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ABSTRACT 

Bordetella pertussis produces a number of virulence 

determinants believed to contribute to its survival in the 

host as well as to the pathogenesis of disease. One of 

these factors, adenyl ate cyclase toxin (ACT), has been 

implicated to penetrate human neutrophils and macrophages 

and abrogate their function by virtue of unregulated 

production of intracellular cAMP. In order to adequately 

study the nature of ACT and its role in pathogenesis, it is 

necessary to isolate the toxin from other virulence factors 

produced by the organism. Attempts by other investigators 

to purify ACT and maintain both its invasive and catalytic 

properties have not been successful. 

~. pertussis produces a cell associated ACT during mid

log phase of growth in Stainer-Scholte medium. Purification 

of ACT with both activities from urea extracted whole cells 

has been achieved by hydroxylapatite and calmodulin

sepharose chromatography. ACT is a single protein of 220 kd 

molecular weight with an isoelectric point of 7.0. The 

protein probably contains regions which are strongly 

hydrophobic. ACT has a specific activity of nearly 17,000 

~M cAMP formed/min. An 850 ng sample of ACT induced over 

1,400 pmoles cAMP/106 S49 mouse lymphoma cells while 660 ng 

of ACT inhibited human neutrophil chemiluminescence by 65%. 
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CHAPTER I. 

INTRODUCTION 

History of Pertussis 

Pertussis is a disease condition in humans, primarily 

affecting infants and children, caused by the Gram negative 

coccobacillus Bordetella pertussis. The earliest written 

description of the disease was by Guillame de Baillou in 

1578 describing an epidemic outbreak in Paris. The disease 

was endemic to Europe by the 17th century and the name 

pertussis, which means intense cough, was first coined in 

1670 to describe the symptoms of the disease. The epidemic 

nature of pertussis was first recognized in 1682 and the 

etiologic agent of whooping cough was identified in sputum 

in 1900 (Olson 1975). In 1906, Bordet and Gengou 

successfully isolated the organism using a blood-rich 

medium, which resulted in its original classification of 

Haemophilus pertussis. The bacterium was reclassified in 

1940 into the genus Bordetella, when Hornibrook 

demonstrated that the X and V factors in blood were 

unnecessary to support growth of the organism (Preston 

1988) . 

The distribution of pertussis is worldwide and the 
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mortality rate associated with the disease today is as much 

as 15% in some countries. In the united states, the 

mortality rate from pertussis began to decline during the 

early 20th century despite the high incidence of disease. 

This decline was attributed to improved nutrition as well 

as demographic shifts in the population. Yet, as late as 

1948, pertussis was still the leading cause of death in 

children under 14 years of age (Olson 1975). During the 

late 1940's and early 1950's a significant decline was 

observed in both the incidence of disease and deaths due to 

pertussis. It is believed that this trend was the result 

of vaccination against pertussis and the standardization of 

vaccine potency (Pittman 1984). The decline continued 

through 1980 with only 1730 cases of pertussis and 12 

deaths reported compared to the 120,000 cases and 1100 

deaths reported in 1950 (Wilfert 1988). Since 1981 

however, there has been a steady increase in the number of 

reported cases of pertussis in the united states. There 

were 3,450 cases reported in 1988, with Arizona's 556 cases 

being the largest number in the nation (MMWR 1989). 

Currently, the majority of pertussis cases and deaths in 

the u.s. occur in patients under the age of one year 

(Walker 1988, MMWR 1987). The reason for this pattern is 

that infants, in general, have not gained full benefit from 
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vaccination and tend to experience more serious 

complications upon contraction of the disease (Walker 

1988). For example, 38% of the cases of pertussis reported 

in 1984 occurred in infants less than 1 year old. In this 

same infant population, 73% required hospitalization and 1% 

died (Wilfert 1988). 

Clinical Disease and Vaccination 

~. pertussis is transmitted by airborne droplet nuclei 

from an individual in the early stage of disease (Ryan 

1984). While infants and young children are most 

susceptible to contracting the disease, older children and 

adults can get a mild form of pertussis and transmit the 

infection (Walker 1988). It has been suggested that 

previously immunized older individuals with mild or 

asymptomatic infections could serve as long term carriers 

of ~. pertussis. However, evidence for long term carriers 

is lacking (Krantz et ale 1986, Walker 1988, Wardlaw and 

Parton 1988). 

Once inhaled, the organism attaches exclusively to the 

ciliated epithelial cells of the upper respiratory tract 

and does not invade the tissue or blood (Pittman 1984). 

During the first stage of pertussis, also called the 

--------.~-.--------.. -----. ....--.------------. 
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catarrhal stage, the patient is highly infectiol1S as the 

result of localized bacterial multiplication (Ryan 1984). 

The patient presents symptoms of a mild upper respiratory 

tract infection possibly coupled with a low grade fever. 

Severity of the ensuing disease is directly related to the 

inoculum the patient has received. Mild cases of pertussis 

appear to exhibit bacterial colonization of the upper 

respiratory tract, while in severe cases the organisms can 

be demonstrated in the lower respiratory tract and in 

exudate surrounding the alveoli (Pittman 1984). This is 

the only stage of pertussis in which antibiotic treatment 

may alter the course of the disease (Walker 1988). 

The second, or paroxysmal, stage of pertussis is 

usually indicated by the onset of clinical symptoms (Olson, 

1975). Isolation of the organism during this stage is 

usually not possible (Pittman 1984). The paroxysmal stage 

is characterized by the patient being seized with episodes 

of severe coughing in the attempt to clear airway 

obstructions (Olson 1975). The mechanism responsible for 

these violent coughs may involve toxic factors or 

metabolites produced by the organism, since other 

respiratory pathogens which damage the tissue do not 

generally produce a similar phenomenon (Walker 1988). The 

coughing episodes are frequently followed by vomiting and 
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tend to leave the patient exhausted (Olson 1975). It is 

during the paroxysmal stage that the majority of 

complications can arise (Walker 1988). These range from 

hemorrhages and hernias due to physical exertion, to 

bronchopneumonia, to nervous system damage as a result of 

anoxia (Pittman 1984, Walker 1988). Mortality as a result 

of pertussis is highest in children under 1 year of age and 

is most frequently the result of secondary infections. The 

final convalescent stage is often reached within four weeks 

after onset of symptoms, although, the duration of the 

paroxysmal stage can be prolonged, especially in infants 

(Pittman 1984, Friedman 1988, Walker 1988). 

As previously mentioned, the incidence of pertussis 

morbidity and mortality has declined with the onset of 

vaccination. Currently the vaccine which has provided the 

best protection consists of killed whole cell ~. pertussis 

in conjunction with adsorbed diphtheria and tetanus 

toxoids. The vaccines are administered as a plain 

bacterial suspension or adsorbed onto an adjuvant, the 

latter having the advantage of reduced incidence of adverse 

reactions. The vaccine is most effective if it contains ~. 

pertussis agglutinogens 1, 2 and 3. The efficacy of an 

adsorbed vaccine containing all three agglutinogens 

administered in three doses is approximately 95% (Preston 
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1988). 

Concern over adverse reactions as a result of 

vaccination has lead to the discontinuation of vaccine use 

in some countries. Consequently, the incidence of 

pertussis infection has reached epidemic proportions in 

those areas (Wilfert 1988). Adverse reactions vary in 

severity from local inflammation, crying and fever to more 

serious reactions resulting in neurological disorder. The 

incidence of neurological involvement is 1 in 310,000 

vaccinations (preston 1988). Neurological complications as 

a result of natural pertussis is estimated to occur in a 

range between 1.5 and 14% in hospitalized patients. 

Furthermore, of this group, one-third will sustain 

permanent neurological damage, one-third will recover 

completely and one-third will die (Wilfert 1988). 

The controversy surrounding the use of the current 

pertussis vaccine has renewed investigation into the 

organism and its virulence determinants in the hope of 

developing an effective vaccine with fewer side effects. 

Currently, sUbstantial effort is being directed toward 

development of an acellular vaccine. Ideally, this vaccine 

would contain only those determinants which are important 

in protection against both infection and disease. 

Additionally, the contamination with lipopolysaccharide 
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(LPS) would be reduced as much as possible and pertussis 

toxin (PT) would be irreversibly detoxified. The progress 

toward development of an acellular vaccine satisfying these 

requirements could possibly evolve into a subunit or 

peptide vaccine in which the components are obtained from 

recombinant strains, purified peptide fragments or 

synthetic peptides (Robinson and Ashworth 1988). 

Physiology, virulence Factors and Genetics of Bordetella 

pertussis 

~. pertussis is a non-motile, non-fermentative aerobe 

which utilizes amino acids, primarily glutamic acid, as its 

sole carbon source (Olson 1975, Stainer 1988). A sulfur 

source is provided by cystine or cysteine, but can be 

replaced by glutathione. In synthetic media, nicotinamide, 

an essential vitamin for ~. pertussis and a reducing agent, 

such as ascorbic acid or glutathione, are necessary to 

support growth of the bacteria (Stainer 1988). The 

fastidious nature of the organism makes its isolation from 

the patient difficult and requires direct culturing on 

media containing blood and supplemented with charcoal or 

starch to adsorb fatty acids or other metabolites which are 

inhibitory to its growth (Pittman 1984). Isolated colonies 

of ~. pertussis, grown on Bordet-Gengou medium, demonstrate 

---- .-----~--------- ----~.------.---
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The genetics of ~. pertussis is characterized by the 

occurrence of antigenic variation. Two mechanisms of 

antigenic variation have been described. The first of 

these, antigenic modulation, is a reversible phenomenon and 

occurs when the organisms are grown under specific culture 

conditions. Bacteria in the X mode are virulent while 

those in the C mode are avirulent (Coote and Brownlie 

1988). A series of transposon insertion mutants were 

constructed by Weiss et al. (1983) to investigate the 

nature of virulence determinant expression in ~. pertussis. 

Regulation of these determinants is controlled by a single 

genetic locus called vir (Finlay and F~lkow 1989). The 

sequence of this locus contains three genes, designated 

bvgA, bvgB and bvgC, and the products of this locus act as 

a positive inducer of genes encoding the virulence 

determinants. BvgA is the regulatory component which is 

responsible for transcriptional activation of the virulence 

genes. Sequence analysis of the bvg genes confers homology 

with several two-component regUlatory systems such as the 

one controlling chemotaxis in g. coli. The homology 

suggests that BvgC functions as a sensor protein and 

activates BvgA. No function has been assigned to BvgB (Roy 

-----~----------- ..... - --~""- .. -----~-~ 
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et al. 1989). Expression of these bvg genes are negRtively 

regulated by certain culture conditions, such as high 

concentrations of MgS04 or nicotinic acid and temperatures 

of less than 37° C (Finlay and Falkow 1989, Roy et al. 

1989). 

Phase variation, the second method of antigenic 

variation, occurs upon extensive in vi'tro subculturing of 

~. pertussis. While generally considered irreversible, 

revertants were observed at a low frequency by Weiss and 

Falkow (1984). Phase variation, like antigenic modulation, 

results in a change from a virulent state to an avirulent 

state. Phenotypically, the organism undergoes a transition 

from smooth, virulent colonies (phase I) to rough, 

avirulent colonies (phase IV). Phase IV organisms are more 

resistant to erythromycin and other growth inhibitory 

substances found in conventional media than their phase I 

counterparts (Coote and Brownlie 1988). Hemolysis

deficient variants selected in the presence of erythromycin 

arose at a frequency of 10"3 to 10"6 (Weiss and Falkow 

1984). Selection of variants on stainer-Scholte agar arose 

at frequencies of 10"6 to 10"7 based on the loss of 

hemolysis. Isolation of revertants has not been 

consistently possible because of the lack of a selection 

method (Coote and Brownlie 1988). 
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Bordetella pertussis produces a number of virulence 

factors which are believed to contribute to both its 

survival in the host as well as in the pathology of 

d~ease. The most characterized of these determinants is 

pertussis toxin (PT). This hexameric protein conforms to 

the A-B structure of bacterial toxins. The active subunit 

of PT, designated SI, catalyzes the ADP-ribosylation of the 

inhibitory GTP binding protein (Gi) of eUkaryotic adenyl ate 

cyclase. The result of this covalent modification of Gi is 

the continued production of cAMP due to the inability of 

the cell to turn off adenyl ate cyclase (Ui 1988, Friedman 

1988). A multitude of biological activities are associated 

with PT as direct result of accumulated cAMP including 

stimulation of insulin secretion with resultant 

hyperinsulinemia, stimulation of glycerol release, 

inhibition of adrenaline hyperglycemia, hypotensive 

activity and inhibition of histamine release (Ui 1988, 

Furman et al. 1988). 

The binding, or B, pentamer of PT is comprised of 4 

dissimilar subunits designated 82, 83, 84, and 85. Two 84 

subunits are contained in the native B component. The 

binding portion of PT has a dual role in the activity of 

PT. The first of these is the binding of the holotoxin to 

specific receptors, probably glycoproteins, on the cell 
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surface. This binding is crucial to delivery of the A 

subunit into the cell (Ui 1988, Friedman 1988). The second 

activity of the B subunit includes mitogenic activity 

resulting in lymphocytosis, increasing vascular 

permeability, histamine sensitization, stimulation of 

glucose oxidation and adjuvant activity (Ui 1988). 

Immunity to PT is important in protection against 

pertussis infection. Passive immunization with anti-PT is 

protective against lethal challenge of both live ~. 

pertussis and active PT in mice (Cowell et ale 1982, Sato 

et ale 1984). Active immunization with a PT-toxoid is also 

protective against lethal infection, although, the native 

toxin (or at least the B oligomer) is required since 

immunization with individual monomers is not protective 

(Nicosia et ale 1987). Antibodies to PT have been 

demonstrated in human convalescent serum and a correlation 

exists between anti-PT serum titers and long term-immunity 

to infection with~. pertussis (Granstrom et ale 1985). 

Filamentous hemagglutinin (FHA) is another virulence 

factor which is believed to play a role in attachment of 

the organism to ciliated epithelial cells (Friedman 1988). 

The mechanism of how FHA mediates tissue-specific 

attachment of ~. pertussis is not clearly understood. The 

predicted amino acid sequence of FHA demonstrates conserved 
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sequences found in proteins like fibronectin which bind to 

a family of related receptors called integrins. It is 

possible that FHA utilizes these receptors for adherence 

(Finlay and Falkow 1989, ReIman et ale 1989). Other 

candidates for receptors include either the cholesterol 

molecules of the cell membrane (Wilfert 1988) or possibly 

an N-acetylglucosamine-related carbohydrate complex 

(Tuomanen 1988). The carbohydrate may actually serve as a 

receptor for PT which has been proposed by Tuomanen (1988) 

to be a co-mediator of attachment with FHA. 

The native molecular weight of FHA is believed to be 

220 kilodaltons (kd). Lower molecular weight proteins often 

visualized upon gel electrophoresis of FHA are considered 

to be degradation products (Friedman 1988, ReIman et ale 

1989). FHA exhibits no toxic activity and its role in 

protection against ~. pertussis infection is unclear. 

Active immunization of mice with FHA is protective against 

lethal infection whereas passive immunization is not 

protective (Oda et ale 1984, Sato and Sato 1984). Human 

infant sera obtained after the third immunization with DPT 

demonstrated a weak interaction with FHA. Additionally, 

antibody to FHA is inconsistently found in convalescent 

sera. When anti-FHA is found in convalescent sera the 

titers decline rapidly suggesting that the antibodies are 
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not important for long-term immunity (Winsnes 1988). 

~. pertussis produces two toxins responsible for 

desquamation and necrosis of the respiratory epithelium. 

Tracheal cytotoxin (TCT) is a biologically active compound 

derived from the peptidoglycan of the bacterium. TCT 

causes ciliostasis and extrusion of ciliated epithelial 

cells from tracheal ring cultures in vitro. Additionally, 

the toxin inhibits DNA synthesis in these cells (Cookson et 

al. 1989). The implication of this toxin toward disease is 

that the normal mechanism for airway clearance by ciliary 

action is compromised and coughing becomes the only means 

of airway clearance (Goldman 1988). The second toxin, 

heat-labile toxin (HLT) (also called dermonecrotic toxin), 

induces contraction of arterioles and smooth muscle. The 

result of this vasoconstriction is ischemic lesions and 

hemorrhagic necrosis. The mechanism involved is apparently 

the damage of cell membranes causing an alteration of cell 

permeability (Nakase and Endoh 1988). 

Adenylate cyclase toxin (ACT) is another virulence 

factor which possesses biological activities contributing 

toward the pathogenesis of disease. The activity of the 

toxin is mediated through its enzymatic function of 

converting adenosine triphosphate (ATP) to adenosine 3'5'

cyclic monophosphate (cAMP). strains of~. pertussis which 
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lack ACT activity are avirulent (Weiss et al. 1984). The 

goal of this research is to contribute to the growing body 

of knowledge surrounding this virulence determinant. The 

focus of my investigation has been the purification of ACT 

and characterization of some of its properties. 

Adenylate Cyclase Toxin 

Production, Cellular Localization, and Genetics 

The existence of ~. pertussis ACT enzymatic activity 

was first demonstrated by Wolff and Cook (1973) in the 

supernatant of a vaccine preparation which had been 

centrifuged at 100,000 x g. Hewlett et al. (1976) 

determined that 80% of ACT enzymatic activity in ~. 

pertussis was cell associated and that 93% of this cell 

associated activity was sensitive to trypsin treatment. 

These results suggesting that the location of ACT was in 

the outer membrane of the organism. The organism was shown 

to produce the enzyme in association with the cell during 

early logarithmic growth in liquid culture. Gradually, ACT 

enzymatic activity was released into the culture media 

through late logarithmic phase at which time cell 

associated activity was observed to decline and culture 

supernatant activity reached a plateau (Endoh et al. 1980). 
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It is of interest to note that two other species of 

Bordetella, ~. parapertussis and ~. bronchiseptica, also 

produce an ACT with enzymatic activity. The activity 

produced by these species was found exclusively in the 

culture supernatant (Endoh et al. 1980). ~. avium, the 

newest species of Bordetella, has recently been shown to be 

devoid of cell associated ACT enzymatic activity. Culture 

supernatant ACT enzymatic activity was not evaluated 

(Gentry-Weeks et al. 1988). 

