice or other test animals DNT causes the formation of a red to 

blue-black necrotic lesion and is lethal at higher doses (223). It is inactivated by heating at 

56°C for 60 minutes (240). DNT's role in the pathogenesis of pertussis is questionable 

since mutants lacking DNT are as virulent as wild type parental strains (225). 

The B. pertussis dm gene has been cloned and sequenced and encodes a protein of 

159 kDa (223). Although dnt is BvgAS-regulated, the 5" untranslated region lacks the 

BvgA-binding heptamer and the two 20-bp repeats required for transcription of pertussis 

and adenylate toxins (229). DNT is similar to CNFl and CNF2 (cytotoxic necrotizing 

factor) toxins of E. coli and contains an ATP- or GTP-binding site (P loop). DNT does not 

appear to contain an N-terminal secretion signal which is consistent with its cytoplasmic 

location (48, 223). 

DNT's mechanism of action is not known, however, it causes vasoconstriction in 

cell lines and organ strips in parallel with increases in calcium influx (65). DNT may alter 

membrane permeability to achieve these effects. This mode of action is consistent with its 

ability to induce hemorrhagic necrosis and ischemic lesions when injected subcutaneously 
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(65, 240) and may suggest a role early in infection (156). DNT may cause 

vasoconstriction in respiratory tissues resulting in edema and inflammation further 

compromising the mucociliary clearance mechanisms (156). 

Lipopolysaccharide 

B. pertussis lipopolysaccharide (LPS) is of the rough type since it lacks the O-

specific polysaccharide chains (37) and is often referred to as lipooligosaccharide (LOS). It 

resolves into two bands by SDS-PAGE, LPS-I and LPS-II (also called band a and band b, 

respectively) that differ only in that LPS-II has a phosphorylated 3-deoxy-2-octulosonic 

acid (KDO) moiety (37). B. pertussis LPS contains a lipid A moiety linked via keto-

deoxyoctulosonic acid to a branched chain oligosaccharide domain containing heptoses and 

hexoses (34). The glycosidically bound phosphate in Lipid A is 2-deoxy-2-[(3R)-3-

hydroxytetradecanamido]-a-D-glucopyranose I-phosphate (34). 

B. pertussis LPS is highly immunogenic (although it does not play a role in 

immunity to pertussis) but appears to be less toxic than LPS of other organisms. B. 

pertussis LPS is pyrogenic, mitogenic for B and T cells, causes necrosis, and has adjuvant 

activity (37). B. pertussis LPS can activate macrophages as measured by TNF induction. 

Yet it has only a weak ability to induce IL-1 production in macrophages as compared to 

other bacterial endotoxins and does not activate neutrophils (1). 

It is doubtful that endotoxin plays an important role in B. pertussis pathogenesis. It 

is bound to the cell wall and thus does not diffuse, and since infection is not systemic there 

is probably little opportunity to gain access to the circulation. Pertussis patients are usually 

afebrile so endotoxin is probably not absorbed (162). The recent cloning and sequencing 

of the LPS operon should allow a more specific determination of its contribution to 

virulence (6). 
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Serum Resistance 

Genes involved in the resistance of B. pertussis to killing via the classical (antibody 

dependent) complement pathway have been identified and named brkAB (for Bordetella 

resistance to killing) (69). Mutations in brkA or brkB cause a 100-fold decrease in serum 

resistance and a brkA mutant is 10-fold less virulent in infant mice (69, 225). A brkA 

mutant is also decreased in HeLa cell invasion and adherence and invasion of lung 

fibroblasts (69, 225). More recently, a brkA mutant was shown to be more sensitive to 

killing by the antimicrobial peptide cecropin PI (69). While B. pertussis does not invade 

the bloodstream, serum components are exuded into the respiratory tract and the brk locus 

may be important in surviving here (70). 

Serum resistzince is Bvg-activated and putative BvgA binding sites (TTTCCTT) are 

found upstream of the divergently transcribed brkA and brkB genes (69). The brkA gene 

encodes a 103-kDa protein that is processed to 73 kDa. BrkA is 29% identical to pertactin, 

with most of the sequence similarity at the C-terminus. Further analysis of the BrkA 

sequence reveals two RGD sequences, a glycosaminoglycan attachment site and an outer 

membrane localization signal, consistent with its role in adherence (69). BrkB is 32 kDa 

and is predicted to be a cytoplasmic membrane protein. BrkB has domains similar to 

various transporters and pumps and may act to maintain cell homeostasis during 

complement attack (69). 

BvgAS 

Virulence factor expression in B. pertussis is affected by two phenomena both 

mediated by the bvgAS locus. Modulation, first described by Lacey, is a reversible 

phenotypic change that causes the loss of virulence factor expression under certain culture 

conditions (118). Lacey noticed loss of virulence factor expression by B. pertussis when 

grown on media containing high concentrations of MgSO^. More recently, nicotinic acid 
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and low temperature (22-25°C) have been found to cause a switch to an avirulent state 

(140, 168, 224). Phase variation is a stable genetic change to an avirulent state occurring at 

a frequency of 10'^ to 10"® that is also reversible. Tn5 insertion mutants were isolated with 

a phenotype indistinguishable from phase variants. The Tn5 insertions were in a locus then 

called vir which has subsequently been named bvg ior Bordetella virulence gene (224). 

The bvg locus was sequenced and found to encode two proteins homologous to the 

two component family of bacterial transcriptional regulators (10,206). The two 

component systems consist of a sensor kinase protein that responds to an environmental 

signal by phosphorylating its cognate response regulator protein. The phosphorylated 

regulator then activates transcription of target genes (218). Presumably such a system 

allows the production of virulence factors only when they are needed. 

BvgS is a 135-kDa inner membrane protein (206) with an N-terminal periplasmic 

sensor domain, a transmembrane domain and a linker domain that adjoins the 

multifunctional cytoplasmic portion of the protein. The cytoplasmic portion of BvgS 

consists of the transmitter domain (kinase), a receiver domain and the C-terminus (218). 

Bvg A is a 23-kDa cytoplasmic protein that consists of an N-terminal receiver domain and a 

C-terminal DNA binding domain that resembles a helix-tum-helix motif (26, 206). Growth 

in the presence of modulating conditions prohibits phosphorylation of BvgA, while phase 

variants arise as a result of insertion of an extra nucleotide in a run of C's in resulting 

in a frame shift mutation (204). Phase variants of B. bronchiseptica can also arise via 

deletions in the bvg locus (151). 

The phosphorelay mechanism of the BvgAS system has been well studied (217. 

218). The current model stipulates that BvgS receives the signal in its periplasmic domain 

and a conformational change is carried through the transmembrane and linker domains to 

activate the kinase contained in the transmitter domain (217). BvgS dimerizes during this 

activation and dimerization regions are found in the transmitter and C-terminal domains 



(21). The BvgS kinase domain then autophosphorylates the transmitter domain at 

Histidine-729 using the y phosphate of ATP. The phosphate is subsequently transferred to 

Aspartate-1023 in the BvgS receiver domain. This step is necessary for subsequent 

phosphotransfer to BvgA. This phosphate can be transferred to water or to Histidine-1172 

of the C-terminus. The C-terminal phosphate is U-ansferred back to the BvgS receiver 

domain or to the BvgA receiver domain (217). Thus the BvgS receiver domain acts as a 

checkpoint mediating phosphorylation and dephosphorylation of the C-terminus and 

dephosphorylation of the transmitter. Although the C-terminus of BvgS is essential for the 

phosphorelay, its specific function is not known. It may be an additional control point in 

the signal cascade or it may be a site for phosphorylation from other systems within the cell 

(218). Mutations in the linker domain of BvgS abolish response to environmental signals 

resulting in constitutive mutants (83, 137, 146) that can activate the Bvg regulon even 

when the periplasmic domain is removed (146). These mutations may prevent the 

conformational change that occurs when modulators interact with the periplasmic domain of 

BvgS. 

Phosphorylation of BvgA (probably at Aspartate-54) causes multimerization and 

increased sequence specific DNA binding activity (26) resulting in transcriptional activation 

of target genes (142). DNA binding by phosphorylated BvgA (BvgA~P) is necessary but 

not sufficient for U-anscriptional activation. The mechanism by which BvgA activates 

transcription is not known but may involve interactions with the alpha subunit of RNA 

polymerase (see below) (32, 33). Mutants have been isolated that are defective in ptx and 

cya expression but still express FHA at normal levels (202). These mutants show a 

reduced expression of pertactin suggesting a mechanism for activation of pertactin 

expression by BvgA that differs from that offlia and ptx/cya. Both mutations are in the C-

terminus of BvgA and affect negatively charged amino acids near the helix-tum-helix DNA 

binding motif. Mutations in this region may alter the DNA binding specificity of BvgA or 



affect its ability to activate transcription through interactions with other accessory proteins 

or RNA polymerase (202). 

Although the relevant in vivo signal that activates the BvgAS system is not known, 

the characteristics of in vitro modulators have been studied (141, 142). Sulfate and 

chlorate ions and organic acids, including nicotinic acid, act as modulators. Organic acids 

must have a benzene or pyridine ring with a carboxyl group adjacent to the ring to have 

modulatory effects. Modulators must be readily diffusible through the outer membrane and 

are negatively charged since chlorine ions can compete with modulators. Melton and Weiss 

hypothesized that modulators interact with the positively charged amino acids in the 

periplasmic domain of BvgS thereby inducing a conformational change so that 

phosphorylation is inhibited (141). The in vivo signal is likely to be a nicotinic acid-like 

molecule since these compounds are effective at concentrations 15-100 fold lower than 

sulfate and chlorate ions, although response to nicotinic acid can be strain-dependent (142). 

Sulfate structurally resembles phosphate and it has been suggested that excess sulfate ion 

may interfere with the normal BvgAS phosphorylation cascade (142). Identification of the 

relevant in vivo modulator may suggest new treatments for B. pertussis infection besides 

antibiotic therapy (141). 

Autogenous regulation of bvgAS 

BvgAS activates its own transcription in the absence of modulators (177, 178, 

186). Primer extension analysis of mRNAs produced from the bvgAS locus identifies four 

promoters (PI-4) that affect bvgAS transcription. P2 is active only when the cells are 

grown in modulating conditions and allows the production of low amounts of BvgAS so 

that changing conditions may be sensed. Once modulation is relieved, BvgAS activates 

transcription from PI (P2 becomes inactive) and a three fold increase in bvgAS mRNA 

results, followed by a 50-fold increase in BvgAS protein levels. P4 is transcribed in the 



opposite direction of the bvgAS genes and is activated when BvgA levels are high. The P4 

transcript may prevent the formation of secondary structure in the other bvg transcripts so 

that more BvgAS protein is made. Its position relative to the bvg ribosome binding site 

suggests it is not involved in regulation of translation (186). DNase footprinting assays 

using bvg promoter DNA demonstrate protection in regions with a conserved sequence. 

Sequences similar to TTTCTTA are present as direct or inverted repeats upstream of Bvg-

regulated genes. A direct repeat of TTTCCTA and TTTGGTA is present upstream of 

bvgAS. These conserved sequences may represent the BvgA binding site (177). 

Regulation of virulence factor expression by BvgAS 

A large body of evidence suggests that the B. pertussis virulence factors are 

activated by BvgAS via different mechanisms. Mutants that overexpress the alpha subunit 

of RNA polymerase (RpoA) show decreased expression of PT and ACT but normal levels 

of FHA, pertactin, and fimbriae. The authors hypothesized that overexpression of RpoA 

titrates BvgA so that less is available for activation of target promoters. However, attempts 

at correcting this defect by overexpressing BvgA have been unsuccessful (32, 33). 

This phenomenon was further studied by Fuchs et al (77). Suppressor mutants 

were isolated that had regained the ability to express normal levels of PT and ACT. 

Complementation of one suppressor mutant led to the identification of a cosmid containing 

a new gene named tex (for toxin expression). The Tex protein is highly similar (74-78%) 

to proteins of unknown function identified in E. coli, H. influenzae and N. meningitidis. 

These proteins have similarity at their N-termini with the E. coli mannitol repressor protein 

MtlR and at their C-termini to putative RNA binding domains of E. coli Pnp and RpsA 

proteins. The authors propose that Tex and its homologues comprise a new class of 

transcription-associated factors. Interestingly, the original suppressor mutation is not in tex 

but in another unidentified B. pertussis gene. Mild overexpression of Tex in B. pertussis 



overcomes this mutation but strong expression of tex on a high copy plasmid impairs 

viability. These observations coupled with the fact that a chromosomal tex mutant is 

nonviable suggests that Tex concentration must remain within a certain range for normal 

function. While mild overexpression of Tex causes a decrease in toxin expression in the 

suppressor strain, it had no effect in a wild type su^ain suggesting that Tex is not a specific 

repressor of toxin expression and instead is part of the transcription machinery (77). 

More recent data suggests a direct interaction between BvgA~P and the a subunit of 

RNA polymerase (27). Mutant forms of the E. coli RNA polymerase a subunit that are 

deleted in the C-terminus or have certain amino acid substimtions in this region are unable 

to initiate transcription from the fha promoter with BvgA~P (although transcription from 

non-BvgA regulated promoters is normal) (27). This observation suggests a direct 

interaction between the RNA polymerase a subunit and BvgA~P. BvgA~P appears to 

reposition RNA polymerase at the fha promoter. Boucher et al have shown that 

unphosphorylated BvgA binds a single region (-100 to -70) while BvgA~P binds this 

region and also at a site that overlaps the -35 promoter sequence (27). Furthermore. 

BvgA-P repositions RNA polymerase so that it binds near -35 and this correlates with in 

vitro transcription from this site. 

In E. coli, an fha-lacZ transcriptional fusion is activated and responds normally to 

modulating conditions when bvgAS is supplied in trans. In contrast, a ptx-lacZ fusion is 

not expressed under these conditions (147). This observation suggested that fluiB may be 

activated by BvgA directly while another factor is required for transcription of ptx and that 

this additional factor is not present in E. coli. However, Scarlato et al (185) found that 

expression of ptx in E. coli could be achieved when cloned on certain vectors and when 

supercoiling was influenced by the addition of DNA gyrase inhibitors. In the latter case. 

ptx expression was insensitive to modulators. This suggests that DNA topology may be 

important in regulation of ptx transcription. 
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Huh and Weiss (106) identified a 23-kDa protein distinct from BvgA expressed by 

virulent B. pertussis that binds to the promoter regions of ptx and cya. This protein, 

named Act, is itself Bvg-regulated. No further reports describing the role of Act in the 

regulation of PT and ACT expression have been published. 

DeShazer et al identified another gene that allows expression of ptx-lacZ in E. coli 

(55). This so called Bvg accessory factor (Baf) results in activation of ptx-lacZ expression 

when supplied with bvgAS in trans. Modulation occurs normally in these strains. The 

mechanism by which Baf achieves this effect is not Icnown. Baf is not similar to any other 

proteins with known function and lacks identifiable protein motifs that might aid in 

determining its function. Overexpression of Baf in BC75, the B. pertussis mutant that 

overexpresses RpoA, partially complements the defect in PT expression suggesting that 

RpoA may be titrating Baf (55). 

More recently, Uhl and Miller (216) examined the effects of growth conditions on 

the ability of BvgAS to activate transcription of ptx in E. coli. A ptx-lacZ fusion was 

activated (and modulatable) by BvgAS when cultures were grown in minimal media in 

which growth rate was slowed. fha-lacZ transcription was activated normally under all 

conditions by BvgAS. BvgAS protein levels were slightly higher in minimal medium (1.4 

to 2-fold) and overexpression of BvgAS from a heterologous promoter mimicked the 

effects of growth in minimal medium. Overexpression of BvgA without BvgS was not 

sufficient for ptx-lacZ activation indicating that BvgA must be phosphorylated. Thus, these 

results support the hypothesis that BvgA is sufficient for activation of pertussis toxin but 

that higher levels of BvgA protein are needed for activation of the ptx promoter than early 

promoters such as JJia (216). In similar experiments using minimal medium, however, 

Steffen et al were unable to activate plasmid-encoded ptx-lacZ expression in E. coli with 

BvgAS in trans (200). Since the ptx-lacZ fusion was carried on a plasmid in these 

experiments, there would be more BvgA binding sites present in this strain. Higher BvgA 
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levels would be needed to occupy the BvgA binding sites upstream of ptx and apparently 

this level cannot be achieved by slowing the growth rate in minimal medium. 

Scarlato et al (184) studied the temporal expression of virulence factors in B. 

pertussis after the switch from modulating to non-modulating conditions. These studies led 

to the grouping of virulence factors as "early" or "late". Following a switch from 25 to 

3TC,fha and fimbriae transcripts are detectable after 10 minutes and reach their maximum 

after 1 hour. Penussis toxin and adenylate cyclase expression does not begin until 2 hours 

after the temperature shift and does not reach maximum until 6 hours. bvgAS is 

transcribed only from P2 at 25'C but then PI is activated at 10 minutes after the shift. Over 

the next 30 minutes P2 transcription stops and PI reaches its maximum activity. BvgAS 

protein levels increase over time (to a level 56-fold higher than modulated) and high BvgAS 

levels coincide with induction of toxin promoters. If BvgAS is overexpressed from a 

multicopy plasmid, ptx and cya transcript levels remain high even in modulating 

conditions. Thus, fha,fim and bvg are considered early genes while ptx and cya are late 

genes. The rationale for such a mechanism may be that immediate expression of adhesins 

is needed for attachment to the host while toxins would be needed later once the bacteria 

have reached the correct anatomical site for disease production (184). Furthermore, 

experiments in which B. pertussis was grown at a range of temperatures demonstrates that 

BvgA levels increase proportionally with growth temperature (167). If cells are grown at 

37°C then shifted to 22°C for a short time they are able to respond much more quickly to a 

shift to activating temperatures, cya is activated within 20 minutes of such a treatment since 

BvgA levels would still be high, allowing earlier cya expression. This provides further in 

vivo evidence that BvgA levels determine late and early gene activation. 

Recent in vitro evidence supports that activation of ptx and cya requires higher 

levels of BvgA protein than does activation offha or bvg (28. 201. 241). Several groups 

have demonstrated that binding of BvgA to late gene promoters {ptx and cya) requires 



higher concentrations of BvgA than does binding to early gene promoters (fha). 

Furthermore, late gene promoter binding requires that BvgA be phosphorylated while 

binding to early gene promoters can occur in the absence of phosphorylation, although 

affinity is substantially increased by phosphorylation (28, 112, 201, 241). Transcription 

from the ptx and cya promoters occurs in vitro when only BvgA~P and B. pertussis RNA 

polymerase are provided, demonstrating that BvgA-P is sufficient for transcriptional 

activation under these conditions (201). BvgA~P binds at the consensus sequence 

TTTCTTA which is present upstream of the bvg,f}ia, ptx and cya promoters. While the 

consensus repeats are 7 to 8 helical turns upstream of bvg PI and Pflm, they are 14 turns 

upstream of Pptx and scattered over an 80-bp region upstream of cyaA (from -137 to -51). 

This consensus site may represent the primary BvgA~P binding site and multiple BvgA-P 

molecules would be required to interact with RNA polymerase at the promoter. Since the 

distance between the primary BvgA~P binding site and the -35 region is greater for ptx and 

cya than early promoters, more BvgA-P molecules would be required to bridge this 

distance and activate RNA polymerase (241). 

BvgAS repressed genes 

In addition to the group of virulence factors that are activated by the BvgAS system, 

there are a number of genes that are repressed by BvgAS called vrgs (for vir repressed 

genes). This group of genes is expressed only when modulators are present. Five B. 

pertussis vrgs {vrg6, 18, 23, 53 and 73) have been identified but no specific function has 

yet been assigned to these genes (18). The regulation of vrgs has been studied (18) and 

repression requires an intact bvgAS locus. Examination of the DNA sequence of these 

genes reveals a 32-bp region of similarity within the 5' coding region and this region is 

sufficient for transcriptional regulation. Southwestern analysis identified a 34-lcDa protein 

that binds to the vrg6 coding region and levels of this protein increase under modulating 
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conditions. A mutation in the putative regulatory region of vrg6 simultaneously makes 

vrg6 expression insensitive to modulators and results in a decrease in binding by this 34-

kDa protein (19). A mutant was isolated via mini-Tn5 Km mutagenesis which expre.ssed 

vrg6 constitutively but which expressed fha in a normally regulated manner. The 

transposon insertion lies in a gene immediately downstream from bvgAS called bvgR 

which is predicted to encode a protein of 23-kDa. BvgR shares some sequence similarity 

with proteins involved in mercuric ion resistance and resolvase functions whose specific 

mechanisms are unknown. 

Available data suggests the following model for repression of vrgs. BvgR is 

activated via an unknown mechanism by BvgAS (either by transcriptional activation by 

BvgA~P or by direct phosphorylation by activated BvgS) and then either binds directly 

upstream of vrgs or may act with another regulator to repress vrg gene transcription (144). 

The 32-bp sequence common to vrg6, 18, 23 and 53 may represent a BvgR binding site. 

If so the lack of this sequence in vrg73 suggests that yet another protein may be involved in 

the regulation of this gene. Also, a 34-kDa protein was found to bind to vrg6 DNA while 

BvgR is only 23-kDa (19, 144). Further study is needed to fully understand this 

seemingly complex regulatory system. 

