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ABSTRACT 

The disease pertussis, more commonly known as whooping cough, is 

caused by the gram negative bacterium Bordetella pertussis. In order to 

cause disease, the pathogen produces a battery of potential virulence factors 

which assist the bacteria in colonizing and surviving in the human host. 

Among these factors is a soluble adenyl ate cyclase which is thought to 

interfere with host immune defenses. The adenylate cyclase toxin, along 

with several other B. pertussis virulence factors, undergo a phase shift 

between states of expression and repression. The gene for the adenyl ate 

cyclase was isolated by use of transposon tagging to localize the region of 

the structural gene. In addition, primer extension was done to localize the 

promoter region of this gene. Studies with this promoter fused to a 

promoterless galactokinase gene were done in Escherechia coli and 

demonstrated that the adenylate cyclase promoter was unable to be 

activated in the heterologous E. coli system. 
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INTRODUCTION 

Boryletella pertussis 

The disease pertussis, more commonly referred to as whooping 

cough, is a major childhood disease which has seen an increase in 

occurrence both in the United States (9) and worldwide (19) in the last 

several years. The disease is caused by infection of the tracheobronchial 

tree by the gram negative bacterium Bordetella pertussis, a strict human 

pathogen with no known animal reservoir (41). The bacteria remain 

localized in the upper respiratory tract by attaching specifically to ciliated 

epithelial cells (40). The clinical manifestations of B. pertussis infection are 

thought to be due to the production of several virulence factors that can have 

both local and systemic effects (27). 

Several potential factors which might aid the bacteria in surviving 

within its host and causing disease have been identified (41). These factors 

include pertussis toxin (Ptx), filamentous hemagglutinin (Fha), hemolysin 

(Hly), lipopolysacharide (LPS), dermonecrotic toxin (Dnt), tracheal 

cytotoxin (Tct), and adenylate cyclase toxin (Act). 
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The Disease Pertussis 

The course of the disease is usually divided into three distinct 

periods, the catarrahal, paroxysmal, and convalescent stages (40). In the 

initial, or catarrahal stage, the disease resembles a mild cold, causing 

slight inflammation of the mucous membranes of the nose and throat. The 

incubation period before symptoms of the catarrahal stage appear is 

usually between 7 to 10 days. At this stage of disease, which persists for 1 to 

2 weeks, infection is at its most contagious state due to the presence of large 

numbers of organisms in the nasopharyngeal region. 

The disease progresses to the paroxysmal stage with nasal 

discharge, tearing, and increased coughing. Usually, there is no febrile 

response, although a slight fever may be seen in 20-30% of cases. During 

this period there is a large accumulation of mucus in the airways, the 

attempted removal of which causes the severe cough for which the disease 

has been named. Following successful removal of accumulated mucus, 

the sudden inspiration of air past the swollen pharynx causes the classic 

whooping sounds associated with pertussis. The paroxysmal stage can 

involve coughing episodes ranging between 15 and 50 times a day and can 

persist for 2 to 4 weeks. During this period the number of bacteria that can 

be isolated from an infected individual decrease drastically (40). 

The convalescent stage is characterized by a decrease in the intensity 

and frequency of coughing episodes. During the transition from the 

paroxysmal to convalescent stages secondary infections with other bacteria 
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are often seen, suggesting a diminished host immune system. Secondary 

infections can be due to Haemophilis in{luenzae, group A streptococci, and 

pneumococci and, if severe, can result in death (27). Recovery from 

infection may take months, an observation noted in the Japanese and 

Chinese words for pertussis which translate to "the one hundred days 

cough" (40). 

Vmilence Factors ofB. pertussis 

A general strategy by which bacteria achieve virulence can be 

observed when studying how different bacterial species cause disease in 

host organisms. The first function essential to a pathogen is the ability to 

colonize its host. Colonization is usually mediated by some specific 

interaction and attachment to a defined niche within the host. Following 

establishment of a successful growth environment, the pathogen may 

cause local tissue damage followed by the systemic effects often seen in a 

particular disease. Throughout these processes it is essential that the 

microbe evade or disable host defense mechanisms directed at preventing 

infection (36). Although it has been suggested that many of the harmful 

effects of pertussis may be due to pertussis toxin (27), B. pertussis produces 

a battery of products which may be responsible for the pathophysiology seen 

in whooping cough. 

Colonization by the bacteria within a specific niche is via attachment 

to ciliated epithelial cells of the upper respiratory tract. This specific 

attachment is thought to be mediated by Fha and Ptx products (54). The 
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local tissue damage seen in whooping cough could be caused by Ptx, Act, 

and Tct (27). Systemic effects seen in pertussis are caused by Ptx, which 

can induce lymphocytosis and changes in glucose homeostasis. Ptx and 

Act are thought to be responsible for the decrease in the immune response 

seen in the disease (27). Both the Ptx and Act can cause drastic increases 

in eukaryotic cell cAMP levels, resulting in inactivation of phagocytic cell 

functions (4). This multi-toxin assault on the immune system is thought to 

be essential for successful colonization. In addition to strong evidence for a 

role of the above factors in B. pertussis virulence, the biological activities 

present in other factors (e.g. LPS, Dnt, Hly) suggest that they also may 

contribute to the systemic effects seen in the disease (27). 

Expression orB. pertussis Vtrnlence Factors 

Two virulence factors of B. pertussis, LPS and Tct, are components of 

the cell membrane and cell wall respectively and are therefore always 

present during bacterial growth. Expression of other virulence factors, 

however, including Ptx, Hly, Fha, and the Act (and other less well 

characterized proteins such as pili, cytochrome d-629, and a 69K outer 

membrane protein), can be lost spontaneously at a high frequency (10-6 to 

10-3 ) upon culturing in vitro (24). Spontaneous loss of expression can 

involve a reversible genetic event, a process known as phase variation (26). 

Alternatively, if the bacteria are grown in the presence of MgS04 or 

nicotinic acid, the culture abruptly ceases production of the regulated 

factors, a phenotypic change which is termed antigenic modulation (24). 

13 



The loss of expression. of these potential virulence factors that is seen in 

both modulation and variation is referred to as an "avirulent" phenotype 

(58). 

The phenomenon of phase variation was first noted by Leslie and 

Gardner, who classified phase I as a growth state in which expression of 

the regulated virulence factors can be detected while phase IV organisms 

lack their expression (26). The reversibility of the phase shift was 

demonstrated by Weiss and Falkow, who were able to isolate virulent 

colonies from an avirulent strain at a frequency of 10-6 to 10-3, depending on 

the strain (58). While several authors could isolate avirulent B. pertussis 

upon culturing virulent strains, only the work of Weiss and Falkow 

demonstrated the ability to carry the transition from virulent to avirulent 

and back to virulent phenotypes with continual subculturing of a particular 

strain. This work demonstrated that the phenomenon of phase shift was 

reversible and that the change in phenotype did not involve curing of a 

plasmid or prophage (58). These data suggested that a common genetic 

mechanism was involved in the coordinate regulation of multiple 

virulence-associated traits. 

Antigenic modulation, in which certain additions to the growth 

media or growth at 25°C will cause B. pertussis to express an avirulent 

phenotype, was first reported by Lacey (24). When grown in the presence of 

MgS04 or nicotinic acid, the bacteria changed from a virulent or "X" mode 

to an avirulent "c" mode, which are analogous to phase I and phase IV 

organisms, respectively. 
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The fact that both antigenic modulation and phase shift resulted in 

identical phenotypic changes (wherein the differentially expressed B. 

pertussis virulence genes alternate between states of expression and 

repression), suggested that a common regulatory mechanism was involved 

in both phenomena. 

The bvg Loons 

Initial insight into the genetic mechanisms controlling gene 

regulation in B. pertussis was provided by Weiss et al., who utilized 

transposon mutagenesis to construct various insertion mutations in the 

chromosome (59). By transforming with a plasmid containing transposon 

Tn5 and a Col E 1 origin of replication, a suicide vector was created which 

could not replicate in B. pertussis. Because the transposon carried the gene 

coding for kanamycin resistance, selection for insertion of the transposon 

into the B. pertussis chromosome was done with kanamycin present in the 

growth media following transformation. 

The above experiments provided various mutants that were deficient 

in production of individual virulence factors. The authors surmised from 

these experiments that Tn5 had inserted within the structural genes (or 

other regulatory sites involved in their production) of specific virulence 

factors. Southern analyses of these mutant strains revealed that the genes 

were not linked, but spread throughout the B. pertussis chromosome. In 

addition to Tn5 insertion strains lacking in production of individual 

products, an isolate was found which had the same phenotype as avirulent 
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phase IV organisms (i.e., lacking in production of multiple virulence 

factors). Examination of the chromosomal DNA from this strain revealed 

that a single insertion caused loss of expression of all of the virulence 

associated traits described previously. The observation that one insertional 

event caused loss of expression of a group of unlinked genes led Weiss et ale 

to hypothesize the existence of a single trans-acting regulatory locus 

involved in coordinate regulation of these genes. The gene responsible was 

designated the vir locus. 

Attempts to clone and express B. pertussis genes in E. coli have been 

only partially successful. Although a recA-like gene and genes that 

complement auxotrophic mutations have been expressed from their own 

promoters (30), virulence-associated traits have been more difficult to 

express in E. coli (56). Stibitz et al. were able to detect the presence of Fha (a 

virulence-regulated trait) in E. coli when it was present on a large cosmid 

(52). Transposon mutagenesis of this cosmid revealed that a region 

proximal to, but distinct from, the Fha structural gene (fhaB) was required 

for expression of Fha product in E. coli. This DNA was returned to the 

previously mentioned Tn5 strain (lacking in expression of all regulated 

virulence factors) on a plasmid that could replicate in B. pertussis. 

Reintroduction of this DNA (which activated Fha expression in E. coli) to 

the mutant strain in trans caused re-expression of virulence-associated 

traits. These experiments supported the earlier hypothesis of Weiss and 

Falkow that a single regulatory locus encoded a trans-acting factor which 

regulated multiple gene expression. 
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Gross and Rappouli performed northern analyses in B. pertussis 

wildtype and vir mutant strains that demonstrated the necessity of vir for 

transcription of the Ptx gene (ptx) (17). In addition, when B. pertussis was 

grown in the presence of modulating agents, transcription of the PT locus 

ceased. Using a promoterless f3-galactosidase gene (fJ-gal) on a transposon 
., 

vector, Melton and Weiss constructed B. pertussis fusion strains in which 

the fJ-gal gene was under the control of various vir-regulated promoters 

(33). Because the f3-gal gene had no promoter, any f3-galactosidase activity 

detected following integration of the transposon into the chromosome was 

due to B. pertussis promoters directing transcription of the f3-gal gene. 

These fusion strains provided a useful tool for analyzing transcriptional 

influences on various B. pertussis loci. The expression of f3-galactosidase, 

when the gene was linked to vir regulated regions of the chromosome, 

followed a pattern similar to that of the virulence traits. This work 

suggested that all virulence regulated traits were controlled at the level of 

mRNA transcription. 