Expression of ACT by ~. pertussis is under vir 

regulation since antigenic variation by either modulation 

or phase variation results in loss of ACT activity (Coote 

and Brownlie 1988). The vir gene was demonstrated by 

Brownlie et al. (1988) to restore expression of ACT in the 

vir- strain of ~. pertussis, BP347, as well as a phase IV 

strain, L84IV. The gene encoding ACT was cloned and 

expressed by Glaser et al. (1988a) in~. coli in the 

absence of vir. The clones were screened by 1) enzyme 

activity in the presence of calmodulin which was expressed 

on a separate plasmid and 2) antibodies against a low 

molecular weight form of ACT which had enzymatic activity. 

The gene was sequenced and found to contain an open reading 

frame of 5.2 kilobases encoding 1706 amino acids. An open 

reading frame of this size would result in a protein of 
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approximately 187 kd. Analysis of the predicted amino acid 

sequence demonstrated no signal-peptide sequence nor 

extensive sequences of hydrophobicity. A putative 

calmodulin-activated catalytic site was proposed to be 

contained in a 450 amino acid amino-terminal domain. Au et 

al. (1989) has identified a conserved lysine residue at 

position 58 which may be involved with the interaction of 

ACT and its substrate ATP. Site-specific alteration of 

this lysine to a methionine residue completely abrogated 

the catalytic activity of ACT. Further analysis of the ACT 

gene sequence by Glaser et al. (1988b) suggested that the 

remaining 1250 carboxy-terminal amino acids demonstrated 

25% homology with the a-hemolysin of E. coli. 

Additionally, they suggest that three open reading frames 

are present downstream from the carboxy-terminus of the ACT 

gene which exhibit 25% homology with the three a-hemolysin 

secretion genes from E. coli. 

The gene coding for the edema factor (EF) of Bacillus 

anthracis, which also has adenyl ate cyclase enzymatic 

activity, has been cloned and sequenced (Robertson et al. 

1988). The nucleotide sequence from EF was compared with 

that of ACT and showed overall homology of about 38%. 

Comparison of the amino acid sequences of ACT and EF 

demonstrated three strongly conserved domains between the 
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proteins of 67%, 51%, and 64% respectively. The first 

domain contained a conserved amino acid sequence for a 

nucleoside triphosphate binding site which was completely 

homologous with eukaryotic adenyl ate cyclases and differed 

from ACT by a single amino acid. Relationships between the 

two proteins in the remaining two domains were not 

described (Robertson 1988). 

Enzymatic Activity and Calmodulin Interaction 

Adenylate cyclase is an enzyme which catalyzes the 

conversion of ATP to cAMP. In prokaryotes such as E. coli, 

cAMP functions as a regulator of gene transcription. In 

eukaryotes, cAMP serves as a regulator of protein kinases 

and the associated phosphorylation cascades controlling 

numerous functions within the cell (Utsumi et al. 1986). 

Several bacterial pathogens, such as Vibrio cholerae, 

Escherichia coli, and Bordetella pertussis, produce toxins 

which exert their effects on eukaryotic cells by altering 

the delicate balance of regulation which is controlled by 

cyclic nucleotide concentrations (Moss et al. 1984). One 

unique aspect of Bordetella pertussis ACT is that it has 

the ability to penetrate eukaryotic cells and catalyze 

unregulated production of cAMP (Hewlett and Gordon 1988). 

A second unique aspect about ~. pertussis ACT is that 

---------------------_ .. -- ----------
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the enzymatic activity can be enhanced by the eukaryotic 

protein calmodulin. The level of stimulation by calmodulin 

above basal ACT enzymatic activity was demonstrated to be 

300-fold for the whole cell and 35-fold for the culture 

supernatant (Wolff et al. 1980). Leppla (1982) has 

demonstrated similar calmodulin activation of adenyl ate 

cyclase enzymatic activity of Bacillus anthracis EF. 

Calmodulin, which has not been demonstrated in 

prokaryotes, regulates many calcium-dependent enzymes in 

eukaryotic cells including certain adenyl ate cyclases. 

Calmodulin binds up to 4 molar equivalents of Ca+2 which 

induce conformational changes in the protein, exposing 

specific enzyme interaction sites (Wolff et al. 1984). 

There is evidence that these sites may be hydrophobic in 

nature since the majority of calmodulin antagonists are 

comprised of hydrophobic ring structures (Manlan and Klee 

1984). Calcium chelators, such as EGTA, are capable of 

blocking the regulatory effects of calmodulin (Wolff et al. 

1980, Leppla 1982, Manlan and Klee 1984). However, Wolff 

et al. (1980) demonstrated that activation of ~. pertussis 

ACT enzymatic activity could not be blocked if EGTA was 

added after the binding of calmodulin to ACT. This 

suggested that either a very high affinity existed between 

the ACT-calmodulin-Ca+2 complex or that the Ca+2 was 
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sequestered in such a manner as to prevent chelation. ca+2 

was not absolutely required for stimulation of ACT by 

calmodulin but was found to reduce the quantity of 

calmodulin required for half-maximal activation of ACT 

(Greenlee et ale 1982, Wolff et ale 1984). Ladant (1988) 

suggested that activation of ~. pertussis ACT by calmodulin 

was probably the result of high affinity between the two 

proteins. He reported that the dissociation constant for 

ACT and calmodulin was found to be 10.10 M in the presence 

of Ca+2 and 10.8 M in the presence of excess EGTA. 

Furthermore, once the calmodulin-ACT complex had been 

formed, excess EGTA did not dissociate the two proteins. 

stimulation of ACT enzymatic activity has been 

demonstrated for compounds other than calmodulin. Wolff et 

ale (1984) demonstrated 5 to la-fold activation of ACT with 

phospholipids. Activation was independent of polar head 

groups and fatty acid chain length. Detergents such as 

Triton-X activated ACT above and below the critical micelle 

concentration. They suggested that high affinity 

hydrophobic binding sites were present on the enzyme, but 

independent of the calmodulin binding domain, since 

phospholipids also enhanced sensitivity to calmodulin. 

Mauser et ale (1988) have attempted to demonstrate a 

relationship between Ca+2 and enzymatic activity in the 
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absence of calmodulin. They claimed that ACT partially 

purified by ion exchange and recovered from SOS

polyacrylamide gel electrophoresis (SOS-PAGE) could be 

stimulated directly by Ca+2 at micromolar concentrations. 

While a small enhancement in activity was presented, 

attempts to duplicate their recovery of active ACT from ion 

exchange has been unsuccessful (Chapter III). 

Biological Activity 

The biological activity of ~. pertussis ACT was first 

recognized by Confer and Eaton (1982) when a urea extract 

of whole cells was shown to inhibit superoxide production 

in human neutrophils and macrophages. They determined that 

0.5 mg/ml of crude extract induced increases in phagocyte 

intracellular cAMP to 2200 pmole/107 cells following a 20 

min incubation. Intracellular increases of cAMP by as 

little as 10-20 pmole abo"e basal levels (2-6 pmole) are 

sufficient to impair cell function (Ignarro and Cech 1976, 

Confer and Eaton 1982, Friedman et ale 1987). The crude 

extract undoubtedly contained other bacterial products, 

such as PT, capable of influencing intracellular cAMP 

levels in the phagocytes. Control neutrophils incubated 

with PT alone required over 12 hr to demonstrate any change 

in cAMP levels. 
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Activation of phagocytic cells by soluble or 

particulate stimuli (i.e., opsonized bacteria) occurs via 

specific receptors on the cell surface, and ultimately 

leads to formation of reactive oxygen products and 

lysosomal degranulation. The formation of reactive oxygen 

products and degranulation are important mechanisms 

involved in destruction of the ingested microorganisms 

(Babior 1984, Baggiolini and Dewald 1985, Fels and Cohn 

1986). The initial events which occur upon phagocyte 

receptor binding include transmembrane potential changes, 

arachidonic acid metabolism, and activation of protein 

kinase C. The complex cascade following phospholipid 

metabolism and protein phosphorylation ultimately leads to 

both generation of superoxide anion and release of 

lysosomal enzymes (Badwey and Karnovsky 1986). 

Precedence exists for cAMP inhibition of phagocytic cell 

function. Increases in cAMP have been shown to inhibit 

phospholipid metabolism in human neutrophils (Issekutz et 

al. 1979, Bianca et al. 1986); formation of reactive oxygen 

products (Wright and Mandell 1986, Friedman et al. 1987); 

lysosomal degranulation (Ignarro and Cech 1976, Goldman et 

al. 1985); leukotriene synthesis (Green et al. 1988); and 

fungicidal activity of neutrophils (Galgiani et al. 1988). 

-------------_ ...... _---.... _. __ ..... -.... . ... _._ ........... _. __ .. _ .. _---_ ... . 
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Biological characterization of the crude urea extracts 

demonstrated that the invasive property of ACT was 

inhibited by chelation of ca+2 (Confer et al. 1984). The 

requirement for ca+2 was sUbstantiated by Hanski and Farfel 

(1985). Penetration of ACT was also prevented by boiling 

the toxin, however, only 15% of enzymatic activity was lost 

after 5 min at 100°C. Internalization of ACT does not 

occur by receptor mediated endocytosis as intoxication was 

not prevented by ammonium chloride, chloroquine or 

cytochalasin D (Confer et al. 1984, Gordon et al. 1988, 

Gentile et al. 1988). Penetration was prevented by EGTA or 

concanavalin A (Hanski and Farfel 1985). 

~. pertussis urea extract can induce increased levels 

of cAMP in various different cell types including Chinese 

hamster ovary (CHO) cells, mouse adrenal cortex tumor (Y-1) 

cells, 849 mouse lymphoma cells, U-937 human lymphoma cells 

and THP-1 monocytic leukemia cells (Hanski and Farfel 1985, 

Weiss et al. 1985, Gentile et al. 1988). Raptis et al. 

(1989) investigated the nature of ACT invasion into CHO 

cells and speculated that invasive ACT has a surface

exposed cationic region which binds to anionic regions on 

the cell surface. Positively charged poly-Iysines were 

demonstrated to bind to the surface of CHO cells and 

prevent intoxication by ACT. 

-----------
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Partially purified preparations of ~. pertussis ACT 

have demonstrated the ability to directly induce increases 

in cAMP levels in cells. Pearson et ale (1987) partially 

purified ACT by phenyl-sepharose chromatography and sucrose 

gradient centrifugation. They recovered biological 

activity which was inhibitory to human monocyte 

chemiluminescence, an indirect measure of respiratory 

burst. Their preparation also inhibited superoxide 

production directly and induced over 1000 pmole cAMP/10? 

monocytes. Biological activity was less than 25% of wild 

type activity in urea extracts of the ~. pertussis mutant 

BP348 and absent in urea extracts of the mutant BP347. 

Interestingly, biologically active ACT was demonstrated in 

urea extracts of whole cell ~. parapertussis. 

ACT partially purified by gel filtration has also been 

found to contain biological activity. The molecular weight 

of the invasive ACT was estimated to be 190 kd (Hanski and 

FarfeI1985). The penetration of ACT into neutrophils was 

rapid and reached a steady state level within 20 min. These 

levels could be maintained for about 2 hr if ACT was 

continually present in the incubation medium. Removal of 

ACT from the medium resulted in rapid decrease in the 

intracellular cAMP levels (Friedman et ale 1987a). The 

penetration kinetics of ACT and rapid degradation of 

-------_.------
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intracellular ACT activity suggested that continuous 

penetration and deactivation of ACT occurred in eukaryotic 

cells (Farfel et al. 1987). 

ACT partially purified by ion exchange chromatography 

was demonstrated to induce increases in cAMP in 

neuroblastoma cells, erythrocytes and cardiac cells 

(Shattuck and Storm 1985b, Selfe et al. 1987, Mauser et al. 

1988). Preincubation of partially purified ACT with 

calmodulin inhibited penetration of erythrocytes. The 

levels induced in erythrocytes and neuroblastoma cells were 

substantially lower than quantities reported in leukocytes 

(Shattuck and Storm 1985b). Recovery of active ACT from 

ion exchange has not been duplicated by Raptis et al. 

(1989) or this laboratory (Chapter III). 

Purification of ACT 

Two basic approaches have been taken toward 

purification of ACT from ~. pertussis. The first of these 

has been purification of ACT from culture supernatant. Ion 

exchange chromatography was the primary (but not exclusive) 

method of purification of ACT from culture supernatant. 

The second approach to isolation of ACT has been urea 

extraction of ACT from whole cell organisms. The quantity 

of ACT associated with the whole cell is substantially 

-----~------------- -- ----~ ------------ ---~----
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greater than the amount present in culture supernatant 

(Hewlett et al. 1976). In an effort to compare the various 

purification attempts, all the enzymatic activities will be 

normalized to units and expressed as ~M cAMP/min. 

Purification of ACT from Culture Supernatant 

Hewlett and Wolff (1976) first attempted purification 

of ACT from culture supernatant of ~. pertussis and 

characterized the protein with respect to its enzymatic 

activity. Their choice of purification from culture 

supernatant was surprising since they had previously 

determined that the majority of ACT activity was cell 

associated (Hewlett et al. 1976). Their purification was a 

two-step scheme consisting of ion exchange and gel 

filtration chromatography using DEAE-cellulose and 

Sephadex G-200, respectively. Their culture supernatant 

contained 0.59 units of ACT enzymatic activity. A broad 

peak was eluted from DEAE-cellulose yielding 0.10 units of 

activity. The activity recovered from Sephadex G-200 was 

0.05 units. Molecular weight was determined by sucrose 

density gradient and reported to be 70 kd. They claimed 

isolation of a single protein entity, although, no SDS-PAGE 

data was presented in their paper. 

Shattuck et al. (1985) attempted purification also 

---_ ... _._ .... 
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using ion exchange and gel filtration with QAE-sephadex and 

Ultrogel AcA 44', respectively. Their culture supernatant 

activity was 2,020 units._ They recovered two protein peaks 

from QAE-sephadex and 193 units was contained in the first 

(and smallest) of these peaks. The second peak contained 

around 0.2 units of activity. ACT enzymatic activity (24 

units) was recovered from Ultrogel AcA 44 in fractions 

which contained very little protein. A silver stained SDS

PAGE gel demonstrated multiple bands in their "purified" 

fractions. They reported a molecular weight of 44.3 kd by 

sucrose density gradient centrifugation. They also claimed 

to have recovered biologically active ACT from their 

purification (Shattuck and Storm 1985). They passed their 

QAE-sephadex pool over fetuin-sepharose to remove PT and 

recovered protein which induced 250-350 pmole cAMP in 

erythrocytes and about 600 pmole in neuroblastoma cells 

above control levels. These levels are substantially lower 

than those reported for other preparations (see below). 

Their Ultrogel AcA 44 pool induced no cAMP in erythrocytes 

above background levels. As previously stated, duplication 

of these results have not been possible (Chapter III, 

Raptis et al. 1989). 

Kessin and Franke (1986) partially purified ACT with 

respect to enzymatic activity using hydrophobic interaction 

----------,---------. 
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chromatography with phenyl-sepharose prior to ion exchange 

and gel filtration using DE52 and Ultrogel AcA 34, 

respectively. The activity of their culture supernatant 

was 21 units. They recovered 10.7 units with phenyl

sepharose and 4.8 units following DE52. When the DE52 pool 

was run over AcA 34, two protein peaks eluted with 

activity. The first was described as an aggregate at 700 

kd and contained 1.6 units of activity. The second peak 

eluted between 60 and 70 kd and contained 1.2 units of 

activity. They claimed to identify predominant protein 

bands of the high molecular weight fraction at 45 and 60 

kd. The low molecular weight fraction demonstrated a band 

at 50 kd. No biological activity was reported for this 

preparation. 

Ladant et al. (1986) concentrated culture supernatant 

using an HAWP filter and claimed that 90% of ACT enzymatic 

activity was retained on the filter. About 80% of the 

activity was recovered from the filter by elution in buffer 

containing 0.1% Triton. The concentrated supernatant was 

chromatographed over Affi-gel calmodulin followed by DEAE

Sephacyl. Binding of ACT to DEAE-Sephacyl required the 

presence of calmodulin. Their culture supernatant 

contained 300 units of ACT enzymatic activity. The 

affinity chromatography resulted in recovery of 134 units 
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of activity while 110 units were recovered from DEAE

Sephacyl. Gel analysis of their preparations revealed two 

protein bands at 45 and 43 kd. No biological activity was 

reported for their preparation. 

Purification of ACT from Whole Cell Urea Extracts 

Partial purification of ACT which had both enzymatic 

and biological activity was done by Hanski and Farfel 

(1985). Extracts were chromatographed over Ultrogel AcA 

34. Differences in the elution profiles were reported when 

chromatography was performed in the presence or absence of 

Ca+2 • In the absence of ca+2 , two protein peaks eluted, 

both of which contained enzymatic activity. The greatest 

amount of enzymatic activity, about 0.05 units, was found 

in the first (and smallest) protein peak which migrated 

between the blue dextran and p-galactosidase (540 kd). A 

second peak containing the largest amount of protein 

contained about 0.01 units of activity and eluted between 

66 kd and 45 kd. The biologically active peak eluted at 

about 190 kd, contained little protein and less than 0.01 

units of enzymatic activity. The biologically active 

fraction induced over 700 pmole cAMP in 107 lymphocytes. 

Chromatography in the presence of Ca+2 resulted in 

similar protein and enzymatic activity profiles; however, 
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the biologically active peak was shifted to a molecular 

weight of about 340 kd. The level of cAMP induced in 

lymphocytes was 700 pmole/107 cells. The biologically 

active peak overlapped the predominant enzymatically active 

peak when chromatography in the presence of ca+2 was 

performed. One possible explanation provided was that a 

second protein entity was required for the invasive 

property of ACT. 

Friedman (1987) described a purification method using 

a single calmodulin-sepharose affinity chromatography step. 

The crude extract contained 6.0 units of activity. A 

single peak was eluted with EGTA and 0.5 units of enzymatic 

activity was recovered. The biological activity co-eluted 

in the same peak and induced 47 pmole CAMP/107 neutrophils. 

The biologically active ACT was able to inhibit neutrophil 

chemiluminescence in a dose-dependent manner (Friedman et 

ale 1987b). The purified component migrated as a major 

protein at 60 kd and a minor protein at 200 kd. This 

preparation was the purest with respect to contaminating 

proteins of any reported through 1988. 