One Bvg-repressed gene (vrg6) appears to be important in virulence (20). Vrg6 is 

likely to be secreted since a vrg6::phoA fusion is active. Vrg6 has proline rich pentamer 

repeats and a highly basic trimer repeat. The vrg6 gene is present in all Bordetella species 

except B. avium but is only expressed in B. pertussis (and only under modulating 

conditions). The vrg6::phoA mutant is unable to grow in mouse tracheas and does not 

multiply as well as wild type in mouse lungs. The other B. pertussis virulence factors in 

the vrg6-phoA strain are produced normally, thereby ruling out a nonspecific effect on 

extracellular proteins by phoA (20). It was proposed that Vrg6 is a non-immunogenic 

adherence factor but no evidence is available to support this (20). 
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Experiments using B. bronchiseptica have been aimed at determining the role of the 

Bvg" phase in the biology of Bordetella species. In B. bronchiseptica motility and 

siderophore (alcaligin) biosynthesis are 6vg-repressed phenotypes (6. pertussis is non-

motile) (3-5, 80) and this system has allowed the study of the role of the 6vg-repressed 

state in disease progression. Constitutive Bvg mutants were compared with wild type B. 

bronchiseptica in a rabbit model. The wild type and constitutive strains were 

indistinguishable in their ability to cause disease in rabbits and provoke an antibody 

response. Furthermore, no antibodies to flagellin were detected suggesting that flagella are 

either not produced in vivo or they are produced in a location sequestered from the immune 

system. This suggests that the Bvg^ phase is sufficient for establishment of disease in the 

respiratory tract (46). If motility is put under the control of a Z^vg-activated promoter 

colonization is reduced suggesting that both positive and negative regulation by Bvg is 

necessary for optimal disease progression (3). Further experiments showed that a Bvg" 

mutant survives better in nutrient poor media (46). Thus, the Bvg" phase may be necessary 

for survival in the environment and may also contribute to persistence or transmission of 

the organism. The observation that the Bvg" phase is not necessary for full virulence 

contrasts with the observation that a B. pertussis vrg6 mutant is avirulent in mice (20). B. 

bronchiseptica does not express vrg6 and the mouse is not a natural host for B. pertussis so 

these results may not be comparable (3). 

It was recently proposed that the Bvg" phase plays no role in B. pertussis infection 

or environmental survival (52). B. pertussis BvgAS may be evolving to no longer play a 

role in sensing whether the organism is in a host or in the environment for this species. B. 

bronchiseptica strains are uniformly sensitive to modulating conditions while B. pertussis 

strains are much less sensitive and the response to modulators varies considerably between 

strains. When the B. bronchiseptica bvgAS genes are replaced with the B. pertussis 

bvgAS genes the resulting chimeric strain is less sensitive to modulators (52). Thus, 
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modulator sensitivity is determined solely by the bvgAS operon. B. pertussis, being more 

virulent and contagious than B. bronchiseptica, may no longer need the Bvg" phase since it 

is not found outside human hosts (52). 
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D. DISSERTATION OBJECTIVES 

The objectives of this dissertation are; (I) to further characterize the role of the Bvg 

accessory factor (Baf) in pertussis toxin expression in E. coli and B. pertussis, (2) to 

determine the contribution of the Bordetella transcriptional regulator (Btr) to B. pertussis 

virulence, and (3) to identify and characterize Btr-regulated genes. 
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CHAPTER II. THE ROLE OF THE BVG ACCESSORY FACTOR (BAF) IN 

PERTUSSIS TOXIN EXPRESSION AND B. PERTUSSIS VIABILITY. 

A. INTRODUCTION 

Pertussis toxin (PT) is an important virulence factor of B. pertussis, the causative 

agent of pertussis or whooping cough (23). Its biological activities include lymphocytosis 

promotion, histamine sensitization, induction of hypoglycemia, platelet activation and 

mitogenicity (219) and it is believed to be responsible for the systeniic effects of the disease 

(23). PT is an A-B toxin in which the B subunit is responsible for binding of the holotoxin 

to the host cell receptor. The A subunit is subsequently internalized and intoxicates the host 

cell via ADP-ribosylation of host cell G proteins. Uncontrolled synthesis of cAMP by the 

cellular adenylate cyclase ensues and normal cellular processes are disrupted (129, 211, 

219). 

The regulation of pertussis toxin expression has been the subject of intense scrutiny 

recently. PT expression is activated by the two component BvgAS system which controls 

expression of most B. pertussis virulence factors (44. 183). BvgS responds to 

environmental signals by phosphorylating BvgA which then activates target gene 

transcription (44, 183). The mechanism by which BvgA activates the ptx operon is not 

completely understood. The ptxA-E genes, encoding subunits S1 through S5, are 

expressed as an operon from an upstream promoter (90). Phosphorylated BvgA binds to 

two repeat sequences in the promoter region to activate u-anscription (28, 201, 241). 

Early studies in E. coli suggested that pertussis toxin expression required an 

additional unidentified factor, in addition to BvgAS (147). In E. coli, plasmid-encoded 

bvgAS is sufficient forfltaB-lacZ expression but not for ptx-lacZ expression (147). Since 

that initial observation. ptx-lacZ expression has been achieved in E. coli with BvgAS in 
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trans by altering the supercoiling of the cloned ptx operon (185) or by introducing the B. 

pertussis baf gene (55). Baf (Bvg accessory factor) is a 28-kDa protein that results in ptx-

lacZ expression in E. coli when BvgAS is supplied in trans (55). Baf is not similar to any 

other proteins with known function and lacks identifiable protein motifs that might aid in 

determining its function (55). 

A large body of evidence has accumulated suggesting that ptx promoter activation 

requires higher levels of BvgA protein than do other BvgA-regulated promoters, such as 

JJwB or bvg (28, 184, 201, 241). Scarlato et al showed that in B. pertussis, ptx is 

expressed 2 hours after a shift to non-modulating conditions when BvgA levels are high 

(184). In contrast.//zafi or bvg promoters are activated within 10 minutes, when BvgA 

levels are much lower (184). Growth of E. coli strains in minimal media, which results in 

slow growth and concomitant increases in BvgA levels, allows ptx-lacZ expression when 

only BvgAS is supplied in trans (216). A number of in vitro studies have shown that ptx 

promoter binding and transcriptional activation requires higher levels of BvgA protein than 

do early promoters {bvg.fha) and has an absolute requirement for phosphorylated BvgA 

(28, 112, 201, 241). Transcription from the ptx promoter can be accomplished in vitro 

using only phosphorylated BvgA and B. pertussis RNA polymerase (201). However, 

these studies used concentrations of purified BvgA that may be too high to be 

physiologically relevant in vivo. 

Thus, a controversy has developed about whether phosphorylated BvgA is 

sufficient for ptx expression or if Baf is required with BvgA to activate ptx expression. 

The primary objective of the present research was to clarify the role that Baf plays in 

regulation of ptx expression in E. coli and B. pertussis. 
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Bacterial strains, plasmids, media and growth conditions 

The bacterial strains and plasmids used in this study are described in Table 1 and 

Table 2, respectively. E. coli cultures were routinely grown in Luria-Bertani (LB) broth 

(1% tryptone, 0.5% yeast extract, 170 mM NaCl, pH7.5) or on LB agar plates. M9 was 

made exactly as described by Uhl and Miller (216). B. pertussis was grown on Bordet 

Gengou (BG) agar (Difco Laboratories, Detroit, MI) supplemented with 10% defibrinated 

sheep blood (Hemostat Labs. Dixon. CA). in Stainer Scholte (SS) liquid medium (199) or 

in cyclodexunn medium. Cyclodextrin medium consists of Stainer Scholte broth (199) 

supplemented with 1 g per liter methyl |3-cyclodextrin. Antibiotics (Sigma, St. Louis, MO) 

were used at the following concentrations: ampicillin (Amp), 100 jig/ml; tetracycline (Tet). 

15 jig/ml; nalidixic acid (Nal), 50 ^ig/ml; kanamycin (Kan), 25 |ig/ml; gentamicin (Gent). 

15 ug/ml, and streptomycin (Strep), 100 ng/ml. 

DNA manipulations 

DNA manipulations were performed according to standard techniques (181). 

Agarose was purchase from Promega (Madison, WI). Restriction enzymes, Klenow 

fragment of T4 DNA polymerase, T4 DNA ligase, and calf intestinal alkaline phosphatase 

(CL\P) were purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN) or 

Gibco BRL Life Technologies (Gaithersburg, MD). Reagents were used according to the 

manufacturer's instructions. 



Construction of a baf mutant 

pBKIOlS was constructed in the following manner. The kanamycin cassette of 

pHP45Q-Km (68) was cloned on a 2.2-kb BamHl fragment into the BgRl site within baf 

on pDD201 (55) so that the kanamycin resistance gene is transcribed in the opposite 

orientation as baf. The resulting baf::kan allele was then cloned on a 4.4-kb Notl fragment 

into the Notl site of the allelic exchange vector pSS 1129 (206) yielding pBK1013. 

Conjugations were performed by mixing one colony of the E. coli donor strain 

S17-1 (pBK1013) with approximately 1(X) colonies of the recipient B. pertussis strain, 

BP339 or BP339 (pLAFRBAF), in a small area on a BG agar plate supplemented with 10 

mM MgCl,. Matings were incubated at 37°C for 6-8 hours and then the mating spot was 

streaked to BG Kan Tet plates to select for BP339 (pLAFRBAF) cells containing pBK1013 

integrated in the chromosome. Plates were incubated 3-4 days at 37°C until colonies 

appeared. Exconjugants were then streaked to BG Kan Strep to select for clones that had 

lost vector sequences and maintained the baf::kan mutation. Several streptomycin resistant 

clones were obtained and subjected to Southern hybridization to confirm the presence of the 

baf::kan mutation. 

To test for loss of pLAFRBAF from GWB1 (pLAPHBAF) or GWB1 (pLARBAF) 

containing the various pBBRlMCS-5 constructs (see Table 2 and 3), strains were streaked 

to BG Kan or BG Kan Gent agar, respectively, and incubated 3 days at 37°C. Isolated 

colonies were then picked to BG Kan Tet or BG Kan Tet Gent agar to test for tetracyline 

sensitivity (loss of pLAFRBAF). At the same time, a fresh BG Kan or BG Kan Gent plate 

was inoculated from the confluent growth of the previous plate. This process was repeated 

up to seven times as shown in Table 3. 
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Southern hybridizations 

Southern hybridizations were performed using the Genius I kit for non-radioactive 

DNA labeling and detection of nucleic acids (Boehringer Mannheim) as follows. 

Chromosomal DNA was isolated from B. pertussis grown on plates using a 

hexadecyltrimethylammonium bromide (CTAB, Sigma) extraction procedure (13). 

Chromosomal DNA was digested to completion with the appropriate restriction enzyme and 

electrophoresed through a 1% agarose, IX TBE gel. The gel was incubated in 0.25 N HCl 

for 15 minutes, then in 0.4 M NaOH, 0.6 M NaCl for 30 minutes. The DNA was 

transferred to a GeneScreen Plus membrane (NEN Research Products, Boston, MA) using 

a Vacublot Transfer Apparatus (American Bionetics, Hay ward, CA) and the membrane was 

then dried at 37°C for 15 minutes. The membrane was incubated for 1-2 hours at 65°C in 

prehybridization solution (0.5% blocidng reagent (Boehringer Mannheim), 0.02% SDS, 

0.75 M NaCl, 75 mM sodium citrate (pH 7.0), 0.1% N-lauroylsarcosine), then in fresh 

prehybridization solution containing 10-20 ng/ml of the appropriate DNA probe overnight 

at 65°C in a heat scalable plastic pouch. The membrane was washed four times (15 

minutes per wash) at 65°C in 0.3X SSC (45 mM NaCl, 4.5 mM sodium citrate, pH 7.0), 

1.0% SDS followed by detection of digoxigenin-labelled fragments according to the 

Genius kit manual. 

The probe consisted of a 650-bp BamHl-BgUl fragment derived from pDDlOO 

(55) and was labeled with digoxigenin-11-dUTP using random hexanucleotide primers 

according to the procedure described in the Genius manual 

Western blots 

B. pertussis samples for Western blot analysis were prepared from bacteria grown 

24 hours in SS medium or from bacteria harvested after two days growth on BG plates. E. 

coli cultures (10 ml) were grown overnight in LB broth. Bacteria were pelleted at 8.000 
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rpm for 10 minutes and resuspended in 300-500 [xl phosphate buffered saline (PBS). One 

tenth volume 10% SDS was added and the samples were boiled for 10 minutes. After 

boiling, each sample was passed several times through a 25 gauge needle to reduce 

viscosity. Total protein was quantitated using the BCA Protein Assay Reagent (Pierce, 

Rockford, IL). 

SDS-PAGE and Western blotting were performed as previously described using 

50-100 |ig total protein (55). Band intensity was quantitated with the Alphalmage 2000 

Documentation and Analysis system software using the spot densitometry function 

(Alphalnnotech, San Leandro, CA). The following antibodies were used to detect B. 

pertussis proteins: BvgA, monoclonal antibody 63/8; BvgS, monoclonal antibody 23/7; 

pertussis toxin SI subunit, monoclonal antibody IB 12 (76); adenylate cyclase toxin, 

monoclonal antibody 9D4 (103); FhaB, polyclonal rabbit anti-FHA serum. Monoclonal 

antibodies 63/9 and 23/7 were gifts from Dr. Scott Stibitz, Center for Biologies Evaluation 

and Research, Food and Drug Administration, Bethesda, MD and monoclonal antibody 

9D4 was a gift from Dr. Erik Hewlett, University of Virginia, Charlottesville, VA. 

I^.galactosidase assays 

Stationary phase E. coll cultures were assayed for p-galactosidase activity as 

described previously (145). Plate grown B. pertussis strains were resuspended in PBS 

then assayed as usual (55). 

Statistical Metiiods 

The student's t test was used to determine p values for differences between sample 

means (208). 
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Table I. Bacterial strains used in the Baf studies 

Strain Relevant characteristics Reference or source 

E. coli 

DH5a a-complementation, high 
frequency transformation 

Gibco BRL, Gaithersburg, 
MD 

JFME3 X lysogen containing ptxA::lacZ 
transcriptional fusion 

147 

CR430 X lysogen containing bvgA::lacZ 
transcriptional fusion 

178 

S17-1 conjugation proficient, RP4-2-
Tet::Mu-Kan::Tn7 

193 

B. pertussis 

BPNMD330 B. pertussis carrying 
chromosomal ptx-lacZ 
transcriptional fusion 

N. Carbonetti, Univ. of 
Maryland, Baltimore, MD 

BP338 wild type B. pertussis 227 

BP339 BP338, Strep" 16 

GWBl BP339, baf::kan This study 
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Table 2. Plasmids used in the Baf studies. 

Piasnud Relevant characteristics Reference or Source 

pACYCI84 pl5A cloning vector, Tet*^, 
Cam'' 

New England Biolabs, 
Beverly, MA 

pUWI004 pACYC 184 containing 14.7-kb 
bvgAS fragment 

205 

pUWBAFBi pUW1004 with 2.2-kb baf' 
fragment' 

This study 

pUWBAFC2 pUW 1004 with 22-kbbaf 
fragment 

This study 

pBBRlMCS-2 Broad host range cloning 
vector, Kan'^ 

117 

pBBdSspI pBBRlMCS-2 lacking the 704-
bp Sspl laca fragment 

This study 

pBBRIMCS-5 Broad host range cloning 
vector, Gent'' 

117 

pBAF4 pBBRlMCS-2 with 2.2-kb baf 
fragment 

This study 

pBAF5 pBBRlMCS-2 with 2.2-kb 
baf fragment 

This study 

pBAF45 pBBRlMCS-5 with 2.2-kb baf 
fragment 

This study 

pBAF55 pBBRlMCS-5 with 2.2-kb 
baf fragment 

This study 

pBAF65 pBBR 1MCS-5 with 1.1 -kb baf 
fragment 

This study 

pBAF75 pBBRlMCS-5 with 1.1-kb 
baf fragment ^ 

This study 

pLAFR3 broad host range vector, Tet" 164 
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Plasmid Relevant characteristics Reference or Source 

pLAFRBAF pLAFR3 with 6.5-kb baf 
firagment 

This study 

pSSll29 suicide vector for allelic 
exchange, Gent*^, Amp'', rpsL* 

203 

pBKlOl3 
pSS 1129 with baf::kan, Kan'', 
Amp" This study 

pDD201 
pUC18 with 6.5-khSaabaf 
fragment. Amp" 55 

1. The baf^ allele contains a 4-bp insertion in the BglU site of baf creating a frameshift 

mutation in the C-terminus of Baf beyond amino acid 216. Insertion of 4 bp destroys the 

Bg[ll site and forms a Clal site (55). 

2. The bqf^ allele contains a 4-bp insertion in the Styl site of baf creating a frameshift 

mutation beyond amino acid 90 of Baf. Insertion of 4 bp destroys the 5tyl site and forms 

an Nsil site. 
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C. RESULTS 

The effect of Baf on ptx-lacZ expression In E. coli grown in minimai 

media. 

Initial experiments suggested that pLx-lacZ expression does not occur in E. coli 

when cultures are grown in rich medium (LB) when BvgAS is supplied in trans (147). 

Uhl and Miller recently examined the expression of pertussis toxin in E. coli grown in 

minimal media (216). Their experiments showed that pertussis toxin is expressed at high 

levels, with only BvgAS in trans, when the cultures were grown in M9 or Stainer Scholte 

medium (216). The growth rate is slowed under these conditions and BvgA levels 

subsequently increase (216). To determine Baf s effect on this phenomenon, the wild type 

baf gene and the baf^ allele were cloned onto pUW 1004 which carries bvgAS. The baf' 

allele contains a 4-bp insertion in the BgUl site of baf, resulting in a frameshift mutation in 

the C-terminus. Thus, the N-terminus of Baf is wild type while the C-terminus encodes a 

nonsense protein. The resulting plasmids were named plJWBAFC2 and pUWBAFB 1. 

respectively, and their effect on ptx-lacZ expression in E. coli JFME3 (145) was 

determined. As shown in Figure 1, pLTWlOCM alone was sufficient to activate pt.x-lacZ 

expression in M9 and Stainer-Scholte medium. This is in complete agreement with 

previously published results (216). pUWBAFC2 resulted in 3.5-fold higher expression of 

ptx-lacZ in M9 medium (p<0.01) and an 8.7-fold increase in Stainer Scholte medium 

(p<0.001) over pUW1004 alone (Fig. 1). Thus, /^a/enhances the effect of BvgAS on ptx-

lacZ expression in E. coli grown in minimal medium. Interestingly. pUWBAFB 1 had a 

negative effect on p/:r-/c(cZ expression in both medias (Fig. 1). The baf ̂  aWtlt reduced 

/7r.v-/flcZexpression to 28.5% (p<0.1) and 10.6% (p<0.01) of pUW1004 levels in M9 and 

Stainer Scholte medium, respectively (see below). 
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Figure 1. Activation of ptx-lacZ expression by BvgAS and Baf in £. coli JFME3 grown in 
minimal medium. JFME3 containing the various piasmids was inoculated into LB medium 
containing chloramphenicol and grown overnight. Forty microliters of ovemight culture 
was used to inoculate 3 ml M9 (A) or Stainer Scholte (B) medium containing 
chloramphenicol. Ovemight culmres were assaved for (3-galactosidase activity (145). 
pUW1004 (pACYC184, bvgAS*). pUWBAFB'l (pUWlOm, baf% pUWBAFC2 
IpUW 1004, baf). P-galactosidase was assayed in uiplicate. The mean and standard error 
of three independent experiments are shown. 



The effect of Baf on BvgA expression. 

Since high concentrations of BvgA are required for ptx expression in B. pertussis 

and E. coli. Western blot were done and analyzed via densitometry to determine the effect 

of Baf on BvgA protein levels. pUWBAFC2 increased BvgA levels approximately 2-fold 

over pLJW1004 in E. coli (Fig. 2). pUWBAFB 1 did not appreciably affect BvgA levels. 

Modulation with 40 mM MgSO^ resulted in loss of BvgA expression for pUW 1C)04, 

pUWBAFB 1 and pUWBAFC2 (data not shown). Thus, the mechanism by which Baf 

increases ptx-lacZ expression in E. coli appears to involve an increase in BvgA 

concentrations. 

Conditions which slow the growth of E. coli have also been shown to increase the 

BvgA concentration (216), therefore, the effect of Baf on the growth rate of E. coli JFME3 

was determined. As shown in Figure 3, strains containing pUWICKM, pUWBAFB 1 or 

pUWBAFC2 grew at the same rate and achieved similar final optical densities. Figure 3 

shows mid logarithmic to stationary phase growth, early logarithmic phase growth was 

also monitored and no difference in growth rate was observed (data not shown). Thus, the 

mechanism by which Baf increases BvgA and ptx-lacZ expression is not due to a decrease 

in the growth rate. 