Sequence analysis of the vir region, which was at this time renamed 

bvg (for Bordetella Virulence Genes), revealed three open reading frames, 

which were designated bvgA, bvgB, and bvgC (1). The bvgA, bvgB, and 

bvgC genes are predicted to encode proteins with molecular weights of 

23,000, 30,000, and 102,000, respectively. These genes share sequence 

homology with other bacterial control systems in which one protein senses 

environmental stimuli and activates a second protein which in turn 

controls transcription of a group of unlinked genes. A growing body of 
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evidence indicates that activation of the transcriptional regulatory protein 

in these networks requires phosphorylation by the sensor protein (47). 

Two component systems, in which a receiver protein senses stimuli 

and transduces the information via a second transcriptional regulatory 

protein, occur frequently in bacteria. In E.coli the ompC and ompF genes 

are regulated by envZ (sensor) and ompR (regulator). In Agrobacteria 

tumefaciens, VirA senses plant exudate, activating VirG, a transcriptional 

regulatory protein which regulates expression of virB and virC (47). 

The most well characterized of these two component systems is the 

network involved in regulation of nitrogen metabolism in the enteric 

bacteria. The NtrB protein senses external levels of nitrogen and 

phosphorylates NtrC. Once phosphorylated, NtrC is activated and will 

function as an enhancer of transcription at certain promoters. The NtrC 

protein regulates transcription from promoters of genes whose products 

are involved in amino acid and nitrogen metabolism (glnA, nifLA) (2). In 

addition to NtrB and NtrC, a third factor, NtrA is required for the global 

regulation seen in this system. The ntrA gene encodes a sigma factor 

which recognizes specific promoter sequences and facilitates open complex 

formation and subsequent transcription. The interaction of NtrA and RNA 

polymerase core enzyme with a specific promoter is dependent on a specific 

sequence located at -23 to -12 base pairs (bp) from the transcript start site. 

In addition, efficient transcription requires that NtrC is bound to a specific 

sequence located an additional 70 bp upstream of the promoter (57). Thus, 

in this well characterized sensor-regulator system, at least three gene 
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products are required for coordinate regulation of an unlinked group of 

genes (NtrA, NtrB, and NtrC) . 

The buge gene of B. pertussis shares significant homology with both 

sensor and regulator classes of genes described above while bugA is 

homologous with transcriptional regulators only. The third gene, bugB, 

appears unique to B. pertussis but does have characteristics of a protein 

that is secreted into the periplasmic space. A model of bug gene regulation 

has been proposed in which the BvgB and BvgC products are secreted into 

the periplasm where they remain poised to respond to environmental 

signals (1). In the virulent or unmodulated state, BvgC is activated and 

phosphorylates the previously inactive BvgA which in turn stimulates a 

specific pattern of transcription. When modulating signals are introduced, 

they are sensed by the BvgB-BvgC complex which causes inactivation of 

BvgC's phosphorylating ability, thereby rendering BvgA quiescent. It is 

this inability to activate the BvgA regulatory protein which results in loss of 

virulence factor expression (48). 

Several lines of evidence have been gathered to support the above 

hypothesis on the mechanism of bug regulation. First, it has been shown 

that the BvgA product directly activates transcription from the Fha 

promoter (48). In addition, insertion mutations in all three bug genes 

results in loss of transcription from the ptx and Fha promoters (1). 

Further analysis of the bug locus has produced an explanation for the 

other type of coordinate gene regulation seen in this system, phase 

variation. Stibitz et al. have performed sequence analysis of avirulent 

strains derived upon passage of parental virulent strains. In each case, the 
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loss of virulence has been associated with a particular guanidine-cytosine 

(G-C) rich region within the buge gene (51). It is thought that this G-C rich 

region constitutes a hypermutable DNA switch which controls the 

transition between virulent and avirulent stages of growth. 

Sequence analysis of the DNA from several strains passaged from 

the virulent to avirulent stages has revealed a consistent single nucleotide 

change between the two phenotypes. While the virulent strain always 

displayed a particular run of six consecutive cytosine residues in a G-C rich 

region of the huge gene, the avirulent derivatives always contained an 

additional cytosine within this sequence which would cause a frame shift 

during translation of the encoded protein. The addition of a cytosine occurs 

in a region which is a characteristic of DNA that is susceptible to 

frameshift mutation. It has been proposed that the switch from the 

virulent to avirulent state is caused by a missense mutation in the huge 

gene which renders BvgC unable to activate the transcriptional regulator 

BvgA(51). 

As mentioned previously, expression of B. pertussis genes in E. coli, 

especially the regulated virulence factors, has been difficult (56). In order 

to decipher the mechanism(s) involved in hug regulation, Miller et al. 

attempted to reconstitute bug interactions with the promoters of two of these 

genes in E. coli (35). These authors constructed fusions of the promoters for 

two regulated genes, ptx (which codes for the pertussis toxin) and fhaB (the 

filamentous hemagglutinin gene) to a promoterless f3-gal gene and placed 

these constructs in the chromosome of a mutant E. coli strain lacking 

endogenous f3-gal activity. When introduced in trans into these strains, the 



bug locus was able to activate the fhaB promoter but not the ptx promoter. 

Royet al. subsequently demonstrated that over expression of bugA alone 

caused transcription from the fhaB promoter (48). It was postulated that 

overexpression of bugA from a heterologous promoter compensated for the 

usual activation of BvgA by BvgC. 

The above set of experiments posed an interesting dilemma to 

understanding how the bug locus regulates virulence. Although the bug 

apparatus could be reconstructed in E. coli with the fhaB promoter, no such 

activation of the ptx promoter could be demonstrated. As a result of these 

observations, Roy et al. suggested a mechanism of regulation of B. pertussis 

virulence factors which involves a hierarchal system (48). It has been 

proposed that bug regulates expression of fhaB and some as yet unidentified 

factor or factors which in turn activates transcription of the ptx gene. 

Where other regulated genes (e.g. cyaA) may reside in this hierarchy is not 

yet known. 

Adenylate Cyclase Toxin 

In general, bacterial adenylate cyclases are categorized into two 

distinct classes: those that are associated internally with the cytoplasmic 

membrane (e.g. Escherichia coli) and those that are soluble (Bordetella 

species and Bacillus anthracis). Adenylate cyclases catalyze the conversion 

of adenosine triphosphate (ATP) to 3',5' cyclic adenosine monophosphate 

(cAMP) (61). Intracellularly, in both eukaryotic and prokaryotic cells, this 

enzyme is involved in regulating gene expression and coordinating 
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metabolic functions (45). Soluble extracellular cyclases, however, appear to 

function as virulence factors that aid microorganisms in producing disease 

(31). The adenylate cyclase toxin of B. pertussis contributes to virulence by 

invading host immune cells and causing drastic increases in intracellular 

cAMP levels (8,14). 

There are many examples demonstrating that increases in 

intracellular levels of cAMP can have a detrimental effect on immune cell 

functions. Various pharmacological mediators of cAMP, including 

histamine, prostaglandins, and J3-catecholamines, all cause increased 

intracellular cAMP levels in immune cells. The increased cAMP result in 

subsequent inhibition of normal functions including antibody secretion, 

histamine secretion, inteferon production, and phagocytosis (4). 

B. pertussis utilizes two different toxins which can increase 

intracellular cAMP levels in eukaryotic cells, pertussis toxin and adenylate 

cyclase toxin (40). Pertussis toxin interferes with mammalian cell cAMP 

levels by inhibiting activity of a membrane bound adenylate cyclase complex 

(55). Upon incubation with host cells, pertussis toxin inactivates the GTP

binding protein involved in receptor-mediated inhibition of host cell 

adenylate cyclase activity (Gi). Pertussis toxin causes inactivation of Gi by 

ADP-ribosylation of the molecule. Once the Gi protein is deactivated, the 

host cell cyclase becomes constitutively active, which causes a drastic 

increase in intracellular cAMP levels. The Act of B. pertussis, however, 

has an intrinsic adenylate cyclase activity of its own (20). In addition to an 

enzymatic activity, the adenylate cyclase has the ability to invade eukaryotic 
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cells, an important additional feature of the molecule which renders it 

toxic. 

The presence of an enzymatic adenylate cyclase activity in B. 

pertussis was first discovered by Wolff et al. using whole cell vaccine 

preparations (61). Hewlett et al. demonstrated that this activity was present 

intracellularly, on the cell surface, and also secreted during growth. An 

interesting feature of the B. pertussis cyclase is that its activity is increased 

one thousand fold in the presence of calmodulin, a eukaryotic regulatory 

protein not normally found in prokaryotic cells (31). 

Friedman et al. demonstrated that purified Act had toxic effects on 

human polymorphonuculear leukocyte cells (PMN s) functions. When 

incubated with the cyclase, PMNs showed a marked decrease in 

chemotaxis, respiratory burst and bactericidal activity (14). Confer and 

Eaton demonstrated similar effects on macrophage, albeit with a less 

purified preparation (8). Their data, however, did demonstrate an increase 

in intracellular cAMP levels which was not due to pertussis toxin. It is this 

inhibition of essential phagocytic functions which is thought to be 

responsible for the decreased immune response seen in pertussis (20). 

A role for adenylate cyclase toxin in virulence has been demonstrated 

in several experiments that have utilized a mouse model of B. pertussis 

infection. Weiss et al. used a series of Tn5 insertion mutants deficient in 

various virulence factor expression to demonstrate the necessity of Act in 

an intranasal mouse model of B. pertussis infection (59). Guiso et al. 

observed that increased Act expression was associated with increased 

lethality in a similar model (18). Polyclonal and monoclonal antibodies to 



the Act passively protected mice when challenged with B. pertussis, while 

active immunization with purified Act was also protective. Together these 

data provide strong evidence of a role for Act in B. pertussis virulence. 

Glaser et al. and Brownlie et al. were able to utilize two different 

strategies to clone the gene for Act (which at this time was designated as 

cyaA) (5,15). As previously mentioned, the Act, along with the edema factor 

of B. anthracis, is distinct among prokaryotic proteins in that its activity is 

greatly enhanced by the eukaryotic regulatory protein calmodulin. By 

placing a B. pertussis genomic library in an E. coli cyclase negative strain 

that contained the calmodulin gene, Glaser et al. were able to detect 

adenylate cyclase activity from cloned B. pertussis insert DNA. Sequence 

analysis revealed a putative operon containing three open reading frames 

(ORF's), the first of which was five kilobases long (cyaA) and presumably 

encoded the Act product. In addition, two other ORF's, cyaB and cyaD, 

thought to be required for Act secretion, were observed. Subsequent deletion 

analysis of these ORF's indicated that they are required for secretion of 

adenylate cyclase activity from B. pertussis (16). 

Sequence analysis of the cyaA gene revealed a putative encoded 

protein of 1706 amino acids (15). The predicted size agrees with protein gel 

data that suggests a molecular weight of 180 to 200 kD for the Act. A 

promoter sequence for cyaA detected upstream of the above sequence has 

been proposed. Interestingly, the sequence of this putative promoters show 

no similarity to the sequences of the two other bvg-regulated promoters that 

have been mapped, those oftheptx andfhaB genes (10,17). 



Brownlie et al. constructed a genomic library of wildtype B. pertussis 

DNA and introduced it into a Tn5 mutant strain which lacked expression of 

the cyclase. By screening individual recombinant clones (grown in 

microtiter wells) for the restoration of adenylate cyclase activity, these 

authors isolated the same genomic region that Glaser et al. recovered. 