Pearson et ale (1987) partially purified ACT with both 

biological and enzymatic activity using phenyl-sepharose 

and sucrose density gradient centrifugation. The ACT 

recovered from the sucrose gradient had an enzymatic 

----- ----------
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activity of 201 units and 10 ~g induced 1285 pmole CAMP/107 

monocytes. No molecular weight determinations were 

performed. 

As the work presented in this dissertation was nearing 

completion, Rogel et al. (1988) published a purifica'tion 

method utilizing using Ultrogel AcA 34, calmodulin-agarose 

and hydroxylapatite chromatography, respectively. As 

reported in an earlier publication (Hanski and Farfel 

1985), ACT enzymatic activity eluted from AcA 34 in two 

distinct protein peaks of high molecular weight and low 

molecular weight which were devoid of biological activity 

(see above). These two pools were independently subjected 

to calmodulin-agarose chromatography. The high molecular 

weight pool from this new preparation contained 307 units 

of enzymatic activity. Following calmodulin-agarose and 

hydroxylapatite chromatography, 71.4 and 42.0 units of 

enzymatic activity was recovered, respectively. The 

protein purified from hydroxylapatite migrated with a 

molecular weight of 205 kd in gel electrophoresis. 

Transfer of this protein to nitrocellulose and enzyme 

analysis demonstrated better than 0.2 units recovered. 

The low molecular weight fraction from AcA 34 

contained 165 units of enzymatic activity. Following 

purification by calmodulin-agarose and hydroxylapatite, 
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77.7 and 45.5 units of activity were recovered, 

respectively. The low molecular weight protein migrated to 

a position of 47 kd and approximately 1 unit of activity 

was recovered from the transblotted protein. 

Recently, Rogel et al. (1989) published a report 

describing that biological activity was associated with a 

single 200 kd protein. This protein induced about 160 ~M 

cAMPlmg lymphocyte proteinlmg toxin despite having only 15 

units of enzymatic activity. Invasion required ca+2 and 

could be blocked by anti-ACT antibody. 

The results presented by Rogel et al. (1989) 

sUbstantiate the results presented in this dissertation. I 

will demonstrate that ACT isolated from whole cell urea 

extract is a single protein of 220 kd molecular weight. 

The protein possesses both activities associated with ACT. 

The enzymatic activity is 288.7 units and the toxin induces 

1425 pmole of cAMPI 106 cells. Neutrophil 

chemiluminescence was inhibited by 64% with only 660 ng of 

ACT. This purified preparation is free from contaminants 

such as PT and FHA. On the basis of these results, ACT can 

be considered an important virulence factor. Further 

studies to define a role for ACT, in relation to in vivo 

pathogenesis and immunity, are needed to determine whether 

this virulence determinant can serve to protect individuals 
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from both infection and disease . 

. _---.-----_._-_.- ... _--- ---
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CHAPTER II 

MATERIALS AND METHODS 

Bacteria and Growth Media 

Bordetella pertussis strain 504, a virulent wild type 

isolate, was used for the purification of cell associated 

adenylate cyclase. stock cultures were stored as thick 

suspensions in stainer-Scholte medium and 50% glycerol at 

-70°C. Fresh cultures were prepared by inoculating 

charcoal agar (Difco) plates supplemented with 15% sheep 

blood with 2-3 drops of frozen stock. Plates were 

incubated for 36-40 hr at 37°C. 

Liquid cultures of phase I ~. pertussis were grown in 

stainer-Scholte medium (Stainer and Scholte 1970). The 

medium was prepared as two components, a basal medium which 

was autoclaved and a supplement which was sterilized by 

filtration through an 0.2 ~ filter and added (1 ml 

supplement per 100 ml basal medium) just prior to use. The 

composition of Stainer-Scholte basal medium and supplement 

is described in appendix A. 

Growth Curve and optimal ACT Production 

Growth from an entire charcoal agar plate was used to 
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seed 100 ml starter cultures of stainer-Scholte medium and 

were grown for 24 hr at 37°C and 250 rpm in a New Brunswick 

model G-25 incubator shaker. Growth curves were 

established by removal of a 1 ml aliquot of culture at 

specified time points and recording o. D. 650 using a Gilford 

240 spectrophotometer. Production of cell associated ACT 

was determined by centrifugation of each aliquot in a 

Fisher microfuge for 1 min. Each cell pellet was washed 

once with 50 roM Tris pH 7.6; 50 roM NaCl (TN), and then 

resuspended in 1 ml of TN, and assayed for ACT enzymatic 

activity (method described below). In separate 

experiments, the cell pellets were extracted with TN 

containing 6 M urea and were assayed for inhibition of 

neutrophil chemiluminescence and increased cAMP in S49 

cells (methods described below). 

Large Scale Production of Cell Associated ACT 

Fifty ml of a 12-14 hr starter culture was used to 

inoculate 400 ml stainer-Scholte medium in alL flask 

which was then incubated for 10 hr at 37°C and 250 rpm. 

Cells were harvested by centrifugation for 10 min in a 

Sorvall GSA rotor at 10,000 x g at 4°C. Cell pellets were 

resuspended in TN with a Janke & Kunkel Ultra-Turrax tissue 

homogenizer at a setting not exceeding 25. Cells were 
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pooled and washed by centrifugation under identical 

conditions, the pellet was weighed and homogenized in 50 mM 

Tris pH 7.6; 50 mM EDTA (TE) at 0.1 g cells/mI. Lysozyme 

(Sigma; Egg white 65,900 units/mg) was added to a final 

concentration of 25 mg/ml and the suspension was incubated 

on ice for 20 min. Phenylmethylsulfonyl fluoride (Sigma; 

PMSF) was added to a final concentration of 0.25 mM. Cells 

were then centrifuged as before and the pellet homogenized 

in 50 mM Tris pH7.6i 150 mM NaCli 1 mM EDTAi 0.25 mM PMSF 

(TNE). Solid urea (Fluka; ultra pure) was added to a final 

concentration of 6 M and dissolved by swirling. Cell 

density was adjusted with TNE to a final concentration of 

0.1 g cells/mI. Generally, cell suspensions were stored 

for a minimum of 18 hr at -70°C. Prior to chromatography, 

urea extracted cells were centrifuged for 20 min in a 

Sorvall SS-34 rotor at 45,000 x g at 4°C to remove cellular 

debris. Urea extracts were dialyzed against the 

appropriate starting buffer prior to chromatography 

(described below). 

Membrane Isolation from ~. pertussis strain 504 

Cultures of ~. pertussis were grown for 10 hr as 

described above. Cells were harvested by centrifugation 

for 10 min in a Sorvall GSA rotor at 10,000 x g at 4°C. 
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The resultant cell pellet was resuspended in TE with a 

tissue homogenizer and washed by centrifugation as above. 

The cell pellet was weighed and resuspended in TE with a 

tissue homogenizer to a cell density of 0.1 g/ml. 

Spheroplasts were formed by addition of lysozyme to a final 

concentration of 1 mg/ml and incubation of the suspension 

at room temperature for 45 min. spheroplasts were pelleted 

by centrifugation at 10,000 x g for 10 min at 4°C. The 

pellet was gently resuspended by homogenization in 3-5 ml 

of cold 20 roM Tris pH 8.0; 500 roM NaCI; 5 roM MgCI2 • In 

some experiments the 500 roM NaCI was replaced with 1 M 

sucrose to determine which method of hypotonic lysis was 

more efficient in yielding ACT. The suspension was 

permitted to equilibrate for 15 min on ice and then the 

spheroplasts were lysed by a rapid addition of a 20-fold 

volume of cold 20 roM Tris pH 8.0; 5 roM MgCI2 ; 0.1 roM PMSF. 

Protease-free DNAse (sigma) was added to a 0.25 mg/ml final 

concentration and incubated for 15 min at 37°C. Whole 

cells were removed by centrifugation at 1,000 x g for 10 

min at 4°C. The supernatant was checked for the presence 

of whole cells by Gram stain. The supernatant crude 

membrane fraction was adjusted to 4 M urea by addition of 

solid crystals and stored overnight at -70°C. The extract 

was thawed and centrifuged at 100,000 x g using an SW 28 
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rotor (Beckman) in Beckman L8-M ultracentrifuge for 90 min 

at 4°C. The resultant supernatant was collected and 

considered the urea extract of the crude membrane 

preparation. 

Experiments to concentrate the membrane fraction were 

performed by the method described by Loeb et ale (1981). 

Briefly, 9 ml of crude membrane was layered onto a 

discontinuous gradient of 15% sucrose (15 ml) which was 

layered onto a 60% sucrose cushion (12 ml). The sucrose 

was dissolved in 20 roM Tris pH 8.0; 5 roM MgC12 • The 

gradients were centrifuged in an SW 28 rotor at 45,000 x g 

for 90 min at 20°C. The membrane fraction settled at the 

interface between the 15% and 60% sucrose layers. The 

membrane fraction band was visualized by light diffraction 

and recovered by aspiration with a Pasteur pipette. 

Additionally, the cytosol layer which remained at the top 

of the gradient and cell pellet were recovered. The 

sucrose was dialyzed away prior to assaying for ACT enzyme 

activity. 

CHAPS Extraction of Whole Cell ~. pertussis strain 504 

Growth from an entire charcoal agar plate was used to 

seed each of three 250 ml flasks containing 100 ml of 

Stainer-Scholte media. Cultures were grown at 250 rpm for 
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8.5 hr at 37°C. Cells were harvested by centrifugation in 

a GSA rotor at 10,000 ~ g for 10 min at 4°C. The cell 

pellet was resuspended in TE by homogenization and washed 

by centrifugation as above. The pellet was resuspended in 

50 roM Tris pH 8.0; 100 roM NaCl; 1 roM EOTA to a final. cell 

density of 0.01 g/ml. Lysozyme was added to a final 

concentration of 0.25 mglml and the mixture was incubated 

on ice for 1 hr. The cells were then centrifuged at 10,000 

x g for 10 min at 4°C. The pellet was resuspended by 

homogenization as above to a final cell density of 0.01 

g/ml. The cell suspension was then divided equally into 6 

conical tubes. One tube served as a control to which 

nothing was added. The other tubes were brought to final 

concentrations of CHAPS (Research Organics; 3-[3'

Cholamidopropyl)dimethylammonio-l-propane sulfonate), 

ranging from 5 to 100 roM, depending on the experiment 

(described in Table 3-12). In one experiment, one tube 

without CHAPS, was brought to a final concentration of 6 M 

urea to compare efficiency of the extraction methods. The 

cell suspensions were then mixed on a platform rocker for 1 

hr at 4°C. The lysates were then centrifuged in an SW 28 

rotor at 100,000 x g for 90 min at 4°C. The supernatants 

were collected, dialyzed and analyzed by enzyme assay and 

SOS-PAGE. Pellets were resuspended in 10 ml 50 roM Tris pH 



8.0; 100 roM NaCI; 1 roM EDTA, dialyzed and analyzed by 

enzyme assay and SDS-PAGE. 

Primary Chromatography Methods 

All manipulations with ACT were performed at 4°C 

unless otherwise indicated. Dialysis buffers generally 

contained 0.1 roM PMSF as a protease inhibitor. PMSF was 

added just prior to use from a stock solution of 10 roM in 

100% ethanol. 

Hydroxylapatite Chromatography: 

A Pharmacia XK 50 x 30 cm column packed with 185 ml 

spheroidal hydroxylapatite (Gallard-Schlesinger) was 

equilibrated with 10 roM sodium phosphate buffer pH 8.0. 
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The maximum capacity of the column was determined to be 15 

ml extract/50 ml resin. Centrifuged urea extract was 

dialyzed against a sUfficient volume of 10 roM phosphate 

buffer, pH 8.0, to remove all urea. Dialyzed extract was 

diluted 5-fold with 10 roM phosphate buffer and loaded over 

the column at a flow rate regulated to 28 ml/hr by an LKB 

2232 Microperpex S peristaltic pump. The column was washed 

with 10 roM phosphate until the absorbance at 280 nm (A280 ) 

attained a baseline. The column was eluted using 100 roM 

phosphate pH 8.0 at 28 ml/hr and fractions collected using 

----_._- -----.'--------- .. 



an LKB 2070 Ultrorac II fraction collector. Protein and 

ACT elution was followed by A280 and by enzymatic activity 

(described below). 

Calmodulin-Sepharose Chromatography: 
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A Pharrnacia C 16 x 20 cm column was packed with 10 ml 

calmodulin-sepharose 4B (Pharrnacia) and equilibrated with 

50 roM Tris pH7.6; 150 roM NaCl; 5 roM MgCl 2 ; 0.1 roM CaCl2 ; 

1 roM CHAPS (Buffer A). Hydroxylapatite active fractions 

were pooled and dialyzed against a sufficient volume of 

Buffer A without CHAPS (Buffer B) to correct the ionic 

strength. Dialysate was made 1 roM CHAPS by addition of 

solid detergent and loaded onto the column at 12 ml/hr. 

The column was washed with Buffer A until the A280 attained 

a baseline. A second wash was performed with Buffer B to 

dilute the detergent concentration. The column was eluted 

with Buffer B containing 6 M urea. Protein elution was 

followed by A280 while ACT was followed by enzyme and 

biological assays. 

other Chromatographic Methods 

Hydrophobic Interaction Chromatography (HIC): 

A Pharrnacia C 16 x 20 cm column was packed with 15 ml 

of phenyl-sepharose resin (Pharrnacia) and was equilibrated 

______ • ________ .. ___ 0" .. _. ____ ..... - - •• -._-., --.... _--.. - .. --.------
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with 50 roM Tris pH 7.60; 45 roM NaCl; 5 roM MgC12 : 0.1 roM 

caC12 : 0.86 M ammonium sulfate (buffer A). Fifteen ml of 

urea extract was dialyzed against several volumes of buffer 

B (buffer A without 0.86 M ammonium sulfate). Nucleic acid 

was removed from the dialysate by dropwise addition of 0.75 

ml of a 30% streptomycin sulfate solution at 4°C with 

stirring. The dialysate was stirred for an additional 15 

min, then centrifuged in an SS-34 rotor at 11,500 rpm for 

10 min at 4°C. The supernatant was recovered and brought 

to 20% ammonium sulfate (0.86 M) by gradual addition of 

solid crystals with stirring at 4°C. The mixture was 

stirred for an additional 30 min, then centrifuged in an 

SS-34 rotor at 11,500 rpm for 20 min at 4°C. The 

supernatant was then loaded onto the column at 12 ml/hr and 

10 ml fractions collected. The column was washed with 

buffer A until a baseline A280 was attained. Weakly bound 

proteins were washed off the column with buffer B until a 

baseline was attained. ACT was eluted from the column with 

buffer C (buffer B containing 6 M urea) at 12 ml/hr and 4 

ml fractions collected. ACT was followed by A280, enzyme 

assay and SDS-PAGE. 

Gel Filtration Chromatography: 

A Pharrnacia K 16 x 70 cm column was packed with 365 ml 

-----_._--_._._----- .. _-- .. --'- --'" 
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of either Sephacryl S-200 or Sephacryl S-300 resin 

(Pharmacia) per the instructions included with the resins. 

The mobile phase buffer for Sephacryl S-200 was 50 roM Tris 

pH 7.6; 45 roM NaCl; 5 roM MgCl2: 0.1 roM caCl2 (TNMC). The 

mobile phase for Sephacryl S-300 was either TNMC + 0.1% 

CHAPS or TNMC + 3 M urea. The columns were calibrated at 

room temperature using 1 vial of Bio-Rad protein standards 

dissolved in 0.5 ml mobile phase buffer containing BSA at 

50 mg/ml and 1 ml of blue dextran (Pharmacia) at 2 mg/ml. 

Standards were loaded and eluted at a flow rate of 30 ml/hr 

using a Pharmacia P-1 peristaltic pump. The void volume 

was collected as a single fraction from the time the 

standards were loaded until the blue dextran reached a 

position about 1 cm from the bottom of the column. At that 

point 2.8 ml fractions were collected and protein elution 

was followed by A280 • 

ACT active pool (eluted from phenyl-sepharose) was 

dialyzed against several changes of mobile phase buffer. 

Between 6 and 12 ml of dialysate was loaded onto the gel 

filtration resins at 30 ml/hr at room temperature. 

Fractions (4 ml) were collected following retaining an 

equivalent amount of the void volume buffer as was obtained 

during separation of the standards (described above). 

Elution was followed by A280 , enzyme activity and SOS-PAGE. 
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Affi-gel blue Chromatography: 

Experiments using affi-gel blue (Bio-Rad) were 

performed in small scale only. Ten ml of affi-gel blue was 

equilibrated with TNMC. Five ml of phenyl-sepharose active 

pool was dialyzed against several changes of TNMC and then 

batch absorbed with affi-gel blue for 1 hr at 4°C on a 

rocker platform. Two ml of the protein-resin mixture was 

then packed into each of 5 disposaflex columns (Kontes) by 

gravity flow. The columns were washed with TNMC until the 

A280 was 0.020. Each column was then eluted stepwise with a 

2.5 ml volume of TNMC containing either 0.5 M, 1 M, 2 M, 

4 M, and 6 M urea. All columns were then eluted with 2.5 

ml of TNMC containing 6 M urea. Elution was followed by 

A280 , enzyme activity, and SDS-PAGE. 

Immuno-affinity Chromatography: 

III-A9 monoclonal antibody is a mouse IgG, and 

immunoprecipitates ACT enzymatic activity and a 60 kd 

protein. The monoclonal was produced in collaboration with 

the laboratory of Dr. David Lucas, University of Arizona. 

An affinity column of Protein A sepharose (Pierce) 

crosslinked with III-A9 was constructed by the method of 

Schnider et ale (1982). Briefly, this method involved 

binding 9 ml of the antibody (2.5 mg/ml) to 2.5 ml of 
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Protein A sepharose in 100 mM sodium borate buffer, pH 8.2, 

at room temperature for 1 hr. The resin was washed 

thoroughly to remove any unbound antibody and then 

equilibrated in 200 mM triethanolamine, pH 8.2. Antibody 

was crosslinked to the Protein A sepharose by mixing the 

resin at room temperature with 200 mM triethanolamine 

containing 20 mM dimethylpimelimidate (Pierce) for 45 min. 

The resin was washed with 20 mM ethanolamine and then 

equilibrated into TNMC. 

Binding and elution conditions were established by 

ELISA using immobilized 60 kd protein which was obtained in 

purified form from calmodulin-sepharose chromatography. 