'To determine if Baf increases the transcription of bvgA in E. coli, pUW 1004, 

pUWBAFB I, and pUWBAFC2 were introduced into E. coli CR430 which contains a 

chromosomal fevgA-/acZ transcriptional fusion (178). As shown in Figure 4. pUW1004 

alone was able to activate bvgA-lacZ transcription. This is consistent with the ability of 

BvgAS to regulate its own expression (178). Wild type baf had no effect on bvgA-locZ 

transcription in M9 medium (p < 0.5) (Fig. 4A). In Stainer Scholte medium, Baf with 

BvgAS increased bvgA-lacZexpression over BvgAS alone (p < 0.01) (Fig. 4B). This 

may indicate that Baf can increase BvgAS-dependent bvgA-lacZ transcription under certain 
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pACYC184 pUW1004 pUWBAFBl pUWBAFC2 

Figure 2. Western blot analysis of whole cell lysates of E. coli JFME3 containing various 
plasmids grown in M9 medium. Whole cell lysates (100 |ig) were electrophoresed through 
an SDS polyacrylamide gradient gel (5-20% polyacrylamide) and immunoblotted to detect 
BvgA using monoclonal antibody 63/8. pACYC 184 (vector control), pUW 1004 
(pACYC184, bvgAS*), pUWBAFBl (pUW1004, baf^), pUWBAFC2 (pUW1004, 
baf). The experiment was repeated four times with results similar to those presented 
above. 
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Figure 3. Growth curve of JFME3 with bvgAS and baf. E. coli JFME3 with various 
piasmids was inoculated into LB medium plus chloramphenicol and grown overnight. 
Overnight cultures (250 |il) were inoculated into 25 ml M9 plus chloramphenicol and the 
optical density at 600 nm of the culture was measured at various time intervals. The graph 
shows the mean and standard error of triplicate experiments. 



0 
pACYC184 pUW1004 pUWBAFBl pUWBAFC2 

PACYC184 pUW1004 pUWBAFBl pUWBAFC2 

Figure 4. The effect of bvgAS and baf on bvgA-lacZ expression in E. coli CR430. 
CR430 containing the various plasmids was inoculated into LB medium containing 
chloramphenicol and grown overnight. Forty microliters of overnight culture was used to 
inoculate 3 ml of M9 (A) or Stainer Scholte (B) medium containing chloramphenicol. 
Overnight cultures were assayed for P-galactosidase activity (145). pUW1004 
(pACYC184, bvgAS*), pUWBAFBl (pUW1004, baf% pUWBAFC2 (pUWI004, 
baf). p-galactosidase was assayed in triplicate. The mean and standard error of three 
independent experiments are shown. 
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growth conditions. The baf^ allele, however, had a negative effect, reducing bvgA-lacZ 

expression to 30.5% and 36.4% in M9 and Stainer Scholte medium, respectively. This 

difference was statistically significant (p < 0.01). This observation, similar to the effect 

onptX'lacZexpression (Fig. I), may suggest that Baf may somehow interacts with Bvg-

dependent transcriptional activation since a mutant allele can interfere with autoactivation at 

the bvg and ptx promoters. The N-terminus of Baf®^ is translated normally while the C-

terminus encodes a nonsense protein. The N-terminus may associate normally with the 

transcriptional machinery and position the aberrant C-terminus so that it inhibits activation 

of the bvg and ptx promoters (Fig. 1 and 4). 

Bars effect on pertussis toxin expression in B. pertussis. 

To study the effect of overexpressed Baf on ptx-lacZ expression in B. pertussis, 

baf was cloned onto the broad-host-range plasmid, pBBRlMCS-2 (pBAF4) and 

introduced into strain BPNMD330. BPNMD330 contains a chromosomal ptx-lacZ 

transcriptional fusion that allows expression of ptx to be measured via P-galactosidase 

activity. When baf was introduced on a multicopy plasmid (pBAP4) into BPNMD330, 

ptx-lacZ expression was increased 10-fold (Fig. 5). Growth under modulating conditions 

reduced p-galactosidase levels substantially in BPNMD330 (pBAf4) but not to those seen 

for modulated BPNMD330 alone. Interestingly, introduction of the vector pBBRlMCS-2 

or pB APS (carrying the baf^ allele) completely inhibited ptx-lacZ expression by this strain 

under non-modulating conditions. Other vectors have been found to have inhibitory effects 

on ptx-lacZ expression in BPNMD330 (31) and E. coli JFME3 (data not shown). A 

similar effect has been observed in the Btr titration assay. Introduction of pUC 18 into E. 

coli strain JRG1787 (pACbtr26) resulted in a decrease in P-galactosidase expression from a 

chromosomal/r^/A-/rtcZ transcriptional fusion (see Chapter III). In the titration assay, this 
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BPNMD330 BPNMD330 BPNMD330 BPNMD330 BPNMD330 
(pBBRlMCS-2) (pBBdSspI) (pBAF4) (pBAFS) 

Figure 5. The effect Baf overexpression on ptx-lacZ expression in B. pertussis 
BPNMD330. BPNMD330 containing no piasmid or the plasmids shown was grown for 
two days on BG or BG Kan plates under the conditions indicated: 37C: 37°C; 25C: 25°C; 
MgS04: 37°C with 40 mM magnesium sulfate; nicotinic acid: 37°C with 10 mM nicotinic 
acid. Bacteria were swabbed from plates into PBS and assayed for p-galactosidase activity 
(145). P-galactosidase was assayed in triplicate; the mean and standard deviation of at least 
three separate experiments is shown, p < 0.001 when BPNMD330 is compared to 
BPNMD330 (pBAF4) under all growth conditions. 



inhibitory effect was abrogated by deletion of the laca fragment or by disruption of the laca 

fragment by cloned DNA fragments. However, deletion of the laca fragment from 

pBBRlMCS-2 did not return p-galactosidase levels tothat observed with BPNMD330 

alone (Fig. 5). This phenomenon remains unexplained. Thus, bafhas two phenotypes 

when overexpressed in B. pertussis BPNMD330: (1) activation of ptx-lacZ expression 10-

fold above the levels of BPNMD330 alone and (2) reversal of the inhibitory effects of 

plasmid vectors on ptx-lacZ expression. 

The effect of overexpression of Baf on virulence factor protein levels in B. 

pertussis. 

BvgAS protein levels in BPNMD330 (pBAF4) were measured via Western blot 

analysis and densitometry analysis. Surprisingly, no difference in BvgAS proteins was 

observed when Baf was overexpressed in B. pertussis BPNMD330 (Fig. 6 and data not 

shown). Pertussis toxin SI protein levels were also measured in BP338 (pBAF4) via 

Western blots. Similarly, no difference in PT levels was seen with overexpressed Baf as 

compared to vector control or BP338 with no plasmid (Fig. 6). There was also no 

difference in filamentous hemagglutinin (FHA) (Fig. 6) or adenylate cyclase toxin (ACT) 

protein levels (data not shown). 

The effect of overexpression of Baf on ptx temporal expression 

Experiments in E. coli suggest that Baf assists BvgA in activation of the ptx 

promoter. Baf may therefore allow activation of the ptx promoter in B. pertussis by lower 

concentrations of BvgA than would be required in the absence of Baf. This effect may be 

reflected in an earlier activation of ptx expression following a shift to non-modulating 
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BPNMD330 BPNMD330 BPNMD330 BPNMD330 BPNMD330 
(pBBRlMCS-2) (pBBdSspI) (pBAF4) (pBAFS) 

Pertussis toxin 
SI Subunit 

BP338 BP338 
(pBAF4) 

BP338 
(pBAF5) 

BPNMD330 BPNMD330 BPNMD330 BPNMD330 BPNMD330 
(pBBRlMCS-2) (pBBdSspI) (pBAF4) (pBAFS) 

Figure 6. The effect of overexpressed Baf on B. pertussis virulence factor production. 
Strains containing the various plasmids, or no plasmid, were grown for 2 days on BG or 
BG Kan plates, ^ole cell lysates (50-100 ng) were electrophoresed through an SDS 
polyacrylamide gradient gel (5-20% acrylamide) then subjected to Western blot analysis to 
detect the various B. pertussis proteins indicated. 
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conditions. To determine if overexpression of Baf alters the temporal expression of 

pertussis toxin following a shift to non-modulating conditions, a time course experiment 

was devised. As an initial experiment, it was first confirmed that overexpresssion of baf 

did not alter the growth rate of BPNMD330. Figure 7 shows the results of these growth 

curve experiments. No difference in growth rate was seen when pBAF4 or pBAF5 was 

introduced into BFNMD330. Other growth experiments (not shown) confirmed that the 

growth rate of these strains is similar even in the logarithmic phase of growth. Thus, as in 

E. coli, Baf overexpression does not alter B. pertussis growth under these conditions. 

In wild type B. pertussis, ptx transcription is initiated two hours after a shift from 

25°C to 37°C (184). This activation coincides with increases in BvgA protein levels. 

Modulation of BvgAS activity by temperature requires long growth periods at 25°C (184). 

When BPNMD330 or BPNMD330 (pBAF4) were grown for 7-10 days at 25°C a 

progressive decrease in p-galactosidase activity was observed after a switch to 

nonmodulating conditions (data not shown). This suggests that variants that no longer 

express high levels of ptx-lacZ are selected during the 7-10 day culture period. Therefore, 

it was necessary to modulate BvgAS by growth in the presence of 40 mM MgSO^ which 

modulates more quickly (Fig. 5). BPNMD330 and BPNMD330 (pBAF4) were grown for 

2 days on medium containing 40 mM MgSO^ then subcultured to Stainer Scholte medium. 

No difference in the time of ptx-lacZ activation was observed between BPNMD330 and 

BPNMD330 (pBAF4) after a shift to media with low concentrations of MgSO^ (Fig. 8). 

Both strains activated u^scription after approximately 60 minutes of growth in non-

modulating conditions (Fig. 8). This result is consistent with the lack of increase in BvgA 

protein levels in BPNMD330 (pBAF4). Once activated, BPNMD330 (pBAF4) produced 

much higher P-galactosidase activity than did BPNMD330 alone with (Fig. 8). At 6.5 

hours after the shift to non-modulating conditions. BPNMD330 (pBAF4) produced 
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Figure 7. The effect of overexpressed Baf on the growth rate of B. pertussis BPNMD330. 
The strains were grown for two days on BG or BG Kan plates then inoculated into Stainer 
Scholte medium. Growth was monitored by reading the optical density of the cultures at 
600 nm at various time intervals. The results of a typical experiment are shown. This 
experiment was repeated four times with similar results. 
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3525.98 units of P-galactosidase activity (data not shown) while BPNMD330 produced 

607.72 units (Fig. 8). Thus, overexpression of baf does not decrease the time required for 

ptx-lacZ expression, but once activation of ptx-lacZ occurs, expression is much more 

efficient. 

baf is an essential B. pertussis gene 

Previous attempts by others to construct a B. pertussis bafr.kan mutant were 

unsuccessful (56). A method for constructing B. pertussis mutants via allelic exchange 

was developed by Stibitz (203). This method involves cloning the mutant allele onto the 

suicide plasmid pSS 1129, which carries the wild type rpsL gene. The rpsL gene allows 

selection against vector sequences in a streptomycin resistant B. pertussis strains since wild 

type rpsL is dominant over mutant (streptomycin resistant) rpsL. Several B. pertussis 

mutants have been constructed in our laboratory using this method (16, 56). In this study, 

several attempts were made to construct a B. pertussis baf mutant using pSS 1129 (see 

Materials and Methods). While kanamycin resistant cointegrate strains were easily 

obtained, no colonies resistant to both kanamycin and streptomycin arose (data not shown). 

A similar method in which baf was interrupted by the chloramphenicol resistance gene was 

also unsuccessful. Campbell integration was also attempted as a means to construct a baf 

mutant without success (data not shown). 

The inability to construct a 6a/mutant using conventional methods suggested that 

baf may be an essential gene for B. pertussis viability. To investigate this further, an 

experiment was designed in which a chromosomal mutation was constructed with wild 

type Z7fl/supplied in trans, baf was cloned onto pLAFR3 and introduced into BP339. 

pLAFR3 replicates in B. pertussis with tetracycline selection. A bafr.kan mutation was 

then introduced into the chromosome of BP339 (pLAFRBAP) via allelic exchange (see 
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Figure 8. The effect of overexpressed Baf on the temporal expression of ptx-lacZ in B. 
pertussis BPNMD330. The various strains were grown for two days on EG or EG Kan 
plates containing 40 mM MgSO^ then swabbed into Stainer Scholte medium. |3-
galactosidase activity was assayed in triplicate at intervals (145). Each data point represents 
the mean and standard error of three separate experiments. 



Materials and Methods). A similar experiment using BP339 (pLAFR3) was done in 

parallel. The kanamycin cassette used in this experiment contains transcriptional and 

translational terminators at both ends to prevent polar effects on adjacent genes (68). As 

expected, it was not possible to construct a baf::kan mutation in BP339 (pLAFR3) (data not 

shown). However, the chromosomal baf allele was easily replaced with the baf::kan 

mutation in BP339 (pLAITlBAF). The BP339 baf::kan mutant was named GWB1. 

Southern blots were done to confirm that GWB I (pLAFRBAF) indeed carried a 

chromosomal baf::kan mutation (Fig. 9). Figure 9A shows the predicted structure of 

chromosomal wild type baf, chromosomal baf::kan and wild type baf on pLAFRBAF. 

When digested with Srtial, the baf::kan allele should produce a 1.3-kb band that hybridizes 

with the probe while wild type baf produces a band of 1.6 kb (Fig. 9B). GWB 1 

(pLAFRBAF) contains bands of both sizes since it contains the chromosomal baf::kan 

mutation as well as wild type baf present on pLAFRBAF. The 1.6-kb band in this strain is 

more intense than the 1.3-kb band since pLAf^RBAF is a multicopy plasmid (Fig. 9B). To 

differentiate between chromosomal baf and bafcwned on pLAFRBAF, chromosomal DNA 

was digested with Bgl\\. Wild type ^?a/(BP339) produces a 3.2-kb band that hybridizes 

with the probe while pLAFRBAF produces a band of 2.8 kb. When GWB 1 (pLAFRBAF) 

DNA was probed with baf a band of 2.8 kb appeared (corresponding to the plasmid 

encoded baf). In addition, a 5.0-kb band appears which is the size expected for the 

chromosomal baf.kan mutation (Fig. 9B). This confirmed that the chromosomal baf allele 

has been replaced by the baf.kan allele and that wild type baf is in trans. 

Next, it was reasoned that if baf is an essential gene it should not be possible to lose 

pLAFRBAF from GWB 1 without losing cell viability. Therefore, GWB 1 (pLAFRBAF) 

was repeatedly passaged on BG agar without tetracycline to allow loss of pLAFRBAF. 

After each passage, isolated colonies were tested for tetracycline sensitivity. BP339 

(pLAFRBAF) was passaged similarly to verify that this plasmid is lost in the absence of 
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GWB I and pLAFRBAF. Panel B shows Southern blots of various constructs with the 
650-bp baf probe. pDD201 carries wild type baf and pBKI013 carries baf::kan. The sizes 
of the DNA fragments are indicated. 



tetracycline selection. While 100% of BP339 (pLAFRBAF) colonies had lost the plasmid 

after four passages on BG agar, no colonies of GWB1 (pLAFRBAF) lost pLAFRBAF 

after seven passages (Table 3). This suggested that pLAFRBAF cannot be lost from 

GWB 1 without losing cell viability. 

pLAFRBAF carries a 6.5-lcb Sal\. fragment that encodes bafdsid several other genes 

including a portion of the LPS biosynthetic operon (Fig. 10) (6). To confirm that baf h the 

essential gene present on pLAFTRBAF, various ^7a/-containing fragments were cloned onto 

pBBRlMCS-5 (117). The resulting plasmids (pBAF45, pBAF55, pBAF65 and pBAF75) 

were then introduced into GWB 1 (pLAFRBAF) and then passaged on BG agar without 

tetracycline (Fig. 10). When plasmids containing wild type baf on a 2.2-kb (pBAF45) or 

1.1-kb (pBAF65) fragment were introduced into GWBl (pLAFRBAF), pLAFRBAF was 

lost after three passages (Table 3). In contrast, introduction of pBBRlMCS-5, pBAF55 or 

pBAF75 did not result in loss of pLAFRBAF after five passages. pBAF55 carries the 

baf^ allele while pBAF75 carries baf^. baf - has a 4-bp insertion at the Bg[ll site while 

baf^ has a 4-bp insertion at the Styl site (Fig. 10). Both mutations result in frameshift 

mutations and therefore should not complement the chromosomal 6a/mutation. Thus, only 

plasmids carrying wild type 6a/allowed loss of pLAfTlBAF strongly suggesting that baf is 

an essential B. pertussis gene (Table 3). 
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Tabic 3. Passage of B. pertussis strains on medium lacking tetracycline. 

Number of colonies that lost pLAFRBA F(Tein 
Recipient 

strain 
New plasmid 
introduced 

Passage 
1 

Passage 
2 

Passage 
3 

Passage 
4 

Passage 
5 

Passage 
6 

Passage 
7 

BP339 
(pLAFRBAF) 

- 0/10 O/IO 7/10 10/10 ND ND ND 

GWBl 
([)LAFRBAF) 

- 0/20 0/20 0/20 0/20 0/20 0/20 0/20 

GWBl 
(pLAFRBAF) 

pBBRlMCS-2 
(vector) 

0/20 0/20 0/20 0/20 ND ND ND 

GWBl 
(pLAFRBAF) 

pBAF45 
(2.2-kb baf+) 

0/20 0/20 8/20 12/20 ND ND ND 

GWBl 
(p^LAFRBAF) 

pBAF55 
(2 .2-kb baf")  

0/20 0/20 0/20 0/20 ND ND ND 

GWBl 
(pLAFRBAF) 

pBAF65 
(1.1-kb haf+)  

0/20 0/20 8/20 17/20 ND ND ND 

GWBl 
(pLAFRBAF) 

pBAF75 
(1.1-kb h(ir) 

0/20 0/20 0/20 0/20 ND ND ND 
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D. DISCUSSION 

The present studies confirm that Baf plays a role in pertussis toxin expression in E. 

coli and in B. pertussis. The data presented here suggests that Baf may truly be a Bvg 

accessory factor by assisting BvgA in its role as a u-anscriptional activator, directly or 

indirectly. The effect of Baf on gene expression may be different in E. coli than in B. 

pertussis. Alone, 6a/has no effect on /?Dr-/acZ expression in E. coli (55). In E. coli, wild 

type Baf, in cooperation with BvgAS, increases pfx-/acZ expression (Fig. 1), has no effect 

on bvgA-lacZ expression (Fig. 4), yet results in a 2-fold increase in BvgA protein levels 

(Fig. 2). Baf s effect is not due to a growth slowing ability (Fig. 3). Baf must be acting 

on BvgA post-transcriptionally since bvgA-lacZ expression is not increased. Perhaps Baf 

interacts with BvgA to stabilize it, thereby resulting in higher steady state BvgA 

concentrations that allow ptx-lacZ expression. In this case, Baf may be acting like a 

chaperone to prevent BvgA degradation and/or dephosphorylation. Alternatively, Baf may 

affect BvgA translation so that BvgA protein is more efficiently produced. However, no 

increase in BvgA protein levels is seen in B. pertussis. A mechanism to control BvgA 

protein levels may exist in B. pertussis that is not present in E. coli. In B. pertussis, BvgA 

expression may be at its maximal level so overexpression of Baf would not increase BvgA 

levels appreciably due to this hypothetical control mechanism. 

The observations with the baf^ allele are consistent with a direct interaction 

between Baf and BvgA. Perhaps the BvgA-Baf interaction occurs but the mistranslated C-

terminus of Baf®'^ prevents a productive interaction of BvgA with the bvg and ptx 

promoters. This could explain the observation that the baf^ allele decreased ptx-lacZ and 

bvgA-lacZ expression in E. coli (Fig. 1A and B and Fig. 4). Thus, Baf may not act 

directly on transcription but because of intimate interactions between Baf and BvgA. 

normal transcriptional activation by BvgA is prevented by Baf®'^. Alternatively. Baf" may 
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prevent phosphorylation of BvgA by BvgS or inhibit Bvg-dependent promoter activation 

through another unknown mechanism. The effect of the baf' allele on ptx-lacZ expression 

in B. pertussis cannot be assessed because of the inhibitory effects of plasmid vectors on 

ptx-lacZ expression in BPNMD330 (Fig. 5). 

In B. pertussis, overexpression of Baf results in a 10-fold increase in ptx-lacZ 

expression without concomitant increases in BvgA protein levels (Fig. 5 and 6). This 

observation suggests Baf is somehow assisting BvgA in ptx-lacZ activation. The temporal 

expression of ptx-lacZ in BPNMD330 is not altered (Fig. 8) which is in agreement with the 

observation that BvgA levels are not increased (Fig. 6). An increase in steady state BvgA 

levels would result in an earlier activation of ptx-lacZ expression after a shift from 

modulating to nonmodulating conditions. /7D:-/acZ expression in BPNMD330 (pBAF4) is 

not completely modulated by magnesium sulfate, temperature or nicotinic acid (Fig. 5). 

This phenomenon is observed in situations in which BvgAS is overexpressed (147). The 

fact that BvgA levels are not raised in BPNMD330 (pBAF4) suggests that another 

mechanism of reduced modulation sensitivity is at work here. If Baf interacts with BvgA at 

the molecular level, perhaps Baf is interfering with the dephosphorylation of BvgA. Since 

BvgA would be inefficiently dephosphorylated, ptx-lacZ expression would continue even 

in the presence of modulating agents. This hypothesis could easily be tested using purified 

BvgA, BvgS and Baf to determine if Baf increases the half life of BvgA phosphorylation. 