Analysis of the cyaA sequence revealed a putative calmodulin

binding domain in the carboxy terminus of the ORF and an ATP- binding 

domain in the amino terminus (15). In addition, a sequence that shared 

significant homology with the a-hemolysin of E. coli was noted in the 

carboxy portion of the encoded protein sequence. Recent studies of purified 

Act have demonstrated hemolytic activity associated with the molecule (11). 

It thus appears evident that the adenylate cyclase and hemolytic phenotypes 

of virulent B. pertussis strains are present in the same protein. 
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The original goal of this dissertation was to isolate the gene that 

codes for the adenylate cyclase toxin of B. pertussis. Because this toxin is 

under the control of the bvg locus, isolation of this gene would help 

contribute to an understanding of the mechanism(s) of gene regulation 

present in this organism. During the course of this work several major 

laboratories involved in the study of B. pertussis also isolated this gene. In 

order to further delineate how this gene was regulated, this project 

changed course to become an analysis of the molecular mechanisms which 

govern regulation of the adenylate cyclase toxin gene. The overall goal of 

this project was to localize the cyaA gene and its promoter and determine in 

E. coli if the bvg locus could trans-activate a B. pertussis virulence factor's 

expression. 

This report will describe the following studies: 

1) Cloning of a region of the B. pertussis chromosome containing 

the site of Tn5 insertion in an Act- mutant strain. 

2) Determination of the level of cyaA gene expression. 

3) The precise localization and characterization of the cyaA 

promoter region. 

4) Determination of bvg-cyaA promoter interaction in E. coli. 
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MATERULS AND METHODS 

Buflers and Mediu 

Unless elucidated in individual sections, buffers for nucleic acid 

manipulations and media used for growth of B. pertussis and E. coli are 

detailed in Appendix 1. 

Bacterial Growth 

E. coli and B. pertussis strains used in this study and their relevant 

genotypes and/or phenotypes are listed in Table 1. B. pertussis strains were 

stored as stock cultures in thick suspensions of 50% glycerol in Stainer 

Scholte (S-S) medium at -700C. Fresh cultures were prepared by 

inoculating Bordet-Gengou (B-G) agar plates with 2-3 drops of frozen stock 

and incubated at 370C for 2-3 days. Liquid cultures of B. pertussis were 

started by inoculating flasks containing 100 mI S-S media with the growth 

from an entire plate and then grown overnight with shaking at 370C. Mid

log cultures were obtained by inoculating 100 mI S-S with 10 mI of an 

overnight liquid culture and grown to an O. D.550=0.5. When appropriate, 

kanamycin was added at a concentration of 50 J,1g per mI. 

E. coli were grown as isolated colonies on plates and used to inoculate 

liquid media where detailed. Stock cultures were kept in a similar manner 

as B. pertussis strains. When used separately, ampicillin and tetracycline 



were added at concentrations of 100 and 15 Jlg per ml respectively. When 

used in conjunction to maintain two episomes in the same strain, 

ampicillin was added at a concentration of 50 Jlg per ml and tetracycline at 

10 Jlg per ml. 

Chromosomal DNA Isolation 

Isolation of DNA was with a modification of the procedure of 

Marmur (29). Cultures were harvested from plates or liquid media and 

resuspended in a solution containing 50 mM Tris-HCL, pH 8.0, 50 mM 

EDTA, and 1 mg per ml lysozyme and incubated at 370C for 20 min. 

Sodium lauryl sulfate (SDS) was added to a final concentration of 1% and 

the mixture incubated at 370C for 45 min. Proteinase K was then added at a 

concentration of 50 Jlg per m1 and the mixture incubated an additional 30 

min at 370C. The lysate was extracted with an equal volume of phenol and 

then an equal mix of phenol-chloroform until the interface was clear. DNA 

was then precipitated from the aqueous phase by the addition of 0.5 volume 

of 7.5 M ammonium acetate and 2 volumes 100% ethanol and stored at OOC 

for 1 h. Following precipitation, DNA was pelleted in Corex tubes, washed 

with 70% ethanol, air dried and resuspended in water at 200 to 300 Jlg per 

ml concentrations. 
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TABLE 1. Bacterial strains and DNA Vectors Used in This Snuly and Their 
Source 

Strain or Plasmid or AphaiW Releyant Genowe or Phenowe Source or Reference 

B. pertussis 
BP338 
BP326 
BP347 
BP348 
BP349 

E. coli 
DM10123 
MM101 
NM538 
NM539 

Bacteriophage 

AEMBIA 

ATN5 

Plasmids 

pTZ18u 

pRZ104 
pLKL5 

pSS528 

pRMB1 
pTM2 

pTM3 

pTM7 

pTM8 

pTM9 

Parental strain, virulent phase 
AviruJentphase derivative ofBP338 
bvgC:'!rn5 avirulent derivative of BP338 
Ad; Tn5 derivative ofBPJ38 
~5derivativeofBPJ38 

galk2 
galk+ revertant ofDM10123 
supF, hsdR 
supF, hsdR, (P2 cox3) 

A phage with EcoRI, BamHI,SaJI polylinker 
separating left and right arms of A from 
non-essential stufi'er fragment 

A EMBIA derivative containing a 21 kb EcoRI 
fragment which contains the site of Tn5 
insertion in BP348 

59 
51 
59 

" 
" 

D. Mount 
This study 

Promega Biotech 
" 

Promega Biotech 

This study 

mp18 polylinker downstream ofT7 promoter, U.lS. Biochemical 
CoIE1ori Corp. 

ColE1 derivative carrying the transposon Tn5 
mp18 polylinker upstream ofpromoterlessgalK 
gene, ColE1 ori 
pRK290 derivative containing the entire bvg 
locus, RK2 ori 
pLAFR1 cosmid containing the cya operon 
pTZ18 EcoRIIBamHI subclone containing 2.5 
kb BamHllEcoRI 5' region of cyaA 
pTZ18 BamHI subclone containing 181 bpBamHII 
Xholl cyaA promoter region 
BamHIIHindIII subclone ofpLKL5 containing 
cyaA promoter fused to galK gene 
BamHI subclone containing 2 kb upstream of 
cyaA promoter fused to galK gene 
Bam HI subclone of pTM7 containing additional 
2 kb of upstream sequences 

21 
K Lewis 

52 

This study 

" 

" 

" 

" 



Plasmid DNA isolation 

The procedure of Serghini et al. was used to isolate plasmid DNA for 

restriction analysis and sequencing (50). Briefly, 1.5 ml of overnight 

cultures were pelleted and resuspended in 50 III of TNE (10 mM Tris-HCL, 

pH 8, 100 mM sodium chloride, 1 mM EDTA) and 50 III of a 25:24:1 mixture 

(v/v/v) of phenol/chloroform/isoamyl alchohol. The mixture was vortexed 

and centrifuged in a microfuge to yield an almost clear supernatant. A 50 

III sample of the aqueous phase was transferred to a fresh microfuge tube 

and precipitated with the addition of 2 M ammonium acetate (final 

concentration) and 2 volumes 100% cold ethanol. The plasmid DNA 

isolated in this manner was sufficiently pure to be used in sequencing, 

restriction enzyme analyses, and subcloning of specific DNA fragments 

into E. coli. 

Growth QfBact.eriQpbue lambda 

Two different procedures were used for growth of bacteriophage. If 

DNA was to be harvested, the phage were grown in liquid culture. 

Alternatively, if phage were to be screened with nucleic acid probes they 

were plated on LB top agar plates. For both procedures E. coli strains 

NM538 or NM539 were grown as liquid cultures overnight at 370C in LB 

broth with maltose added to a final concentration of 1%. Cells were pelleted 

by centrifugation at 8,000 rpm and resuspended in 10 mM MgS04 .. 



For screening recombinant phage with nucleic acid probes, 100JlI of 

cells prepared as above were incubated with 104 phage at 370C for 20 min to 

allow pre-adsorbtion of the phage. The mixture of phage and cells were 

added to 2.5 ml of molten top agar cooled to 450C, plated on LB agar plates 

and grown overnight at 370C. 

For growth of liquid bacteriophage cultures, 3.0 ml of an overnight E. 

coli culture were pelleted and resuspended in 1.0 ml of 10 mM MgS04. The 

cells were mixed with 108 phage and incubated at 370C for 20 min. 

Following pre-adsorbtion the bacteria-phage mixture was added to 500 ml of 

pre-warmed LB broth in a 2 L Ehrlenmeyer flask and grown under aeration 

until the culture became clear, with bacterial debris visible in the media. 

The presence of bacterial debris indicated lysis of the culture, a process 

which usually took 4-6 h. 

Isolation ofImmbda DNA 

Following lysis of liquid phage lysates, bacterial debris was removed 

by centrifugation as described above. The supernatant was returned to an 

Ehrlenmeyer flask, DNAse and RNAse added at concentrations of 15 and 

100 Jlg per ml, respectively, and the mixture incubated at 370C for 10 min. 

Diatomaceous earth (Sigma) was added to the lysate to a concentration of 

15% and the mixture was filtered three times through Whatman 3MM filter 

paper. Pure phage were recovered by ultracentrifugation in an SW 28 rotor 

at 25,000 rpm for 3 h and the pellet containing the phage was resuspended 

in 2-3 ml of SM (0.1 M NaCI, 50 mM Tris, pH 7.5, 10 mM Mg S04, 0.01% 

gelatin) buffer. EDTA was added to a final concentration of 50 mM and the 
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phage lysed by addition of an equal volume of phenol, the solution vortexed 

and the aqueous phase recovered after centrifugation as above. The 

solution was extracted with phenol 2-3 times in this manner until the 

interface was clear. Following phenol extraction, the DNA was 

precipitated from the aqueous phase by addition of 0.5 volume 7.5 M sodium 

acetate and 2.0 volumes ethanol. DNA was pelleted by centrifugation, air 

dried, resuspended in 0.5 ml sterile H20 and stored at -200C. 

Isolation of RNA From B. pertussis 

Liquid cultures of B. pertussis were grown in S-S media as described 

above to an O.D.550 = 0.5. Thirty ml of cells were pelleted at 10,000 x g at 40C 

in pre-chilled Corex tubes and resuspended in 10 ml of ice-cold 20% 

sucrose, 20 mM Tris, pH 7.0, 10 mM MgCI2. To this suspension, 100 III of 

10% Triton X 100 and 50 III of 10 mg per mllysozyme were added and the 

mixture incubated on ice for 10 min. The cells were then pelleted at 7,000 x 

g at 40C for 10 min. The pellet was immediately resuspended in 3 ml of 7.5 

M GITCN lysis buffer (4 M guanidium isothyocyanate, 20 mM sodium 

acetate, 0.1 mM DTT, 0.5% Sarkosyl) which caused disruption of the 

bacteria and degraded any endogenous RNAse activity. Two ml of the 

lysate was layered on a 2.5 ml 5 M CsCI solution and spun at 25,000 rpm for 

16 h in a Beckman SW28 ultracentrifuge rotor at 200C (6). Following 

centrifugation the RNA pellets were resuspended in 400 III DEPC-treated 

H20, transferred to sterile 1.5 microfuge tubes, 44 III of sodium acetate and 1 

ml ice-cold ethanol added and precipitated for 24 h at -20°C. RNA was 
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pelleted, washed in 70% ethanol, air-dried and resuspended in 100 JlI DEPC

treated H20. Typical yields from 30 m1 of cells were 300-400 Jlg of RNA. 