This protein pool was inactive with respect to enzymatic 

activity but positive by western blot to III-A9. Briefly, 

60 kd protein was diluted to a final concentration of 5 

~g/ml in 100 mM carbonate coating buffer, pH 9.6, and 

plated (100 ~l/well) in Immulon II flat-bottom microtiter 

plates (Dynatech) and incubated overnight at 4°C. The 

plates were washed with 9.0 mM KH2P04 ; 1.5 mM Na2Po4 ; 137 mM 

NaCI; 2.7 mM KCI; pH 7.4 (PBS), to remove any unbound 60 kd 

antigen. One plate was manipulated under conditions in 

which 0.1% Tween-20 (Bio-Rad) was included in all the 

buffers, while the other plate was manipulated under 

conditions in which Tween-20 was omitted. Plates were 

---- ,--,---... ~.,- .. -.. , 
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blocked at 37°C for 2 hr with 200 ~l/well of 1% BSA in PBS 

(+ or - Tween-20). III-A9 was diluted 1:3000 in 0.25% skim 

milk in PBS (+ or -) and 100 ~l/well added to columns 2-11 

of each plate. Plates were incubated at 37°C for 2 hr and 

then washed 3x with PBS (+ or -). Dissociation of III-A9 

was attempted by incubating the plates at 37°C for 1 hr 

with 100 ~l/well of various solutions as described in Table 

2-1. Plates were then washed 3x with PBS as above. Plates 

were then incubated at 37°C for 2 hr with horseradish 

peroxidase labelled goat a-mouse antibody (diluted 1:1000) 

at 100 ~l/well. Wells positive for III-A9 antibody were 

visualized by color reaction as described in Appendix A. 

Experiments using the immuno-affinity resin were 

performed in small scale only. six ml of phenyl-sepharose 

active pool was dialyzed against several changes of TNMC 

and then batch absorbed with the pre-equilibrated resin for 

either 1 hr or 18 hr at 4°C using a platform rocker. The 

protein-resin mixture was then packed into a disposaflex 

column by gravity flow and washed extensively with TNMC + 

0.5 M NaCl. Attempts were made to elute ACT using one of 

the following solutions: TNMC + 6 M urea, 50 roM 

diethylamine, pH 11.5, or 3 M MgClz• Elution was followed 

by AZ80 ' enzyme activity, SOS-PAGE, and dot blot assay 

(described in Western blot method). 
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TABLE 2-1: Elution ConditionsD for Dissociation of III-A9 
from Immobilized 60 kd Antiqen in Microtiter 
Wells 

Column 1 - Blank (no III-A9; - Color Control) 

Column 2 - 5 M MgCl2 

Column 3 - 3 M MgCl2 

Column 4 - 0.1 M Glycine pH 10.0 

Column 5 - 0.5 M NaCI 

Column 6 - 0.3 M NaCI 

Column 7 - 0.15 M NaCI 

Column 8 - 6 M Urea 

Column 9 - 4 M Urea 

Column 10- 2 M Urea 

Column 11- PBS (III-A9 added; + Color Control) 

Column 12- Blank 

a All compounds dissolved in phosphate buffered 
saline (PBS) except for MgCl2 which was 
buffered in 50 roM Tris pH 5.80. 



other Chromatoqraphy Resins 

Ion Exchange Resins: 

DEAE-Sephacyl, QAE-Sephadex A25, QAE-Sephadex A50, CM

Sephadex C50, Mono Q HR 5/5, Mono P HR 5/5 were all 

products of Pharmacia. 

Adenylate Cyclase Enzyme Assay 
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All enzyme assays were performed usinq a modified 

version of the method outlined by White (1974). Briefly, 

a 40 ~l sample to be tested was pre-incubated with 3 ~l of 

calmodulin (stock 500 ~g/ml) (Pharmacia; bovine testis) for 

10 min at 30°C. The reaction was initiated by the addition 

of 40 ~l ATP mixture (Appendix A) containing 0.5 ~Ci a_32p 

ATP (NEN; 3000 ci/mmole) and incubated for 25 min at 30°C. 

The reaction was terminated by addition of 200 ~l 0.5 N 

HCl. The pH of the reaction mixture was restored to 7.0 by 

addition of 300 ~l of 1.5 M imidazole. ATP and cAMP were 

separated by passing the entire reaction volume over 1.0 g 

of neutral alumina packed in a disposaflex column and 

equilibrated with 100 roM imidazole. The column was washed 

with 3 successive 1 ml volumes of 100 roM imidazole and the 

flow through, containing cAMP, collected into a plastic 

scintillation vial. sixteen ml of Ready-Safe scintillation 

cocktail (Beckman) was added to the vial and the sample 
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counted for 2 min in a Beckman LS-250 liquid scintillation 

counter. Enzyme activity was reported in units where 1 

unit is defined as 1 ~mole of cAMP formed/min. Specific 

activity was reported in units/mg. Protein concentrations 

were assayed using the BCA protein assay (Pierce) according 

to the package insert protocol. 

Chemiluminescence Inhibition Assay (CL) 

This assay is an indirect measure of biological 

activity in which cAMP produced in neutrophils inhibits 

their ability to undergo respiratory burst. Isolation of 

polymorphonuclear leukocytes (PMNs) and CL assay was 

performed according to the method of Friedman et ale 

(19B7). Blood was obtained from human donors by 

venipuncture and PMNs isolated by Ficoll-Hypaque gradient 

centrifugation in a Beckman TJ-6 centrifuge. The PMNs 

settled in a milky layer just above the red blood cell 

pellet and were removed with a Pasteur pipette. PMNs were 

washed with normal saline and the red cells lysed by 

successive hypotonic salt washes. Isolated PMNs were 

washed in gel-Hanks' Balanced Salt Solution (Gibco; gel

HBSS), counted and diluted to a final concentration of 2 x 

106 cells/mI. One ml of PMNs were incubated with 100 ~l of 

sample at 37°C for 1 hr with constant mixing on a tube 
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rotator. Following incubation, 250 ~l of PMNs were placed 

into glass scintillation vials containing 5 ml of gel-HBSS 

and 20 ~l of luminol (Sigma; stock 2.75 ~M in DMSO). 

Background fluorescence was determined by counting each 

vial for 0.1 min using the 3H window of a Beckman LS-250 

liquid scintillation counter. Once background counts were 

obtained, 400 ~l of heat-killed Staphylococcus aureus 

(stock 1.5 x 108 cells/ml), opsonized with autologous 

serum, were added to each vial and mixed. Vials were 

continuously counted for 0.1 min until fluorescence levels 

of control cells had peaked. Viability of PMNs were 

determined by trypan blue exclusion. Activity was reported 

as % inhibition of control PMNs' (untreated) level of 

chemiluminescence. 

cAMP Determi~ation using 849 Mouse Lymphoma Cells 

849 cells were a generous gift from Dr. Erik Hewlett, 

Depts. of Medicine and Pharmacology, University of 

Virginia, Charlottesville, VA. Cells were grown in 

suspension culture in Dulbecco's Modified Eagle's Medium 

(sigma; DMEM) containing 10% horse serum at 37°C with 10% 

CO2• Cells were harvested by centrifugation at 1200 rpm 

for 5 min in a Beckman TJ-6 centrifuge and resuspended in 

DMEM containing 0.2 roM isobutyl-methyl xanthine (Sigma; 
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IBMX) to a cell density of 2 x 106/ml . Assays were 

initiated when 450 ~l of cells were incubated with 50 ~l of 

test sample at 37°C for 1 hr with rotation. positive 

control S49 cells were incubated with 50 ~l of either 10 ~M 

isoproterenol (Sigma) or 10 ~M forskolin (CaIBiochem). 

Negative control S49 cells were incubated with 50 ~l TNMC. 

Following incubation cells were harvested by centrifugation 

for 2 min in a Fisher microfuge and the supernatant 

carefully aspirated without disturbing the cell pellet. 

The pellet was resuspended in 150 ~l 50 roM Tris pH 7.5; 4 

roM EDTA (TE buffer) and boiled for 5 min in a water bath. 

The cell lysate was centrifuged for 2 min to pellet cell 

debris. The supernatant (50 ~l) was assayed in duplicate 

for the presence of cAMP by a modified version of the 

method described by Gilman (1970). Briefly, samples were 

incubated with 50 ~l of 2,8-3H-CAMP (stock 20 pmole/ml) 

(NEN; 32.8 Ci/mmole) and 100 ~l of cAMP dependent protein 

kinase (Sigma; Bovine heart) on ice at 4°C for 2 hr. 

Protein kinase was prepared as a stock of 60 ~g/ml in TE 

buffer + 0.1% BSA (Sigma; RIA Grade). A cAMP stanua~d 

curve was established by assaying duplicate 50 ~l samples 

of known cAMP concentrations from 0 pmole/ml to 500 

pmole/ml as above. Reactions were terminated by addition 

of 100 ~l of activated carbon (Norit; Ultra SX) in 
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TE buffer + 2% BSA. Samples were centrifuged for 45 sec 

and 200 ~l of supernatant placed into scintillation vials. 

Four ml of Ready-Safe scintillation cocktail was added and 

the vials counted for 2 min in a Beckman LS-250 liquid 

scintillation counter. 

Background counts were obtained by a blank assay in 

which protein kinase was replaced by TE buffer. Raw counts 

per minute (cpm) for standards and samples were corrected 

by subtracting the blank value. A standard concentration 

curve was established by plotting %B/Bo vs. picomole of 

cAMP, where B is the corrected cpm value for a given 

standard or sample and Bo is the corrected cpm value for 

the 0 pmo1elm1 standard. Sample %B/Bo values were 

extrapolated to the curve to quantitate the concentration 

of cAMP. 

Electrophoresis and western Blotting 

All SOS-polyacrylamide gel electrophoresis (SOS-PAGE) 

were performed according to the method described by 

Blackshear (1984). Routinely, 7.5-15% acry1amide gels were 

run in a Hoefer Model SE 400 vertical slab gel unit. Gels 

were pre-run at 100 volts until the SOS-running buffer 

(Appendix A) front was just below the sample wells. The 

samples were run at either 150 volts (constant voltage) 

-------_._-------- ~----~. ,,,---,-, 
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when gels were stained that day or 8 roArnps (constant rnA) 

when gels were run overnight. Pre-stained molecular weight 

standards (BRL: lot 71101 or 74101: 3 ~l/well) were used to 

estimate protein molecular weight. Protein samples were 

loaded at 2.5-5 ~g per well. Gels were routinely silver 

stained by the method of Morrisey (1981). Briefly, gels 

were fixed in 50% methanol for a minimum of 1 hr. The gels 

were extensively washed with several changes of Milli-Q 

water and then equilibrated in 10 ~g/ml OTT (Sigma; 

Oithiothreitol) for 30 min. The gels were then placed in 

0.1% silver nitrate (sigma) for 30 min. Gels were washed 

twice with Milli-Q water and then reacted with 0.05% 

formaldehyde in 28.3 roM Na2C03 to deposit silver on the 

proteins. The reaction was stopped by briefly rinsing the 

gels in Milli-Q water and then placing them in 45% citrate. 

Two-dimensional electrophoresis was performed by the 

method of O'Farrell (1975). First dimension 

electro focusing tube gels (.25 cm i.d. x 13 cm) were cast 

based on the recipe in Appendix A. Gels were pre-run for 

15 min at 200 volts, 30 min at 300 volts and finally for 30 

min at 400 volts. The gels were layered with 30 ~l of 

sample containing 8-10 ~g of protein. Focusing was 

accomplished by electrophoresis for 18 hr at 300 volts 

followed by an increase in voltage to 800 volts for 1 hr to 
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insure band sharpening. The focused gels were then 

equilibrated in SDS-PAGE sample buffer (Appendix A) and 

overlaid onto vertical slab 7.5-15% gradient gels. 

separation in the second dimension proceeded at 9mA for 18 

hr. A standard first dimension gel was run without 

protein, cut into 5 rom slices, and equilibrated in degassed 

water for several hours to establish the pH gradient. Slab 

gels were silver stained as described above. 

Gels which were iromunostained were equilibrated in 25 

roM Tris-base pH 8.3; 193 roM glycine; 20% methanol (TGM) for 

30 min. Immobilon-P PVDF transfer membranes (Millipore) 

were also equilibrated in TGM. Transfer was performed 

using a Bio-Rad transblot cell at 4°C for 5 hr at 220 mAo 

Following transfer, the Immobilon membrane was blocked with 

20 roM Tris pH 7.4; 154 roM NaCI (TBS) containing 2.5% BSA 

for 1 hr at 37°C. The membrane was washed 3x for 10 min in 

TBS + 0.05% CHAPS. Three primary antibodies were used in 

Western blots: either III-A9 (described above); rabbit 

polyclonal affinity purified a-pertussis toxin (a-PT)i or 

rabbit polyclonal affinity purified a-filamentous 

hemagglutinin (a-FHA). The primary antibody was diluted 

1:100 in TBS + 0.025% BSA and reacted with the membrane for 

2 hr at 37°C. The membrane was washed as before to remove 

any unbound primary antibody. The second antibody was 

---- ----.------------- .--------- -_._-----._----_._--
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either an alkaline phosphatase (AP) conjugated sheep 

a-mouse IgG (Cappel affinity purified; diluted to 1:4000) 

to recognize III-A9; or AP conjugated goat a-rabbit IgG 

(Cappel affinity purified; diluted to 1:4000) to recognize 

the a-PT and a-FHA. The second antibody was diluted in TBS 

+ 0.025% BSA. The membrane and second antibody were 

incubated at 37°C for 30 min and then the membrane was 

washed as above to remove any unbound second antibody. The 

final wash of the membrane was performed using TBS without 

CHAPS. Immunoreacted bands were visualized by color 

reaction as described in Appendix A. 

Isoelectric Focusing by Rotofor 

An ACT pool obtained from calmodulin-sepharose (35-50 

ml) was extensively dialyzed against 6 M urea at 4°C to 

remove all traces of any other salts. The sample was 

placed into the rotofor (Bio-Rad) chamber along with a 

final concentration of 2% w/v pH 3.5-10 ampholines (LKB; 

40% stock). The sample was limited by constant poweL (12 

watts) at maximum voltage and current for 5 hr. Separated 

proteins were removed by vacuum aspiration and the pH 

gradient established using a Beckman ¢40 pH meter with a 

calomel electrode. Individual samples were dialyzed 

against TNMC and assayed for enzymatic activity. 



CHAPTER III 

RESULTS 

Cell Associated Production of ACT in Liquid Culture of 

BPS04 
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The production of cell associated ACT during the 

growth of ~. pertussis strain 504 is shown in Figure 3-1. 

Evaluation of the amount of cell associated ACT was based 

primarily on enzymatic activity of the whole cell sample. 

Initial production of ACT occurred at about 2 hr post

inoculation. The brief lag was presumably the period 

during which the organism was adjusting to life in liquid 

culture. Production of cell associated ACT continued 

during log phase growth and peaked at a mid-log time of 12 

hr post-inoculation. The presence of cell associated ACT 

gradually declined over the next 12 hr to quantities less 

than 50% of peak ACT enzymatic levels. Comparison of cAMP 

levels induced in S49 cells by ACT to the enzymatic 

activity of ACT demonstrated fairly close correlation to 

the peak time of cell associated production (Table 3-1). 

The levels of biological activity of ACT followed a similar 

pattern to the enzymatic activity as evidenced by the 

initial lag period, the peak of activity at 10 hr, and a 
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gradual decline of activity. 

purification Phase 1: Cellular fractionation 

Initially, the approach to purification of ACT was to 

utilize membrane extracts of BP504 harvested during the 

range of optimal cell associated ACT production. I felt 

that this method would eliminate a majority of extraneous 

proteins as well as lend stability to the intact toxin 

molecule. While the recovery of ACT possessing both 

desired activities was possible (Table 3-2), the levels of 

each were less than desired. Additionally, a significant 

amount of biologically active ACT remained in the lOOK 

pellet which would not be used in the purification. 

comparison of crude membrane activities to those in crude 

urea extracts of the whole cells demonstrated sUbstantial 

loss of ACT in the first step. In addition, whole cell 

urea extracts maintained their stability through storage 

better than membrane fractions. Enrichment of the membrane 

fraction by discontinuous sucrose gradient as described by 

Loeb et al. (1981), also proved unsuccessful. The data in 

Table 3-3 indicates that the ACT enzymatic activity was 

divided between two pools, the upper gradient layer pool 

which was comprised of cytosol proteins, and the pellet 

which contained unlysed cells and large cell fragments. 
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Only a small fraction of the enzymatic activity was 

recovered in the desired membrane fraction. The method of 

hypotonic lysis, with either NaCl or sucrose, or inclusion 

of the cell wall disrupting enzyme lysozyme made no 

difference in recovery of the ACT pool (Table 3-3). 

It became apparent that cellular fractionation would 

not provide sUfficient starting material for one step 

chromatography purification. I decided to utilize the 

crude extracts of whole cell BP504 because they would yield 

the greatest quantity of ACT activity, were stably 

maintained in storage and required less manipulations to 

obtain. 

--------------



FIGURE 1 
Cell Associated Adenylate Cyclase Toxin 

Production During Growth of BP504 
16,-----------------...... 2.0 

14 E' 
N C 

~~ 12 1.5 ~ 
~x S 
U"2' 10 >. « .-
.!::2 -€: 8 1.0 ]i 
~~ ~ 
Q E 6 0 
0> ....... 

