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A man is judged by what he looks fOr «sse.

not by what he finds.

Le Carre.



SUMMARY



The characteristics of nicotinic acid (NA) and nicotinamide

(ND) uptake by Bordetella pertussis were determined. This investigation
was prompted by the previous work of Pusztai and Jod (Ann. Immunologiae
Hungaricae, 10, 63-67, 1967) on NA modulation which suggested that
certain cell envelope proteins having pathophysiological activities in
experimental animals might also be involx-red in the uptake of NA, but
not of ND.

On investigation, the rates of uptake of the two vitamins by
B. pertussis were found to be almost identical and were linear for at
least 30 min; uptake of both required a source of energy, satisfied
by glutamate, and potassium ions; and was temperature-dependent. The
uptake systems for both vitamins displayed saturation kinetics and Km
and Vmax values for their uptake were estimated. The Km values were
1.0 and 0.04 pM for NA and ND respectively, whilst the Vmax values
were 13,5 and 18.4 pmol mg dry weigmt-lmin-l respectively.

The overall uptake process was defined as including both
transport and metabolism of the vitamins. ND taken up by B. pertussis
was found to be rapidly converted to NA by the activity of nicotinamide
deamidase. Subsequent metabolism of NA was difficult to determine,
but it appeared that it was metabolised first to NAD and then recycled
to NA via ND.

NA and ND uptakes had the same pattern of inhibition by a
varietly of substituted pyridine compounds, although ND uptake was
always inhibited slightly more than NA. Both vitamins were inhibited
by 3-pyridine-carboxaldehyde (3PC), 3-pyridine-aldoxime (3PA) and
>=pyridyl=-carbinol. No other analogues were inhibitory. However,

whereas 3PC completely inhibited ND uptake at molar ratios of analogue
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to vitamin of 100, 10 and 1, its inhibitory effect on NA uptake
decreased as the molar ratio decreased; 3PC and 3PA were shown not to
inhibit the oxidation of glutamate or the growth of B. pertussis. NA
was found to inhibit ND uptake and did so to a greater extent than

ND inhibited NA uptake when compared on an equimolar basis.

From these results, three possible models were suggested for
the uptake of NA and ND by B. pertussis. The evidence available was
in favour of a model (Model 3, Discussion, Section I) with separate
periplasmic binding-proteins for NA and ND which interact with a common
cytoplasmic membrane carrier protein fdr translocation into the cell.
Transport of ND is then followed bj; its rapid metabolism to NA.

To investigate the possible regulatory role of adenylate
cyclase (AC) in NA modulation, assays of AC were done on intact cells
and cell lysates of cells grown under different conditions. Intact
cell-associated AC was found in all three species of Bordetella. The
AC activity in B. pertussis was confirmed to be greater in cells
grown on solid media containing blood than in liquid media, due to
activation of the AC by a protein activator in the blood. The
cellular distribution of AC in B. pertussis was examined by fraction-
ation of intact cells. The percentage distribution varied depending
on whether or not the AC activity was assayed in the presence of this
activator. This was because soluble AC (50000 g supernate) responded
less to the activator than membrane-containing cell fractions.
However, the majority of the AC was in that soluble fraction, with a
small amount in the cell envelope and the outer membrane. Association
of some of the AC with the outer membrane was confirmed by sucrose

density gradient centrifugation analysié.
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Wé.rdlaw, Parton and Hooker (J.Med.Micro., 9, 89-100, 1976)
had shown that whereas growth in high NA media (NAS00) resulted in
modulation, growth in ND500 media did not. In the present study,
growth in NA5S00 media in batch cultures resulted in a marked reduction
in the uptakes of both NA and ND and AC levels and a loss of agglutinogen
factors 2 and 3. The titre of factor 1 was increased in these growth
conditions. There also appeared to be a slight alteration in the
cellular distribution of AC.

By contrast, growth in ND500 media had no effect on any of
these properties, except for a possible slight reduction in ND uptake
only. B. pertussis 18323 was atypical in its response to growth in
ND500 media in that AC activity was stimulated 15-fold.