Resfrictjon Enzyme Digests 

Restriction enzymes were purchased from Bethesda Research 

Laboratories (Bethesda, MD) or Boeringer Mannheim (Indiapolis, IN) and 

used as instructed by the manufacturers. In general, digests were 

performed at a DNA concentration of 50 Jlg per ml and always done in 

sterile tubes in a 370C water bath. 

Agarose Gel Electrophoresis of DNA 

Agarose gels were prepared at concentrations of 0.4 or 1.0 % by 

melting appropriate amounts of FMCTM agarose (BRL) in 1 x TBE buffer 

(TBE buffer is 0.089 M Tris-borate, 0.089 M boric acid, 2 mM EDTA). DNA 

was electrophoresed following addition of 1110 volume of a 10 x loading 

buffer (0.5% bromophenol blue, 0.5% xylene cyanol , and 50% glycerol in 

H20) at constant voltages of 30 v, if ran overnight, or 100 v for 2-3 h. DNA 

was visualized using a UV transilluminator (FOTODYNE, New Berlin WI) 

after staining of gels in 1Jlg per m1 ethidium bromide for 15 min. 
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Aorose Gel Electrophoresis QfBNA 

Electrophoresis of RNA for ribosomal band integrity and northern 

analysis was performed in 1% agarose/2.2 M formaldehyde denaturing 

gels. After melting ofO.S g agarose in 50 mI H20, the solution was cooled to 

500C, S.O mIlO x MOPS buffer and 14.5 ml of37% formaldehyde were added, 

the volume was adjusted to SO ml final and poured into a submarine gel 

apparatus (ABN, Hayward, CA ) and allowed to solidify in a fume hood. 

RNA samples were loaded in 4-6 J.lI aliquots with 10 J.lI formamide, 3.5 J.lI 

37% formaldehyde, and 2 J.lI 10 x MOPS. Following boiling of the above 

mixture, 2.2 J.lI RNA tracking dye (2S) was added and the samples were 

electrophoresed for 2-3 h at SO-100 v. RNA was visualized following staining 

of the gel in 1 mg per ml ethidium bromide solution for 30 min and 

destaining in H20 for 30 min. 

DNA Sequencing and Analysis 

DNA sequencing was done using the method of Sanger et al.(49). 

Template was prepared by denaturing double stranded plasmid DNA in 0.4 

N NaOH for 5 min at room temperature and neutralized by the addition of 4 

M ammonium acetate. DNA was precipitated by the addition of 2 volumes 

100% ethanol and stored at -200C until sequenced. 

Dideoxy extension products were synthesized using a Sequenase ™ 

DNA sequencing kit purchased from U. S. Biochemical Corp.. Reaction 

products were labelled either with [a _35 S] dCTP or, alternatively, primer 
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DNA was end labelled with [1- 32 P] ATP. Following denaturation, DNA 

was incubated with 10 Ilei [a- 35 S] dCTP, a mixture of dATP, dGTP and 

dTTP (all at 10 mM) and labelled with Sequenase™ for 5 min at room 

temperature. Following labelling, equal aliquots of reaction were added to 

four tubes, each containing a dideoxy termination nucleotide in place of one 

of the dNTP precursors and incubated at 370C for 10 min. (All radioisotopes 

used in this dissertation project were purchased from Dupont NEN Corp., 

Wilmington, DE). Following dideoxy reactions the mixtures were 

terminated by the addition of 4 J.1l stop solution and heated to 750C for 5 min 

and quick-chilled on ice immediately prior to electrophoresis. 

Reaction products were electrophoresed through 8 M urea 5% 

sequencing gels in TBE buffer at a constant power setting of 85 watts for 3-4 

h. Sequencing products were visualized following overnight exposure to 

Kodak XAR5 film in a Kodak film cassette at -700C. 

~neral Suh-eJonipg Procedures 

The cloning vectors used in this work and their salient features are 

listed in Table 1 and, where necessary, schematic diagrams are detailed. 

Following restriction enzyme digestions, 1 Ilg of vector DNAs were 

dephoshhorylated with 1/10 unit Calf intestine alkaline phosphatase 

(Boeringer Mannheim, Indianapolis, IN) in a volume of 20 Ill. Reactions 

were terminated by the addition of EDT A (pH 8.0) to 50 mM and heating at 

65°C for 10 min. Vector DNA was purified following phosphatase reactions 

using a Geneclean™ kit (BIO 101, San Diego, CA). 
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Following restriction enzyme digestion and gel electrophoresis, 

insert DNAs were excised from agarose gels with a razor blade. The 

inserts were purified after melting the agarose in a solution containing 6 M 

sodium iodide for 10 min at 550C, 10 III of Glassmilk™ was added and the 

reaction incubated on ice for 10 min. The Glassmilk™ beads were washed 

with 1 ml NaClIethanol solution (provided with the Geneclean™ kit). After 

washing, DNA was eluted from the beads at room temperature with 10-20 

III sterile H20. Following elution the concentration of DNA recovered was 

determined by electrophoresis in agarose and comparison of the visual 

intensity relative to DNA samples of known concentrations. 

Ligations were done at room temperature for 2-3 h with a 1:3 molar 

ratio (picomoles of ends) of vector to insert in 20 III volumes at 

concentrations ranging from 5-50 Ilg per ml with 1 unit T4 DNA ligase and 

0.1 mM adenosine triphosphate. Transformations were done according to 

the method of Kushner (23). Briefly, E. coli cells were made competent by 

growth to mid log phase (Klett=75). Thirty ml of cells were pelleted at 10,000 

x g at 40C for 5 min and resuspended 6 ml buffer A (10 mM MOPS, pH 7.0, 

10 mM RbCl). Cells were immediately centrifuged as above and 

resuspended in 6 ml buffer B (100 mM MOPS, pH 6.5, 50 mM CaCL2, 10 mM 

RbCl) and incubated on ice for 30 min followed by another centrifugation. 

The competent cells were in 2 ml of buffer Band 100 III aliquots were 

transformed with 20-200 ng of DNA. 

Competent cells and ligation reactions were incubated in 1.5 ml 

microfuge tubes on ice for 30 min and the tubes then heated for 1.5 min in a 

420C waterbath. One hundred III of LB broth was added to each reaction 
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and the tubes incubated at 370C with constant shaking and the mixture 

then plated on LB plates with the appropriate antibiotic(s) and grown at 

370C for 24 h in order to isolate transformants. Transformants were 

analyzed for inserts using the mini prep plasmid procedure described 

above. 

'.ahem"« of Nucleic Acid Probes 

For southern analyses and screening of the recombinant 

bacteriophage B. pertussis libray the random primer method of Feinberg 

and Vogelstein (12). A random primer kit purchase from Pharmacia 

(Piscataway, NJ) was used to generate a probe specific for the transposon 

Tn5. Plasmid pRZ104, a ColE1 derivative which contained the transposon 

Tn5 (21), was digested with HindIII. A 3 kb internal fragment from Tn5 

was purified as described above and adjusted to a concentration of 25 ng per 

ml. Two III of DNA was added to 29 III of H20 in a microfuge tube and the 

tube heated in boiling H20 for 10 min. Ten III of reagent mixture 

(containing dNTP's and a random assortment of hexameric single strand 

DNA primers), 5 III of [a_32P] dCTP (3000 Cilml), and 5 units of the Klenow 

fragment of DNA polymerase were added and the reaction incubated at 

room temperature for 1 h. Labelled probe DNA was used without further 

purification. 

For northern analysis, antisense RNA was synthesized from 

plasmid pTM2 (described in results) using a Riboprobe kit from Promega 

Biotech (Madison, WI). After digestion of pTM2 with BglIl, 1 Jlg of plasmid 



was purified using the geneclean procedure and incubated with 5 J,ll 5 x 

transcription buffer, 1 J,ll DTT,l J,ll RNasin, 4 J,ll rNTP stock (10 mM each 

ATP, GTP, UTP, and 100 J,lM CTP), 5 J,l110 mCilml [a_32P] CTP and 1 J.ll (15 

units) T7 RNA polymerase and incubated at 420C for 1 h. Labelled anti

sense RNA was purified from unincorporated nucleotides by passage over 

RNAse-free Sephadex G-25 columns (Boeringer Mannheim). 

For primer extension experiments, 10 J,lg of synthetic oligonucleotide 

was labelled with 20 J.ll (200 mCi) ofy_32P ATP in 50 mM Tris, pH 7.5, 10 mM 

MgCl2 and 5 units T4 polynucleotide kinase in a 30 J,ll reaction volume at 

370C for 1 h. The reaction was terminated by heating at 650C for 5 min and 

the labelled primer purified from unincorporated oligonucleotide by 

chromatography through RNase-free G-25 sephadex columns (Boeringer 

Mannheim). 

SouthemTronsfer of DNA 

For genomic analyses, DNA was electrophoresed as described and 

transferred to Genescreen plus™ membranes. Briefly, gels were placed in 

200 ml 0.6 N NaOH and incubated with gentle shaking at room temperature 

for 30 min. Following this denaturation step, gels were placed in the 

reservoir of an Vacublot™ apparatus (ABN) with 200 ml transfer solution 

(0.4 M NaOH, 0.6 M NaCl). DNA was transferred to nylon filters (cut 

slightly larger than the gels) which were placed in the bottom of the 

reservoir, using vacuum pressure for 30 min. Following transfer, the 

membrane was neutralized at room temperature for 10 min in 200 ml 
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neutralizing solution (0.5 M Tris, pH 7.0, 1 m NaCl), air dried, and baked 

for 2 h at 800C. 

Northern Transfer ofBNA 

To detect specific messenger RNAs, whole cell RNA from virulent 

and avirulent B. pertussis strains was isolated and electrophoresed as 

described. After electrophoresis, gels were rinsed briefly in H20 to remove 

residual agarose. A piece of Genescreen plus membrane slightly larger 

than the gel was placed on top of the gel and the RNA transferred to the 

membrane by capillary action as described in Maniatis (28). Following 

transfer, membranes were rinsed in H20 and baked for 2 h at 800C. 

Tmnsfer of BacteriQphage DNA to FUterMemhranes 

Bacteriophage were grown on LB agar plates as described above and 

stored for 16 h at 40C before plaque transfer. ColonylPlaquescreen™ 

membranes (Dupont) were placed on agar plates, their orientation noted, 

and incubated for 10 min at room temperature. The membranes were 

removed and placed in a 1 ml pool of 1 N N aOH. with the plaque side facing 

up, for 2 min. This process was repeated 3 times and the membranes 

washed with 1.0 M Tris-HCL (pH 7.5), air dried and were ready for 

hybridization with DNA probes. 



WghPresmre Liquid Cbrowgtography of DNA 

To purify a short fragment of the cyaA gene which contained the 

putative promoter, a Gen-Pak FAXTM column (Waters Chromotagrophy 

Division of Millipore, Milford, MA) and a Waters HPLC system model 600E. 

Following digestion of plasmid pTM2 with BamBI and BglII (described in 

results) the reaction was loaded on the Gen-Pak column in a 25 mM Tris 

(pH7.5) buffer. The digestion products were eluted from the column with a 

25 mM Tris (pH 7.5), 1 M NaCI buffer and precipitated with sodium acetate 

and 95% ethanol as described (34). 