~~4 u~ 
...;- 2 -- Specific Activity a 

....... Optical Density 0 
o -F-----r----r----.-----,r----+ 0.0 

o 5 10 15 20 25 

Time (hrs) 

FIGURE 3-1: Cell associated adenylate cyclase production during 
growth of BPS04. One ml samples of whole cells were 
measured for optical density and enzymatic activity 
at various respective time points. 
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TABLE 3-1: Enzymatic and Bio1oqica1 Activities of Cell 
Associated Adeny1ate Cyclase Toxin 

Time (hr) Sp. Act. B cAMP(pmole)b 

2 720 305 

4 521 368 

6 791 632 

8 1181 658 

10 883 842 

12 671 553 

B Urea extracted whole cell specific activity in 
J1.M cAMP/mg/min. 

b Levels induced in S49 cells (pmole/mg). Control 
levels were 63 pmole/mg. 
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TABLE 3-2: Comparison of Enzymatic and Bioloqical Activity 
'of BPS04 Adenylate cyclase Toxin Durinq Membrane 
Isolation and Urea Extraction of Whole Cells 

Units8 :§Inhibitionb 

Whole cell (WC) 1213.6 NO 

WC Urea Extract (UE) 1159.1 96 

Crude Membrane (CM) 827.8 69 

CM UE lOOK sup. 981.2 80 

CM UE lOOK pellet 270.7 83 

8 units expressed as ~M cAMP/min. 
b Measured as % inhibition of control cells in 

neutrophil chemiluminescence assay. 
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TABLE 3-3: Discontinuous Sucrose Gradient Isolation of 
Hypotonically Lysed BPS04 Membranes Containing 
Adenylate cyclase Toxin Enzymatic Activity 

Method of Lysis 

NaCl: 
Upper layer 
Membrane layer 
Pellet 

Nacl + Lysozyme: 
Upper layer 
Membrane layer 
Pellet 

Sucrose: 
Upper layer 
Membrane layer 
Pellet 

Sucrose + Lysozyme: 
Upper layer 
Membrane layer 
Pellet 

1001. 7 
23.2 

636.6 

527.9 
44.8 

1366.0 

1151. 2 
195.6 

1157.9 

889.9 
79.5 

508.9 

a units expressed as ~M cAMP/min. 

-----.. ----... ~.-.-.-... 
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purification Phase 2: Ion Exchange and HIC Chromatography 

As mentioned in Chapter I, the disadvantage of the one 

step affinity purification procedure is the inconsistency 

of recovery and the frequent contamination by non-specific 

binding proteins during chromatography. The inability to 

fractionate the whole cell lysate prompted development of a 

multi-step chromatographic purification scheme. Initial 

attempts focused on ion exchange chromatography because of 

reports of successful recoveries of adenyl ate cyclase 

enzyme activity from culture supernatant of ~. pertussis 

(Shattuck et ale 1985, Hewlett and Wolff 1976, Kessin and 

Franke 1986, Ladant et ale 1986). Attempts to duplicate 

recovery of enzymatically active ACT from QAE-sephadex was 

not possible as is demonstrated by the data presented in 

Table 3-4 A and B. While it is evident that ACT was 

removed by the column, little ACT activity could be 

recovered even with salt concentrations as high as 1 M. 

Variation of pH conditions did not alter the recovery of 

ACT activity. The failure to elute activity with an anion 

exchange resin prompted the attempt of the cation exchange 

resin CM-sephadex. It was possible that if ACT bound an 

anion exchange resin, it might just pass through a cation 

exchange resin. The results in Table 3-4 C suggest that 

while the amount of ACT which passed through the 
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CM-sephadex was greater than that through QAE-sephadex, the 

majority of the activity was not recovered even with 1 M 

NaCI. 

HPLC using a Mono-Q column, gave similar elution 

results as QAE-sephadex (Table 3-4 D). A small peak eluted 

at 60% B of a 50 roM to 500 roM NaCI gradient with very 

little ACT enzymatic activity. Extended trials with Mono-Q 

resulted in formation of a large band of immobile aggregate 

at the top of the column. This band remained even after 

following the stringent resin cleaning procedures utilizing 

2 M NaCI, 2 M NaOH and 75% acetic acid solutions. Analysis 

of the eluant of the 2 M NaCI wash did not demonstrate the 

presence of any ACT enzymatic activity. 

The studies involving the growth curves demonstrated 

that ACT was cell associated which suggested the molecule 

would contain regions of hydrophobicity. Additionally, the 

behavior of crude extracts on ion exchange resins implied 

strong hydrophobic interactions were at work. Therefore, I 

tried hydrophobic interaction chromatography (HIC) using 

phenyl-sepharose. Figure 3-2 depicts a typical 

chromatographic profile from an HIC separation. The 

chromatogram depicts three major protein peaks. The first 

was the peak of protein which did not bind to the column. 

No ACT enzymatic activity was recovered from this flow 
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through fraction (Table 3-5). The second peak was material 

washed from the column when the ammonium sulfate 

concentration was lowered. Material eluted in this peak 

also lacked enzymatic activity. The third major peak 

resulted from urea elution of the column and contained 

protein which had both ACT biological and enzymatic 

activity (Table 3-5). There was virtually 100% recovery of 

both the biological and enzymatic activities. SDS-PAGE 

analysis of material recovered from phenyl-sepharose showed 

a sUbstantial elimination of unwanted proteins and an 

apparent concentration of the 60 kd ACT (data not shown). 

The phenyl-sepharose pool was then purified further by 

calmodulin-sepharose chromatography using the method 

outlined by Friedman (1987). While the gel in Figure 3-3 A 

clearly shows a single protein band at 60 kd eluted with 

EGTA, the fractions containing this protein were devoid of 

any enzymatic activity. When the column was washed with 

urea, the typical means of regenerating the resin for 

another separation experiment, activity was recovered in 

the eluant (Figure 3-3 B). Experiments were conducted 

using 1 M step increases in urea concentration to determine 

the optimal concentration of urea required to elute ACT 

from calmodulin sepharose. The data in Table 3-6 suggests 

that ACT bound very tightly to the resin and required 
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concentrations of urea as high as 6 M to elute the 

activity. SDS-PAGE of the different fractions demonstrated 

the appearance of a partially pure high molecular weight 

band of about 220 kd in the fractions of high urea which 

corresponded with the highest enzymatic activity (Figure 3-

4). A full scale separation of fresh phenyl-sepharose pool 

on the affinity resin followed by elution with 6 M urea 

demonstrated excellent correlation between eluted protein 

and enzymatic activity (Figure 3-5 A and B). The 

appearance of multiple bands in the elution fraction made 

it necessary to determine which of the proteins were 

responsible for both the enzymatic and biological 

activities. 

-----------
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3-4: Adenylate cyclase Toxin Enzymatic Activity 
Recovered from Ion Excbange CbromatograpbyB 

A. QAE Se12hadex 12H 7.2b 12H 7.5 12H 8.0 

Crude 431.7 349.4 396.8 

Flow Through 19.2 20.1 15.4 

300 roM NaCI 13.6 24.0 21.0 

600 roM NaCl 15.1 51.2 30.6 

B. QAE Se12hadex 12H 7.0 12H 7.5 12H 8.0 

Crude 231. 7 278.0 286.5 

Flow Through 6.1 11.3 7.1 

1 M NaCI 17.1 49.2 40.0 

C. CM Se12hadex 12H 6.75 12H 7.0 12H 7.5 

Crude 204.7 200.4 187.3 

Flow Through 66.2 75.4 88.6 

1 M NaCI 0.5 0.2 0.3 

D. Mono-Q HPLC 12H 7.0 

Crude 355.5 

Flow Through 0.7 

Elution Peak (at 60% B) C 5.4 

2 M NaCI 0.5 

a All values expressed as units (~M cAMP/min). 
bBinding and Elution conditions were evaluated 

at various pH conditions. 
C Elution by 50-500 roM NaCI gradient. 
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FIGURE 3-2: Phenyl-sepharose chromatogram. Protein elution was 
followed by absorbance at 280 nm. Flow through peak 
contained proteins which did not bind under loading 
conditions. Wash peak contained proteins which eluted 
at 0 M ammonium sulfate concentration. Urea gradient 
was from 0 to 6 M. 
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TABLE 3-5: Adenylate Cyclase Toxin Enzymatic and 
Biological Activity Recovered from 
Phenyl-sepharose Chromatography 
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units8 % Inhibitionb 

----------------

Control 0 0 

Crude 194.2 99.6 

Flow ThroughC 0.1 NO 

Wash Poold 0.7 NO 

Elution poole 203.2 82.2 

Fraction 25 0.5 NO 

Fraction 29 0.4 NO 

Fraction 31 0.1 NO 

Fraction 33 0.1 NO 

8 units expressed as ~M cAMP/min. 
b Measured as % Inhibition of control cells 

in neutrophil chemiluminescence assay. 
C Pool of fractions 2-5 in Figure 3-3. 
d Pool of fractions 8&9 in Figure 3-3. 
e Pool of fractions 16-19 in Figure 3-3. 
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FIGURE 3-3: A. Calmodulin-sepharose (CalM) chromatogram. EGTA peak 
contained proteins which eluted with 100 mM EGTA. 
Column was then washed with TNMC + 4 M urea. 
Enzyme activity expressed in units and are defined 
as pM cAMP formed/min. 

B. SDS-PAGE from chromatogram in A. (1) MW stds; 
(2) phenyl-sepharose pool; (3) CalM load; (4) FlOlv 
through; (5) Fraction (Fx) 16; (6) Fx 18; (7) Fx 20. 
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TABLE 3-6: Adenylate cyclase Toxin Enzymatic Activity 
Recovered by stepwise Elution of Calmodulin
sepharose with Urea 

UnitsO 

Crude 1378 

Flow Through 101 

Wash 19 

1 M Urea step 9 

2 M Urea step 6 

3 M Urea step 31 

4 M Urea step 69 

5 M Urea step 120 

6 M Urea step 700 

° Units expressed as ~M cAMP/min. 
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FIGURE 3-4: SDS-PAGE of elution of an enzymatically active high 
molecular weight protein from calmodulin-sepharose using 
urea. (1) Phenyl-sepharose pool; (2) MW stds; (3) CalM 
flow through; (4) Wash Fx; (5) 1 M urea Fx; (6) 2 M urea 
Fx; (7) 3 M urea Fx; (8) 4 M urea Fx; (9) 5 M urea Fx; 
(10) 6 M urea Fx. 
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FIGURE 3-5: A. Ca1modu1in-sepharose chromatogram. ACT enzymatic 
activity eluted using 6 M urea. Units are expressed 
as ~M cAMP formed/min. 

B. SDS-PAGE of ca1modu1in-sepharose in A. (1) MW stds; 
(2) Crude urea extract; (3) 20 K supernatant of (2); 
(4) Pheny1-sepharose load; (5) Pheny1-sepharose pool; 
(6) CalM Fx 23. 
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purification Phase 3: separation of 60 kd and 220 kd 

Proteins 
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Separation of the different protein entities centered 

around three approaches. The first was to utilize a second 

affinity resin, affi-gel blue, which has been used by many 

investigators to isolate adenine utilizing enzymes (Lowe 

and Pearson 1984). The second, was to construct an immuno

affinity resin cross-linking protein A-sepharose with a 

monoclonal antibody, III-A9, which immunoprecipitates ACT 

enzymatic activity and reacts with a 60 kd protein by 

western blot (Figure 3-6). The final approach was to take 

advantage of gel filtration to separate the proteins on the 

basis of molecular size and configuration. 

Table 3-7 shows data depicting chromatographic trials 

for affi-gel blue binding and urea elution of ACT enzymatic 

activity. ACT enzymatic activity was bound tightly to the 

resin and required concentrations as high as 6 M urea to 

elute from the affi-gel blue column. However, Figure 3-7 

indicates that while some proteins eluted at lower urea 

concentrations, the majority of protein which bound to the 

affi-gel blue did not elute unless the concentration of 

urea was at least 4 M. Consequently, little if any 

separation of the 60 kd and 220 kd prote·ins occurred using 

affi-gel blue. 
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Conditions were established for both binding and 

elution of III-A9 to immobilized- 60 kd protein by ELISA 

prior to cross-linking of the antibody to protein A

sepharose. As indicated by the data in Table 3-8, binding 

of III-A9 to the 60 kd antigen was slightly better in the 

absence of Tween-20 (+ color control). Dissociation of 

III-A9 from the antigen was satisfactorily accomplished 

with 6 M urea and 3 M MgC1 2 • The presence of Tween-20 was 

slightly better for dissociation of III-A9 from the 

antigen, although the purpose of the immuno-affinity 

chromatography in this instance was to separate two 

potentially related antigens. Consequently, the 

chromatography was performed in the absence of Tween-20 to 

provide the best binding possible. 

The data in Table 3-9 describes the results of the 

immuno-affinity chromatography and suggests that little, if 

any, ACT enzymatic activity was bound by the constructed 

resin. This would imply that the 220 kd protein was the 

desired ACT and the eluted 60 kd protein was virtually 

inactive. However, SDS-PAGE showed that the majority of 60 

kd protein was still present in the column flow through 

(Figure 3-8). The gel result made interpretation of the 

recovered activity results uncertain. Extending the batch 

absorption period to 18 hr did not affect the results for 
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recovery of ACT enzymatic activity (Table 3-9 B and C). 

Binding of the 60 kd protein did not seem to be affected by 

the longer absorption period, but a second protein band of 

high molecular weight, not 220 kd protein, appeared in the 

eluant (Figure 3-8). The significance of this high 

molecular weight band is not known. 

Gel filtration was attempted initially on Sephacryl 

S-200, which separates proteins satisfactorily in the range 

from 5 to 250 kd. The results of the separation are shown 

in Figures 3-9 A-C. The protein eluted as a major peak 

corresponding to the void volume protein peak and a smaller 

peak eluting between the 158 and 44 kd molecular weight 

standard peaks. The enzymatic activity of ACT eluted in a 

very broad peak extending from the void peak through the 

17 kd molecular weight standard peak (Figure 3-9 A). 

SDS-PAGE shows an overlap of low molecular weight proteins 

in fractions which should contain only high molecular 

weight pro~eins (Figure 3-9 B). The majority of 60 kd 

protein eluted in the expected fractions however, there was 

slight contamination of the high molecular weight region 

with the 60 kd protein as demonstrated by Western blot 

(Figure 3-9 C). 

It is possible that the separation range was too 

narrow using Sephacryl S-200. I tried Sephacryl S-300, 

--------.----.----------~ .. -
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which separates proteins in the range of 10 to 1 X 106 kd. 

The initial trial with Sephacryl S-300 resulted in a 

similar A2BO elution profile as Sephacryl S-200 (Figure 

3-10 A). The appearance of a major protein peak in the 

void volume suggested aggregation of proteins was occurring 

on the resin. Separation was next attempted on Sephacryl 

S-300 in buffer containing 3 M urea and the results of this 

trial are depicted in Figures 3-10 Band C. The high 

molarity of urea helped to disassociate the aggregates as 

is evidenced by the broad A2BO peak which extends over the 

entire separation range. The ACT enzymatic activity was 

found in the higher molecular weight portions of the 

elution profile extending through fractions corresponding 

to 68 kd (Figure 3-10 B). The elution profile as analyzed 

by SDS-PAGE indicated that greater cross- contamination of 

60 kd existed in the high molecular weight fractions 

(Figure 3-10 C). 

The possibility still remained that the 60 kd protein 

was a proteolytic derivative of the 220 kd protein despite 

the non-reactivity of monoclonal antibody III-A9 with the 

220 kd band on western blot. I approached this possibility 

by attempting detergent extraction of ACT from whole cell 

~. pertussis using CHAPS. CHAPS was chosen because it was 

used in the calmodulin-sepharose affinity step. The first 
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extraction experiment indicated that the optimal amount of 

detergent to extract ACT enzymatic activity was between 10 

and 50 roM (Table 3-10). A significant portion of the 

enzymatic activity remained in the cell pellet, so the 

second experiment compared the efficiency of CHAPS and urea 

extraction in addition to narrowing the parameters for the 

optimal CHAPS concentration. The results of the second 

extraction experiment clearly indicates that urea 

extraction is the superior method for ACT extraction from 

whole cells (Table 3-10). The gel photograph in Figure 

3-11 shows the results of the second extraction experiment. 

The majority of 220 kd protein remained with the cell 

pellet for all concentrations of detergent tested. There 

was a qualitative increase in the amount of 60 kd protein 

in the supernatants of the detergent extracts. The gel 

also sUbstantiates the superiority of urea extraction to 

release the 220 kd protein from the membrane as virtually 

all the protein and activity are in the urea extract 

supernatant. Interestingly, the amount of 60 kd is about 

evenly distributed between the urea extract supernatant and 

pellet. 

It seemed apparent from the Sephacryl S-200 and 

immuno-affinity chromatography data that fractions 

containing only 60 kd protein were enzymatically inactive. 
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Calmodulin-sepharose chromatography was repeated to collect 

small fractions in the hope that some of the fractions 

obtained from the elution would contain only 220 kd 

protein. During the wash phase of this particular 

chromatographic run, the fraction collector remote control 

interrupted the pump flow. When the pump was restarted, a 

small peak of protein eluted prior to the peak eluted with 

6 M urea (Figure 3-12 A). All the ACT enzymatic activity 

was recovered in the urea elution peak (fractions 19-24). 

SDS-PAGE analysis revealed a distinct separation of the 60 

and 220 kd proteins (Figure 3-12 B). Further analysis of 

eluant fractions for biological activity by inhibition of 

neutrophil and monocyte chemiluminescence demonstrated that 

all of the activity was associated with fractions 21-23 

containing the 220 kd protein (Table 3-11 and 3-12). 

Additionally, fractions 22 and 23 containing only the 220 

kd protein were negative with respect to reaction with III

A9 by dot blot (data not shown). The fact that the 60 kd 

protein was only a minor contaminant of active urea eluant 

fractions suggested that the 60 kd wa~ non-specifically 

adhering to the calmodulin-sepharose. with this in mind, 

experimentation focused on the chromatographic conditions 

of the affinity step. 

The two components of the calmodulin-sepharose loading 

_.-- --_ ... - ... _----..... __ .. _ .... -----
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buffer which seemed most likely to affect non-specific 

interactions were the NaCl and CHAPS concentrations. Weak 

ionic interactions could be disrupted by increasing the 

NaCI concentration whereas weak hydrophobic interactions 

could be reduced by increasing the CHAPS concentration. 

Because the accidental interruption of column flow resulted 

in separation of the two protein components, it was 

possible that alteration of the loading conditions would 

affect the specificity of binding. 

Altering the load conditions by doubling the detergent 

concentration from 1 roM CHAPS to 2 roM and increasing the 

NaCl concentration from 50 roM to 150 roM resulted in a 

typical chromatographic profile as previously shown. 

SDS-PAGE analysis of the purification indicated that the 

only protein recovered during the elution of the column was 

the 220 kd protein (Figure 3-13). 