Baf may also enchance phosphorylation of BvgA by BvgS. Alternatively, Baf itself may 

allow low level activation of ptx-lacZ in the absence of BvgA. This is unlikely since all 

available data suggests that Baf has no direct effect on ptx-lacZ expression in the absence of 

BvgA (55). A third possibility is that Baf enhances stimulation of RNA polymerase by 

BvgA. 

Introduction of plasmid vectors into BPNMD330 results in a complete suppression 

of ptx-lacZexpression (Fig. 5) (31). It is interesting that /?rt/is able to overcome this 
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inhibition and also increase pD:-/acZ expression lO-fold (Fig. 5). Perhaps Bafs effect on 

ptx-lacZ expression would be even greater if inhibition by vectors could be removed. This 

experiment awaits construction of a chromosomally encoded fea/allele whose expression 

can be induced. 

The lack of an increase in PT protein levels when Baf is overexpressed is 

perplexing. Perhaps Bafs effect is specific to ptx expression and transcription of the 

linked ptl operon is not similarly increased. The pertussis toxin secretion apparatus may be 

unable to compensate for the increase in PT production resulting in intracellular degradation 

of excess subunits. This would result in normal levels of PT protein detected. 

Alternatively, Baf s effect may simply be on P-galactosidase expression. This scenario is 

unlikely given that baf has no effect on fha-lacZ expression (55) suggesting that a more 

general mechanism of lacZ activation is not at work here. Finally, Bafs effect may be 

strain specific. That is, it may increase transcription of ptx in BPNMD330 and not in 

BP338. Further experiments are needed to explain this phenomenon. 

The fact that Baf is an essential protein for B. pertussis viability suggests that Baf is 

important in expression of other genes in addition to pertussis toxin (pertussis toxin is not 

an essential B. pertussis protein). In this respect, Baf resembles the newly identified Tex 

protein of B. pertussis (77). Tex is similar to other proteins of unknown function that 

contain an RNA binding motif. This group of proteins is believed to comprise a new class 

of transcription-associated factors. Tex was identified by its ability to restore toxin 

expression in B. pertussis mutants that overexpress the alpha subunit of RNA polymerase 

(RpoA) (77). Similarly, Baf can partially restore toxin expression in these mutants (55). 

tex is also an essential gene but differs from baf 'm that it cannot be overexpressed in B. 

pertussis without affecting growth (77). Apparently, Baf levels need not be as tightly 

controlled as Tex levels. Baf and Tex, although unrelated at the sequence level, may be 

members of the same class of proteins given their similar effects on pertussis toxin 
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expression. Both proteins may interact with the transcription apparatus but in different 

ways. 

It is apparent that Baf plays an important role in the expression of pertussis toxin in 

both £. coli and in B. pertussis. While Baf is probably not a transcriptional activator per 

se, it appears to aid in BvgA-mediated transcriptional activation of ptx and bvg. Figure 11 

diagrams three possible models for Baf in pertussis toxin expression. Model A stipulates 

that Baf increases BvgA-dependent activation of ptx perhaps by interacting with 

phosphorylated BvgA and RNA polymerase. It is clear that higher levels of BvgA are 

required for activation of late gene promoters. Baf probably does not lower the 

concentration of phosphorylated BvgA needed for activation but instead enhances promoter 

activation once that critical concentration is achieved. Baf may also enhance 

phosphorylation of BvgA by BvgS (Model B, Figure 11) or prevent dephosphorylation of 

BvgA (Model C). Further studies are needed to characterize Baf s role in late gene 

activation as well as its essential role in B. pertussis growth. 
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Model A. Baf enhances activation of ptx promoter by phosphorylated BvgA. 

ptxABCDE 

-Baf 

ptxABCDE 

+ Baf 

Model B. Baf enhances phosphorylation of BvgA by BvgS. 

periplasm 

inner membrane 

cytoplasm 

Model C. Baf prevents dephosphorylation of BvgA. 

periplasm 

inner membrane 

cytoplasm 

Figure 11. Possible models for Baf function in pertussis toxin expression. Aspects of the 
models are discussed in the text. RNAP, RNA polymerase holoenzyme; A, BvgA; P, 
phosphoryl group; S, BvgS. A thin bent arrow indicates low level transcription; a thick 
bent arrow indicates high level transcription. 
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CHAPTER III. THE ROLE OF BTR IN THE GROWTH AND VIRULENCE 

OF BORDETELLA PERTUSSIS AND IDENTIFICATION OF BTR-

REGULATED GENES 

A. INTRODUCTION 

In order for a bacterial pathogen to cause disease it must first adhere to the 

appropriate tissue, obtain nutrients and multiply in its host. Simultaneously the organism 

elaborates toxins and other virulence factors which aid in immune avoidance and tissue 

damage. While the virulence factors of B. pertussis that allow adherence, immune 

avoidance and host damage have been well studied, little attention has focused on the 

growth of B. pertussis in the respiratory tract. Determining the mechanisms by which this 

pathogen obtains nutrients and multiplies in vivo is critical to a complete understanding of 

pertussis pathogenesis. Understanding these metabolic processes may allow the 

development of novel therapies that inhibit B. pertussis growth. Such treatment could 

hasten clearance of B. pertussis from the respiratory tract and decrease mortality and 

transmission rates. 

Recently, a new B. pertussis gene was identified which appears to encode an 

oxygen responsive transcriptional regulator (16). The Bordetella transcriptional regulator 

{btr) was initially identified by its ability to confer a hemolytic phenotype on a non

hemolytic E. coli strain. The predicted amino acid sequence of btr suggests that Btr 

belongs to the FNR family of bacterial transcriptional regulators (16). 

The FNR family of transcriptional regulators includes over 25 proteins that are 

similar to the E. coli FNR protein (195, 196). E. coli FNR is a 30-kDa protein that 

activates genes necessary for anaerobic growth and represses genes for aerobic growth as 

the organism enters an anaerobic environment (195. 196). Under anaerobic conditions. 
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FNR dimerizes, binds DNA and affects transcription; aerobically FNR is an inactive 

monomer (121). Structural features of FNR include four N-terminal cysteine residues that 

bind an iron sulfur center (4FE-4S) (88, 122, 197). FNR senses changes in the redox state 

of the environment as this iron molecule switches between the +2 and +3 oxidation states 

(88). The C-terminus of FNR carries a helix-tum-helix DNA binding motif that recognizes 

a specific sequence upstream of target genes (191, 195, 196). This sequence is called the 

"FNR box" and has the consensus sequence of TTGATNNNNATCAA (63). This 

sequence is found near the promoters of both FNR-activated and FNR-repressed genes. 

FNR homologues are found in many bacterial species and the FNR box appears to be 

conserved in these different organisms (196). 

More than 30 genes have been identified in E. coli that are FNR regulated (196) 

(133). FNR-activated genes encode enzymes necessary for anaerobic respiration such as 

fumarate reductase (frdABCD), nitrate reductase (narGHJI), nitrite reductase (nirB) and 

aspartase (aspA) (110, 196, 236). FT^R-repressed genes include sodA (manganese-

containing superoxide dismutase), ndh (NADH dehydrogenase II), cydAB (cytochrome d 

oxidase), and cyoABCDE (cytochrome o oxidase) (45, 198). 

Btr has the structural features common to FNR homologues including the 

conserved cysteines and helix-tum-helix DNA binding motif (16). Btr is also able to 

complement an E. coli FNR mutant for anaerobic growth on glycerol nitrate medium, 

suggesting that Btr functions as an oxygen responsive regulator (16). Btr has no 

homology to known hemolysins and is believed to activate a latent hemolysin in E. coli, 

thereby conferring a hemolytic phenotype on this organism (16, 195). A B. pertussis 

btr::kan mutant expresses a normal hemolytic phenotype confirming that Btr plays no role 

in hemolysis in B. pertussis (16). 

A primary feature of pertussis is the accumulation of mucus and debris that results 

from induction of an inflammatory response and loss of ciliated cells in the respiratory 
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tract. The environment immediately surrounding the bacteria may be low in oxygen 

because of this mucus obstruction. Btr may activate genes necessary for growth of B. 

pertussis under low oxygen conditions encountered in a pertussis infection. Therefore, a 

study of the role of the Btr protein in B. pertussis growth in the respiratory tract was 

undertaken. To understand the contribution of Btr to B. pertussis metabolism, a titration 

assay was developed and used to identify cloned genes regulated by Btr. 
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B. MATERIALS AND METHODS 

Bacterial strains, plasmids, media and growth conditions 

The bacterial strains and plasmids used in this study are described in Table 4 and 

Table 5, respectively. E. coli cultures were grown in Luria-Bertani (LB) broth (1% 

tryptone, 0.5% yeast extract, 85 mM NaCl, pH 7.5) or on LB agar plates. B. pertussis 

was grown on Bordet Gengou (BG) agar (Difco Laboratories, Detroit, MI) supplemented 

with 10% defibrinated sheep blood (Hemostat Laboratories, Dixon, CA), in Stainer Scholte 

liquid medium (199) or in Stainer Scholte medium supplemented with 0.1 % methyl-P-

cyclodextrin (cyclodextrin medium). Anaerobic cultures were grown in glass tubes filled to 

the top and tightly capped. Glycerol fumarate and glycerol nitrate medium were prepared 

according to the method of Lambden and Guest (119). Antibiotics (Sigma, St. Louis, MO) 

were used at the following concentrations: ampicillin (Amp), 100 ^lg/mI; tetracycline (Tet), 

15 tig/ml; nalidixic acid (Nal), 50 ng/ml; kanamycin (Kan), 25 ng/ml; gentamicin (Gent). 

15 ^ig/ml, and streptomycin (Strep), lOO^ig/ml. 5-bromo-4-chloro-3-indoyl-P-D-

galactopyranoside (Xgal, Gold Biotechnologies, St. Louis, MO) was used at a final 

concentration of 32 |J.g/ml. 

General DNA methods 

DNA manipulations were according to standard techniques (181). Agarose was 

purchase from Promega (Madison, WI). Restriction enzymes, KJenow fragment of T4 

DNA polymerase, T4 DNA ligase, calf intestinal alkaline phosphatase (CIAP) were from 

Boehringer Mannheim Biochemicals (Indianapolis, IN) or Gibco BRL Life Technologies 

(Gaithersburg, MD) and were used according to the manufacturer's instructions. 
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Construction of B. pertussis subgenomic libraries 

Chromosomal DNA was isolated from plate grown B. pertussis BP338 using a 

hexadecyltrimethylammonium bromide (CTAB, Sigma) extraction procedure (13). DNA 

(5-10 (Ag) was digested to completion with Xhol, Pstl, Stul, Smal or Satt. and 

electrophoresed through a 1.0% agarose, IX TBE gel. The gel was Southern blotted to 

identify ^rg/-containing fragments as described below. A duplicate gel was run and 

fragments of the appropriate size were excised from the gel and purified using the Qiaex II 

gel extraction kit (Qiagen, Chatsworth, CA). Purified fragments were ligated at I6°C 

overnight with pUC18 cut with the appropriate restriction enzyme and CIA? treated. 

Ligations were transformed into Max Efficiency competent E. coli DH5a cells (Gibco BRL 

Life Technologies) and plated on LB Amp Xgal plates. Transformations that yielded >95% 

white colonies were subjected to colony hybridizations to identify i?r^/-containing clones. 

Colony and Southern hybridizations 

Southern hybridizations were performed using the Genius 1 kit for non-radioactive 

DNA labeling and detection of nucleic acids (Boehringer Mannheim) as follows. 

Chromosomal DNA was digested with the appropriate restriction enzyme and 

electrophoresed through a 1% agarose, IX TBE gel. The gel was incubated in 0.25 N HCl 

for 15 minutes, then in 0.4 M NaOH, 0.6 M NaCl for 30 minutes. The DNA was 

transferred to a GeneScreen Plus membrane (NEN Research Products, Boston, MA) using 

a Vacublot Transfer Apparatus (American Bionetics, Hayward, CA), and the membrane 

was dried at 37°C for 15 minutes. The membrane was incubated for 1-2 hours at 65°C in 

prehybridization solution ( 0.5% blocking reagent (Boehringer Mannheim), 0.02% SDS, 

0.75 M NaCl, 75 mM sodium citrate (pH 7.0), 0.1% N-lauroylsarcosine) and then in fresh 

prehybridization solution containing 10-20 ng/ml of the appropriate DNA probe overnight 

at 65 °C in a heat scalable plastic pouch. The membrane was then washed four times (15 



minutes per wash) at 65°C in 0.3X SSC (45 mM NaCI, 4.5 mM sodium citrate, pH 7.0), 

1.0% SDS, followed by detection of digoxigenin-labelled fragments according to the 

Genius kit manual. 

The btr probe consisted of the 832-bp Pstl fragment of pHLYl A (16) containing 

the 3' end of btr and was labeled with digoxigenin-l l-dUTP using random hexanucleotide 

primers according to the Genius kit protocol. The brgi probe was labeled with 

digoxigenin-l 1-dUTP (Boehringer Mannheim) using the polymerase chain reaction. The 

5' primer was 5'-ATGCTCGCCGCCGTAGCACACG-3'; the 3' primer was 5'-

CCAGGCGCTTGATCTGTGCG-3'. Primers were synthesized by the Macromolecular 

Structures Facility, University of Arizona Division of Biotechnology (Tucson, AZ). PGR 

was done in a Gene Amp 2400 thermal cycler using AmpliTaq DNA polymerase (Perkin 

Elmer, Foster City, CA) using the following conditions: 94°C for 5 minutes followed by 

35 cycles of annealing at 52°C for 15 seconds, extending at 72°C for 1 minute and 

denaturing at 94°C for I minute. This was followed by a final extension time of 7 minutes 

at 72°C. 

Colony blots were performed as follows. Bacteria were plated at a density of 

approximately 5-10,000 colonies per plate on 150 mm LB Amp plates and incubated at 

37°C until colonies were 1 mm in diameter. A GeneScreen colony/plaque membrane (NEN 

Research Products) was placed on the colonies and then overlaid with a piece of sterile 

velvet. The entire surface of the velvet was pressed carefully with a replica plater block to 

ensure that all colonies were transferred to the membrane. The orientation of the membrane 

was marked on the plate, then the filter was carefully peeled up and placed colony side up 

on a fresh LB Amp plate and incubated at 37°C for 3-4 hours. The filter was then 

incubated for 10 minutes on Whatman 3MM paper, soaked in 0.5 M NaOH, then 

transferred to Whatman 3MM paper soaked in 1.0 M ammonium acetate, 0.02 M NaOH for 

three 1 minute intervals and one 10 minute interval. The filter was moved to a new place 
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on the Whatman paper for each incubation. The filter was then dried completely at 37°C 

and incubated in prehybridization solution at 65°C with shaking for 30 minutes in plastic 

boxes. The filter was wiped carefully with a MicroWipe (Scott, Philadelphia, PA) to 

remove any colony debris and incubated in fresh prehybridization solution for an 

additional 30 minutes. Detection of fjrgZ-positive colonies was carried out as for Southern 

hyridizations described above. Positive colonies were identified by aligning the filter with 

the original plate and picking appropriate colonies. These colonies were streaked for 

isolation and plasmid was prepared from several isolated colonies using Qiaprep spin 

columns (Qiagen) and rescreened via dot blots. 

Dot blots were performed according to the Genius kit manual. Briefly, 0.5 |il of 

plasmid DNA was mixed with 4.5 |i.l of denaturing solution (0.4 M NaOH, 10 mM EDTA) 

and incubated for 10 minutes at room temperature. One microliter of denatured DNA was 

spotted onto a GeneScreen Plus membrane (NEN Research Products) and allowed to dry 

completely at 37°C. Probing and detection was performed as for Southern hybridizations 

described above using the brgl probe. 

DNA Sequencing 

DNA sequencing was performed at the Laboratory of Molecular Systematics and 

Evolution, University of Arizona Division of Biotechnology (Tucson, AZ) using an ABI 

Prism Model 377 dye-deoxy sequencing method. Sequences were analyzed using the 

UWGCG sequence analysis programs (Genetics Computer Group, University of 

Wisconsin, Madison, WI). Primers for sequencing were synthesized by Gibco BRL Life 

Technologies. 
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Mouse model 

Intranasal infection of mice for determination of survival and persistence of B. 

pertussis strains was done as described previously (115) in collaboration with Dr. Nicole 

Guiso at the Institut Pasteur, Paris, France, Briefly, groups of mice were inoculated 

intranasally with 10^ bacteria. At time points following inoculation, groups of mice were 

sacrificed and total colony forming units in the lungs was determined. 

Construction of GW131 

A btr mutant (BJB 1) was constructed previously (16). However, due to difficulties 

in growing streptomycin resistant B. pertussis strains (BP339 and BJB 1) in liquid culture, 

a new B. pertussis btr mutant was constructed via Campbell integration as follows. 

pHLYlA was digested partially with £coRI, Klenow treated to fill in the fcoRI site, then 

religated. This introduces four bp into the btr open reading frame resulting in a frame shift 

mutation; the resulting plasmid was named pBTRdRI. Loss of Btr function was confirmed 

by attempting complementation of JRG1728 with pBTRdRl for growth anaerobically in 

glycerol nitrate medium. JRG1728 (pHLYl A) grew under these conditions while 

JRG1728 (pBTRdRl) did not, indicating that pBTRdRl does not encode a functional Btr 

protein (data not shown). The 832-bp Pstl fragment of pBTRdRl containing the frame 

shifted C-terminus and downstream btr sequence was then ligated into the vector pEG7. 

The resultant plasmid was named pEGBTRdR13 and carries the C-terminus of btr 

transcribed in the opposite orientation as the 3-lactamase gene. pEGBTRdR13 was 

introduced into B. pertussis BP338 via conjugation using £. coli S17-1. Conjugations 

were performed by mixing one colony of the E. coli donor strain SI 7-1 (pEGBTRdR13) 

with approximately 100 colonies of recipient (BP338) in a small area on a BG agar plate 

containing 10 mM MgCK. Matings were incubated at 37°C for 6-8 hours and then the 

mating spot was streaked to BG agar containing nalidixic acid and gentamicin to select for 
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BP338 cells containing pEGBTRdR13. Plates were incubated 3-4 days at 37°C until 

colonies appeared. Exconjugants were reisolated and subjected to Southern hybridization 

using btr as a probe to confirm the introduction of the plasmid into the chromosome (data 

not shown). Exconjugants contain two chromosomal btr alleles. One allele encodes the 

wild type N-terminus of btr fused to the frameshifted C-terminus derived from 

pEGBTRdl3. The other allele encodes only the C-terminus of btr. Plasmid sequences lie 

between these two btr allele on the chromosome. One of these clones was named GW 131 

|3-galactosidase assays 

£. coli cultures were grown 24-48 hours in LB broth or glycerol fumarate medium 

and then assayed for P-galactosidase activity using the method of Miller (145). 

Statistical Methods 

The student's t test was used to determine p values for differences between sample 

means (208). 
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Table 4. Bacterial strains used in the Btr studies 

Strain Relevant characteristics Source or reference 

E. coli 

DH5a a-complementation, high 
frequency transformation 

Gibco BRL, Gaithersburg, 
MD 

SI7-1 conjugation proficient, RP4-2-
Tet::Mu-Kan;:Tn7 

193 

JRG1728 E. coli Afrir 192 

JRG1787 JRG1728 X lysogenfrdA-lacZ, 
Cam^ 

192 

B. pertussis 

BP338 wild type B. pertussis Nal'' 211 

BP339 BP338 Strep"" 16 

BJBl BP339 btr::kan 16 

GW131 BP338 ^rr:pEGBTRdRI3 
btr mutant 

This study 
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Table 5. Plasmids used in the Btr studies. 

Plasmid Relevant characteristics Reference or source 

pUC18 Amp*^, ColEl cloning vector, laca New England Biolabs, 
Beverly, MA 

pUC18dlac3 pUCIS lacking the 322-bp Pvull 
fragment 

This study 

pLIBl pUClS containing ca. 8-kb B. 
pertussis DNA insert 

This study 

pLIB2 pUC18 containing ca. 9-kb B. 
pertussis DNA insert 

This study 

pLIB3 B. pertussis pUC18 library plasmid This study 

pLIB4 B. pertussis pUC18 library plasmid This study 

pLIB2.5 brgl-lacZ fusion on pUC18 This study 

pX2 pUC18 containing ca. 8-kb Xhol 
fragment, brgl* 

This study 

pccn.i pUCI8 containing promoter and 5' 
end of sodB 

54 

pCC17.6 pUC18 containing entire sodB gene 54 

pDDlOS pUC18 containing 3' end of baf This study 

pGW13-l pUC18 containing B. pertussis 
katA gene 

This study 

pACYC184 Tet'^, Cam'', cloning vector pl5A 
origin 

New England Biolabs, 
Beverly, MA 

pACbtr26 pACYC184 carrying the 958-bp 
Bfal-Ncol fragment of btr, Tet 

This study 

pUCASP pUC18 carrying E. coli aspA This study 

pHLYlA pUClS containing btr 16 
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Table 5 (cont.). Plasmids used in the Btr studies. 