Nucleic Acid Probe Hybridization 

Following transfer of nucleic acids, membranes were placed in 

reusable plastic bags provided with the Omniblot™ system (ABN). The 

membranes were pre-hybridized in 20 JlI of a solution containing 50% 

formamide, 1% SDS, and 1% dextran sulfate at 420C for 30 min. After pre

hybridization, probe DNA and salmon sperm DNA were denatured by 

boiling for 5 min and added to the prehybridization reactions at 

concentrations of 106 counts per minute and 100 Jlg per ml respectively. 

Hybridizations were performed at 420C for 16 h, and the solutions removed. 

Filters were washed twice with 200 ml 2 x SSC at room temperature with 

gentle agitation, transfered to a 200 ml solution containing 2 x SSC and 1% 

SDS and washed with shaking for 30 min at 650C. This wash procedure 

was repeated and the filters rinsed once with 200 ml of 0.1 x SSC at room 

temperature and air dried. Filters were then exposed to XAR5 film in 
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Kodak cassettes for periods ranging from 1-48 h. This procedure was 

followed for hybridization of radiolabelled DNA to plaques (colony 

screening), genomic DNA (southern analyses) as well as for RNA 

hybridizations used in northern analyses. The only variation necessary in 

the above procedure was an increase in pre-hybridization and hybridization 

temperatures to 500C for northern analyses in order to decrease non

specific hybridization of antisense RNA probe with B. pertussis ribosomal 

RNA bands. 

Primer Extension 

Localization of the cyaA promoter was performed using the method 

of primer extension as described by Bodner and Karin (3). Briefly, 10 J.Lg of 

whole cell RNA from virulent phase B. pertussis strain BP338 was 

precipitated and resuspended in 10 ml hybridization (10 mM Tris, pH7.9, 1 

mM EDT A, and 250 mM KCl) buffer and 5 x 105 cpm end labelled primer 

and the mixture heated at 650C for 1 h. The reaction was allowed to cool 

slowly to room temperature and 22.5 J.Ll of extension buffer (10 mM Tris, pH 

8.7,10 mM MgCI2, 5 mM DTT, and 0.4 mM dNTPs), 0.5 J.LI of RNa sin, and 

1.0 ml reverse transcriptase added and incubated at 420C for 1 h. The 

reaction was then stopped by addition of 1110 volume sodium acetate (3 M) 

and 3 volumes cold 95% ethanol and precipitated for 1 h. The resulting 

extension products were analyzed on 5% DNA sequencing gels as described 

above. 
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Assays for GaJuctoJdnu5A ActivitY 

B. pertussis DNA fragments were inserted upstream of the 

reporterless galK gene from E. coli and assayed for GalK activity according 

top the methods of McKenney et al (32). For quantitative determination of 

GalK activity, promoter fusion plasmids were transformed into a galK 

mutant E. coli strain and plated on MacKonkey minimal agar plates 

supplemented with 1% galactose. Transcription from insert DNA was 

detected as a red colony growth while negative GalK activity was 

manifested as white growth on MacKonkey plates. Quantitative GalK 

activity was determined by measuring the conversion of 14C labelled 

galactose to I-p-galactose in a filter binding assay as described (32). 

Construction QfRecomhinRnt r..Phage Lt1mny 

In order to clone the region of Tn5 insertion in the B. pertussis 

genome the bacteriophage AEMBL4 was used. Insertion of foreign DNA 

into this vector is accompanied by loss of a region involved in suppressing 

phage co-infection (the "stuffer fragment"). Therefore, when recombinant 

and non-recombinant molecules are infected into an E. coli strain 

harboring another bacteriophage (in this case P2), only those phage with 

insert (i.e. recombinants that have lost the immunity region) will be 

maintained (28). 

The bacteriophage DNA is digested with EcoRI which yields three 

fragments, left and right arms essential for phage viability and an internal 
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region containing genes which, if present, prevent superinfection of the 

phage into an E. coli strain already lysogenic for P2. The DNA is then 

digested with Sall which fragments the stuffer region into smaller pieces 

that either: 1) are very small and lost during ethanol precipitation or 2) lack 

EcoRI ends and therefore cannot religate with EcoR inserts. A schematic 

diagram of this cloning procedure is shown in Figure 1. 
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Figure 1. Schematic diagram ofAEMBL cloning strategy. Utilization of 
the AEMBL bacteriophage as described in the text. Solid bars represent left 
and right lambda arms, stipled bars denote insert DNA and open bar 
represents the non-essential stuifer region of A.. 
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RESULTS 

Utility ofTn5 DNA to ProbeB. J)erlussis 

In order to clone the adenyl ate cyclase gene of B. pertussis, a strategy 

was developed which utilized the transposon mutant strain BP348. BP348 is 

a Tn5 insertion derivative of the virulent strain BP338 which no longer 

exhibits adenylate cyclase activity. The objective of this series of 

experiments was to isolate the region of BP348 where Tn5 had inserted in 

the hope that it was in or near the cyaA gene. If the transposon had 

inserted near the structural gene, then isolation of the DNA flanking this 

site would provide a useful probe with which to isolate cyaA from wildtype 

B. pertussis. To accomplish this it was first necessary to determine that: 1) 

a probe for Tn5 would specifically react with the transposon and not B. 

pertussis sequences and, 2) the transposon had localized to one specific 

region of the B. pertussis chromosome. 

The above experiment was performed with genomic DNA form 

wildtype B. pertussis (BP338) and two transposon-induced cyclase mutant 

(BP348 and BP349) strains. The wildtype strain served as a negative control 

to ensure that the Tn5 probe reacted only with Tn5 mutant strains and not 

DNA usually present in the B. pertussis genome. Genomic DNA from the 

three strains was digested with EcoRI, KpnI, and BglI. As shown in the 

Southern hybridization in Figure 2, the Tn5 probe reacted only with the 

mutant strains and not wildtype B. pertussis. In addition, both mutant 

strains showed the same restriction pattern when cut with an enzyme that 
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recognizes the transposon at three internal sites (BglI). The observation 

that all of the transposon sequences for both mutant strains were located in 

the same KpnI and EcoRI fragments demonstrated that the transposon 

was stable once it integrated into the B. pertussis chromosome. If the 

transposon was unstable in B. pertussis and integrated at more than one 

locus, multiple bands would have been expected following EcoRI and KpnI 

digests. In addition, the three bands observed following southern analysis 

of BglI digests of the Tn5 strains demonstrated that the transposon's 

internal restriction sites had not changed following introduction of Tn5 into 

B. pertussis. This experiment demonstrated the feasibility of screening of a 

Tn5 mutant B. pertussis library with a probe specific for Tn5 to isolate a 

unique site of transposon insertion. 

Identification Qftbe Site ofTn5 Insertion in BP 348 

In order to develop a strategy for isolating the region of transposon 

insertion, we investigated the potential use of the restriction enzyme EcoRI 

for cloning procedures. EcoRI was chosen because: 1) no EcoRI site was 

present in the transposon, and 2) since most cloning vectors contain a 

single EcoRI site , use of this site would provide a great deal of flexibility in 

choosing a vector. Strain BP348 DNA was digested to completion with 

restriction enzyme EcoRI and electrophoresed through a 0.4% agarose gel. 

The digested DNA was then transferred to filter membranes and hybridized 

with radiolabelled Tn5 probe. Following autoradiography of the membrane, 

a single band, which migrated at a molecular weight of 21 kilobase pairs 
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(kb), was consistently observed to react with probe DNA (Figure 3). These 

results demonstrated that the transposon had integrated into a 21 kb EcoRI 

fragment in the BP348 chromosome. Knowing the size of the Tn5-

containing fragment provided the information necessary for vector 

selection and enabled enrichment for this fragment by size selection. 

Enrichment for Tn5-00ntainiPfl Fraements 

In order to efficiently clone the region of BP348 which contained the 

Tn5 insertion, sucrose gradient centrifugation of BP348 (EcoR1-digested) 

DNA was performed. Fractions from the sucrose gradient which were 

enriched for DNA of approximately 21 kb were identified on 0.4% agarose 

gels (Figure 4, fractions 17, 18, and 19) and isolated by ethanol precipitation. 

Enrichment for the Tn5-specific fragment was confirmed by performing 

southern analysis of fractions 17 and 19 with the Tn5 probe. This analysis 

confirmed that the desired fragment was recovered from the BP348 

chromosome (Figure 5). The three fractions were then pooled and used to 

construct a ATn5 library. 

Construction ola Sub-mmomic Ubrmy 

Use of a certain sub-population of B. pertussis genomic regions 

resulted in construction of a "sub-genomic" library which should have been 

enriched for the Tn5 insertion region. The bacteriophage vector AEMBL4 
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Figure 2. Southern Hybridization of B. pertussis with Tn5. From left to 
right are B. pertussis strains 165 (wildtype), 348, and 349 (both Act-) and 
transposon Tn5. All three strains were digested with one of three enzymes, 
electrophoresed in 0.8% gels, transferred to nitrocellulose membranes and 
probed with Tn5 DNA as described in Materials and Methods. U=uncut 
DNA, E=EcoRI, B=BglI, K=KpnI. 
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Figure 3. Size determination ofTn5-00ntain in gfmgment from BP348. 
Undigested Oane 1) and EcoRI-digested DNAs were analyzed on 0.4% 
agarose gels. Numbers to the left represent molecular weight marker size 
inkb. 
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Figure 4. Sucrose gradient purification of BP348 DNA. EcoRI-digested 
DNA from BP348 was separated by size on sucrose gradients as described in 
Materials and Methods and 1.5 ml fractions collected and analyzed by 
agarose gel electrophoresis. Numbers to the left denote molecular weight 
marker size in kb. 
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Figure 5. Southern analysis of individual sucrose gradient fractions. 
Fractions 17 and 19 from sucrose gradients were probed (following 
electrophoresis and transfer to Genescreen Plus™) with radiolabelled Tn5. 
To the left is positive control Tn5 DNA (loaded late to the gel). 

51 



was selected as the recipient for the cloning of the Tn5 region for several 

reasons. First, as detailed in Materials and Methods, it was chosen 

because of its powerful method for selecting only recombinant molecules for 

screening. In addition to this featul'e, the EMBL system was chosen 

because of its ability to receive the relatively large insert of 21 kb from BP348. 

Following digestion ofEMBL4 DNA with EcoRI (and Sall to delete the 

immunity region), insert and vector DNA were ligated at their common 

EcoRI sites, packaged, and used to infect an E. coli strain harboring the P2 

lysogen. Plaque analysis revealed that approximately 104 recombinant 

molecules were created using this procedure (Table 1). 

ScreepipgofBeoomhjpapt BP 348 Librmy 

Recombinant phage were then screened with the internal HindIII 

fragment (32P-Iabelled) of Tn5 to identify positive clones. As a result of the 

enrichment process, approximately one out of every hundred plaques 

appeared to contain the region of interest, the site of Tn5 insertion. This 

demonstrated that the strategy of enrichment for a particular region of the 

genome was successful. Several rounds of screening of plaques was 

performed until all plaques plated reacted with the specific Tn5 probe in a 

process known as plaque purification. 
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Identification oftbe Region ofTn5 Insertion 

Following plaque purification, the DNA from the recombinant ATn5 

clone was isolated and its restriction map determined. A schematic 

representation of the restriction map of the ATn5 clone is shown in Figure 

6. Comparison of the restriction map of ATn5 to the restriction map of the 

cyaA gene deduced from the published sequence of Glaser et al. (Figure 6) 

indicated that the transposon in BP348 was located very close to the ORF of 

the structural gene for adenylate cyclase. 