Be pertussis 2992 did not modulate when grown in NASOO media
in semi~-continuous culture, although it did modulate in batch culture.

This strain modulated in semi~-continuous culture, however, when grown
at 28°¢C.

These results suggest that NA and ND interact with separate
components for their transport and that high concentrations of NA also
affect another factor in the cell envelope that regulates the expression
of both virulence genes and AC.
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SECTION I ¢ BORDETELLA PERTUSSIS

l. Taxonomy of the Genus Bordetella

The genus Bordetella is classified under "Gram-negative
Aerobic Rods and Coccl : Genera of Uncertain Affiliation" in the latest
(8th) edition of Bergey's Manual of Determinative Bacteriology (Pittman,
1974). The genus consists of three species: the non-motile B. pertussis
and B. parapertussis and the motile B, bronchiseptica. The organisms
have an optimum temperature of 35-—3700 for growth and do not attack
carbohydrates. They are chemoorganotrophs which oxidise amino acids and
require for growth an organic sulphur source (e.g. Cys) and either nico-
tinic acid (NA) or nicotinamide (ND) (Pittman, 1974).

The three species are obligatg mammalian parasites and
pathogens of the respiratory tract and B, pertussis is the causative
organism of whooping-cough. Genus-specific antigens include a heat-
stable 'O!' antigen, a heat-=labile dermonecrotic toxin and the heat-labille
agglutinogen No. 7. In addition, each species has its own species-
specific agglutinogen. All species are haemolytic (Pittman, 1974;

Wilson and Miles, 1975). Their differential characteristics are shown

in Table 1.

Be er:bussis, which was isolated as the causative organism
of whooping-cough by Bordet and Gengou (1906), was originally included
in the genus Haemophilus (Winslow et al, 1920) by its microscopical
appearance and its apparent requirement for blood. Unlike H, influenza,
however, there was no requirement for either the X- or V-factor (Fildes,
1923),

B, parapertussis was first isolated by Eldering and Kendrick



TABLE 1. Differential characteristics for species of the genus

Bordetella

CHARACTERISTICS(]') B, pertussis B.parapertussis B.bronchiseptica

Flagella - - +
Reduction of nitrates - - +
Citrate utilisation - + +
Urease - + + (in 4 h)
Oxidase + - +
Catalase 4+ O = (2) + +

Growth on peptone agar:
-~ browning - + -

Sensitisation of mice
to histamine + - -

Species~specific heat-
labile agglutinogens:

- Factor 1 + - -
- Factor 12 - - +
- Factor 14 - + -
G + C Content, moles % 61 61 66

(1) Adapted from Lautrop (1960) and Pittman (1974)

(2) 70% of freshly isolated strains are positive.



(1937, 1938) from cases of whooping-cough, but from its cultural character-
istics was distinet from B. pertussis. It also was originally placed

in the genus Haemophilus. B, bronchiseptica was first isolated from

the respiratory tract of dogs suffering from distemper (Ferry, 1911) and
was first isolated from a case of whooping-cough by Brown in 1926

(Medical Research Council (MRC), 1951). This organism has been previously
classified under Haemophilus and Brucella (Pittman, 1974).

LOopez (1952) summarised the evidence for the properties shared
by these three organisms and proposed they be grouped together in a new
genus: Bordetella. Further metabolic and nutritional similarities
among the three species were established by Proom (1955). Pittman

(1955) demonstrated they shared a common heat-labile dermonecrotic toxin

and other serological and pathogenic properties. As a result of these
and other studies, the proposal of Ldpez was accepted and the new genus

was first included in the 7th edition of Bergey's Manual (Pittman, 1957).

There have been some recent studies which have questioned
the separate species status of these three organisms (Kumazawa and

Yoshikawa, 1978; Kloos et al, 1979), particularly the separation of

B, pertussis and B, parapertussis. Both groups of workers have

converted B, pertussis into B. parapertussis by treatment with N~methyle=

Nt'=nitro=nitrosoguanidine.

2 e Pertugsis = the Disease

Whooping-cough is a highly communicable, acute, localised
infection of the human respiratory tract which, in its typical form, is
characterised by paroxysmal coughing, lymphocytosis and hypoglycaemia

and is sometimes accompanied by neurological disorders (Pittman, 1970).