---- -... -.~-------.----- .. --.-----. 
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FIGURE 3-6: Western blot of ACT using monoclonal antibody III-A9. 
(1) Pre-stained MW stds; (2) Phenyl-sepharose load 
(3) Phenyl-sepharose pool; (4) CalM Fx 23 (Fig 3-5). 
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3-7: Adenylate Cyclase Toxin Enzymatic Activity 
Recovered by stepwise Elution from Affi-qel 
Blue with Urea 

Units8 

crudeb 5365.1 

Flow Throuqhb 7.9 

Column A: 0.5 M Urea step 6.0 

6.0 M Urea step 5011.1 

Column B: 1.0 M Urea step 19.8 

6.0 M Urea step 4652.4 

Column C: 2.0 M Urea step 64.8 

6.0 M Urea step 4471.9 

Column D: 4.0 M Urea step 872.1 

6.0 M Urea step 5205.3 

Column E: 6.0 M Urea step 4075.9 

6.0 M Urea step 3628.1 

8 units expressed as ~M cAMP/min. 
b Crude activity was a representative sample 

of a batch absorbed pool. Affi-qel blue was 
centrifuged and supernatant removed as flow 
through pool activity. Resin was divided 
equally between 5 columns as described in 
Chapter II. 
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FIGURE 3-7: SDS-PAGE of fractions eluted from affi-gel blue (Table 3-7). 
(1) Phenyl-sepharose pool; (2) Flow through from affi-gel 
blue; (3) empty; (4) Column A 0.5 M urea step; (5) Column A 
6 M step; (6) Column B 1.0 M step; (7) Column B 6.0 M step; 
(8) Column C 2.0 M step; (9) Column C 6.0 M step; (10) 
Column D 4.0 M step; (11) Column D6.0 M step; (12) Column 
E 6.0 M step #1; (13) Column E 6.0 M step #2. 

--------------_ .... 
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TABLE 3-8: III-A9 Elution from 60 kd Antigen as Determined 
by ELISA ReactionO 

Eluant Solution + Tween - Tween 

- Color control (no III-A9) .052 .060 

+ Color control (no elution) .663 .774 

0.15 M NaCl .635 .792 

0.3 M NaCl .572 .701 

0.5 M NaCl .559 .653 

3 M MgClz .123 .121 

5 M MgClz .109 .121 

0.1 M Glycine (pH 10) .392 .416 

2 M Urea .200 .291 

4 M Urea .136 .163 

6 M Urea .134 .156 

a Color measured by absorbance at 405 nm using a 
plate reader. The absence of color indicates 
that the elution conditions dissociated III-A9 
from the immobilized antigen. 



TABLE 3-9: 
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Immuno-affinity Chromatography and Recovery of 
Adeny1ate Cyclase Toxin Enzymatic Activity 

A. One Hour Batch Absorption UnitsO 

Crude 1720.2 

Flow through 1729.5 

Wash 1 1074.1 

Wash 2 155.7 

0.5 M NaCI Wash 5.5 

6 M Urea Wash 1 140.7 

6 M Urea Wash 2 7.3 

B. Overnight Batch Absorption 

Crude 1359.5 

Flow Through 1180.0 

Wash 548.4 

6 M Urea Poolb 301.4 

C. Overnight Batch Absorption 

Preabsorbed Crudec 1359.4 

Flow Through 1268.9 

pH 11. 5 Eluant Pool 2.3 

6 M Urea Pool b 3.0 

° units expressed as ~M cAMP/min. 
b Urea pools of two 3 ml eluant fractions. 
C Crude material was preabsorbed by passing 

over Sepharose CL 6B, the support for 
Protein A-sepharose. 
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FIGURE 3-8: SDS-PAGE of ACT recovered from III-A9 irnrnuno-affinity 
chromatography (Table 3-9). (1) MW stds; (2) Phenyl
sepharose pool; (3) empty; (4) Flow through (Table 3-9 A); 
(5) Flow through (B); (6) Wash #1 (A); (7) Wash (B); 
(8) 6 M urea #1 (A); (9) 6 M urea pool (B). 
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FIGURE 3-9: A. Gel filtration of a phenyl-sepharose pool using Sephacryl 
S-200. Arrows designate peak locations of MW standards. 
Units are expressed as pM cAMP formed/min. 

B. SDS-PAGE of fractions from gel filtration in A. Fraction 
numbers indicated above each lane. "G" designates phenyl
sepharose pool loaded onto S-200. "S" designates MW stds. 

C. Western blot of fractions from gel filtration in A using 
III-A9. (1) Fx 71; (2) Fx 69; (3) Fx 67; (4) Fx 65; 
(5) Fx 63; (6) MW stds; (7) Fx 61; (8) Fx 59; (9) Fx 57; 
(10) Fx 55; (11) Pheny1-sepharose pool; (12) MW stds. 
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FIGURE 3-10: A. Gel filtration of pheny1-sepharose pool using Sephacryl 
S-300. Arrows designate peak locations of MW standards. 

B. Gel filtration of phenyl-sepharose pool in the presence 
of 3 M urea using Sephacry1 S-300. ACT enzymatic 
activity expressed as units in ~M cAMP formed/min. 

C. SDS-PAGE of fractions from gel filtration in B. Number 
of each fraction indicated above lanes. "C" designates 
phenyl-sepharose pool. "MW" indicates MW stds. 
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TABLE 3-10: Detergent Extraction of Whole Cell BPS04 with 
CHAPS in an Attempt to Improve yield and 
stability of the 220 kd Adenylate cyclase Toxin 

A. 

B. 

---------------

Experiment I 

CHAPS (roM) unitsB (sUp)b Units (pellet) b 

0 7.4 1503.0 

5 292.5 865.1 

10 462.0 680.2 

50 437.9 356.3 

75 363.6 368.9 

100 304.1 442.8 

Experiment IIc
: CHAPS vs. Urea Extraction 

CHAPS (roM) UnitsB (sup) b Units 

0 11.0 

10 294.0 

15 231.0 

25 224.5 

35 233.8 

6 M Urea 1560.3 

a units expressed as ~M cAMP/min. 
b Extracted samples centrifuged at 

100,000 x g. 

(pellet) b 

991. 2 

654.5 

499.9 

329.7 

229.5 

169.4 

C All samples dialyzed prior to assay as 
CHAPS was slightly inhibitory at 
concentrations above 15 roM. 
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FIGURE 3-11: SDS-PAGE of CHAPS and urea extraction of whole cell BP504. 
Samples are from the extraction presented in Table 3-10 B. 
(1) Whole cell BP504; (2) 23.5 K pellet from control tube; 
(3) 10 mM CHAPS supernatant (s); (4) 10 mM CHAPS pellet (p) 
(5) 15 mM CHAPS s; (6) 15 mM CHAPS p; (7) 25 mM CHAPS s; 
(8) 25 mM CHAPS p; (9) 35 mM CHAPS s; (10) 35 mM CHAPS p; 
(11) 6 M urea s; (12) 6 M urea p; (13) 3/14/89 CalM pool 
unconcentrated; (14) CalM pool concentrated over a Beckman 
concentrating column; (15) MW stds. 
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FIGURE 3-12: A. Calmodulin-sepharose chromatogram in which flow was 
disrupted by shut down of the peristaltic pump. 
Arrow "A" indicates point at which pump flow was 
interrupted. Units of enzymatic activity are expressed 
pM cAMP formed/min. 

B. SDS-PAGE of calmodulin-sepharose shown in A. (1) MW 
stds; (2) Phenyl-sepharose pool; (3) CalM Fx 5; (4) 
Fx 12; (5) Fx 13; (6) Fx 18; (7) Fx 19; (8) Fx 22; 
(9) Fx 23. 
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TABLE 3-11: Bioloqical Activity of Adenylate Cyclase Toxin 
in Fractions from Calmodulin-sepharose as 
Determined by Inhibition of Chemiluminescence 
in Neutrophils 

Sample ACT (ug) % Inhibi tiona 

Control 0 

Urea Ext.b 20 99.9 

supernatantC 20 99.9 

PS Loadd 20 97.0 

CalM Loade 20 99.6 

Pool Af 5 0 

Fraction 19 20 19.1 

Fraction 20 20 22.5 

Fraction 21 21 92.6 

Fraction 22 9.5 98.5 

Fraction 23 6 94.8 

a viability of neutrophils after ACT treatment 
as measured by trypan bl~e exclusion ranged 
between 97-100%. 

b Crude urea extract of whole cell BP504. 
C 100,000 x g supernatant of urea extract. 
d Sample of extract loaded onto Phenyl-

sepharose. 
e Phenyl-sepharose pool loaded onto Calmodulin

sepharose. 
f Pool A from Calmodulin-sepharose (Fig. 3-12A) 
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TABLE 3-12: Biological Activity of Adeny1ate Cyclase Toxin 
in Fractions from ca1modu1in-sepharose as 
Determined by Inhibition of Chemiluminescence 
in Monocytes 

3-11. 

SampleB ACT lug) % Inhibitionb 

Control o 

supernatant 6.8 76.3 

PS Load 6.7 76.7 

CalM Load 6.7 71.1 

Fraction 20 6.7 o 

Fraction 21 6.6 67.2 

Fract. 22/23c 3.7 78.1 

B Samples identical to those described in Table 

b Viability of monocytes after ACT treatment as 
measured by trypan blue exclusion was 97-99%. 

c Fractions 22 and 23 in Fig 3-12 A were pooled 
to obtain enough sample to assay. 
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FIGURE 3-13: Ca1modu1in-sepharose resolves ACT into a single protein 
band of 220 kd on SDS-PAGE. (1) MW stds; (2) Urea extract; 
(3) CalM flow through pool; (4) CalM eluent pool. 
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Characterization of 220 kd ACT 

A profile of ACT purification is shown in Table 3-13. 

The quantity of protein recovered, 110 ~g/ml and the 

specific activity of nearly 18,000 units/mg, was the 

highest amount of enzymatically active ACT to be reported 

(Shattuck et al. 1985, Ladant et al. 1986, Rogel et al. 

1988). The biological activity of the purified toxin was 

also quite sUbstantial. Only 8 ~g of purified ACT was 

capable of inducing 98% inhibition of neutrophil 

chemiluminescence (Figure 3-14). 

The results from the purification suggested that a 

single protein of molecular weight 220 kd was responsible 

for intoxication of eUkaryotic cells, in particular human 

neutrophils, and disrupting their normal function. 

However, as previously mentioned, a protein capable of 

calmodulin enhanced adenylate cyclase enzymatic activity 

has been purified from ~. pertussis culture supernatant. 

The molecular weight of this protein varies among 

individual accounts from 43 kd to as much as 700 kd. Was 

it possible that the cell associated ACT is in reality a 

multimeric protein with a binding subunit and active 

subunit? In order to address this possibility, two

dimensional electrophoresis and isoelectric focusing (IEF) , 

using both a gel and liquid phase separation, were 
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performed on the purified ACT. Results of the two 

dimensional electrophoresis is shown in Figure 3-15 A. The 

gel shows two primary bands of nearly identical molecular 

weight but with a pI variability of about 2 units. It is 

possible that ACT could be a dimer comprised of 2 proteins 

of nearly identical molecular weights. IEF was used to 

follow ACT enzyme activity in an effort to determine which 

protein species had this activity. Extraction of 0.5 cm 

slices of an IEF tube gel indicated that the enzymatic 

activity was associated with the protein which migrated to 

a pI of about 7.0 (Figure 3-15 B). This result was 

confirmed by liquid phase IEF in a rotofor cell. Protein 

recovered in fractions at pH 6.98-7.15 contained ACT 

enzymatic activity (Figure 3-15 C). Unfortunately, there 

was not enough protein recovered in the fractions to 

visualize by SOS-PAGE. Additionally, precipitation of the 

protein occurred at its pI making biological activity 

analysis impossible. 

SOS-PAGE and two-dimensional analysis appeared to 

confirm the purity of the ACT preparation. However, in an 

effort to be thorough, probes of Western blots were 

performed using antibodies to pertussis toxin (PT) and 

filamentous hemagglutinin (FHA) to verify the absence of 

these virulence determinants in the preparation. The 

----.-.. ---~----.---,'" -,------- --,-,---" .. ,,--.. --. 
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western blot reaction with anti-PT was negative suggesting 

that PT was not a contaminant in the purified preparation 

(data not shown). The results of the Western using 

antibody to FHA is shown in Figure 3-16. It is clear that 

FHA contamination was present in the preparation. FHA has 

been reported to be comprised of proteins of various 

molecular weights (Cowell et ale 1982, Irons et al. 1983). 

However, the major protein component of FHA is 220 kd 

(ReIman et al. 1989), identical to the molecular weight of 

ACT. While it is possible one of the bands observed after 

two-dimensional electrophoresis is FHA (Figure 3-15 A), the 

reported pI for bioactive FHA is 8.1 (ReIman et al. 1989). 

However, two truncated FHA molecules of 104 and 116 kd have 

been characterized and demonstrate radically different pI 

values of 10.26 and 6.42 respectively (ReIman et al. 1989). 

Therefore, a minor alteration of the FHA protein, either 

through proteolysis or simple strain variability, could 

result in a protein of very similar molecular weight but 

with major pI differences. 

Purification Phase 4: Isolation of Pure ACT 

The unfortunate contamination of purified preparations 

of ACT with FHA meant that either another purification step 

had to be found or the same experimentation had to be 



109 

repeated with a strain of ~. pertussis that did not produce 

FHA. My first choice was to use the mutant strain of ~. 

pertussis BP353, which had been shown genetically and 

immunologically to be deficient in FHA (Brown and Parker 

1987). 

The growth curve experiments were the starting point 

for purification of ACT from BP353. Surprisingly, the 

production of cell associated ACT occurred at the same 

point in the growth curve as BP504, but the majority of 

activity was found to be in the supernatant (Figures 3-17). 

The cell associated levels of ACT in BP353 were 

approximately 100 times less than the level of cell 

associated ACT in BP504. While purification of the 

supernatant ACT from BP353 may have simplified the 

extraneous protein problems, the levels of ACT were still 

10 times less than cell associated ACT of strain BP504. In 

addition, the purification of BP353 culture supernatant ACT 

would probably have been of an entirely different entity 

than the cell associated ACT of strain BP504. 

The focus of FHA removal thus switched to a 

chromatographic means of separation from ACT. Initially, I 

looked to some of the chromatographic methods I had already 

tried for separation of 60 kd and 200 kd proteins. A quick 

check of pools obtained from affi-gel blue and phenyl-
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sepharose chromatography for the presence of FHA was done 

by dot blot immuno-reaction to anti-l"HA antibody. The 

positive reaction with anti-FHA antibody indicated that 

these were not viable methods (data not shown). A 

methodology had been established for FHA purification from 

culture supernatant using hydroxylapatite chromatography 

CO\-lell et al. (1982). starting with crude urea extract, 

the FHA and ACT were bound to hydroxylapatite. ACT was 

eluted from hydroxylapatite with 100 roM phosphate buffer 

pH 8.0, which did not permit elution of FHA (Figure 

3-18 A). FHA was only eluted from hydroxylapatite at 100 

roM phosphate buffer containing 0.5 M NaCl at pH 7.0. The 

removal of FHA was monitored by dot blot immuno-reaction 

with anti-FHA antibody (Figure 3-18 B). 

The pooled fractions from the hydroxylapatite column 

were then passed directly over calmodulin-sepharose. The 

results of this chromatography are shown in Figure 3-19 A 

and indicate that very strong enzymatic activity was 

associated with a very small protein peak. Direct analysis 

of the elution peak by SOS-PAGE was not possible because 

the protein content was too low to even be detected by 

protein assay. Visualization on SOS-PAGE could only be 

accomplished by lyophilization of an entire elution pool 

from calmodulin-sepharose. The gel photograph in Figure 
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3-19 B shows one lyophilized pool from a starting volume of 

7 ml which contained a total of 75 ~g of protein. Two

dimensional electrophoresis and enzyme analysis from gel 

rEF was attempted using lyophilized ACT, however the 

quantity of protein was too low for any determinations to 

be made (data not shown). 

Quantitation of cAMP levels produced in 849 cells 

required a fresh preparation of ACT (Table 3-15). A pool 

containing 17 ~g of ACT induced a level of 1425 pmole of 

cAMP in 106 849 cells. A pool containing only 5 ~g of ACT 

induced 937 pmole of CAMP/106 cells. The activity of these 

same pools was enhanced by the inclusion of 100 ~g/ml B8A 

as a stabilizer, to 2050 pmole and 1500 pmole cAMP /106 

cells respectively. Analysis of ACT biological activity 

of FHA free preparations was possible by both inhibition of 

neutrophil chemiluminescence and 849 cell cyclic AMP 

quanti tat ion assay. As little as 660 ng of purified ACT 

was able to inhibit neutrophil chemiluminescence by 64.4% 

(Table 3-16). The activity associated with these pools was 

rapidly lost probably as a result of the extremely low 

protein content. 
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TABLE 13 

Adenylate Cyclase Toxin Purification Profile 

Vol. Cone. Prot. Sp. Aet.b Tot. Aet. Yield 
Step a (mJ) (mg/ml) (mg) (U/mg) (U x 10 4 ) (%) 

400 1.42 568.0 485 27.6 100 

2 75 0.48 35.8 3868 13.8 50 

3 34 0.11 3.8 17912 6.8 24 

a Step 1 • Whole cell extract b Unlt • pM cAMP/min 
Step 2 • Urea extract supernatant 
Step 3 • Calmodulin eluent pool 



100 

80 

C 

~ 60 
:.0 
:2 
.5 40 
~ 

20 

0 

FIGURE 4 
Human Neutrophil Chemiluminescence 
Inhibition by Adenylate Cyclase Toxin 

Control Urea Ext. Flow Thru Eluent 
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FIGURE 3-14: Human neutrophil (PMN) chemiluminescence inhibition by 
adeny1ate cyclase toxin. PMNs were treated with 50 ~1 
of either buffer (control) or preparations of urea 
extract (12 ~g total protein), CalM flow through pool 
(15 ~g), or CalM eluent pool (8 ~g). PMN viability was 
routinely >95% after incubation with ACT preparations 
as measured by trypan blue exclusion. 
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B FIGURE 6 
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FIGURE 3-15: A. Separation of adenylate cyclase toxin by 2-dimensional 
gel electrophoresis. 5pg of CalM eluent pool was 
focused in an IEF tube gel with a pH gradient of 5.02-
7.67. Separation by SDS-PAGE in the second dimension 
resolved two proteins; one of 187 kd with a pI of 5.5 
and the other of 220 kd with a pI of 7.0. 