Plasmid Relevant characteristics Reference or source 

pBTRdl79 pUC 18 with the btr promoter and 
N-terminal 179 amino acids of Btr 

This study 

pEG7 Amp*^, Gent*^, pSSl 129 
derivative 

P. Cotter, Univ. 
California. Los Angeles, 
CA 

pBTRdRl pHLYl A with a 4 bp insertion at 
EcoRI site of btr 

This study 

pEGBTRdR13 pEG7 with 832-bp PstI btr 
fragment of pBTRdR I, Gent", 
Amp'' 

This study 
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C. RESULTS 

Btr is not essential for growth of B. pertussis in a low oxygen environment 

Previous work suggested that Btr functions as an oxygen responsive transcriptional 

regulator in E. coli (16). In order to define a function for Btr in B. pertussis, the in vitro 

growth rates of wild type B. pertussis (BP338) versus a btr mutant (GW131) in low 

oxygen were compared. Cultures were inoculated into cyclodextrin medium and incubated 

with shaking under a continuous flow of a gas mixmre containing 6% oxygen, 6% carbon 

dioxide and 88% nitrogen. This gas mixture was chosen since the oxygen tension of an 

infected lung is 5 to 16% (189). The results of this experiment are shown in Figure 12. 

Bacteria grown in the low oxygen gas mixture grew more slowly than those incubated in 

air. The Btr mutant (GW131) grew at the same rate as the wild type parental strain 

(BP338) under these conditions. This observation suggests that Btr is not critical for in 

vitro growth in cyclodextrin medium in 6% oxygen. 

Btr is essential for growth and survival in a mouse model 

The growth curve experiments described above (Fig. 12) suggested that btr does 

not conuibute to growth in low oxygen in cyclodextrin medium. However, the 

environment encountered in the respiratory tract is very different from cyclodextrin 

medium. We therefore sought to determine the contribution of btr to growth of B. 

pertussis in vivo using the mouse respiratory model of B. pertussis infection (115). Mice 

were inoculated intranasally with 10^ cells of the btr mutant (BJB1) or its parent strain 

(BP339). At various time points, mice were sacrificed and total colony forming units in the 
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Figure 12. A. Growth of 5. strains in a low oxygen environment and in air. B. 
Logarithmic growth of B. pertussis strains in low oxygen. B. pertussis BP338 (wild type) 
and GWI31 (btr) were grown for two days on BG or BG Gent plates then inoculated into 
40 ml of cyclodextrin medium. The cultures were incubated at 37°C with shaking in air or 
under a constant flow of humidified 6% O,, 6% CO,, 88% N,. Aliquots were removed 
periodically in a manner that prevented introduction of air into the culture. Cell densities 
were determined by reading the optical density at 600 nm. The experiment was repeated 
three times; the results of a typical experiment is shown. 
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Intranasal Infection off Mice 
with BP339 and BJBI 

U3 
u 
z 
3 
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BJBI 

DAYS AFTER CHALLENGE 

Figure 13. Multiplication and persistence of B. pertussis strains in mice. Mice were 
inoculated intranasally with approximately 10^ B. pertussis BP339 (wild type) or BJB1 
(btr). Mice were sacrificed at intervals and the total colony forming units in the lungs was 
determined. Each data point represents the average colony forming units in the lungs of 5 
mice. 
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lungs was determined. After inoculation, wild type BP339 multiplied then was slowly 

cleared over the 40 days of the experiments. In contrast, the Btr mutant did not multiply 

after infection and was cleared much more rapidly (Fig. 13). By 28 days, no BJB1 was 

recovered from mouse lungs. This indicates that Btr contributes to growth and survival of 

B. pertussis in the mouse respiratory tract. 

Identification of Btr-reguiated genes using a titration assay 

A titration assay was developed to enable the identification of plasmids likely to 

carry Btr-regulated genes from a B. pertussis genomic library. This assay was modeled 

after the Fur titration assay developed by Stojiljkovic et al (207). The titration assay relies 

on the ability of transcriptional regulators to bind to sequences upstream of the genes they 

regulate. The Btr titration assay consists of E. coli JRG1787 {Afnr, frdA-lacZ), pACbtr26 

and a B. pertussis genomic library in pUC18 (Fig. 14). frclA encodes fumarate reductase, 

an FNR-activated gene (196). pACbtr26 is a low copy number plasmid that expresses Btr. 

If a plasmid that carries a Btr binding site (and therefore a Btr-regulated gene) is introduced 

into JRG1787 (pACbtr26), a decrease in frdA-lacZ expression would result due to titration 

of Btr by the high copy Btr binding site (Fig. 14). This results in a decrease in available 

BU" for activation of the chromosomal frdA-lacZ fusion. Therefore, plasmids carrying a 

Btr-regulated gene can be identified by their ability to reduce P-galactosidase expression as 

compared to the vector control. 

The first step in testing the functionality of the Btr titration assay was to assess the 

ability of Btr to activate frdA-lacZ expression in E. coli. The frdABCD operon is activated 

by FNR under anaerobic conditions in the presence of fumarate and a nonfermentable 

carbon source (196). As shown in Figure 15, introduction of pACbtr26 into JRG 1787 
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A. 

pACbtr26 

pACbtr26 

vBtr) i <6> 

high copy plasmid 
no Btr binding site 

frdA-lacZ 

I 
p-galactosidase 

(Blue colonies on X-Gal) 

high copy plasmid 
carrying Btr binding site 

No (3-galactosidase 
(White colonies on X-Gal) 

Figure 14. The Btr titration assay. A. Btr (diamonds) is expressed from pACbtr26. 
Since no Btr binding site is present on the introduced high copy plasmid (small circles), Btr 
is able to bind to the Btr-binding site (hatched box) upstream of the chromosomal/rciA-ZacZ 
fusion. P-galactosidase is produced resulting in blue colonies on media containing X-gal. 
B. A high copy plasmid canying a Btr-binding site (hatched boxes) is introduced. Btr is 
titrated by the Btr binding site on the high copy plasmid so little free Btr is available to 
activate the chromosomal frdA-lacZ fusion. Resulting colonies are white on media 
containing X-gal. 
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1500 

pACYC184 pACbtr26 

Figure 15. Btr activatesE. coli JRG1787 containing tlie plasmids indicated 
was grown for 48 hours at 30°C in glycerol fumarate medium anaerobicaliy. p-
galactosidase activity was assayed according to Miller (145). The dashed line shows the 
level of P-galactosidase produced by JRG1787 (pACbtr26) alone. The mean and standard 
deviation of five separate experiments is shown, p « 0.001. 
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Figure 16. Results of the Btr titration assay. E. coli JRG1787 (pACbtr26) containing the 
plasmids indicated was grown 24-48 hours at 30°C in glycerol fomarate medium 
anaerobically. P-galactosidase activity was assayed according to Miller (145). The dashed 
line indicates P-galactosidase activity produced by JRG1787 (pACbtr26) with no additional 
plasmid. The results of 12 experiments are shown. *, p « 0.01; #. p < 0.05 as compared 
to the negative control, pUC18dlac3. 
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resulted in an 4.3-fold activation offrdA-lacZ expression anaerobically in glycerol fumarate 

medium. 

An initial screen of plasmids was undertaken to test the ability of the Btr titration 

assay to identify genes carrying potential Btr binding sites (Fig. 16). Interestingly, 

introduction of pUC18 into JRG1787 (pACbtr26) resulted in a significant decrease in p-

galactosidase activity as compared to JRG 1787 (pACbtr26). Deletion of a 322-bp PvuII 

fragment from pUClB (pUC18dlac3) or introduction of various DNA fragments into 

pUClB (pDD105, pLIB3 and pLIB4) abrogated this effect. This suggests that this region 

of pUClS contains a structure recognized by Btr and indicates that this assay may not be 

entirely specific for Btr-regulated genes. Plasmids carrying the katA gene (pGWI3-l) 

(56), an internal 6a/fragment (pDD105) (55), or random library plasmids (pLIB3 and 

pLIB4) did not titrate. Plasmids containing the E. coli aspA gene (pUCASP), the btr 

promoter and N-terminus (pBTRdl79) or the B. pertussis sodB gene (pCC17.1 and 

pCC17.6) titrated to a statistically significant degree suggesting these genes contain Btr 

binding sites. The B. pertussis sodB gene, which encodes the iron-containing superoxide 

dismutase, has been cloned and sequenced (56). FNR homologues in other organisms 

recognize sequences similar to the E. coli FNR consensus binding site, suggesting a 

conservation of DNA binding mechanisms (195). Examination of the DNA sequence 

upstream of the B. pertussis sodB open reading frame revealed the presence of sequences 

closely resembling the consensus FNR binding site and also a putative Fur box in positions 

similar to that seen for other FNR and Fur regulated genes (Fig. 17) (51, 63). The sodB 

FNR box differs from the E. coli consensus only by an extra base between the two half 

sites and an extra T in the second half site (63). The Fur box matches 10 of the 19 bp in 

the E. coli consensus Fur box (51). The FNR and Fur box sequences are in the same 

position relative to the putative -10 and -35 promoter sequences 
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CGGTAACCCTGC6TTGCGGCGGGGTTAAGGC6ATAGCCCGCACAA6AGCC 

FNR Box RBS 
GATACAATGAGAAGGCTTGATC6TGCATTCAACAA ̂ GAAGG lUlTCGACTC 

FUR Box 

ATGGCACACACTCTTCCCCCCCTGCCTTACGCTCTGGATGCGCTGGCTCC 
H A H T L P P L P Y A L D A P R I  

Figure 17. Promoter region of the B. pertussis sodB gene. Putative Fur and FNR boxes 
are shown relative to the ribosome binding site (RBS) and the translational start. A bent 
arrow marks the start of transcription (85). 
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(96). Studies are ongoing to further characterize the regulation of sodB by Btr. 

To identify new Btr-regulated genes, a B. pertussis genomic library (55) was 

electroporated into JRG1787 (pACbtr26) and plated on medium containing X-gal. Two 

white colonies were chosen for further analysis since they contained titrating plasmids, and 

therefore were likely to contain Btr-regulated genes. The plasmids contained in these 

colonies were isolated, named pLIBl and pLIB2, and retransformed into JRG1787 

(pACbtr26). pLEB 1 and pLIB2 were tested for their effect on frdA-lacZ expression using 

quantitative P-galactosidase assays after anaerobic growth in glycerol fumarate medium. 

Both pLIB I and pLIB2 resulted in a statistically significant decrease in P-galactosidase 

expression as compared to the negative control pUC18dlac3 (Fig. 16). pLIB2 was chosen 

for further study. 

Characterization of pLIB2 

pLIB2 was subjected to restriction mapping and found to contain a 9-lcb insert (Fig. 

18). In order to find the Btr-regulated gene(s) on this fragment, random lacZ fusions were 

created by subcloning Smal fragments from pLIB2 in front of a promoterless lacZ gene. A 

1.4-lcb Smal fragment derived from the 3' end of the pLIB2 insert resulted in an active lacZ 

fusion (pLIB2.5, Fig. 18). When tested for regulation by Btr, this fusion was found to be 

unaffected by the presence or absence of Btr under aerobic conditions, but activated 3-fold 

by Btr in anaerobiosis (Fig. 19). Thus, pLIB2.5 carries a promoter which is Btr-activated 

anaerobically. This gene was named brgl for Btr-regulated gene one. 

Sequencing of the 1.4-kb B. pertussis DNA fragment contained on pLIB2.5 

revealed it encoded a gene highly similar to the LysR family of transcriptional regulators 

(Table 6). The N-terminus of these proteins encodes a helix-tum-helix DNA binding motif 

(187). Further sequence analysis revealed that only the N-terminal half of brgl was 
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Figure 18. Restriction maps of pLIB2, pX2 and pLIB2.5. Restriction sites discussed in 
the text are indicated: A, Sall\ E, fcoRI; P, S, StnaV, V, PvulV, X, Xhol. The brgl 
open reading frame is represented by an arrow. The putative brgl promoter is marked by a 
bent arrow. The predicted brgl-lacZ transcriptional fusion is indicated by an arrow under 
pLIB2.5. 



110 

pACYC184 pACbtr26 pACYC184 pACbtr26 
02+ 02+ 02- 02-

Figure 19. Activation of brgl-lacZby Btr. P-galactosidase expression by JRG1728 
(pLIB2.5) was measured in the presence of pACYC184 (vector) or pACbtr26 ibtr+) under 
aerobic (02+) or anaerobic (02-) conditions. The experiment was repeated four times with 
similar results. The results presented are from a typical experiment. 
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contained on pLlB2. LysR homologues are approximately 300 amino acids in length 

(187); only the N-terminal 98 amino acids of Brgl are encoded on pLIB2. To clone the 3' 

end of brgl, the Sau3M pUC18 library was screened via colony blots using the available 

brgl DNA as a probe. Several hybridizing colonies were found but all inserts isolated had 

the same 3' end. Thus, it was necessary to construct subgenomic libraries to clone the 

entire brgl gene. Southern blots were performed using BP338 chromosomal DNA cut 

with enzymes whose position on the 9-kb pLIB2 fragment was known (Fig. 18) and 

probed with the 5' end of brgl. Xhol, Smal, Stul, Pstl and Sail digests each produced 

-positive fragments large enough to contain the entire brgl gene. Subgenomic libraries 

were constructed using Xhol, Smal, Stul, Pstl, or Safl fragments of the appropriate size 

and probed with the 5' brgl fragment. One of the plasmids identified in this way (pX2) 

was found to carry the entire brgl gene as well as additional surrounding DNA (Fig. 18). 

This allowed the entire sequence of the brgl gene to be determined. The position of brgl 

on this DNA is shown in Figure 20 and the nucleotide sequence is shown in Figure 21 (p 

115). Brgl is aligned with other LysR homologues to which it is most similar in Figure 

22. Brgl has all of the amino acids necessary for classification as a LysR homologue: Ala-

27, Gly-3l, Thr/Ser-33, Gln-34, Val/Leu/Ile-37, Ser/Thr-38, Leu-44, and Glu-45 (see 

asterisks in Fig. 22) (187). As is typical of LysR homologues, most of the sequence 

similarity exists at the N-terminus. The C-terminus of LysR-type regulators is involved in 

coinducer recognition and is therefore not well conserved among members of this family 

(187). Table 6 shows comparisons of Brgl with its homologues. The DNA sequence 

immediately downstream of brgl contains a potential stem loop structure consisting of 28 

bp (Fig. 21, p. 114, dashed arrows). This may represent a rho-independent transcriptional 

terminator. 

Most LysR homologues are transcribed divergently from the genes they regulate 
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Figure 20. Open reading frames adjacent to brgl. Arrows mark the position and direction 
of transcription. 
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Figure 21. Nucleotide sequence of brgl and the surrounding open reading frames. Single 
letter amino acid abbreviations are shown below the nucleotide sequence. Arrows indicate 
direction of transcription for each of the open reading frames. Ribosome binding sites 
(FIBS) and -10 and -35 promoter sequences are indicated. Dashed arrows mark 
palindromic sequences. Amino acids and domains of importance are indicated with 
underlining or asterisks as described in the text. A vertical arrow marks the boundary of 
the pLIB2 sequences. Dots indicate translation stop codons. 
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Smal 
CCCGGGCGCCGCCCGATCTGGTCCACAATGGGGGGGGGGTTTTCAACCCT 50 

RBS ORF 11 -> 
TGTTGTACAGGCAACCCAACATGGCCCAGATTGTTCTGTTCGAGAATATC 100 

M A Q I V L F E N I  

CACCCCAGCGCCCGCGCCGTCTTCAGCGCGGCCGGCTATACCGACATCGT 150 
H P S A R A V F S A A G Y T D I V  

CGCCCACGCGGCGGCGCTGCCTTCGGGCGAGCTGCGCGAGGCCCTGCGCG 200 
A H A A A L P S G E L R E A L R G  

GCGCCGAGGTGGTGGGTATCCGCTCGCGGACCCATCTGGACGCCGACCTG 250 
A E V V G I R S R T H L D A D L  

CTGGCGGCCAACCCCGACCTGCGCGTGGTGGGGTGCTTTTGCATCGGCAC 300 
L A A N P D L R V V G C F C I G T  

CAACCAGGTCGACCTGGACGCCGCCATGATGCGCGGGGTGCCGGTCTTC A 350 
N Q V D L D A A M M R G V P V F N  

ACGCGCCGTTCTCCAACACCCGCTCGGTGGCCGAGCTGGTGCTGGGCGAA 400 
A P F S N T R S V A E L V L G E  

ACCATCCTGCTGCTGCGCCGGATCCCCGAGAAGAACGCCCGCGTCCACCT 450 
X I L L L R R I P E K N A R V H L  

GGGGCATTGGGACAAGAGCGCCGCCGGCGCCTACGAAGCCCGCGGC AAGA 500 
G H W D K S A A G A Y E A R G  K  T  

CGCTGGGGATCGTCGGCTACGGCAACATCGGTTCGCAGATCAGCACCCTG 550 
L G I V G Y G N I G S X I S T L  

NAO(ADP) binding site 

GCCGAGGCCATCGGCATGCGCGTGGTGTTCTTCGACGTCGAGGCCAAGCT 600 
A E A I G M R V V F F D  V  E  A  K  L  

GCCGCTGGGCAACGCGCGCGCCGCCGGCTCGCTGGCCGAGCTGCTGGAGC 650 
P L G N A R A A G S L A E L L E Q  

AGGCCGATGTCGTCACCTTGCACGTGCCCGGCGGCAAGTCCACCCAGAAC 700 
A D V V T L H V P G G K S T Q N  

ATCGTCAACGCCGACACCCTGGCGCGCATGAAGCGCGGCGCGATTCTCAT 750 
I V N A D T L A R M K R G A I L I  

CAACGCCTCGCGCGGCACGGTGGTGGACATCCAGGCGCTGCACGACGCCC 800 
N A S R G T V V D I Q A L H D A L  



115 

TGGCCAGCGGCCACCTGGCCGGCGCGGCGCTGGACGTGTTTCCGACCGAG 850 
A S G H L A G A A L D V F P T E  

CCCAAGAGCGCCGACGAACCGCTGGCCAGCCCGCTGATCGGCATGCCCAA 900 
P K S A D E P L A S P L I G M P N  

CGTCGTGCTCACGCCGCACATCGGCGGCAGCACCCAGGAATCCCAGGAAA 950 
V V L T P H I G G S T Q E S Q E N  

ACATCGGCCGCGAAGTGGCCGAGAAACTGGTGCGCTTCCTGCAAGCAGGC 1000 
I G R E V A E K L V R F L Q A G  

ACCACCAAGAGCGCCGTCAATTTCCCCGAGCTGTCGTACCAGGCGCCCGT 1050 
T T K S A V N F P E L S Y Q A P V  

GGGCGGCTCGCGCATCATCCACGTGCACCGCAACGCCCCCGGCGCGCTGG 1100 
G G S R I  I H V H R N A P G A L G  

GCGCGCTGGACAACCTGATGGCCCAGCATGGCCTGAACATCGTCAGCCAG 1150 
A L D N L M A Q H G L N I V S Q  

AGCCTGCAGACCAAGGGCCAGATCGGCTACGCCGTCACCGACGTCGACGG 1200 
S L Q T K G Q I G Y A V T D V D G  

CGAAGTCAGCGACACCGTCCTGGCCGACCTGCGCAGCCACCCGGTCACCG 1250 
E V S D T V L A D L R S H P V T V  

> < 
TGAGGTGCGAAAAGCTGTAACCCCTGGGTGCCTGTCCCCGAACGGGGACT 1300 

R C E K L • 

GGCACCAATCCCCCCCCCCCCCTCACGCTTCCCCGAAACTCACCGCCGCC 1350 
• A E G F S V A A R  

CGC AGGCATTGCGCC AGCCGTTGCGCCAGCGGCGACTGCCCCAGCGGCTG 1400 
L C Q A L R Q A L P S Q G L P Q  

GCGCACGATGAGGCCGATCTCACGGGCGAAGCGGACCTGGTCGTCCAATT 1450 
R V I L G I E R A F R V Q D D L E  

CGAGCAGGCGCAGGCCGCGCGCATCCAGGTGCCGCGTATGCGGCAGCAGG 1500 
L L R L G R A D L H R T H P L L A  

GCCACGCCCAGGCCGTGGCGCACCAGGTTGGCGATGGCGTCGATTTCGTC 1550 
V G L G H R V L N A I A D I E D  

GAGCTCGATGGCTTCGCGCACATCCAGCCGATGCCGCTTCAGGAACATGT 1600 
L E I A E R V D L R H R K L F M D  
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CCACCAGCCGGCCGCCGAACGAGGCGCGGTCGTAGCGGATGAAGGGCTGG 1650 
V L R G G F S A R D Y R I F P Q G  