Subsequent experiments were done to confirm that the region of the 

B. pertussis chromosome recovered during cloning of the Tn5 insertion site 

was the same region that contained the cyaA gene In order to accomplish 

this, southern analysis of plasmid pRMB1, which contained the cyaA gene, 

(a kind gift from J. Coote, University of Glasgow, U.K.) was done using a 

5.8 kb EcoRIIBamHI fragment from the ATn5 clone. This fragment 

(illustrated in Figure 6) contained 2.8 kb of B. pertussis DNA that flanked 

the site of insertion and 3 kb of Tn5 DNA. This probe was used to screen 

wildtype B. pertussis DNA digested with BamHI and the pRMB1 clone of 

cyaA. The probe reacted with a 10 kb fragment of genomic B. pertussis 

DNA (as expected if it was specific for the cyaA region) as well as with the 

pRMB1 clone that contained the cyaA gene (Figure 7). The results of this 

experiment demonstrated that the site of Tn5 insertion was indeed the 

location of the cyaA gene. Although the probe reacted with multiple bands 

from pRMB1, it reacted with only the one 10 kb cya A fragment from 

wildtype B. pertussis. The multiple bands seen in this experiment most 
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likely were a result of co-purification of sequences upstream of the site of 

Tn5 insertion that were homologous to the cyaA upstream sequences 

present on plasmid pRMBl. 

,mnol Sub-clonil.lU QfcyaA Gene Fragments. 

In order to study regulation of the cyaA gene, several regions of DNA 

containing the 5' portion of the structural gene, in addition to other 

potential cyaA regulatory regions further upstream, were isolated. A 

schematic diagram of the cloning strategies used in these procedures is 

shown in Figure. 

To perform northern analysis and also to isolate specific regions of 

the putative cyaA promoter, a 5' region of the cyaA gene was subcloned into 

a Col El plasmid containing the T7 RNA promoter. A 2.8 kb BamHIIEcoRI 

fragment containing the proximal half of the cyaA gene was isolated from 

pRMBl following agarose gel electrophoresis and directionally inserted into 

the EcoRIIBamHI sites of the polylinker of plasmid pTZ18u to generate 

plasmid pTM2. This plasmid contained 2.7 kb of the amino terminus of the 

cyaA ORF in an anti-sense orientation relative to the T7 RNA polymerase 

(Figure 9). The above construct was used for generating radiolabelled anti

sense cyaA RNA used in northern analysis and for further subcloning of 

the cyaA promoter region. 

54 



Table 2. Recombipapts created in Sub-genomic Library 

plaques per 0.1 ml in NM538 plaques per 0.1 ml in NM 539 

AEMBY Ix 104 o 

not done Ix 103 

Table 2. Assay of viable phage generated following ligation and packaging 
as described in the text. E.coli strain NM539 is identical to NM538 
except that it harbors a P2 lysogen. 
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Figure 6. Comparison of partial restriction maps ofBP338 and BP348. The 
cyaA genomic region of BP338 (derived from the data of Brownlie 
et al. and Glaser et al.) and the region of BP348 containing the 
site of Tn5 insertion. The location of Tn5 is noted as is the cyaA 
gene with the arrow indicating the direction of transcription. 
The bracketed line at the bottom of the figure denotes sequence of 
ATn5 used in southern analysis of wildtype B. pertussis DNA. 
B=BamHI, E=EcoRI, P=PstI. 
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Figure 7. Southern analysis ofBP338 and pRMBl with region oftransposon 
insertion. The 5.8 kb DNA fragment from ATn5 that contained the site of 
Tn5 insertion was purified following BamHIIEcoR digestion, radiolabelled 
and used to probe DNA from genomic BP338 DNA digested with BamHI 
(lane 1), BamHI digested DNA from BP338 sucrose gradient-enriched for 
the region of cyaA (lane 2), pRMB1, which contained cyaA, digested with 
BamHI (lane 3), and the internal HindIII fragment from Tn5 as positive 
control (lane 4). Arrow to the left denotes the presence of a 10 kb band from 
wildtype B. pertussis DNA that reacts with ATn5 probe. 
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Remdation of the cyaA Gene in». pertussis... 

Sequence analysis and genetic complementation studies done 

previously have localized cyaA gene enzymatic activity to the 2.5 kb 

BamHIIEcoRI DNA fragment illustrated in Figure 9 (5,15). In order to 

confirm the proposed sense strand for the cyaA gene and to determine the 

level of Act regulation, we conducted northern analyses on two B. pertussis 

strains which have mutations in the bug C gene. Both a spontaneous 

frameshift mutant, BP326, and a Tn5-induced strain, BP347, have been 

isolated that are phenotypically avirulent and as such lack expression of 

Act (51,59). Using a radiolabelled anti-sense RNA probe (described in 

Materials and Methods), we investigated if expression of Act in these two 

avirulent strains was at the level of mRNA transcription. Both mutants 

had no cyaA transcripts when compared with phase I virulent strain BP338 

(Figure 10) indicating that bugC was required for cyaA mRNA synthesis. 

In addition, localization of the cyaA gene to a specific strand of the DNA 

provided a rationale for constructing synthetic oligonucleotides to use in 

performing primer extension experiments (see below). 

Cloning of0'aA Upstream Segyences and TbeirTransrniptjnnaJ Activity in 
E. coli. 

Several constructs of B. pertussis DNA fused to plasmid pLKL5 were 

created and transformed into an E. coli galk mutant strain in an attempt 

localize the bug-regulated promoter of cyaA. The plasmid pLKL5 is a 

derivative of plasmid pK01 (32) which contains the promoterless 

.-, 
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galactokinase reporter gene (galKJ immediately downstream of the mp18 

polylinker. By utilizing two sites within the polylinker it was possible to 

directionally insert B. pertussis fragments in proper orientation upstream 

of the galK gene in order to study their influence on transcription. Any 

galk gene activity detected in the E. coli mutant would have indicated 

promoter activity of B. pertussis DNA. 

In order to directionally clone a small fragment containing the 

proposed cyaA promoter in proper orientation with our reporter gene 

system, a fragment containing this region was constructed which 

contained BamHIIHindIII ends (Figure 8). To accomplish this, plasmid 

pTM2 was digested with BamHIIBglII and a 2 kb fragment isolated from an 

agarose gel. This fragment was then digested with XhoII which generated 

two DNA fragments (1800 bp and 181 bp) which were separated by high 

pressure liquid chromatography. The 181 bp DNA (BamHIIXhoII ends) 

fragment containing the cyaA promoter was inserted into the BamHI site of 

pTZ18u to generate plasmid pTM3, which contained the cyaA promoter in 

the polylinker of pTZ18u. (Because the 4 bp overhangs left following 

digestion with BamHI and XhoII are the same, it was then possible to 

insert this fragment into the BamHI site of pTZ18u). The promoter was 

isolated from pTM3 following BamHIIHindIII digestion as a 200 bp 

fragment with BamHIIHindIII ends. 

Following digestion of pLKL5 with BamHIIHindIII, the cyaA 

promoter was inserted into the BamHIIHindIII sites of pLKL5 to generate 

pTM7 (Figure 9). This construct contained 60 bp of the putative cyaA 
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Figure 8. Diagram of cloning strategy for cyaA gene fragments as 
described in the text. 
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Figure 9. Schematic diagram ofpJasmids used in studying transcriptional 
analysis of the cyaA. gene in B. pertussis and E. coli. Solid lines 
represent B. pertussis DNA, hatched box denotes region of cyaA 
used to generate antisense probe, and open boxes denote relevant 
vector genes. B=BamHI, E=EcoRI, X:::XhoII. The galactokinase 
gene (galk) used for fusion analyses and the T7 promoter (T7) 
used to generate anti-sense RNA are indicated. Arrows indicate 
direction of transcription. 

61 



\ -_ .... 

I 

9.5--, 
'75-··' ,. " 

4.4-

r-
2.4-

1.4-

123 

Figure 10. Nortb.ern analysis of virulent and avirulentB. 
pertussis for cyaA transcription. Ten Jlg each of whole cell RNA 
from virulent phase I BP338 (lane 1), phase IV BP326 (lane 2), and 
a Tn5 avirulent strain, BP347 (lane 3) were electrophoresed in 1% 
agarose formaldehyde gels, transferred to nylon membranes and 
hybridized with anti-sense cyaA RNA as described in Materials 
and Methods. To the left, RNA markers in kb and B. pertussis 
ribosomal band migration patterns (r) are noted. 
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promoter region in proper orientation upstream of the gal K reporter gene. 

Although sequencing data revealed a probable promoter for the cyaA 

gene, no molecular biology data (e.g. RNAse protection, primer extension) 

existed which definitively localized its transcript start site. It wa~ therefore 

deemed necessary to insert a DNA fragment in front of the reporter gene 

which contained sequences further upstream of the promoter sequence 

suggested by Glaser et al.. The 2 kb BamHI fragment immediately 

upstream of the cyaA ORF was isolated from pRMBI following BamHI 

digestion and gel electrophoresis and ligated to BamHI digested pLKL5 to 

construct pTM8 (Figure 9). 

Because these fusions of cyaA upstream regions contained either 60 

bp upstream of the transcription start site (pTM7) or the 2 kb fragment 

immediately 5' of this region (pTM8), it was necessary to determine if the 

bug-regulated promoter spanned the BamHI site that marked the border 

between these two clones. To accomplish this, plasmid pTM8 was digested 

with BamHI and the 2 kb DNA fragment immediately upstream of the cyaA 

gene was isolated from an agarose gel following electrophoresis. This 2 kb 

fragment was inserted into the BamHI site of plasmid pTM7 to create 

pTM9, which contained 60 bp of the cyaA promoter plus an additional 2 kb 

of possible upstream regulatory sequences (Figure 9). 

The plasmids pTM7 and pTM9, which both contained the promoter 

suggested by Glaser et at, were unable to activate the galk reporter gene in 

E. coli (Table 3). The two inserts had significantly less GalK activity than 

the reporter gene without insert, indicating a possible repressor effect of 

these sequences Interestingly, the construct which did not contain the 
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putative promoter region, pTM8, did show galk-specific transcription. 

However, when the two 5' regions (the 181 bp fragment immediately 

upstream of the cyaA ORF and the adjacent 2 kb DNA fragment 5' of this) 

were combined upstream of galk as they existed in B. pertussis, no 

transcriptional activity was detected. 

The fact that bvg was required for efficient expression of cyaA in B. 

pertussis provided an additional technique for possible localization of the 

p,rom.oter in an E. coli background. If the cyaA promoter was similar to the 

{haB promoter, it would have required the bvg locus present in trans for 

activation. To determine if bvg could trans activate the cyaA promoter, it 

was necessary to introduce two plasmids, pSS528 (which contained the 

trans-acting bvg locus), in addition to pTM7, 8, or 9, into the E. coli mutant 

at the same time. The bvg region was unable to stimulate transcription 

from pTM7 and pTM9 and did not enhance transcription from pTM8. A 

summary of reporter gene activity of the different fusions with the bvg 

region present is shown in Table 4. The data gained from these 

experiments were inconclusive as to where the cyaA promoter was located. 