B. IEF tube gels were sectioned into 0.5 cm segments and 
extracted. The extracts were dialyzed and assayed for 
ACT enzymatic activity with and without calmodulin. 
Activity corresponded with slices having a pH of 7.0. 

C. CalM eluent pool was subjected to IEF in a Rotofor 
cell. Fractions of about 2.5 ml were recovered with 
a pH gradient ranging from 5.07-8.89. Fractions were 
dialyzed and assayed for ACT enzymatic activity in the 
presence of calmodulin. Activity was recovered in 
fractions with a corresponding pH of 6.98-7.36. 
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FIGURE 3-16: Western blot of ca1modu1in-sepharose purified ACT with 
a-FHA antibody. (1) Pre-stained MW stds; (2) Pertussis 
toxin; (3) FHA; (4) Affinity-purified ACT. 
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FIGURE 3-17: Comparison of BP 353 culture supernatant and cell 
associated ACT enzymatic activity. One ml samples 
of whole cells were measured for optical density and 
centrifuged. The supernatant was saved for enzyme 
assay and the pellets were washed and assayed for 
enzyme activity. Activity is expressed as units in 
pM cAMP formed/min and plotted against the time in 
which the respective samples were collected. 
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FIGURE 3-18: A. Hydroxylapatite (HA) chromatogram. Each point rep
resents every other fraction. Flow through peak is 
unbound proteins under load and wash conditions. ACT 
enzymatic activity eluted with 100 mM phosphate. 

B. Dot blots of fractions from A reacted with a-FHA. 
(1) Urea extract; (2) HA load; (3) Fx 50; (4) Fx 52; 
(5) Fx 54; (6) Fx 56; (7) Fx 58; (8) Fx 60; (9) Fx 62; 
(10) Fx 64; (11) Fx 66; (12) Fx 68; (13) Fx 70; (14) 
Fx 72; (15&16) blank; (17) BP353 whole cell; (18) FHA. 
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FIGURE 3-19: A. CalM chromatogram using altered loading conditions. 
Flow through peak contains proteins which did not 
bind under loading conditions. Elution with urea 
gives a small protein peak with very high activity. 
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B. SOS-PAGE of lyophilized elution pool from A. The 
entire pool (Fx 25-30) was lyophilized and 75 ~g of 
protein recovered and is shown in lane "lyoph pool". 
"std" denotes MW stds. Fx 27 from A was FHA negative 
by Western blot (data not shown). 
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Table 3-14 
Adenylate Cyclase Toxin Purification Profile 

Vol. Cone. Sp. Act.b Tot. Act.b Fold 
Step a (ml) (rng/m!) (U/mg) (U) Purification 

60 56.8 36.5 34.5 1.0 

2 112 33.7 63.5 19.1 1.7 

3 7.5 0.1 16.982.4 288.7 465.3 

a Step 1 • Whole cell crude extract b Unit· JIM cAMP Imln.ml 
Step 2 • Hydroxylapatite eluent pool 
Step 3 • Calmodulln-sepharose eluent 

----------- -------~----. -- ... _------
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TABLE 3-15: Biological Activity of Adenylate Cyclase Toxin 
in calmodulin-sepharose Fractions After FHA 
Removal as Determined by cAMP Quantitation 
using 849 Cells 

sample 

- Control 

+ Control 

Crud eO 

HA Poolb 

CalM Pool 1 c 

Pool 1 + BSAd 

CalM Pool 2 e 

Pool 2 + BSA 

CalM Pool 3 f 

Pool 3 + BSA 

ACT rug) 

a 

47.4 

15.0 

4.0 

4.0 

0.8 

0.8 

::::2.5 ng 

cAMP Cpmole) 

2 

102 

>2000 

490 

510 

900 

1425 

2050 

938 

1500 

° positive control level obtained by cAMP 
induction by incubation with 10 ~M forskolin. 

b Pool of fractions 48-67 of 10/2/89 
Hydroxylapatite chromatography. 

c Pool of fractions 26-28 of 10/4/89 Calmodulin
sepharose chromatography. 

d 0.1 mg/ml BSA was added to portions of each of 
the three pools from 10/4/89 Calmodulin
sepharose. 

e Pool of fractions 29-31 of 10/4/89 Calmodulin
sepharose chromatography. 

f Pool of fractions 32-35 of 10/4/89 Calmodulin
sepharose chromatography. 

----- --------_. --_.- •... _._ ... __ .. 
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TABLE 3-16: Bio1oqica1 Activity of Adenylate Cyclase Toxin 
in Calmodulin-sepharose Fractions After FHA 
Removal as Determined by Inhibition of 
Chemiluminescence in Neutrophils 

-----~--------

Sample ACT (ug) % Inhibi tiona 

Control o 

Crude 7.0 54.1 

HA Poolb 16.4 99.9 

Fraction lSc 3.1 o 

Fraction 20 1.5 57.5 

Fraction 22 1.1 72.5 

Fraction 24 0.7 64.4 

a viability of cells after ACT treatment as 
measured by trypan blue exclusion ranged 
between 94-100%. 

b Pool obtained by elution from Hydroxylapatite 
column depicted in Fig 3-18 A. This pool was 
then separated on calmodulin-sepharose. 

c Fractions eluted from calmodulin-sepharose 
following FHA removal by Hydroxylapatite. 
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CHAPTER IV 

DISCUSSION 

Optimal Production of Cell Associated ACT in Liquid Culture 

The purification of Bordetella pertussis ACT has been 

attempted by numerous investigators since the toxin was 

first identified by Wolff and Cook (1973). The standard 

starting material for purification trials, whether from 

urea extracted whole cells or culture supernatant, has been 

obtained from cultures grown for a minimum of 20-24 hr 

(Hewlett and Wolff 1976b, Wolff et a~. 1980, Hanski and 

Farfel 1985, Kessin and Franke 1986, Ladant et ale 1986, 

Pearson et ale 1987, Glaser et ale 1988, Raptis et ale 

1989). A few investigators have used starting material 

from cultures as old as 48 hr (Confer and Eaton 1982, Rogel 

et ale 1988). These purification trials resulted in 

extremely low protein recoveries to the point which, in 

some instances, no protein could be detected at all. 

The only serious investigation into correlation 

between growth of ~. pertussis and the production of 

enzymatically active ACT was done by Endoh et al. (1980). 

Generally, of the four phase I strains of ~. pertussis 



123 

investigated, the average time of optimal cell associated 

ACT production was at 15 hr post-inoculation. The levels 

of cell associated ACT would then gradually decline during 

the remainder of the growth cycle. By, contrast the levels 

of supernatant enzymatic ACT levels did not peak until some 

30-40 hr into the growth cycle. Presumably this tremendous 

increase in supernatant activity was the result of leakage 

from broken ~. pertussis cells. These findings were 

supportive of the results obtained by Hewlett et ale 

(1976a) in which they determined that 80% of the ACT 

enzymatic activity was cell associated. 

In order to obtain the greatest amount of both 

biologically and enzymatically active ACT, it was important 

to determine the point in the growth cycle at which the 

toxin was being produced in the greatest quantity by strain 

BP504. Furthermore, since the majority of ACT was cell 

associated it was logical to use extracts of the whole cell 

organism. Bordetella pertussis strain 504 demonstrated a 

peak of both activities at 12 hours during mid-log growth 

of the culture (Fig 3-1 and Table 3-1). This somewhat 

earlier production of cell associated ACT production could 

be attributed to a difference in the strain from those 

tested by Endoh et ale (1980). Additionally, their use of 

a 5% inoculum, as opposed to 10% with BP504, may also 
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account for the time difference. 

One question which these growth curve experiments have 

not addressed is the relationship of ACT production in 

liquid culture to the in vivo situation during the disease 

state. While no direct comparisons can be made, it is 

unlikely that the expression of ACT would follow this 

pattern of production in vivo. It seems probable that 

~. pertussis would require the presence of the toxin, 

whether cell associated or extracellular, for a much 

greater period of time than was exhibited in liquid 

culture. The explanation for the "peak" of expression in 

the cells grown in liquid culture may be due to any number 

of reasons. Factors such as increased concentrations of 

metabolites or depletion of specific nutrients may 

contribute significantly to the regulation of ACT 

synthesis. 

Purification Phase 1: Urea Extraction of Whole Cell BPS04 

The establishment of the optimal time of cell 

associated ACT was only the initial step in developing a 

method for toxin purification. Isolation of ACT with both 

desired activities was dependent on maintaining both the 

integrity and stability of the protein. Hewlett et ale 

(1976a) had demonstrated that in whole cell ~. pertussis 
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93% of cell associated ACT enzymatic activity was trypsin 

sensitive. This implied that the majority of ACT was 

imbedded in the membrane and exposed to the surrounding 

environment. Recovery of the membrane fraction form 

~. pertussis should accomplish two objectives: 1) to remove 

the bulk of unwanted cellular protein while concentrating 

the desired ACT and 2) to provide a "natural" surrounding 

to aid in protection of the native structure of ACT. 

surprisingly, ~. pertussis proved to be extremely 

resistant to spheroplast production and lysis. The method 

which provided the best recoveries of membrane associated 

ACT was hypotonic lysis. However, even when lysozyme and 

EDTA were used to help disrupt the cell wall of the 

bacteria, a large pool of the ACT activity was recovered in 

the whole cell fraction (Table 3-2). Attempts to enrich 

for the membrane fractions by discontinuous sucrose 

gradients resulted in partitioning of the pool between the 

unlysed bacteria and the cytosol containing fraction (Table 

3-3). Very little of the enzymatic activity was recovered 

in the membrane fraction. Apparently; ACT was tightly 

associated with the intact membrane of whole cells as 

evidenced by the sUbstantial quantity of ACT recovered in 

the cell pellet. However, once the membrane had been 

fragmented the association of ACT was not sufficient to 
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remain with the membrane fraction and was released into the 

cytosol pool. Furthermore, the stability of ACT in these 

various fractions was very low. Samples prepared by 

hypotonic lysis followed by differential centrifugation 

would rapidly lose enzyme activity. Enzyme activity was 

generally found to be more stable than biological activity, 

suggesting a greater susceptibility for either dissociation 

or degradation of the biologically active component. 

Early studies with ACT involved urea extraction of the 

whole cells (Confer and Eaton 1982, Hanski and Farfel 

1985). The ACT recovered in urea extracts exhibited both 

biological and enzymatic activities (Table 3-2). Urea 

extraction was a more rapid process than hypotonic lysis 

and required less manipUlation of the sample. 

Additionally, urea was dissolved directly into the cell 

suspension, resulting in an endothermic process which 

provided a favorable environment for the proteins. 

comparing urea extracted enzymatic activity with activities 

recovered from hypotonic lysis and differential 

centrifugation clearly established urea extraction as the 

method of choice for recovery of bioactive ACT. 

Another advantage of urea extraction was that samples 

retain both activities over several months storage. High 

concentrations of urea, while generally considered to be a 
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denaturant (Goding 1986), may actually help to stabilize 

ACT in a manner similar to glycerol. Glycerol strongly 

hydrogen bonds with water and effectively reduces the 

mobility of the water molecules. This reduced water 

mobility enables protein molecules to resist unfolding and 

are effectively stabilized (Scopes 1987). Urea may also 

have the added benefit of reducing the action of proteases 

thereby further protecting the protein. 

Purification Phase 2: The Initial Chromatography step 

While recovery of a membrane fraction containing ACT 

would have been conducive to a "one-step" chromatographic 

purification, urea extraction resulted in a complex milieu 

of proteins that would not enable such a simple process. 

As mentioned in Chapter III, ion exchange chromatography 

seemed the most logical place to begin purification. 

However, ACT activity was not recovered from the resin 

despite the use of high salt concentrations to elute the 

protein (Table 3-4). The easiest explanation for the total 

loss of any activity from anion exchange resins was that 

the cell associated ACT and culture supernatant adenyl ate 

cyclase enzyme (sAC) were two different entities. At first 

glance this may be true, as cell association implies a 

region of hydrophobicity on the molecule which could, under 

-------._---_. 
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certain ionic conditions, initiate precipitation of ACT on 

the column. Observation of a precipitate on 'the Mono Q 

column lends credibility to this argument. The secreted 

form of sAC would most likely be more soluble in nature and 

not aggregate on the anion exchange column. It is possible 

that sAC was derived from cell associated ACT by 

proteolytic cleavage. If this was indeed the case, it was 

surprising that no enzymatically activity degradation 

products of ACT were recovered from the column (Table 3-4). 

One factor in common among all sAC proteins purified from 

culture supernatant by anion exchange was that they were 

all of low molecular weight, ranging from 43 kd to 70 kd 

(Hewlett and Wolff 1976b, Shattuck et al. 1985a, Kessin and 

Franke 1986, Ladant et al. 1986). Kessin and Franke (1986) 

did report a 700 kd form following gel filtration 

chromatography. In all probability this was an aggregate 

based on the data reported for gel filtration in this 

research (discussed below). The lower molecular weight sAC 

proteins could be lacking a substantial portion of the 

native ACT. If the portion they lack was a region of 

hydrophobicity, they might be more soluble and could be 

eluted from the anion exchange column. 

Anion exchange purified sAC does have calmodulin 

enhanced enzymatic activity although a substantial quantity 
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of activity is lost following this chromatographic step 

(Hewlett and Wolff 1976b, Shattuck et ale 1985a, Kessin and 

Franke 1986). Only Ladant et ale (1986) has managed to 

recover a calmodulin enhanced sAC from anion exchange 

chromatography without sUbstantial loss of enzymatic 

activity but had no biological activity. One group has 

reported biological activity in sAC protein purified by 

anion exchange chromatography (Shattuck and Storm 1985b, 

Selfe et ale 1987). However, SDS-PAGE of their "purified" 

preparation showed multiple bands of protein which detracts 

from the credibility of their results (Shattuck et ale 

1985a) . 

The results from anion exchange chromatography and the 

presumptions regarding the physical characteristics of ACT 

based on the behavior of the protein during anion exchange, 

prompted trials with another separation method, hydrophobic 

interaction chromatography (HIC) (Fig 3-2). Both 

biological and enzymatic activity were recovered from HIe 

(Table 3-5). Two results from these experiments 

sUbstantiate the presumptions regarding the hydrophobic 

nature of ACT. The first result was the finding that ACT 

activity could be easily precipitated from solution at low 

concentrations of ammonium sulfate. This result was 

obtained from experiments performed to establish the 
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chromatographic conditions for HIC. Proteins to be bound 

to an HIC resin are loaded at a concentration of ammonium 

sulfate just below the concentration at which they would 

precipitate out of solution. The 20% concentration of 

ammonium sulfate was found to be the desired binding 

concentration for ACT. Proteins which bind to phenyl

sepharose under these conditions are generally of low water 

solubility and are not easily removed from the column 

(Scopes 1987). Secondly, ACT bound to the HIC column quite 

avidly, requiring elution with 6 M urea. The strong 

binding of ACT to the resin sUbstantiates the hydrophobic 

nature of ACT. 

Unfortunately, a second virulence determinant, FHA, 

was also bound and eluted from the HIC column under 

identical conditions as ACT (Fig 3-16). The rationale for 

this co-purification of two virulence determinants centers 

on hydrophobicity as well. One proposed binding site for 

FHA is the cholesterol on the surface of cells (Wilfert 

1988), which implies FHA also may have regions of 

hydrophobicity important for binding the complex lipid. 

Recently, the sequence of FHA was published and the derived 

amino acid sequence demonstrated 3 regions of 

hydrophobicity. Two of these regions were in areas of the 

protein in which eukaryotic cell binding domains are 
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believed to exist (ReIman et al. 1989). The discovery of 

the FHA contaminant in phenyl-sepharose pools with ACT 

activity, and the satisfactory removal of FHA and other 

contaminating proteins by hydroxylapatite chromatography, 

made HIC an unnecessary step in the purification procedure. 

However, the contribution of HIC toward understanding the 

biochemical nature of ACT was profound and should not be 

taken lightly. 

purification Phase 3: Native ACT with a Molecular Weight of 

220 kd 

Elution of biologically and enzymatically active ACT 

from calmodulin-sepharose required the use of 6 M urea 

which suggests that the protein bound to the affinity 

column tightly (Table 3-6). This was to be expected since 

the dissociation constant for calmodulin and the adenyl ate 

cyclase of ~. pertussis has been reported to be between 108 

and 1010 molar (Ladant 1988). Calmodulin binds up to 4 

molar equivalents of ca+2 that induce conformational 

changes in the protein and exposes specific enzyme 

interaction sites (Manlan and Klee 1984). Calcium 

chelating compounds, such as EGTA, are capable of blocking 

the regulatory effects of calmodulin by preventing 

calmodulin-enzyme interaction (Wolff et al. 1980, Manlan 
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and Klee 1984). The fact that the binding of ACT to 

calmcdulin-sepharose was not disrupted by EGTA was somewhat 

surprising since the binding of calmodulin with ACT is also 

dependent on the presence of calcium. However, Wolff 

et ale (1980) demonstrated that EGTA was not capable of 

blocking the stimulation of ~. pertussis ACT enzymatic 

activity by calmodulin if added to ACT after the 

calmodulin. They suggested that the strong affinity of the 

ACT for calmodulin may sufficiently sequester the ca+2 to 

prevent disruption of the interaction by EGTA. Apparently, 

this was true since a dissociating compound, urea, was 

required to strip ACT from the column. 

When the quest for a purified ACT was begun, it was 

with the understanding that the protein was probably 60 kd 

molecular weight. This concept was understandably the 

result of previous research on ACT (Hewlett et ale 1976, 

Hanski and Farfel 1985, Shattuck et ale 1985a, Friedman 

1987). Therefore, when a pure and totally inactive 60 kd 

protein was eluted from calmodulin-sepharose with EGTA (Fig 

3-3), the belief was that prior manipulations with the 

preparation was the cause for the loss of activity. 

However, the urea elution of a 220 kd protein which 

demonstrated very high ACT enzymatic activity suggested 

that purification had been perhaps focusing on the wrong 
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protein (Fig 3-4 and 3-5). 