CCGGCCAACAGCTCGCGCCAGGGCCCCTCCGGCGCCGCCTCGGGCACGGC 1700 
A L L E R W P G E P A A E P V A  

CAGCACCATGGGCTCGTGCAGCAGGGGCTGCCATTCCAGCTCCGGCGGCA 1750 
L V M P E H L L P Q W E L E P P L  

GCGCGAACGGCGGGCGGATCAGCACCGCCAGGTCGACTTCGCCGGCATCG 1800 
A F P P R I L V A L D V E G A D V  

ACATGGCCCAGCAGCGTGAGCGACACGCCCGGCACGATGCGCACGCGCAC 1850 
H G L L T L S V G P V I R V R V  

i 
ATCCGGGTGCTCGGCGCGCAGGGCCGCCAGGGCCCGCACCAGCAGATCCT 1900 
D P H E A R L A A L A R V L L D Q  

GCTGCACCGACGCAATCGCGCCCACGCGCAACAGGCCGCTGATCCGGCCG 1950 
Q V S A I A G V R L L G S I R G A  

GCGCCGGCCATGCCCACCACGCGGTCGGCCATGGCGACCAGCACCTCGGC 2000 
G A M G V V R D A M A V L V E A  

CTGCGGCAGCAGGCTACGGCCATGGTGGTTCAAGGCGGCCGACTTGCCGG 2050 
Q P L L S R G H H N L A A S K G T  

TCCGTTCGAACAGCGCCACGCCCAGGTGTTCTTCCAGGCGCTTGATCTGT 2100 
R E F L A V G L H E E L R K I Q A  

GCGCTGACGGCCGACTGCGTCAGGCCGAGCCGGCGCCCGGCTCCCGTGAA 2150 
S V A S Q T L G L R R G A G T F  

EcoRI 
GGTGCCGCCGCGCGCCACGGCGATGAAGGTTTTGAATTCCCGGATCACAA 2200 
T G G R A V A I F T K F E R I M  

<- ORF 10 (Brgl) 

orf9 orf9 
R B S  - 3 5  - 1 0  

TCGATTTTATTGATGCTCAGCCCGAATATTTATCGTTTTTCTATCACAAA 2250 
FNR Box 

brffl brgl 
- 1 0  - 3 5  R B S  ORF 9 

AACAACTAATACACTATGCCCTGAATCTTCAATGCCGTCAGGAGCTCGCA 2300 
M 
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TGTCCACCCCGTCCCCCATTCCTCCGTTCCACCTGGCCTTCCCGGTCCGC 2350 
S T P S P I P P F H L A F P V R  

GACCTGGCCGAAGCCCGTGATTTCTACGGCGCCTTGCTGGGCTGTCCGGA 2400 
D L A E A R D F Y G A L L G C P E  

AGGGCGCAGCTCGCCCGAGTGGATCGACTTCAATTTCTATGGCCACCAGA 2450 
G R S S P E W I D F N F Y G H Q I  

TCGTGGCCCACCTGGCGCCCCAGGCATGCGGCTCGGCCGCCACCAACGCG 2500 
V A H L A P Q A C G S A A T N A  

GTCGACGCGCACAACGTGCCGGTGCGCCATTTCGGCGCGGTGCTGTCCAT 2550 
V D A H N V P V R H F G A V L S M  

GGACCAGTGGGAAGCCCTGGCCGGCAAGCTGACCGACGCCGGCACCGAGT 2600 
D Q W E A L A G K L T D A G T E F  

TCGTGATCGAACCCTATATCCGCTTCAAGGGCGAGGTGGGCGAGCAGGCC 2650 
V I E P Y I R F K G E V G E Q A  

ACCATGTTCTTCCTCGATCCGTCGGGCAACGCACTGGAGTTCAAGGCCTT 2700 
T M F F L D P S G N A L E F K A F  

R B S  
CAAGAACATAGAATCCCTGTTTGCCAAGTAACTTTCTTCGCAGCAGGTAT 2750 

K N I E S L F A K »  

ORF 8 -4 
CGCCGTTGACCGCATCGCCCTCGCCTCCTTCTTCGGCGCCCGCCGGCTGG 2800 

M T A S P S P P S S A P A G W  

CGCATCCTGCCGCAGGGCGACCGCTGCCTGATCGTGTGGTTCGGCGCGCA 2850 
R I L P Q G D R C L I V W F G A Q  

GATCGACGCCGGCGTCGGCCGCGCCTGCCTGGCGGCGGCCGGCCTGCTGC 2900 
I D A G V G R A C L A A A G L L R  

GCGCCGCCGGCCTGGCGGGCGTGACCGACGTGGTGCCCTCGTTCGCGGCG 2950 
A A G L A G V T D V V P S F A A  

GTGGCGGTGCACTATCGCCCCGGCCCGGACGGCGCGCCCGACTACGCCAC 3000 
V A V H Y R P G P D G A P D Y A T  

GCTGGCGGCGCAAGTCGAACGCCTGCTGGCCGGCGGCATCCCGGTCGACG 3050 
L A A Q V E R L L A G G I P V D D  

ACAGCGCCGGGCGGGAAATGGAAATCCCCGTGTGCTACGGCGGCGAGCAT 3100 
S A G R E M E I P V C Y G G E H  
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GGCCCCGACCTCGAAGAAGCCGCGCGCGCCGCGGGCCTGACGCCCGAGGC 3150 
G P D L E E A A R A A G L T P E A  

GCTGGTCGCGCTGCATGGCGCGCCCGGCAGCATGGTCTACATGCTGGGCT 3200 
L V A L H G A P G S M V Y M L G F  

TCGCGCCGGGCCATTCCTATATCGGCGTGCACGACGCGCGCCTGGACCTG 3250 
A P G H S Y I G V H D A R L D L  

CCGCGCCGCGCCACGCCGCGCACGGCGGTGCCGGCCGGCTCGGTCGCCAT 3300 
P R R A T P R T A V P A G S V A I  

CGCCAACCGGCAGACCGTCATCTATCCCGCGCGCCTGCCCGGCGGCTGGA 3350 
A N R Q T V I Y P A R L P G G W N  

Smal 
ACATCATCGGCGCCACGCCGCTGAACCTGTTCGACCCGGGCCGCGAACCC 3400 

I  I G A T P L N L F D P G R E P  

GCCGCGCTGCTGCAACCCGGCGAACCGCATCCGCTTCGTGCCGATCGACG 3450 
A A L L Q P G E P H P L R A D R R  

CCGCCGAGTTCGATCGCCTGCGGGAGGCGCAATGAGCCTGGCCGTCATCA 3500 
R R V R S P A G G A M S L A V I K  

AGCCCGGCATGCTGTCCACCTTCCAGGACGGCGGCCGCCACGGCTACCAG 3550 
P G M L S T F Q D G G R H G Y Q  

CACCAGGGCATTCCGGTGGCCGGCGCCATGGACCCCCGCGCGCACCGGCT 3600 
H Q G I  P V A G A M D P R A H R L  

GGCCAACCTGCTGGCCGGCAACGCCGCCGACACCGCCACGCTGGAGATCA 3650 
A N L L A G N A A D T A T L E I T  

CCGTGGCCGGTCCCACGCTGCGCTTCGAGGCGCCGGCCTGCGTGGCGCTG 3700 
V A G P T L R F E A P A C V A L  

GGCGGCGCCGACCTGGGCGCCACGCTCGGCGGCCTGCCCGCGCCCGTGCT 3750 
G G A D L G A T L G G L P A P V L  

GCGCCCGCTGGTGGCGCGCGCCGGCGACGTGCTGTCCTTCGCCCGGCCCG 3800 
R P L V A R A G D V L S F A R P G  

GCCAGGGCGCGCGCGCCTATCTGGCGGTGCACGGCGGCTACGACCTGCCC 3850 
Q G A R A Y L A V H G G Y D L P  

ATGGTCATGGGCAACCAGAGCACCTACCTGCGTAGCGCCTTCGGCGGCTA 3900 
M V M G N Q S T Y L R S A F G G Y  

CCACGGACGCGCCCTGGCCAAGGGCGACCAGGTCGGCCTGCGCCGGCCCC 3 950 
H G R A L A K G D Q V G L R R P L  
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TGGCCGACGACGCGGCGCGCCTGGACGCGCTGGCGCAGCAGCTGTGGCAA 4000 
A D D A A R L D A L A Q Q L W Q  

CTGCGCTTCTATCTTGCCGCC ACCCTGAGC AGCCCGCCGCGCGACGTGCT 4050 
L R F Y L A A T L S S P P R D V L  

Smal 
GCGCATACTGCCCGGGCCCCACTGGGCGGCTTTTGACGCCGCCTCGCGCC 4100 

R I L P G P H W A A F D A A S R Q  

AGGCCTTGCTGGACCAGGCCTTCCGTATCGGTGCGCAATCCGACCGCATG 4150 
A L L D Q A F R I G A Q S D R M  

GGCTATCGTCTGGAAGGGCCGCGGCTGCGGCTGTCCGAGCCGCGCGAGAT 4200 
G Y R L E G P R L R L S E P R E M  

GCTGTCGGAGGCCACCTGCTTCGGCACGGTGCAGGTGCCGGCCGACGGCG 4250 
L S E A T C F G T V Q V P A D G A  

CGCCCATCGTGCTGATGGCCGACCGCCAGACCACCGGCGGCTATCCCAAG 4300 
P I V L M A D R Q T T G G Y P K  

CTGGCGCAAGCCATGCCGGGGCAGGCGCTGCGCTTTGCCCTCATCGAGCT 43 50 
L A Q A M P G Q A L R F A L I E L  

TGCGCAGGCGCAACGGCTGGACGCGGCCCGCGAAGCCGCCTTCGCCCAAT 4400 
A Q A Q R L D A A R E A A F A Q L  

R B S  
TGACCGGCCAGCTCGACGCCTTGCGCGGCCTGCTGCGCGACTTCCAGGAG 4450 

T G Q L D A L R G L L R D F Q E  

ORP 7 
CCCACGCCATGAATCCCGCCATCGACCTGAATTGCGACATGGGCGAAAGC 4500 
P T P • 

M N P A I D L N C D M G E S  

TACGGCGCCTGGCGCATGGGCAACGACGAAGCCGTGCTGCAGTTCGTCAC 4550 
Y G A W R M G N D E A V L Q F V T  

GTCGGCCAATATCGCCTGTGGCTTTCACGGCGGCGACCCATCCACCATGC 4600 
S A N I A C G F H G G D P S T M R  

GCCAGACCGTCGCCGCGGCGCTGGCCCATGGGGTGGCGCTGGGCGCTCAC 4650 
Q T V A A A L A H G V A L G A H  

CCCAGCCTGCCGGACCTGGCCGGCTTCGGGCGCCGCGCCATGCAGATCAC 47 00 
P S L P D L A G F G R R A M Q I T  



120 

CCCGC AGGAAGCCTACGACCTGGTGGTCTACCAGGTCGGCGCGCTGGCCG 4750 
P Q E A Y D L V V Y Q V G A L A G  

GCGTGGCCGCCTCGCAAGGCGCGCGCCTGCATCACGTCAAGGCGCACGGC 4800 
V A A S Q G A R L H H V K A H G  

GCGCTCTACAACATGGCGGCCAAGGATGCGGCGCTGGCGCGCGCGATCTG 4850 
A L Y N M A A K D A A L A R A I C  

CCAGGCGGTGCGCGATGTCGACAGCGACCTGGTGCTGTACGGGCTGGCCG 4900 
Q A V R D V D S D L V L Y G L A G  

GCAGCGCCTTGATCGACGCTGCCCGCGCCATCGGCCTGCGCGCGGCGCAG 4950 
S A L I D A A R A I G L R A A Q  

GAAGTCTTCGCCGACCGGACCTACCAGGCCGACGGCCAATTGACGCCGCG 5000 
E V F A D R T Y Q A D G Q L T P R  

CAGCCAGCCCGACGCCATGATCACCGACCTGGACCAGGCCATCGCCCAGG 5050 
S Q P D A M I T D L D Q A I A Q V  

TGCTGGGCATGGTGCGCGACGGCAGCGTGCGCACGCCCGACGGACAGACC 5100 
L G M V R D G S V R T P D G Q T  

GTGGCCTTGCAGGCCGATACGCTGTGCATCCACGGCGACCAGCCCGATGC 5150 
V A L Q A D T L C I H G D Q P D A  

GCTGGTATTCGCCCGCGGCATCCGCCTGGCGCTCGAACGCGACGGC ATCG 5200 
L V F A R G I R L A L E R D G I A  

CCATCCAGGCGGCGTAGGGCCGCGCCGTCACGCGTACGGCAGGACCGAGG 5250 
I Q A A *  ' A Y P L V S T  

TC ATCTCC AGCAGGGCGGGTCCGACCTCGTTTTCCAATTGGCCGGGCTTG 5300 
M E L L A P G V E N E L Q G P K V  

ACGAACTGCGAGCCGAGCACGCAGTTGAATACATAGAGCTCGCCGCCGGA 5350 
F Q S G L V C N F V Y L E G G S  

CGACGGCCGGTACGGC ACGCCGACCGTCGCGACGTCCGGCCGGTATTCGC 5400 
S  P R Y P V G V T A V D P R Y E G  

CATGCGAATAGCAGAACCCGTGCCGCCCCCAGAACTGGATCATGTCCAGC 5450 
H S Y C F G H R G W F Q I M D L A  

GCCGATTCGCCCCAGCGCTCCCAGTGCTCGGGCGTCTTCACACGGATCTG 5500 
S E G W R E W H E P T K V R I Q  

GTTGAACAGCGTATTGCGCTCGTCCGCGCTGCACGCGGCGAGATAGGCGC 5550 
N F L T N R E D A S C A A L Y A R  
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GGCCATTGGACGTGGCGATGATGGGGTGCGAC ATGCCGATGTCGGAGTAG 5500 
G N S T A I I P H S M G I D S Y R  

CGCTGCGCGCGCAGCGAGCGCGACCGGCTGGTCTCCACATACACCATGCT 5650 
Q A R L S R S R S T E V Y V M S  

CAGGCGTTCCCGCATGCACAGCGACACCGAGC AGCCC AGCCGTTCGGCC A 5700 
L R E R M C L S V S C G L R E A L  

GTTCGCGCATCGGCGAGCGCACGACCTGCCGCAGCGCGATGTTGGCCAGC 5750 
E R M P S R V V Q R L A I N A L L  

AGCGGATAGGACAGCGTGAGCACGGCATTGCCCAGCTGGAACTTGCCGGA 5800 
P Y S L T L V A N G L Q F K G S  

AACCGGGTCGACCTTGAGATAGCCCAGTTCGATCAGCGTGTAGGTGTAGC 5850 
V P D V K L Y G L E I L T  Y  T  Y  R  

GCGACACCGTCGGCTTGGACAGCCCCGACAGCTCGGACAACTGGCGGTTG 5900 
S V T P K S L G 5 L E S L 0 R N S  

IclR-type helix-turn-helix DNA binding motif 

CTCAGGACCGCCGCCTCCGGCGTGAAGCATCTGAGCAACTGCAGGCCATG 5950 
L  V A A E P T F C R L L Q L G H  

GGCCAGCGTGCTGGCGAACTGCCTGTCCCGCGCTGGGCGACTTGCTTTCG 6000 
A L T S A F Q R D R A P R S A K P  

<r- ORF 6 R B S  >  <  
GCGCGCTCATTCTTGTCTCCTGTGCCGCCCTGGGTGTTTTGCATGTCAAA 6050 
ASM orfS  - 3 5  

o r f 6 - 1 0  o r f 6  - 3  5  
ACAGTGTGCAGCATAGCAAGGTTTGTCTCCCATTCTAAACAGGCCGGATT 6100 

orfS -10 

R B S  ORF 5 -> 
AGCATTCGGGCCTTCGAGGAGACAAACCATGAAACCATTCAGCTTGCTGC 6150 

M K P F S L L R  

GCCGTATCGCCACGATTGCACTGCTCATGGCGGCCTCGTCGGCGCACGCC 6200 
R I A T I A L L M A A S S A H A  

Smal 
GATACCTTCCCCAGCCGGCCGATCCGGCTGATCGTGCCATTCGGCCCGGG 6250 
D T F P S R P I R L I V P F G P G  
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CGGCATC ACGGACCTCATCGCGCGCCAGGCCGCGCTGGGCATGGCGGAGA 6300 
G I T D L I A R Q A A L G M A E K  

AACTGGGGCAGCCGGTCATCATCGAGAACAAGCCCAGCGCCGGCCACATC 6350 
L G Q P V I I E N K P S A G H I  

GTGGCCATGCAGACAGTGGCCCAGGCCACGCCCGACGGCTACACGATCCT 6400 
V A M Q T V A Q A T P D G Y T I L  

GCTGGGTTCGAACACCGGTTTTACGGTCGCCCCGCACATGTACAAGAACC 6450 
L G S N T G F T V A P H M Y K N L  

TGCCCTTCCGGATCGACACACTGCAGCCGATCGCGCCGATCAACACGGCG 6500 
P F R I D T L Q P I A P I N T A  

CCCACGGTGCTGCTGGCCAGGCCCGACTTCCCCGCCAACAACCTGACCGA 6550 
P T V L L A R P D F P A N N L T E  

GCTGATCC AGTACATCAAGGACAACCCCGGCAAGCTGAACTATGGCTCGT 6600 
L I Q Y I K D N P G K L N Y G S F  

TCGGCATCGGCACCAGCGCGCATCTGGGCATGGAGATCATGAAGAGCGAT 6650 
G I G T S A H L G M E I M K S D  

CTGGGCCTGAACATCATGCATATCCCCTACCGCGGCGATGCGCAGGGCCT 6700 
L G L N I M H I P Y R G D A Q G L  

GCTGGCCCTGAAGGCCAAGGAAGTGGACATCGCCTATATCACGCTGTTCT 6750 
L A L K A K E V D I A Y I T L F S  

EcoRI 
CGGCCCAGGCGCGCATCCGGGCCGGAGAATTCAAGGCGCTGGGGGTGCTG 6800 

A Q A R I R A G E F K A L G V L  

CAGAACGACCGCCTCACGGCCTTTCCCGACATCCAGACCACCGTCGAAGT 6850 
Q N D R L T A F P D I Q T T V E V  

CGGCTCGAAGAACTCGGGCATGCCGGTCTGGATCGCCTTCTTCGCCCCGC 6900 
G S K N S G M P V W I A F F A P P  

CCGGCACGCCTGACGCCGTCATGCGCAAACTGGAAAGCGCCACGCGCTCG 6950 
G T P D A V M R K L E S A T R S  

EcoRI 
GCCAGCACCGCGCCCGCGTTCGTGGAATTCCTGCACAACAACGGCGTGGA 7000 
A S T A P A F V E F L H N N G V E  

GCCCTGGAATCCGTCGAACCAGGACCTGATGCGCTTCATCCAGGATCAGC 7050 
P W N P S N Q D L M R F I Q D Q L  
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TGAACCGCTCCGGGCCCATCATCC AGGAAATCGGCCTGCAGCCCC AATAG 7100 
N R S G P I I Q E I G L Q P Q *  

GGCGACTGCGCCCGCGCGGCGGCCCGGCCGGGCCGTCCCCCCCCCCCCCC 7150 

R B S  ORP 4 
CACACACAACAGGACAAGACTATGCGAGTCATCATCGCAGGATGCGGTAT 7200 

M  R V I I A G C G I  

TGGCGGCGCCGCGCTGGCCGTCGCCCTGGAAAAATTCAAGATCGATCACG 7250 
G  G  A  A  L  A V A L E K F K I D H V  

A O P  b i n d i n g  s i t e  

TCGTGCTGGAACAGGCCCCCCGCCTCGAAGAGGTCGGCGCTGGCGTACAG 7300 
V  L  E  Q A P R L E E V G A G V Q  

CTCAGCCCCAACGGCGTGGCCGTGCTGCAGCACCTGGGCGTGCACGAGGC 73 50 
L S  P N G V A V L Q H L G V H E A  

Smal 
CTTGAGCAAGGTCGCCTTCGAGCCCCGGGAGCTGCTCTACCGCGACTGGC 7400 

L S K V A F E P R E L L Y R D W Q  

AGTCGGGCCAGGTGCTGATGCGCAACCCGTTGATGCCGACGATCAAGGAA 7450 
S G Q V L M R N P L M P T I K E  

CACTTCGGCGCGCCCTATTACCACGCGCACCGGGCCGACCTGCTGGGCGT 7500 
H F G A P Y Y H A H R A D L L G V  

GCTGACCGAGCGCCTGGACCCGGCCAAGCTGCGGCTGGGCAGCCGGATCG 7550 
L T E R L D P A K L R L G S R I V  

TCGACATCGACCAGGACGCGCGACAGGTCACGGCCACGCTCGCCGACGGC 7600 
D I D Q D A R Q V T A T L A D G  

Smal 
ACCCGGGTACAGGGCGACATCCTGGTCGGCGCCGACGGCATCCACTCCCT 7650 
T R V Q G D I L V G A D G I H S L  

GGTGCGCGGCCGCTTTTTCCAGGCCGACCAGCCCCAGGCCTCCGGCTGCA 7700 
V R G R F F Q A D Q P Q A S G C I  

TCGCCTGGCGGGGCATCGTCGACGCGGACGCCGCCCGGCACCTGGACATC 7750 
A W R G I V D A D A A R H L D I  

TCGCCCAGCGCCCATCTCTGGCTCGGGCCCGAGCGC AGCGCCGTC ATCTA 7 800 
S P S A H L W L G P E R S A V I Y  
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CTACGTCTCGGGCGGCCGGAAGATCAACTGGATCTGCATCGGCAGCCGTC 7850 
Y V S G G R K I N W I C I G S R P  