Identification of the 0'M Promoter Region.by Primer Extension 

A sequence resembling a typical start of transcription preceding a 

putative cyaA ORF has been described previously (15). Having confirmed 

the sense strand of cyaA, primer extension experiments were done to 

precisely localize the promoter which regulated this gene. The 

oligonucleotide (5')-GGATCTGTCGATAAGTAGTC-(3'), which is 



complimentary to the cyaA gene from -2 to -21 base pairs 5' of the putative 
, 

ATG initiation codon, was chemically synthesized and used as a primer to 

extend whole cell RNA from B. pertussis (phase I) strain BP338. The 

results of primer extension are shown in Figure 11. Transcription of cyaA 

begins at an adenine residue 7 bp downstream from an E. coli-like "-lO" 

region (Figure 12). This finding is in agreement with the predicted 

sequence and is similar to the -10 region of another bvg regulated transcript 

start site, the ptx gene (38). Although no strong consensus "-35" sequence 

(43) was observed, a significant spacing of A-T residues is present from -38 

to -200 bp 5' of the transcription start site (Figure 12). 
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Table 3 GalK Actiyity ofB. pertussis gromoter fusions in Ee.J:J11i 

E. coli strain and plasmid 

MMI01 

DM10123 + pLKL5 

DM10123 + pTM7 

DM10123 + pTM8 

DM10123 + pTM9 

GalK phenotypea 

+ 

+ 

Units GalKb 

20 

c 
ND 

ND 

27 

ND 

a) phenotypes were scored on MacKonkey agar base plates supplemented 
with 1% galactose with "+" indicating red color and "-" white color of colony 
growth. 
b) Units are given as nanomoles of galactose converted to 1-p-galactose per 
min per O.D·650=1. 
c) ND= not done 
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Table 4. GaIK activity of Promoter fusions with bve10cus preseutin trans 

E. coli strain and plasmid 

MMI0l 

DMl0123 + pSS528 
+pLKL5 

DMl0123 + pSS528 
+pTM7 

DMl0123 + pSS528 
+pTM8 

DMl0123 + pSS528 
+pTM9 

GalK phenotypea 

+ 

+ 

Units GalKb, c 

20 

7 (p =0.002) 

3 (p = 0.001) 

26 

2 (p = 0.002) 

a) phenotypes were scored on MacKonkey agar base plates supplemented 
with 1% galactose with "+" indicating red growth and "." white growth of 
colonies. 
b) Units are given as nanomoles of galactose converted to l·p-galactose per 
min per O.D.650=1. 
c) p values are as compared to positive reaction ofMMlOl, numbers given 
for units of activity represent the mean of n=3. 
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Figure 11. Primer extension of BP388 RNA. Primer extension of 10 J,1g of 
RNA from BP338 was performed as described in the text. Sequencing 
reactions were performed with the same end labelled primer used to extend 
whole cell RNA. Reactions were analyzed on 0.5% polyacrylamide 
sequencing gels as described in Materials and Methods. G, A, T,and C 
represent dideoxy sequencing reactions for the 4 dNTPs and lane 1 is the 
results from extension of RNA. Arrow to the right denotes the only major 
extension product of RNA detected. 



-180 .... 
CGCGATCGCGTTGGCGCTTGCTCTGCTTATTTATCTCCCT 

TGAAGCCTTGTTCTTCTrTI'CATTAGAAAGAAATAT GCG 

• ~GTG~AGGATGATrrt'cCTGTCCGAGTAGGGTGGA 

--;;=;;-:! .. ~ -35. 
TCcAAA1T1T CCGGATTGGTGGGAATTTGTGcA'rrITc 

-10 +1 
ACTGCGAATGTTaQKATAA~GCCCATCGTCATACGACATG 

I 

Figure 12. Sequence of the cyaA promoter region. The sense strand of the 
of the DNA which encodes the upstream. region of the cyaA 
structural gene is shown. Repeat sequences and inverted 
repeats are indicated with arrows above the sequence. Bold 
larger case letters indicate consecutive adenine/thymine runs 
of three or more bases in length. The -10 region is indicated by a 
box and the arrow below the sequence indicates the start site of 
transcription. Numbers above the sequence are relative to +1 
which denotes the the start site of transcription as determined 
by primer extension. 



DISCUSSION 

Several strategies have been employed to clone the adenyl ate cyclase 

gene of B. pertussis. Glaser et ale utilized the increased Act activity seen in 

the presence of calmodulin to detect adenyl ate cyclase enzymatic activity in 

E. coli. Although previous attempts to complement an E. coli mutant 

deficient in adenyl ate cyclase were unsuccessful (A. Danchin, personal 

communication), the increased sensitivity of this assay provided by 

calmodulin enabled the cloning of this gene. A plasmid that expressed the 

calmodulin gene was introduced into an E. coli strain lacking in an 

endogenous adenyl ate cyclase. A B. pertussis genomic library constructed 

in a plasmid from a different incompatibility group than the calmodulin 

gene plasmid was introduced into this strain and recombinant colonies 

were screened for restoration of adenyl ate cyclase activity. The region of the 

B. pertussis chromosome cloned using this method was sequenced and a 

putative ORF for the adenylate cyclase toxin identified (15). 

Brownlie et ale also cloned the cyclase gene by complementation of a 

cyclase deficient B. pertussis strain (5). A wildtype B. pertussis genomic 

library was introduced into the Act- strain BP348. Recombinant clones 

were analyzed for restoration of the cyclase phenotype to this mutant strain. 

By analyzing the supernatant of individual recombinant clones grown in 

microtiter plates, these investigators recovered a plasmid which restored 

Act activity. Restriction mapping of the above plasmid indicated that it 

contained the same region as the clone isolated by Glaser et al .. 
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This project began with an attempt to isolate the region of transposon 

insertion in the cyclase mutant strain BP348. Isolation of the region of Tn5 

insertion was done in order to obtain a probe to use to screen wildtype B. 

pertussis DNA for the cyclase gene. To accomplish this, the fragment of 

BP348 containing Tn5 was identified and a subgenomic library enriched for 

the region of transposon insertion was constructed. Probing of the ATn5 

library for Tn5 sequences revealed the presence of the transposon in one out 

of every 100 plaques (see results). The results demonstrated that the 

strategy of enrichment for a defined region of the chromosome was 

successful. 

If the transposon had inserted near the or within the structural gene 

encoding the Act, isolation of the DNA flanking this site would have 

provided a useful probe with which to screen a wildtype B. pertussis library 

to isolate this gene Several lines of evidence support the conclusion that the 

transposon has inserted near the structural gene for the adenylate cyclase 

toxin in BP348. Restriction mapping of the region of Tn5 insertion indicated 

that the region recovered was the same region cloned by Brownlie et ale and 

Glaser et ale (Figure 6). In addition, southern analysis demonstrated that 

the region of Tn5 insertion hybridized with with pRMB1, a plasmid 

containing the cyaA clone of Brownlie et ale Also, these same southern 

experiments indicated that the region recovered hybridized to wildtype B. 

pertussis DNA (BamHI-digested) specifically with a 10 kb fragment. 

According to the sequence data obtained, the cyaA gene is located on a 10 kb 

BamHI fragment of wildtype B. pertussis strain BP338. The finding that 

the DNA flanking the site of Tn5 insertion in BP348 also hybridized to a 10 
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kb BamHI fragment further supports the conclusion that the transposon 

inserted near the cyaA structural gene to cause inactivation of the cyclase. 

Nicosia et al. were able to utilize a similar strategy to clone the region 

of the B. pertussis chromosome that contained the pertussis toxin gene (37). 

The region of Tn5 insertion in a pertussis toxin mutant was isolated and 

used to probe a wildtY,tJe B. pertussis library. Because several groups cloned 

the adenyl ate cyclase gene of B. pertussis during the course of this work, 

this project changed direction to become a study of regulation of the cyaA 

gene. Although no screening of a B. pertussis wildtype library was done, 

these results demonstrated the utility of transposon tagging to isolate a 

defined region of the bacterial genome. 

In an attempt to better understand positive regulation of the 

adenyl ate cyclase toxin of B. pertussis, we performed transcriptional 

analyses of this gene in both B. pertussis and E. coli. Previous results have 

shown that expression and modulation of several unlinked potential 

virulence factors of B. pertussis requires the entire bug locus present in 

trans (52). Previous studies, done directly on mRNA for pertussis toxin 

(17), or indirectly by use of promoterless reporter gene fusions to various B. 

pertussis genes (60), have indicated that virulence factor regulation is at the 

level of mRNA transcription. Sequence analysis has shown that the bug 

locus encodes three open reading frames, designated bugA, bugB, and bugC 

(1). The bug genes appear similar to two-component sensor-regulator 

systems seen in other systems of positive regulation, in which one protein 

senses environmental stimuli and activates a second transcriptional 

regulatory protein (47). The bugA gene is homologous to other positive 

72 



regulators of transcription while bugC shares homology with both sensor 

and regulator sequences (1). 

Northern analysis (Figure 11) on two different avirulent B. pertussis 

strains (with mutations in the bugC gene) agree with the results of Melton 

and Weiss (33), which demonstrated that a bugC::Tn5 mutant strain 

showed no detectable transcription from the cyaA operon. Screening of a 

Tn5-induced avirulent strain and a spontaneously isolated avirulent strain 

with a frame shift mutation in bugC demonstrated that an intact bug locus 

was essential for expression of full length cyaA transcripts. An absolute 

requirement of bug C for transcription of two other bug regulated genes, ptx 

and fhaB, in B. pertussis has been demonstrated previously (17,48). 

Interestingly, bug A has been shown to be a direct activator of transcription 

from the fhaB promoter (48). The data presented here indicate that the 

bugC gene is required for cyaA transcription. The possibility that bvgA and 

bugC might both be transcriptional activators cannot be ruled out from 

these studies. 

Sequence analysis of the cyaA gene has suggested that it is the first 

gene in an operon which encodes a 10 kb transcript (15). Although the 

major reaction with our cyaA probe was with mRNA species between 1 and 

3 kb in size, there does appear to be some "virulent phase-specific" reactivity 

with the cyaA probe between 4 and 9 kb (Figure 10). These observations are 

in agreement with a recent report by Laoide and Ullman, which notes a 

transcription termination site between the first and second ORF's of the cya 

operon (25). It has been suggested from sequence data and genetic 

complementation studies that the cyaA operon encodes four genes, cyaA, 
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cyaB, cyaD, and cyaE. Laoide and Ullman have observed a constitutive 

promoter between the cyaA and cyaB ORFs. From their data and our 

northern analysis it appears that the majority of transcription originating 

at the bvg-regulated cyaA promoter terminates after the cyaA open reading 

frame. 

In an attempt to reconstitute bvg activation in E. coli, Miller et al. (35) 

constructed fusions of the fhaB and ptx promoters to a promoterless (3-

galactosidase reporter gene and introduced the bvg locus in trans. 

Although bvg was able to activate the fhaB promoter, it could not activate 

ptx-specific transcripts. Based on these results, it has been proposed that 

bvg regulation might involve a regulatory cascade in which the bvg locus is 

required for activation of fhaB but activation of ptx transcription requires an 

additional factor or factors (48). 