In order to answer the question as to which protein 

was responsible for both the biological and enzymatic 

activities, the 60 kd and 220 kd proteins had to be 

separated. The first method attempted was affinity 

chromatography using affi-gel blue. As previously 

mentioned, the dye component of affi-gel blue structurally 

mimics ADP-ribose and tightly binds enzymes which contain 

binding sites for purine containing compounds (Lowe and 

Pearson 1984, Scopes 1987). The 220 kd protein, which was 

not separated sufficiently from the 60 kd protein by virtue 

of the calmodulin binding domain using calmodulin

sepharose, could possibly be separated on the basis of ATP 

binding with affi-gel blue. The rationale was that the 60 

kd protein, which had no apparent enzymatic activity, would 

not bind the resin. If perhaps the 60 kd protein was a 

proteolytic derivative of the 220 kd protein, with an 

intact ATP binding site and the ability to bind the resin, 

differential elution with urea might sufficiently separate 

the two proteins. The rationale being that a substantial 

loss of structure, as a result of proteolysis, could 

compromise the conformational integrity of the ATP binding 

site and weaken the binding of the 60 kd protein. 

The results of the affi-gel chromatography indicated 
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that the two protein species were not separated by this 

method. Close inspection of the SDS-PAGE gel (Fig. 3-7) 

shows that a fair quantity of 60 kd protein was eluted at 

2 M urea. On the other hand, a substantial quantity of the 

60 kd protein required higher concentrations of urea to 

elute. It was likely that more than one protein in the 

pool had a molecular weight of 60 kd. However, that does 

not explain the elution of a 60 kd protein at higher urea 

concentrations. These results suggest that there was an 

ATP binding site associated with the 60 kd protein. If the 

60 kd protein has an intact ATP binding site, why was the 

enzymatic activity so low? It was possible that the 

protein was an entirely different purine-utilizing protein 

involved with other metabolic or synthetic processes in 

Bordetella pertussis. If this was the case, why then does 

the 60 kd protein bind to calmodulin-sepharose? It was 

possible that the binding to calmodulin-sepharose was non

specific yet sufficient enough to withstand the waShing of 

the resin. Meanwhile, an alternative method of separating 

the two proteins was initiated. 

During earlier studies with ACT by my advisor Dr. 

Richard Friedman, the monoclonal antibody III-A9 was 

obtained which reacted with the 60 kd band by western blot 

(Fig 3-6) and also precipitated ACT enzymatic activity. 



125I-labelling of partially purified ACT followed by 

precipitation with III-A9 revealed a 60 kd band on 

autoradiography. Using III-A9, an immuno-affinity resin 

was constructed with protein A-sepharose. Protein A

sepharose was used as the support because it enabled the 

antibodies to be oriented with their antigen binding 

domains free. The antibodies were then crosslinked to 

protein A-sepharose to prevent, as much as possible, 

elution of the antibodies along with the 60 kd protein. 
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The immuno-affinity chromatography was also found not 

to be a viable method of purification (Table 3-9). While 

an estimated 18.0 mg of III-A9 was bound to the resin, less 

than 40 ~g of 60 kd protein was recovered even following 

overnight batch absorption. The majority of the 60 kd 

protein was found in the flow througt fraction (Fig 3-8). 

The possibility that stearic factors inhibited binding by 

affecting the interaction of antigen and antibody might 

account for the low recovery. When a new affinity resin 

was constructed using 5.0 mg of III-A9, however, the 

results were virtually identical. The only other plausible 

explanation was that the antibody was damaged during the 

crosslinking step to the point that no significant binding 

occurred. 

The significant molecular weight difference between 
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the two proteins made gel filtration an obvious method to 

try to achieve separation. The separation depended only on 

the physical size differences between the two proteins. 

The results of the chromatography indicated that, while 

theoretically possible, this method would not work either 

(Figs. 3-9 and 3-10). Surprisingly, all the protein 

appeared to aggregate in the resin as the activity was 

found scattered from the void volume through to low 

molecular weight fractions. SOS-PAGE of the individual 

fractions demonstrated low molecular weight proteins in 

high molecular weight fractions. Certainly the earlier 

discussion relating to the apparent hydrophobic nature of 

ACT would apply as an explanation for the behavior of the 

protein on gel filtration. However, even in the presence 

of urea, activity and protein were spread over a broad 

range of molecular weight sizes (Fig 3-10). One 

possibility is that partial proteolytic degradation 

occurred in the preparation. This could result in a broad 

range of molecular weight products very analogous to what 

occurs with partial digestion of DNA by restrictiol1 

endonucleases. Because the material loaded onto the column 

was a phenyl-sepharose pool, multiple proteins were still 

present and, therefore, proteolytic products would not be 

readily identifiable. 
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The only method which resulted in separation, albeit 

incomplete, of the 60 kd and 220 kd proteins was 

calmodulin-sepharose. Individual fractions could be 

analyzed by SOS-PAGE and the fractions containing only 

60 kd or 220 kd would be studied. The subsequent 

chromatography experiment resulted in a fortuitous mishap. 

The fraction collector which controlled the peristaltic 

pump had not been re-set for the experiment. The pump flow 

was interrupted just after the TNMC wash buffer had been 

started and the column flow was halted overnight. The 

local conditions within the column were just right to 

prevent the 60 kd protein from adhering to the resin. The 

unbound 60 kd protein was washed from the column when the 

pump was restarted the next morning. 

Analysis of the eluant fractions demonstrated that the 

desired activities were associated with the 220 kd protein 

alone (Fig 3-12 and Tables 3-11 and 3-12). The 60 kd 

protein was totally inactive. Lack of the biological 

activity by the 60 kd protein could possibly be explained 

by the loss of a 160 kd fragment of protein which is 

present in the biologically active 220 kd protein. 

Immunologically, the reaction with III-A9 was positive only 

for the 60 kd protein and not for the 220 kd protein. 

These results suggest that the two proteins may not be 

.---------
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related. The possibility does exist that the 60 kd protein 

has an antigenic determinant recognized by III-A9 which is 

hidden in the native 220 kd protein. 

Most difficult to explain, however, is the lack of 

enzymatic activity. The 60 kd protein appeared able to 

bind the affi-gel blue resin, suggesting a purine 

nucleotide binding site which would include ATP. While the 

affi-gel blue result does not guarantee involvement of an 

ATP binding site, it cannot be overlooked. One possible, 

but most unlikely, explanation for lack of enzymatic 

activity might be the loss or alteration of the calmodulin 

binding domain in the 60 kd protein as a result of 

proteolytic degradation. This occurrence would result in a 

protein unable to demonstrate high enzymatic activity. 

However, loss of the calmodulin binding domain would not 

explain how the 60 kd protein bound to calmodulin

sepharose. Therefore, the most likely explanation is that 

the 60 kd protein is not related to ACT and the binding to 

calmodulin-sepharose is non-specific. 

There is evidence that the 60 kd protein, which was 

initially found to elute from calmodulin-sepharose with 

both the EGTA and urea, was not binding in a specific 

manner. The binding of the 60 kd protein was found to be 

prevented by increasing the NaCl and CHAPS concentration in 
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the loading buffer. A specific interaction with 

calmodulin, as mentioned previously, would not be disrupted 

under these particular conditions. The possibility exists 

that the 60 kd protein was interacting non-specifically 

with the 220 kd protein. It was the quantity of the 60 kd 

protein in the eluent which contributed to the belief that 

this protein was ACT. The 220 kd protein was not always 

visible on SDS-PAGE and believed to be a minor contaminant. 

Friedman (1987) postulated that the 220 kd was a different 

form of ACT. 

Purification Phase 4: Isolation of purified ACT 

As discussed previously in Chapter I, ACT is not the 

only virulence determinant expressed by Bordetella 

pertussis. Following purification it was important to be 

sure the only virulence determinant present was ACT. While 

the preparation obtained from calmodulin-sepharose appeared 

pure on the basis of silver stained SDS-PAGE (Fig 3-13), 

FHA was identified as a contaminant in the preparation by 

Western blot (Fig 3-16). The basis for the co-purification 

of ACT and FHA probably hinges upon hydrophobicity, as 

previously discussed above. 

The initial attempt to remove FHA focused on the use 

of a mutant strain of ~. pertussis BP353, which was 

------------
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genetically and immunologically deficient in cell 

associated FHA (Weiss et ale 1983). Analysis of ACT 

enzymatic activity in BP353 by Weiss et ale (1983) 

suggested that the majority of ACT was found in the culture 

supernatant. These results were somewhat surprising since 

the mutant strain BP353 was derived from the wild type ~. 

pertussis :strain BP338 which produces the majority of its 

ACT in association with the whole cell (Weiss et ale 1983). 

Her explanation for the higher levels in supernatant ACT 

enzymatic activity was the result of a difference in 

compartmentalization. An alternative explanation was that 

she used whole cells and supernatant from 48 hr cultures of 

BP353 in evaluation of ACT activities. As discussed 

previously, the appearance of supernatant ACT enzymatic 

activity was probably the result of cellular lysis. 

Growth curve experiments with BP353 to determine the 

time of optimal cell associated ACT production resulted in 

the surprising confirmation of the results obtained by 

Weiss et al (1983). A peak of cell associated ACT activity 

occurred at 10 hr with BP353, although, the majority of 

activity was present in the culture supernatant (Fig 3-17). 

The reason for this was not readily apparent, yet, it 

seemed possible that ACT (and possibly other membrane 

associated proteins) were processed differently in the 

------------,-------.. -----------
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mutant. Weiss et al. (1983), speculated that the mutation 

in BP353 was the result of a transposon (Tn5) insertion 

into the structural gene for FHA. Recent characterization 

of BP353 and other FHA mutants demonstrated an operon 

containing the FHA structural gene and two other genes 

believed to be regulatory in nature (stibitz et al. 1988). 

Further characterization indicated that the Tn5 insertion 

in the BP353 mutant was in one of two regulatory genes of 

the FHA operon (Relman et al. 1989). Was it possible that 

the mutated gene was involved in regulation of protein 

processing of the FHA and ACT virulence determinants and 

controlled insertion of the protein into the membrane? The 

answer to this question extends beyond the scope of this 

research but it does add a rather curious twist to the ACT 

story. 

Fortunately, a method was available to separate FHA 

from ACT without compromising the biological and enzymatic 

activities of ACT. The initial step in FHA purification 

was chromatography over hydroxylapatite (Sato et al. 1983). 

The mechanism of action of hydroxylapatite is not well 

defined as it is for other chromatographic resins such as 

ion exchangers. Proteins are believed to adsorb to the 

surface of hydroxylapatite but are unable to penetrate the 

crystalline structure (Scopes 1987). This results in a low 
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adsorptive capacity for the resin and explains why such a 

large quantity of hydroxylapatite was required for protein 

separation of a small sample of ~. pertussis extract. It 

is believed that basic proteins behave differently on 

hydroxylapatite than do acidic or neutral proteins. Acidic 

proteins are believed to bind by the Ca+2 sites on the 

resin surface and are easily displaced by increasing 

concentrations of PO-4. Basic proteins adhere to the Po-4 

sites and are readily displaced by monovalent anions such 

as CI- and most effectively by Ca+2 (Scopes 1987, pg 173-

76) • 

ACT was eluted with 100 mM phosphate buffer suggesting 

that ACT adsorption to hydroxylapatite was preferential 

toward the ca+2 sites of the resin. This was interesting 

because the relationship between ACT and calmodulin is 

dependant on ca+2
• The ability of ACT to bind Ca+2 in the 

absence of calmodulin would lend support to the earlier 

discussion regarding the inability of EGTA to elute ACT 

from the affinity resin calmodulin-sepharose. ca+2 may 

serve as a bridge between ACT and calmodulin and, once 

sequestered by the two proteins, is unattainable by EGTA. 

FHA has been shown to be eluted from hydroxylapatite by 100 

mM phosphate buffer, pH 7.0, containing 500 mM NaCI (Sato 

et al. 1983). This correlates well with the proposed basic 



nature of FHA and the theory of protein binding to 

hydroxylapatite. 

Characterization of ACT 
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ACT from Bordetella pertussis strain 504 has been 

purified to homogeneity from urea extracted whole cells, 

harvested during optimal cell associated production of ACT 

in liquid culture followed by hydroxylapatite and 

calmodulin-sepharose chromatography. As evidenced by the 

protein concentration recovered following the purification 

(Table 3-14), the quantity of ACT produced by the organism 

was quite low (approximately 1.8% of urea extracted 

protein). The purified protein migrated as a single band 

to a position of 220 kd molecular weight on SDS-PAGE (Fig 

3-13 and 3-19). The pI of ACT was determined using an FHA 

contaminated preparation and has been tentatively assigned 

a value of 7.0 (Fig 3-15). This pI value correlated with 

ACT behavior on the hydroxylapatite resin. The enzyme has a 

specific activity of over 17,000 ~M cAMP/mg/min which was 

the highest amount of specific activity to be recovered· to 

date (Table 3-14). The biological activity of ACT was 

found to be quite potent, as 850 ng of ACT induced over 

1400 picomoles of cAMP/106 S49 lymphoma cells (Table 3-15). 

This amount of biological activity with less than 1 ~g of 
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purified ACT was one of the highest reported to date. The 

biological activity was unstable at low protein 

concentrations, yet 660 ng of ACT inhibited neutrophil 

chemiluminescence by nearly 65% (Table 3-16). ACT 

biological activity was apparently stabilized by addition 

of another protein such as BSA. The same 850 ng sample 

described in the S49 cell assay above induced over 2000 

picomoles of CAMP/I06 cells when stabilized with 100 ~g of 

BSA. Eight ~g of a preparation which contained the FHA 

contaminant inhibited the neutrophil chemiluminescence 

response by 98% (Fig 3-14). It was not possible to 

determine how much of the tested 8 ~g was actually ACT, 

however, the quantity of protein recovered from calmodulin

sepharose, which was FHA contaminated, was 10-fold higher 

than purified preparations without FHA. If permitted the 

liberty to take this into consideration, it was possible 

that 800 ng of ACT inhibited the neutrophil response by 

98%. While further characterization is needed to 

define ACT precisely, several conclusions can be 

SUbstantiated by results obtained from the purification of 

the toxin. The potent biological activity and 

extraordinary enzymatic activity of the protein suggest 

that the role of the virulence determinant may be the 

immediate protection of ~. pertussis. studies of ACT 
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biological activity using whole cell urea extracts and 

partially purified urea extracts suggested that ACT was 

rapidly degraded in human leukocytes (Farfel et al. 1987, 

Friedman et al. 1987). ACT would enable the organism to 

survive by temporarily paralyzing the immune response with 

increased intracellular cAMP levels, until other virulence 

factors such as pertussis toxin could help ~. pertussis 

establish a firm foothold. This hypothesis is dependent on 

the premise that ACT is continually produced by the 

organism in vivo. As discussed above, it is unlikely that 

the production of cell associated ACT in liquid culture 

reflects the situation in vivo. While the quantity of ACT 

produced by ~. pertussis does not appear to be very great, 

the nature of ACT activities would suggest that little 

toxin would be required to satisfactorily protect the 

organism. Most likely a steady state production of ACT 

would be important since the toxin is rapidly degraded in 

intoxicated cells. The apparent hydrophobic nature of ACT 

is consistent with the premise that ACT directly penetrates 

cells to increase intracellular levels of cAMP (Friedman et 

al. 1987, Gentile et al. 1988, Gordon et al 1988). The 

fact that ACT is a monomeric protein and biological 

activity is easily lost suggests that the hydrophobic 

portion of ACT may be responsible for cell penetration. 



APPENDIX ~ 

MEDIA, BUFFERS AND REAGENTS 

stainer Scholte Basal Medium (per liter H20): 

Tris HCl 
Tris base 
Na glutamate 
NaCl 
Proline 
KHzP04 
KCl 
MgC12 
CaC12 

1.26 g 
0.85 g 

10.72 g 
2.50 g 
0.24 g 
0.50 g 
0.20 g 
0.10 g 
0.02 g 

~pH is adjusted to 7.80-7.85 so when supplement is 
added the final pH = 7.60. 

stainer Scholte Supplement (per 100ml H20): 

cystine* 
FeS04 
Ascorbic Acid 
Nicotinic Acid 
Glutathione** 

0.40 g 
0.10 g 
0.20 g 
0.04 g 
1.00 g 

*cystine is dissolved in 20ml H20 + 1ml HCl then 
diluted to gOml with H20. 

**Reduced glutathione. 

ATP Mixture for ACT Enzyme Assay: 

Tris base pH 7.6 
MgCl2 
CaCl2 
Na2ATP 
BSA 

40.0 roM 
10.0 roM 
0.4 roM 
2.0 roM 
0.2% 
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SOS-PAGE Sample Buffer (in 10 ml): 

Tris-base pH 6.8 
Glycerol 

31.25 roM 
20.0% 

4.0% 
0.05% 

SOS 
Bromophenol Blue 

SOS-PAGE Running Buffer: 

Tris-base 
Glycine 
SOS 

50 roM 
384 roM 

0.1% 

Western Blot Color Reaction (for Alkaline Phosphatase): 

Stock Solutions: 

50 mg/ml Nitroblue tetrazolium (NBT; Sigma) 
dissolved in formamide 

50 mg/ml 5-Bromo-4-chloro-3-indol phosphate 
(BClP; Sigma) dissolved in H20 

Stock solutions are light sensitive; store at 
-20°C. 

AP Buffer: 
100 roM Tris-base pH 9.5 
100 roM NaCl 

5 roM MgCl2 

Color Reaction Mixture (for 100ml): 

0.33 ml NBT 
0.16 ml BClP 

99.50 ml AP Buffer 

Color reaction mixture is light sensitive and 
should be used within 1 hour. 
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IEF Gel Mixture (final volume 10ml): 

5.50 g 
1. 33 ml 
2.00 ml 
0.40 ml 
0.10 ml 
1.95 ml 
10.0 IJ.l 
5.0 IJ.l 

Urea (ultrapure) 
28.4% Acrylamide, 1.6% Bisacrylamide 
10% Nonidet P-40 
40% Ampholines (pH 5-7) 
40% Ampholines (pH 2-10) 
H20 
10% Ammonium Persulfate 
TEMED 

IEF Gel Sample Buffer: 

9.5 M 
5% 
2% 
1. 6% 
0.4% 

Urea 
2-Mercaptoethanol 
Nonidet P-40 
Ampholines (pH 5-7) 
Ampholines (pH 2-10) 

IEF Gel Overlay: 

9.0 M 
0.8% 
0.2% 

Urea 
Ampholines (pH 5-7) 
Ampholines (pH2-10) 

IEF Gel Running Buffer: 

Lower Reservoir Buffer: 10 roM H3P04 

Upper Reservoir Buffer: 20 roM NaOH 
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