CGGGCGACCGCAAGGAATCGTGGTCGGCGACCACCACCGTGGACGAGGTG 7900 
G D R K E S W S A T T T V D E V  

CTGCGCGAGTATGCCGGCTGGAACGAGTTAGTCACCGGGCTCATCCGGTT 7950 
L R E Y A G W N E L V T G L I R L  

GACCGACAAGCCCTTCGTCACCGCGCTGTACGACCGCGCGCCGCTGGACT 8000 
T D K P F V T A L Y D R A P L D S  

CCTGGATCAACGGCCGCATCGCGCTGCTGGGCGACTCCGCCCACGCCATG 8050 
W I N G R I A L L G D  S  A  H  A  M  

A O P  b i n d i n g  s i t e  

CTGCCGTATCACGCCC AAGGGGCGGTGCAGAGC ATGGAGGACGCCTGGGT 8100 
L P Y H A Q G A V Q S M E D A W V  

• • • 

Xhol 
GCTGGCCCGCACGCTGCAGCAGTCCGGCGGCGACATCCCGCCCGCGCTCG 8150 

L A R T L Q Q S G G D I P P A L E  

AGCGCTACCAGTCCCTGCGCAAGGACCGCACCGCCCGCGTGCAGGCCCAA 8200 
R Y Q S L R K D R T A R V Q A Q  

TCGC AGCTGGCGGAAAAACGCTTTCACATGAGCGATCCCGAACAGGTCGC 8250 
S Q L A E K R F H M S D P E Q V A  

GCGGCGCAACCAGAAGTTCCTCCACTACGACGCCCAGTATCAGGGCACCT 8300 
R R N Q K F L H Y D A Q Y Q G T F  

TCCTGCCGCAGCAGGAATGGCTGTTCGGATACGACGCCGACAAGGCGGCC 8350 
L P Q Q E W L F G Y D A D K A A  

CTGGGCACCGACGACGCCTGGCGCGCCCTGCGCGCCTGGTAACCCGACAC 8400 
L G T D D A W R A L R A W *  

R B S  ORF 3 
ACGAGAGCAACCATGAACAAATCCGACTCTTTCGAACTCATCGAGTACC A 8450 

M N K S D S F E L I E Y Q  

GGCGGCCGACGGCATCGCGCGCATCGCCCACAACCGCCCGCAGGCGCGCA 8500 
A A D G I A R I A H N R P Q A R N  

-k • 

Xhol 
ACGCGGAAAGCCAGGGGCTGCTCGAGGAACTGGACCAGGCGCTCGGCCTG 8550 

A E S Q G L L E E L D Q A L G L  
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GCCGTGCGCGACGCCTCGGTCAAGGCCATCGTGATCTCCGGCAAGGGCGA 8600 
A V R D A S V K A I V I S G K G D  

CCACTTCTCGGCGGGCCACGACCTCAAGGAGGCCGCGGCCAAGCGCAGCA 8650 
H F S A G H D L K E A A A K R S N  
* * 

ATTTCACGGTGGAACAGCGCTGGGAGTTCGAGC AACGCTACTACCTCGGC 8700 
F T V E Q R W E F E Q R Y Y L G  

TACGCGATGCACATCTACGACTGCCCC AAGCCGACGATCGCGC AGGTAAG 8750 
Y A M H I Y D C P K P T I A Q V S  

CGGAGCGTGCATCGCGGGCGGATTCATGGTGGCCAACATGTGCGACCTCA 8800 
G A G  l A G G F M V A N M C D L I  
• • • 

TCGTCGCCTCCGACGACGCGTTCTTCTCCGACCCGGTCTGCCAGACGCTC 8850 
V A S D D A F F S D P V C Q T L  

GCCACCGCGGCGGTCGAGGTCATGATCCACCCCTGGGTCATGGGAGCCCG 8900 
A T A A V E V M I H P W V M G A R  

EcoRI Smal  
CAAGGCCAAGGAATTCCTGTTCCTGGGCGAACGCATGAGCGCCCGGGAAG 8950 

K A K E F L F L G E R M S A R E A  
• * 

CGCTGGCCATCGGCATGGTGAACAAGGTCGTCGCGCGCGCCGAGCTGCAG 9000 
L A I G M V N K V V A R A E L Q  

GCCGAGACCGAGCGCATGGCGCAACGCATCGCCGCGTGCGACCCGTTCGC 9050 
A E T E R M A Q R I A A C D P F A  

GCTGCGCCTGGTCAAGCGCTCGATCAACCGCGGCCTGGAAATGCAGGGCT 9100 
L R L V K R S I N R G L E M Q G L  

TGCGCAGCGCGATCGACGCGCACTTCGACACGCACCAGCTCAGCCATCTG 9150 
R S A I D A H F D T H Q L S H L  

R B S  ORP 2 
TCGGAAGGCTTCAACCGCGCGCGCGCCCAGGGCCTGGGCAATGCCATCCA 9200 
S E G F N R A R A Q G L G N A I Q  

M P S R 
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GGCGGCCGCCGCCGGCAGCCGCTGACGGCCATAGCATCGGGCACAGCTGG 9250 
A A A A G S R *  

R P P P A A A D G H S I G H S W  

CGAACGCTCTCGGCCCAGGTCCGGCAACTGTACGCCGGCTGGGACCCGAA 9300 
R T L S A Q V R Q L Y A G W D P N  

CACGGACATCGCGCGGATACGGCGCGACTGGGACGCTTTCTTTGGCGCCG 9350 
T D I A R I R R D W D A F F G A V  

TGCGCCTGCCCGCGCGCGTCACGCCGGTCGATGCCGGCGGCGTCCCGTGC 9400 
R L P A R V T P V D A G G V P C  

CATTGGATCGAAGCCCCGGCATCGACCCGCGATCGCGTGGTCGTCTTCAT 9 4 5 0 
H W I E A P A S T R D R V V V F I  

CCATGGCGGGGGCTACCAGATCGGCTCGCATCGCTCGCACCACAACCTGA 9500 
H G G G Y Q I G S H R S H H N L M  
• • • • 

TGGCGCGGCTGTCCGCCTGGTCCGGCCGGGCGGTGCTGAGCATCGGATAC 9550 
A R L S A W S G R A V L S I G Y  

Xhol 
CGCCTGGCGCCGCAGGCGCGCTGTCCGGCCGCGCTCGAGGACGTCGACGC 9600 
R L A P Q A R C P A A L E D V D A  

GGCCCATGCCTGGCTGGCCGGCCAGGGCTGGTCTGCGCGGCAGACCGCCT 9650 
A H A W L A G Q G W S A R Q T A L  

TGTGCGGCGACTCCGCCGGCGGCGCGCTGGCCGTGCTGCTGCTTGCGCGG 9700 
C  G  D  S  A  G  G A L A V L L L A R  

Acyl transfer motif 

CTGCGCGCGCGCGGCGCCGCATTGCCCGCCGCATGCGCCGTGATGTCGCC 9750 
L R A R G A A L P A A C A V M S P  

Smal 
CTGGATCGACCTGCAGGCCCGGGGCGAGAGCTACACCGCCAATGCCGCGT 9800 

W I D L Q A R G E S Y T A N A A S  

CCGACCCCATCGCCAACCGCGCCACCGTGCTGCGCATGGCGCGCGCCTAC 9850 
D P I A N R A T V L R M A R A Y  
• 

CTCGGCCGCGACGGCGACCCCGAAGCGCCCGCCGTCTCGGCGCAGCACGC 9900 
L G R D G D P E A P A V S A Q H A  
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CGATCTGCGCGGGTTGCCGCCGCTGCTCGTGCAGGCCGGCTCGGCCGAGG 9950 
D L R G L P P L L V Q A G S A E A  

CGCTGCTCGACGACGCGCGGGCGCTGGCCGCGCGCGCCGCAGCAAGCGGC 10000 
L L D D A R A L A A R A A A S G  

GTCGCGGTGCGCCTGAGCGTGTGGCAGGACATGCCGCATGTATTCCAGCT 10050 
V A V R L S V W Q D M P H V F Q L  

TTTCGCCGCACGGCTGGATGCCGCCGATGCCGCCATCGCGGAACTCGCGG 10100 
F A A R L D A A D A A I A E L A D  

R B S  ORP 1 
ATTTCATCAATCACCCATTGCGCGCCCCCACCGGCGCCGAGCCCCGTCAT 10150 

F I N H P L R A P T G A E P R H  
M 

GAAAC AAGCACTTGAGCACATC AAGGTCGTGGACCTC ACCCGCGTCCTGG 10200 
E T S T • 

K Q A L E H I K V V D L T R V L A  

Smal 
CCGGCCCCTGGGCCACGCAGATCCTGGCCGACATGGGCGCCCGGGTCATC 10250 

G P W A T Q I L A D M G A R V I  

AAGATCGAGCGCCCCGGCGCGGGCGACGACCTGCGCGGCTGGGGGCCGCC 10300 
K I E R P G A G D D L R G W G P P  

GTTCCTGAAGAACGCGCACGGCGAGGAAACCACCGATGCCGCCTACTTCC 103 50 
F L K N A H G E E T T D A A Y F L  

TCAGCACCAACCGGGGCAAGGAGTCGGTGACGCTGGACATCTCCAGCGCC 10400 
S T N R G K E S V T L D I S S A  

GAAGGCCAGGAGATCGTCCGCCAGCTCGCCAAGGACGCGGACGTGCTGGT 10450 
E G Q E I V R Q L A K D A D V L V  

CGAGAACTACAAGGTCGGCACGCTGGCGCGCTTCGGCCTGGACTATGAGT 10500 
E N Y K V G T L A R F G L D Y E S  

CGCTGCGCAAGATCAATCCGCGGCTCGTGTATTGCTCGGTGACCGGGTTC 10550 
L R K I N P R L V Y C S V T G F  

GGCCAGACCGGCCCGCACGCCCACCTGCCCGGCTACGACTACATATTCCA 10600 
G Q T G P H A H L P G Y D Y I F Q  

GGGCATGGGCGGACTGATGAGCATCACCGGCCTGCCGGACGCCGAGCCCG 10650 
G M G G L M S I T G L P D A E P G  
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GCGGCGGTCCGCTCAAGACCGGCATCCCGATCACCGATGTGGTC ACGGGC 10700 
G G P L K T G I P I T D V V T G  

ATCTACGCCTCGACGGCGATCCTGGGCGCGCTGGAGCACCGCAACCTCAG 10750 
l Y A S T A I L G A L E H R N L S  

CGGCGAAGGAC AGGCCATCGAC ATCTCGCTGCTCGATTGCCTGGTC AACG 10800 
G E G Q A I D I S L L D C L V N V  

TCACCGGCTGCGCCGTCATGAACTACTTCCTGTCGGGCAGGATTCCGCAG 10850 
T G C A V M N Y F L S G R I P Q  

CGGCTGGGC AAC ACGCACTCC AAC ATGGTTCCGTACC AGGTGTTCCGTTG 10900 
R L G N T H S N M V P Y Q V F R C  

CAAGGAAGGCGACGTGATCGTGGCGGTCGGCAACGACACCCAGTTCGTGA 10950 
K E G D V I V A V G N D T Q F V T  

CGTTCGCCGGATTGATC 
F A G L I 
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Bp«_Brgl 

Bsub_YybE 
Cere IlvR 

101 
IAVASTQ.NY F. 
~ ̂ STA.KY F. 

lY&STIGNY l| 
jiasQQQD 
PLHTLGTT 

LSFVSTADYS 

FHYSRAIGQS LREMEEVZIES 
ICAVRTIIGA VTSADKAHIQ 

~ ~|VEIEQLFRE D1 
«RW(a^cg . .gRI 

IF GRRVQAMMKE YTEGKEEICG LLKP 
|QW QJHVLEAIQA ^^ALPDIQRR ZJUXSQ 

iBgUtguSQ gVl 
|cgE\^vgH 

SGIGI^ DVTNRESgyQ MigSNi 
"SZIGI. TVANREQS^ HIQ: 

150 

:QDVMQ 

DI.IGSFQ 
DIIVRRYA 

SFQI. KQ 

.AS.IKP ENPI 
QaaQA' 

D^LAGSgAI S: 
DHXIV. .SGLQ TFHCE 
TSClA.RGPV TXIE( 

O^IASRZSI TIJIE 
Q. .V^AEGPQ D: 
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Cvia_RbcR 
Rapir_CbbR 
Ecol_y«iE 
Bp«_Brgl 
B8ub_yybE 
Ccr«_llvR 

Cvin_RbcR 
Rspir_C3)bR 
Ecol_Y«iE 
Bp*_Brgl 

B8iib_YybE 
Ccra_IlvR 

ETBQVTIMV EGFPDRGQWY LVYGRGKRLG 
IK^fSQEL SVC^TiggV EGLPZ(S^ Wl^GKHLA 
IRRVIEOQL PLFISL^TIIW RG^HRQKHLG 

sQc^gL^y. Qqv^aSe^ z|^^PLGQ: 
PUC. ..GL DQSKZTKIRV SWPECF^VQ IXWIKGRFL : 
JASL^ZAR VGVQRVD^.V GPPILETGL. . .QNRROEAA 

301 312 
Cvin_RbcR 
R8pir_CbbR 
Bcol_yeiE 
Bpa_Brgl 
Bsub_YybE ISHFSE 
Ccre_IlvR TEOGSAPD.. 

Fi^re 22. Alignment of Brg 1 with other LysR family transcriptional regulators. Amino 
acids identical in Brg 1 and the other LysR homologues are boxed in black with white 
letters. Amino acids involved in DNA binding are marked with asterisks. Proteins aligned 
are Chromatium vinosum RbcR (Cvin_RbcR), Rhodospirillum nibnim CbbR 
(Rspir_CbbR), Escherichia coli YeiE (Ecol_YeiE), Bordetella pertussis Brgl (Bpe_Brgl). 
Bacillus subtilis YybE (Bsub_YybE), and Caulobacter crescentus IlvR (Ccre_DvR). 
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(187). Therefore, the DNA surrounding brgl was sequenced. The entire sequence 

consisted of 10,967 bp and had a G+C content of 69.2% which is consistent with that for 

other B. pertussis genes (105). A total of 11 open reading frames (Orfs), including brgl, 

were identified in the DNA sequence determined. Figure 20 diagrams the position and 

orientation of the open reading frames relative to brgj and the nucleotide sequence of this 

region is shown in Figure 21. Orfs 1-5 and orfs 7-9 appear to form operons based on the 

proximity of the adjacent start and stop codons and lack of sequences resembling an E. coli 

consensus promoter. The deduced amino acid sequences of each of the open reading 

frames was used in searches of sequence databases using the basic local alignment tool. 

BLAST (9). The results of these searches are shown in Table 6. 

Orfl is most similar (32.3% identical) to the BaiF protein of the anaerobic intestinal 

organism Eubacterium sp. strain VPI 12708 (Table 6). BaiF performs a dehydration 

reaction in the 7-dehydroxylation of bile acids (39, 136). Bile acid dehydroxylation 

involves a coenzyme A intermediate in the conversion of cholic acid to deoxycholic acid 

(136). The L-camitine dehydratase (CaiB) of E. coli is also significantly similar (29.6% 

identical) to Orfl. CaiB and BaiF perform equivalent reactions on different substrates, so 

Orfl may also perform a dehydration reaction on an unknown substrate (61). CaiB 

dehydrates L-camitine to form crotonobetaine in a process that also involves CoA 

intermediates (62). Crotonobetaine can serve as an alternate electron acceptor under 

anaerobic growth conditions (62). The E. coli caiTABCDE operon is expressed when 

carnitine or crotonobetaine is present and oxygen or nitrate is absent and it is regulated by 

fT^R (61, 62). This operon is also regulated by the CaiF protein which lies next to this 

operon but is transcribed in the oppxjsite direction (61). This arrangement resembles that of 

the B. pertussis Orfs 1-5 and Orf6 (Fig. 20 and 21). Interestingly, another gene in the 

carnitine opjeron, caiD (carnitine racemase) shows strong homology with enoyl CoA 



Table 6. Proteins predicted from pLIB2 and pX2 nucleotide sequence. 

Off Predicted 
Molecular 

Weight 

Homologues % Identity, 
% Similarity 

Function Pathway Ref. or 
Acc. # 

1 >29.3 
kDa 

Eubacterium sp. BaiF 

Rat arylpropionyl 
epimerase 

E. coli CaiB 

32.3%, 53.0% 

29.9%, 51.3% 

29.6%, 53.4% 

dehydratase? 

2-arylpropionyl epimera.se 

caminite dehydratase 

Bile acid 
dehydroxylation 

ibuprofen inversion 

carnitine metabolism 

39 

213 

60 

2 34.3 kDa S. viridochromogenes 
Dea 

S. hygroscopicus Bah 

A. hvoffti Est 
A. calcoacetiais E.st 

37.2%, 57.7% 

36.9%, 56.0% 

31.2%, 52.7% 
30.2%, 53.0% 

N-acetylphosphinothricin-
tripeptide-deactylase 

bialophos acetyl hydrolase 

esterase 
esterase 

bialophos biosynthesis 

bialophos biosynthesis 

oil degradation 
oil degradation 

235 

X65195 

L38252 
169 

3 29.5 kDa M. tuberculosis 
unknown protein 

R. meliloti FadB 1 
H. parahaemolyticus 

MenB 
Rat mECH 

Arthrobacter sp. FcbB 

40.0%, 58.0% 

33.6%, 53.4% 
31.4%, 56.7% 

31.1%, 55.9% 

31.1%, 49.4% 

enoyl CoA hydratase? 

enoyi CoA hydrata.se 
napthoate synthase 

enoyl CoA hydratase 

4-chlorobenzoaie CoA 
dehalogena.se 

? 

7 
menaquinone 
bio.synthesis 

fatty acid oxidation 

dehalogenation of 4-
chlorobenzoate 

Z84498 

138 
190 

148 

188 



Table 6 (cont.). Proteins predicted from pLIB2 and pX2 nucleotide sequence. 

Of Predicted 
Molecular 

Weight 

Homologues % Identity, 
% Similarity 

Function Pathway Ref. or 
Acc. # 

4 45.0 kDa P. putida S- i SH 

P. putida PpG7 NahG 

P. putida KF7i5 SH 

A. bisporus 4ABH 

34.9%, 60.9% 

33.7%, 59.4% 

33.3%, 56.9% 

29.9%, 51.9% 

salicylate hydroxylase 

salicylate hydroxylase 

salicylate hydroxylase 

4-aminobenzoate 
hydroxylase 

degradation of 
naphthalene 

degradation of 
naphthalene 

degradation of 
naphthalene 

production of 4-
hydroxyaniline 

209 

239 

123 

215 

5 34.3 kDa Pseudomonas sp. P5 1 
YtcB 

A eulrophus Orf7 

A. vitis unknown Orf 
P. putida pAC27 Orf3 

34.5%, 55.6% 

32.5%, 50.9% 

29.5%, 52.7% 
29.2%, 53.1% 

unknown 

unknown 

unknown 
unknown 

degradation of 
chlorinated catechols? 

4-hydroxybutryate 
utilization? 

tartrate utilization? 
degrad. of chlorinated 

catechols? 

221 

220 

49 
73 

6 29.0 kDa P. putida PobR 

A. calcoaceticus PcaR 

B. subtil is YcsO 

E. coli YiaJ 

26.0%, 42.5% 

25.6%, 41.5% 

24.0%, 42.0% 

20.2%, 40.5% 

IcIR-type transcriptional 
regulator 

IcIR-type transcriptional 
regulator 

IcIR-type transcriptional 
regulator? 

IcIR-type transcriptional 
regulator? 

p-hydroxybenzoate 
degradation 

protocatechuate 
degradation 

7 

7 

58 

175 

D3816I 

U702I4 

7 26.5 kDa B. suhtilis YcsF 
H. influenzae LamB-

like 
E. nidulans LamB 

53.3%, 66.7% 
46.1%, 62.9% 

33.3%, 52.3% 

7 
7 

lactam permease? 

lactam utilization? 
lactam utilization? 

lactam utilization 

2 
L44630 

173 



Table 6 (conl.). Protein.s predicted from pLIB2 and pX2 nucleotide sequence. 

Orf Predicted 
Molecular 

Weight 

Homologues % Identity, 
% Similarity 

Function Pathway Ref. or 
Acc. # 

8 59.6 kDa H. influenzae YH30-31 
B. subtilis YcsJ 

S. cerevisiae DUR1,2 

36.4%, 55.7% 
34.1%, 54.4% 
26.3%, 51.3% 

? 
? 

urea amidolyase 

? 
7 

allantoin degradation 

D38161 
P44298 

78 
9 15.6 kDa Synechocystis sp 

hypothetical protein 
39.1%, 60.9% ? ? D90907 

10 31.7 kDa C. crescentus IlvR 

R. rubritm CbbR 
E. coli YeiE 

C. vinosum RbcR 
B. subtilis YybE 

33.9%, 53.0% 

31.1%, 53.4% 
29.8%, 51.8% 
29.2%, 54.2% 
25.0%, 50.7% 

LysR-type transcriptional 
regulator 

i« 

4» 

isoleucine biosynthesis 

COT fixation 
7 

COj fixation 
7 

135 

66 
M89774 

222 
160 

11 42.0 kDa E. coli SerA 

H. influenzae SerA 
S. cerevisiae SerY 
S. cerevisiae SerX 

56.3%, 73.1% 

55.1%, 70.4% 
44.8%, 65.8% 
43.9%, 64.1% 

D-3-phosphoglycerate 
dehydrogenase 

«t 

ik 

it 

serine biosynthesis 212 

L45106 
P40510 
U18839 
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hydratases/isomerases to which OrO is similar (see below, (62). Orf 1 is also homologous 

to the rat 2-aryl propionyl CoA epimerase which is required for inversion metabolism of 

ibuprofen ([(racemic)2-(4-isobutylphenyl)propionic acid) (213, 214). 