In an attempt to isolate the bvg-regulated promoter of cyaA, gene 

fusions of several regions upstream of the cyaA structural gene were 

constructed. B. pertussis DNA fragments were isolated from the cloned 

cyaA upstream region and inserted upstream of the reporterless galK gene 

and introduced into an E. coli galk mutant strain. If the cyaA promoter 

was regulated in a similar manner as the fhaB promoter, it would have 

been possible to detect cyaA promoter activity in E. coli with the bvg locus 

present in trans. If however, the cyaA promoter required other factors in 

addition to bvg, cyaA would be inactive in E. coli. Attempts to localize the 

promoter of cyaA by gene fusion analysis were unsuccessful with our 

system. 
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A 2 kb DNA fragment upstream of cyaA did stimulate transcription 

from the promoterless reporter gene plasmid (pTM8), indicating that 

transcription was enhanced by this insert (Table 3). When a 181 bp 

fragment further downstream (that was proximal to the cyaA ORF) was 

examined for promoter activity, transcription of galK was not detected. In 

addition, this 181 bp fragment, when inserted in front of the reporter gene 

(pTM7), caused the endogenous transcription levels of the galK gene to 

decrease significantly (Table 3). When this 181 bp fragment was inserted 

downstream of the 2 kb fragment which had promoter activity (pTM9), the 

activity was lost. Together these data suggested that the region of DNA 

immediately upstream of the cyaA ORF contained a strong transcriptional 

regulatory sequence. 

It is likely that bug regulation of cyaA involves the regulatory 

sequence observed 5' of the cyaA ORF. Northern analysis with an anti

sense RNA probe specific for the cyaA gene 2.4 kb downstream of the 

transcript start site indicated that the full length transcript was not 

synthesized in buge mutants (Figure 10) The results presented do not rule 

out the possibility that regulation of full length transcripts might involve 

prevention of termination, as is seen in the bacteriophage lambda and other 

lambdoid phage (13). Glaser et al. recently performed primer extension 

experiments on avirulent B. pertussis and demonstrated that no initiation 

of transcription occured (25). It thus appears that the 5' regulatory region 

observed controls cyaA expression by regulation of initiation of 

transcription. 
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Attempts to stimulate transcription from the above constructs by 

introducing the bvg regulatory locus in trans were unsuccessful (Table 4). 

These data indicated that, like the ptx gene, cyaA required a factor or 

factors in addition to the bvg locus for efficient transcription. 

Because attempts to isolate the cyaA promoter in E. coli using gene 

fusions and introducing the bvg region in trans were unsuccessful, primer 

extension experiments were performed on virulent phase B. pertussis RNA 

to determine the start site(s) of transcription for this gene. Primer 

extension analysis of BP338 revealed one start site for cyaA transcription 

(Figure 11). 

Our results of primer extension agree with the proposed start site 

postulated by Glaser et ale (15) and the recent transcript mapping reported 

by Laoide and Ullman (25). Although a typical "-10" sequence is present 

(43), instead of a consensus "-35" region, we observed a string of periodic 

runs of consecutive adenine and or thymine residues from -35 (relative to 

the transcript start) to approximately -200 (Figure 12). In addition to A-T 

runs, a 7 bp repeat sequence is present at -50 and -80, and a 5 bp inverted 

repeat is present 180 bp upstream of the transcript start site (Figure 12). 

Although direct and inverted repeats have been found upstream of the fhaB 

and ptx promoters (10,38), the sequences of these regions among the three 

genes differ. While the presence of these inverted and direct repeats is 

required for ptx transcription (17), their relevance to cyaA and fhaB 

expression is not yet known. Comparison of the promoter regions of ptx 

and cyaA show a similar -10 region but no apparent similarity between the -

35 sequences. The promoter region of the fhaB gene shows no presence of 
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typical-10 or -35 regions (10). Like the cyaA gene, the fhaB promoter region 

contains an unusually high percentage of adenine and thymine residues 

(10) but no similar increase in adenine or thymine residues is seen 

upstream of the ptx gene (37). Unlike the cyaA gene, the fhaB promoter 

shows no significant periodicity of A-T runs or similarity to enhancer 

sequences, both of which are evident in the cyaA upstream region (Figure 

13). The similarity seen when the cyaA promoter region is compared to 

viral enhancer sequences suggests the possibility of a role for this sequence 

in transcription. 

Since the mol% G+C content of B. pertussis is 66-70 (41), the presence 

of a 140 bp sequence consisting of 54% A-T residues immediately upstream 

of the cyaA gene (Figure 12) suggests that this region may be involved in 

regulation of cyaA expression. Periodic clustering of adenine-thymine 

runs is a characteristic of DNA which assumes a bent configuration (22). 

Examples of positive regulation of gene expression have been associated 

with DNA bending regions. Many prokaryotic proteins, including the CAP 

binding protein of the lac operon, A,434 repressor, and $29 P4 protein, bend 

specific DNA sequences to influence transcription (Reviewed in 53). 

Sequences characteristic of DNA bending also can be found in specific 

locations in nucleosomes. In general, DNA bending is thought to facilitate 

protein-DNA interactions. In the case of nucleosomes, DNA bending 

facilitates wrapping of the DNA around the histone core (44). In 

transcriptional regulation, localized bending of the DNA allows interaction 

of promoter or enhancer sequences with RNA polymerase holoenzyme (53), 

or with transcriptional accessory proteins (46), 
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Bending of DNA sequences involved in transcriptional regulation can 

have varied affects. Repressor proteins can bind to DNA, causing bending 

and suppression of transcription. Alternatively, active binding of protein 

can enhance bending and transcription (46). In some instances, bent DNA 

results in an intrinsic activation of the promoter (7), while in other cases 

bent DNA requires the binding of an additional regulatory factor before 

transcription can be initiated (46). It has been suggested that localized 

bending of the DNA allows for increased affinity of RNA polymerase 

holoenzyme with promoter regions that contain bend-inducing sequences. 

Although this association can lead to transcription, in the case of the ada 

promoter of E. coli, increased bending and increased affinity for RNA 

polymerase binding result in a decrease in subsequent unwinding of the 

DNA to allow transcription (53). 

Attempts to activate transcription from the cyaA promoter in E. coli 

were unsuccessful. The promoter region was unable to stimulate 

transcription from a promoterless reporter gene with or without the trans

activating bug locus present. In addition, both background levels and 

spurious transcription elicited from insertion of "E. coli-like" promoter 

fragments were significantly repressed. The phenomenon of 

transcriptional repression seen, together with the presence of an A-T 

bending region near the cyaA promoter suggest that this region is involved 

in transcriptional regulation of cyaA. Further determination of the exact 

mechanism by which the cyaA promoter is regulated will require analysis 

of this region directly in B. pertussis. Alternatively, reconstitution of the 
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cyaA regulatory network in E. coli might be possible if all essential factors 

can be reunited in this heterologus system. 

Goldman et ale performed a detailed biochemical analysis of bug

regulated traits and observed that the transition from the virulent to 

avirulent states was not abrupt, but gradual, with individual factors being 

lost sequentially. The adenyl ate cyclase toxinlhemolysin phenotype was lost 

first in the transition from phase I to phase IV, followed by the pertussis 

toxin and finally Fha. This work suggested that regulation of B. pertussis 

virulence factors involved a hierarchy of regulatory events. The fact that 

the PT was unable to be activated in E. coli with bug present in trans and the 

observation reported here that the cyaA promoter was also not activated in 

E. coli support the hypothesis of a regulatory hierarchy being involved in B. 

pertussis regulation of virulence. 

Several lines of evidence support the hypothesis that regulation of B. 

pertussis virulence involves more than the bug locus. Firstly, the bug locus 

was insufficient to activate the cyaA promoter in E. coli, suggesting that 

additional factors present in B. pertussis are necessary for cyaA 

transcription. In addition, we observed a unique sequence characteristic of 

a positive regulatory element immediately upstream of the cyaA transcript 

start site. 

As mentioned, DNA bending sequences are present in many 

transcriptional regulatory elements. Although the exact sequences of A-T 

runs which induce this phenomenon vary, several characteristics, such as 

spacing of 7 and 4 or 5 bp intervals and runs of 3 or more consecutive Afr 
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Adenovirus 
enhancer 

cyaA 
promoter 

171 ~-------------------------~ r4

l 
lTTT ~lTTTA GGCGGATG-------TTGTAG TJ~TTT GGGCGTAACCAAGTAATGTIT GrCATTTT -190 

III IIII 111111 III III" 
TTTA GGATGATTTT CCTGTCCGAGTAGGGTGGATCCj~lTTT CCGGAT---GGTGGGAATIT GTOOATTTT -29 

L7-' ~-----------------------~----------------------~ LJ 

Figure 13. Comparison between the cyaA promoter and enbancerregion 
ofElA gene of adenovirus. Bold numbers to the right indicate distance 
5' from the TATA box for EtA and 5' of the transcript start site for cyaA. Vertical 
lines indicate identical residues between the two sequences and numbered lines 
above and below the sequences denote the similarity of spacing (in nucleotides) 
between AIT runs. The dashed lines separate consecutive bases and are included 
to optimize spacing of core and peripheral regionsbetween the two sequences. 
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residues, are consistently observed (22,39,46). As shown in Figure 13, the 5' 

region of the B. pertussis cyaA gene is similar to the AIr sequences present 

in the adenovirus E1A gene enhancer (39). This DNA bending region is not 

present in the promoters for two other genes, ptx and fhaB, that have an 

absolute requirement for the bvg locus. It is therefore possible that bvg 

might regulate transcription of a second regulatory factor which controls 

cyaA transcription. Alternatively, DNA bending might facilitate a looping 

out phenomenon (42), with one of the Bvg proteins and an additional factor 

cooperatively binding at separate sites to facilitate cyaA transcription. 

The data presented have identified a region of the B. pertussis 

chromosome that is involved in transcriptional regulation of the adenylate 

cyclase toxin gene, cyaA. Comparison of this sequence with other 

regulatory sequences has revealed the presence of a DNA sequence motif 

that is commonly found in transcriptional regulation. Interestingly, the 

pattern of expression of the three bvg regulated genes discussed varies 

when the promoters for these genes have been introduced into E. coli with 

the bvg locus present in trans. From this work and the work of others it 

appears that bvg regulation involves a complex network, with more than 

just the bvg locus and target promoters influencing the coordinate 

regulation of B. pertussis virulence. 
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SUMMARY 

The work reported here supports the following conclusions regarding 

the cyaA gene of B. pertussis: 

1) The site of insertion for the transposon Tn5 in strain BP348 is at or 

near the 5' terminus of the cyaA ORF. 

2) Regulation of the cyaA gene is at the level of mRNA expression. 

3) The start site of transcription of the cyaA gene has been located. 

4) An "E. coli-like" -10 sequence and an atypical -35 region have been 

observed. 

5) Consecutive, distinct spacing of adenine/thymine residues was 

observed from -30 to -200 from the transcription start site. Although not 

present upstream of other regulated B. pertussis operons, this sequence is 

seen in the regulatory regions of other organisms. 

6) Studies in E. coli in which the cyaA promoter was fused to a 

reporter gene demonstrated that the the trans-acting locus bug was 

insufficient for cyaA activation. 
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