Orf2 is similar to a group of proteins including esterases, acetyl hydrolases and 

deacetylases (Table 6). orf2 is most similar (37.2% identical) to the dea gene of 

Streptomyces viridochromogenes whose product catalyzes the final step in bialophos 

biosynthesis. Bialophos is a tripeptide antibiotic/herbicide consisting of phosphinothricin 

(an inhibitor of glutamine synthetase) linked to two alanine residues (235). The final step 

in bialophos synthesis is the deactylaiion of iV-acetyl-phosphinothricin tripeptide (235). 

Dea is 87.5% identical to the Bah protein of Streptomyces hygroscopicus which also 

produces bialophos (235). Other Orf2 homologues include the esterase of Acinetobacter 

calcoaceticiis strain RAG-1 and A. Iwoffii which is required for the oil degrading ability of 

these bacteria (169). Esterases and lipases contain a consensus Gly-X-Ser-X-Gly (acyl 

transfer) motif and this sequence is present in B. pertussis Orf2 in the correct position (Fig. 

21, p. 125) (7). The serine is proposed to be at the center of an active site made up of 

serine, histidine and aspartate or glutamate (8). Comparison of Orf2 with esterases and 

lipases reveals the conservation of histidine and aspartate residues that may form the active 

site (Fig. 21, p. 125) (7, 8). Thus, Orf2 may function as an esterase. 

OrD is similar to a group of proteins that includes enoyl CoA hydratase, 

naphthoate synthase, and 4-chlorobenzoate-CoA dehalogenase (Table 6). Orf3 is most 

similar to an uncharacterized M. tuberculosis gene with homology to rat mitochondrial 

enoyl CoA hydratase (40.0% identical). Glutamate-165 of the rat mitochondrial enoyl CoA 

hydratase is required for enzymatic activity (not substrate recognition) (155), and since 

Orf3 and the M. tuberculosis protein lack this amino acid in that position, it is unlikely that 

they are enoyl CoA hydratases. Naphthoate synthase catalyzes the conversion of o-

succinyl-benzoyl CoA to 1.4-dihydroxy-2-napthoate in the biosynthesis of menaquinone 
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(190). Menaquinone functions as an electron carrier for fumarate reductase in £. coli and is 

thus important in anaerobic respiration (149). 4-chlorobenzoate CoA dehalogenase 

catalyzes the conversion of 4-chorobenzoyl-CoA to 4-hydroxybenzoyl-CoA in the 

degradation of halogenated hydrocarbons (22). Enoyl CoA hydratases and 4-

chlorobenzoate CoA dehalogenases perform similar reactions and this is reflected by 

regions of sequence identity among the enzymes (22). Both enoyl CoA hydratase and 4-

chlorobenzoate dehalogenase activate water for addition across a carbon-carbon bond that is 

in conjunction with the CoA-thioester group and are thus considered members of a family 

(14). Amino acid alignments of members of this enoyl CoA hydratase/dehalogenase family 

reveal 14 conserved amino acids, 11 of which are present in B. pertussis OrO (Fig. 21, p. 

123) (14). All of these enzymes recognize CoA-containing substrates and the homology of 

Orf3 with these proteins may reflect the ability of Orf3 to recognize and bind CoA. 

Database searches for homologues to Orf4 revealed similarity to salicylate 

hydroxylase (NahG) of Pseudomonas putida (60.9-56.9% identical) and the 4-

aminobenzoate hydroxylase of Agaricus bisporus (51.9% identical). Salicylate 

hydroxylase converts salicylate to catechol through decarboxylative hydroxylation in the 

naphthalene degradative pathway (239). It is an FAD-dependent monooxygenase that uses 

NADH or NADPH for production of the reduced enzyme-FAD complex. Thus, this 

enzyme has two ADP-binding sites through which FAD and NAD(P)H are bound (209, 

239). Examination of the B. pertussis Orf4 amino acid sequence reveals the presence of 

both ADP-binding sites and also the amino acids believed to be involved in salicylate 

hydroxylase catalysis (Fig. 21, p. 122) (239). Lysine-165 of P. putida strain S-l salicylate 

hydroxylase is critical for binding of NADH (209). Salicylate hydroxylases are similar to 

P. fluorescens p-hydroxybenzoate hydroxylase (209). This enzyme binds NADPH and 

Lysine-165 is replaced by a histidine which forms salt bridges with the oxygen of the 

NADPH pyrophosphate (209). B. pertussis Orf4 has a histidine in this position (Histidine-
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148) rather than a lysine and therefore probably binds NADPH instead of NADH. The A. 

bisporus 4-aminobenzoate hydroxylase is also an FAD-dependent monooxygenase that 

catalyzes the conversion of 4-aminobenzoate to 4-hydroxyaniline (161). Given the high 

sequence similarity and presence of cridcal amino acids for enzyme function in Orf4, it is 

likely that Orf4 performs a reacdon similar to that of salicylate hydroxylase. 

No homologues of known flincdon were found for B. pertussis Orf5. OrfS is 

similar to YtcB of Pseudomonas species strain P51 which lies in an operon for degradation 

of chlorinated catechols (221). Mutations in YtcB, however do not affect this pathway so 

YtcB's function remains unclear (221). Agrobacteriiim eutrophus Orf7 is also significantly 

similar to B. pertussis OrfS but plays an unknown function in 4-hydroxybutyrate utilization 

(220). The Agrobacterium vitis tartrate utilization operon also contains an unknown Orf 

similar to B. pertussis OrfS (49) as does Orf3 of the P. putida pAC27 3-chlorocatechoI 

degradation operon (73). Thus, a possible function for OrfS cannot be postulated. 

Orf6 is similar to members of the IclR family of bacterial uranscriptional regulators 

(Table 6). IclR-type regulators have an N-terminal helix-tura-helix DNA binding domain 

that differs from that of LysR-type regulators (171). Orf6 is most similar to the P. putida 

PobR protein (26.0% identical) which acdvates pobA gene in the presence of p-

hydroxybenzoate (59). pobA encodes p-hydroxybenzoate hydroxylase which performs the 

first step in the degradation of /7-hydroxybenzoate to TCA cycle intermediates, conversion 

of p-hydroxybenzoate to protocatechuate (59). Orf6 is also similar to Acinetobacter 

calcoaceticus PcaR (25.6% identical), another IclR-type regulator that acdvates the pea 

regulon for the conversion of protocatechuate to TCA intermediates (175). The helix-tum-

helix DNA binding domain of PobR contains an essential arginine residue. B. pertussis 

Orf6 has a region highly similar to this helix-tum-helix motif and it also contains the 

essential arginine residue (Arginine-54, Fig. 21. p. 120). pobR is divergently transcribed 

from pobA. its target gene (59). The pobA-pobR intergenic region contains overlapping 
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promoters and an inverted repeat to which PobR binds (59). The DNA sequence between 

orp and orf6 also has putative divergent promoters and a heptanucleotide inverted repeat in 

a position similar to that for pobR (Fig. 21, p. 120). Other homologues of Orf6 include the 

YiaJ protein of E. coli and the YcsO protein of B. subtilis both of which are hypothetical 

IcIR-type transcriptional regulators. Thus, Orf6 is likely to be a transcriptional regulator 

and may regulate the orfl-5 operon. 

Orf7 is similar to the lactam utilization protein (LamB) of Emericella (Aspergillus) 

nidulans. lamB is divergently transcribed from lamA and both gene products are required 

for the utilization of lactams such as 2-pyrrolidinone to produce gamma amino butyric acid 

(114, 173). lamB is likely to encode a lactam permease but its function has not been 

conclusively determined (114). Other OrfZ homologues include proteins of unknown 

function that are similar to E. nidulans LamB (Table 6). 

OrfS is similar to S. cerevisiae urea amidolyase (DURL2) which functions in the 

pathway for allantoin degradation (Table 6). Allantoin serves as a source of nitrogen for 

this organism. Urea amidolyase contains two enzymatic activities. The first, urea 

carboxylase, converts urea to allophanic acid which is then converted to ammonia and 

carbon dioxide by the second component, allophanate hydrolase (25). B. pertussis OrfS 

shows homology only to an internal region (amino acids 1138-1229) of urea amidolyase 

although it is not known which catalytic activity this region contains. Other homologues 

include the hypothetical proteins YcsJ and YH30-31 of B. subtilis and H. influenzae. 

respectively (2). 

Orf9 is predicted to encode a 143 amino acid protein. Database searches align Orf9 

with one other protein: a hypothetical protein of the cyanobacterium Synechocystis species 

strain PCC6803. Thus, while no function for Orf9 can yet be determined, it appears to be 

conserved in other organisms. Orf9 is transcribed in the opposite orientation of brgl 

(orflO). Since this is the arrangement common for LysR regulators and their target genes. 
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the intergenic DNA sequence was examined for the presence of promoter like elements. 

Overlapping divergent promoters were found in this region as well as a putative Btr-

binding site (FNR Box, Fig. 21, p. 115). 

Orf 11 is probably the B. pertussis D-3-phosphoglycerate dehydrogenase (SerA). 

E. coli SerA catalyzes the first committed step in the phosphorylated pathway to L-serine 

biosynthesis (i.e., conversion of 3-phosphoglycerate to 3-phosphohydroxypyruvate, 

(212). Orfl 1 is highly similar to SerA homologues from other organisms (Table 6) and 

contains the conserved NAD binding site as well as the conserved amino acids of the active 

site, Serine-230 and Glutamate-260 (Fig. 21, p. 113) (212). 



D. DISCUSSION 

This report describes the further characterization of the Bordetella transcriptional 

regulator, Btr. It was found that Btr is not important for growth in vitro in cyclodextrin 

medium under low oxygen conditions. Thus, no in vitro role for Btr in B. pertussis has 

yet been identified. Both the parent and btr mutant grew more slowly in 6% oxygen than in 

air (Fig. 12). It is likely that sufficient oxygen is present to allow aerobic respiration with 

oxygen as a terminal electron acceptor. E. coli Jhr mutants grow at the same rate as wild 

type in rich medium while the fiir mutant cannot grow anaerobically on only glycerol and 

nitrate (197). The 8. pertussis btr mutant may be defective in growth in low oxygen if the 

appropriate carbon source and electron acceptor is present. Further experiments using 

lower concentrations of oxygen may also reveal a growth defect for GW131 in cyclodextrin 

medium. 

The environment encountered by B. pertussis in the respiratory tract is likely to be 

very different from in vitro growth conditions. B. pertussis infections result in the 

accumulation of mucus and debris in the airways of affected hosts. The oxygen 

concentration available to the bacteria would be low in such an environment (189). In 

addition to possible differences in oxygen concentrations, there are probably differences in 

the availability of carbon, nitrogen and energy sources. We hypothesized that btr may be 

important for utilization of these nutritional sources in an infected respiratory tract and a btr 

mutant would be impaired for growth in an animal model. When inoculated into mice, the 

wild type parent strain multiplied, then was slowly cleared over the 40 days of the 

experiment. In contrast, the btr mutant did not multiply and was cleared by 28 days (Fig. 

12). This clearly demonstrates that Btr is required for multiplication and survival in the 

respiratory tract. Thus, Btr-activated genes are required for establishment of a productive 

infection in vivo. 
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To obtain a clearer understanding of the function of Btr, a titration assay was 

developed that allowed the identification of Btr-regulated genes of B. pertussis. The 

titration assay identifies DNA fragments that contain Btr binding sites and therefore 

probable Btr-regulated genes. This method has been used by other investigators to identify 

Fur-regulated genes in E. coli (207) and B. pertussis (86). As a first step in testing the 

titration assay it was determined that Btr activates the E. coli fiimarate reductase operon 

under anaerobic conditions (Fig. 15). This observation extends the icnown capabilities of 

Btr and further confirms its role as an FNR homologue. 

Although P-galactosidase units in the Btr titration assay varied between 

experiments, it was still possible to identify genes that are Btr-regulated proving the value 

of such an approach (Fig. 16). Use of other FNR-regulated genes as reporters (narG-lacZ, 

cyo-lacZ or cyd-lacZ) did not improve the consistency of the assay (data not shown). 

Experiments are underway to improve the sensitivity and reproducibility of the assay by 

inserting a single copy of the B. pertussis btr gene into the genome of JRG1787. Fewer 

copies of the btr gene will likely result in a lower cellular concentration of Btr. Low 

concentrations of Btr would improve the sensitivity of the assay since slight decreases in 

available Btr due to the presence of a titrating DNA fragment will result in more dramatic 

decreases in frdA-lacZ expression. 

The Btr titration assay allowed the identification of known B. pertussis genes {btr 

and sodB) that may be Btr-regulated. FNR represses its own expression under anaerobic 

conditions (196) and Btr may regulate its own expression similarly. It is likely that the Btr 

binding site is similar to the FNR consensus, since Btr regulates FNR targets 

appropriately. Also, other FNR homologues recognize sites in their own target genes that 

are identical to the FNR consensus (195). Sequences similar to the consensus FNR 

binding site are not present upstream of btr although several half sites exist (16). 

Interestingly, a region of dyad symmetry is present upstream oihtr and may represent a 
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low affinity Btr-binding site (16). This may indicate that under anaerobic conditions, 

where Btr would be active, repression of btr expression would occur only when sufficient 

levels of Bu- protein have accumulated. Other Btr target genes with higher affinity Btr-

binding sites would be responsive to lower concentrations of Btr. A low affinity Btr 

binding site (one that varies from the consensus) upstream of btr would be consistent with 

this model. 

Examination of the sodB promoter region revealed the presence of potential Fur and 

FNR binding sites (Fig. 17). E coli produces two superoxide dismutases: SodA, a 

manganese-containing superoxide dismutase, and SodB, which contains iron at its active 

site. The expression of these two enzymes is under different control. SodA expression is 

repressed by FNR and ArcAB in anaerobiosis, repressed by Fe-Fur in iron rich conditions, 

and activated via SoxRS by superoxide (67). In contrast, E. coli SodB expression is 

repressed two-fold by oxygenation although sodB has not been shown to be regulated by 

ETSfR. sodB is activated 20-fold by Fe-Fur presumably because SodB is an iron-containing 

enzyme (67). Thus, regulation of sodB differs from the typical iron dependent repressor 

role of Fur. The E. coli sodB promoter lacks a consensus Fur binding site although Fur 

binds weakly to the sodB promoter (157). The B. pertussis sodB gene encodes the iron-

containing superoxide dismutase of this organism. It is not known whether B. pertussis 

sodB is repressed by anaerobiosis as is E. coli sodA or slightly activated as is E. coli sodB. 

Experiments are in progress to determine this. Recently, a manganese-containing 

superoxide dismutase {sodA) was cloned from B. pertussis. The B. pertussis sodA 

promoter also contains a putative Fur binding site and is strictly iron repressed (86). 

Regulation of B. pertussis sodA by oxygen has not been studied. 

The Btr titration assay also facilitated the identification of a new B. pertussis Btr-

regulated gene. This new gene, brgl for Btr-regulated gene 1, encodes a LysR-type 

transcriptional regulator and is the first member of the LysR family identified in B. 
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pertussis. LysR-type regulators are found in a wide variety of Gram positive and Gram 

negative bacteria and share the following features: (1) They encode transcriptional 

regulators that bind DNA via a helix-tum-helix motif present in the N-terminus. (2) They 

are 276 to 324 amino acids in length and tetramerize or dimerize when bound to DNA. (3) 

They activate transcription of target genes in response to the presence of a coinducer 

molecule that is recognized by the C-terminus of the protein. (4) They are transcribed 

from a divergent promoter that often overlaps that of the target gene. (5) They repress 

their own transcription presumably to maintain constant levels of the regulator (187). The 

N-termini of LysR regulators are >20% identical among members of the family while the 

C-terminus (involved in coinducer recognition) is less conserved with only 4% identity. 

LysR family target genes perform diverse functions and include biosynthetic and 

degradative enzymes and regulatory proteins (187). Expression of the LysR proteins 

themselves can also be regulated by other proteins (187). The consensus binding site for 

LysR homologues is T(N),,A and is centered at -65 relative to the target gene 

transcriptional stan. LysR regulators also interact with a site near the -35 promoter 

sequence when the coinducer is present and this interaction is a prerequisite for 

transcriptional activation (187). This region usually overlaps the LysR homologue 

promoter, leading to autorepression. 

B. pertussis Brgl has the N-terminal conserved amino acids necessary for 

classification as a LysR-type regulator and shows homology to other members of this 

family primarily at the N-terminus (Fig. 22). Sequence analysis shows putative divergent 

promoters in the orf9-brgl intergenic region (Fig. 21, p. 115), so it is reasonable to 

suggest that Brg 1 may regulate these genes. A Btr binding site that matches the FNR 

consensus in 7 of 10 bases is also present upstream of brgl and brgl was shown to be 

regulated by Btr in E. coli, in an oxygen responsive manner (Fig. 21, p. 115). A brgl-

lacZ transcriptional fusion was activated 3-fold by Btr under anaerobic conditions and 
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unaffected aerobically (Fig. 19). brgl expression is lower anaerobically than aerobically 

suggesting control by another unidentified regulator (Fig. 19). In E. coli, gene expression 

of metabolic genes varies subtly in response to changing carbon sources and electron 

acceptors so that maximum energy may be derived from the available substrates (196). 

This fine tuned regulation often involves influences by multiple regulators. 

It remains to be confirmed that brgl is regulated in the same manner in B. pertussis 

as in E. coli. B. pertussis does not grow anaerobically (data not shown) (16) but will grow 

in oxygen tensions as low as 6%. A critical future experiment is the study of brgl 

expression in B. pertussis under a range of physiologically relevant oxygen tensions. It 

would also be worthwhile to examine the regulation of orf7-9 transcription by Btr since the 

putative Btr binding site lies between this operon and brgl (Fig. 21, p. 115). Btr's 

primary effect on transcriptional regulation may be targeted at this operon and Btr's effect 

on brgl transcription may be a secondary function. It remains to be determined if Brgl 

regulates the adjacent orf789 operon as is typical of LysR type regulators. The presence of 

a strong transcriptional terminator immediately downstream of brgl suggests that read-

through to the downstream gene, serA, or from serA to brgl, is detrimental to the cell. 

Sequence analysis of the DNA upstream of brgl revealed the presence of 9 open 

reading frames predicted to encode proteins. Each open reading frame start codon was 

preceded by a reasonable ribosome binding site (Fig. 21). Database searches revealed 

similarity of the B. pertussis Orfs to proteins with a variety of fiinctions (Table 6). Orfsl-5 

appear to form an operon, since -10 and -35 consensus promoter sequences are found only 

upstream of orfS, and the start and stop codons of adjacent genes are very close and often 

overlap (Fig. 21, p. 113). Putative divergent promoters exist between orfS and orf6 which 

encodes another transcriptional regulator. Thus, it is possible that Orf6 regulates the 

expression of orfsl-5. This is an area that needs further examination. Orfs 1-5 encode 

proteins with a variety of enzymatic functions. These genes may encode enzymes that act 
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in a pathway on an unknown substrate. Several of the proteins are similar to proteins 

whose biochemical activity is well characterized. While it is premature to theorize a 

function for this putative operon, it is likely that this pathway involves CoA intermediates. 

The substrates for some of the enzymes could be cyclic since many of the homologues act 

on cyclic compounds (Table 6). The first step in determining a function for these B. 

pertussis genes would be to measure their enzymatic activities in standard assays. 

Homology searches using Orfs 7-9 were less helpful in determining a function for 

these genes, although they also appear to be present as an operon and may be regulated by 

Brgl. Downstream of brgl lies a gene highly similar to the serA gene of E. coli. SerA is 

the D-3-phosphoglycerate dehydrogenase which performs the first step in serine 

biosynthesis. B. pertussis oifl 1 is therefore likely to encode SerA of B. pertussis. 

It is interesting that a region of the B. subtilis chromosome encodes several proteins 

similar to those identified on pLIB2. The following proteins are predicted from the B. 

subtilis DNA: a lactam utilization protein, a urea amidolyase, a homologue of the IclR 

regulator of aceAB (5. typhimurium), and an aryl-aicohol dehydrogenase (2). This 

suggests a conservation of genome structure between these two organisms in this region. 

The results presented here show that Btr is important for virulence in a mouse 

model. This is the first time that an FNR homolog has been shown to be important for in 

vivo growth and multiplication. It will be interesting to discover which of the Btr-regulated 

genes are needed in vivo. This information will yield data regarding the constituents of the 

respiratory tract used by pathogens including B. pertussis and other bacteria. No work has 

been done on the growth of B. pertussis in low oxygen since B. pertussis is classified as a 

strict aerobe. The data presented here demonstrate that B. pertussis is able to grow in 

oxygen concentrations that are significantly lower than the 21% present in air. 

Understanding how B. pertussis is able to grow in the low oxygen environment of the 

infected respiratory tract could have important implications for disease treatment and 
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prevention for this organism and also other respiratory pathogens. Finally, knowledge of 

the metabolic pathways involved in in vivo growth would apply to all bacterial pathogens in 

which colonization of the host is a prerequisite to disease and is therefore an important area 

of study. 
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