Whooping=cough is a clinical syndrome which can be caused by any one of
the three species of Bordetella and there is no cross=-immunity among the
species (Lorber, 1975; Olson, 1975). The majority of whooping-cough
infections are due to B, pertussis. B. parapertussis accounts for about
5% of the cases and human infections with B. bronchiseptica are very
rare. Lautrop (1960) proposed that the term PERTUSSIS be used solely
for infections with B, pertussis, PARAPERTUSSIS for infections with

B. parapertussis and WHOOPING~COUGH for the clinical syndrome caused by
any one of three species.

Pertussis infections show three clinical stages following an
incubation period of 7-14 days: catarrhal, paroxysmal and convalescent
(Lorber, 1975). The catarrhal stage usually lasts 7~14 days and 1is
accompanied by the symptoms common to many respiratory tract infections:
cough, sneezing, general malaise and g mild fever. The victim is
highly infectious during this stage, the disease being spread via
respiratory droplets. Attack rates of 80-90% of unvaccinated children

exposed at home to pertussis infection have been reported (1"11-'{0, 1951
Joint Committee on Vaccination and Immunisation (JCVI), 1977). The
bouts of coughing become much more violent and frequent during the
paroxysmal stage and are often accompanied by the characteristic “whoop".
The patient is no longer infectious during this stage, which can last
for up to four weeks, but neurological disorders and secondary infections
may occur. The paroxysms begin to decrease during the convalescent
stage, although full recovery from the infection can take up to several
months (Lorber, 1975; Linneman, 1979).

Adenoviruses have also been reported to cause a paroxysmal
cough and pertussis—like disease (Olson, 1975; Linneman, 1979).

However, it is not known if they also cause the lymphocytosis that is



characteristic of B. pertussis infections (Linneman, 1979).

Pertussis remains widely distributed throughout the world,
especially in highly populated and underdeveloped countries (Table 2).
The infection can occur in any age group, but is most common, most
severe and has the highest mortality‘ rate in infants up to one year old
(Bradford, 1969; Lorber, 1975). Epidemics of pertussis occur in cycles
with peaks every 3-4 years (JCVI, 1977).

Little is known of the pathology of pertussis infection other
than that the bacteria remain localised among the cilia of the epithelial
cells of the respiratory tract and multiply there without invasion of
the epithelium (Mallory and Horner, 1912; Muse et al, 1977). Necrosis
of the epithelium layer occurs to a limited extent and there is a
lymphocyte infiltration of the epithelial tissue (Pittman, 1970;
Linneman, 1979).

The nature of the immunity to pertussis infection remains
unknown. It has been proposed that a short-term, local immunity is
provided by secretory antibodies preventing adhesion of the bacteria to
the cilia (Pittman, 1979). Further, prolonged immunity may then be due
10 serum antibodies neutralising an exotoxin released by the bacteria
attached to the cilia (Pittman, 1979). However, immunity to pertussis
either from infection or from active immunisation lasts only for a few
years (Pittma.n, 1970) and there appears to be no passive transfer of

immunity from mother to foetus (Lorber, 1975).

5. Pertussis Vaccine and Vaccination

Many attempts have been made to immunise actively against

pertussis since the causative organism was first isolated. Madsen



TABLE 2.

ALGERIA

Incidence of pertussis in selected countries

COUNTRY

ARGENTINA

CANADA
DENMARK

F1J1

FRANCE

ITALY

JAPAN

NEW HEERIDES

THAILAND

UNITED KINGDOM

UNITED STATES OF AMERICA

VENEZUELA

ZAIRE

(1) World Health Statistics Report (1977)

(2) World Health Statistics Quarterly (1978)

NQ. OF REPORTED CASES

lﬂé(l)

2862

44195
3009
16385
28
355
19246
2471
30
1980
4369
927
9204
18975

1211ﬁ2)
666
44875
1903
11452
15
189
8478
5417
10
3010
18717
1915
10267
17114



(1925, 1933) reported a limited amount of success in the first large
scale trials of pertussis vaccine in that only 68% of vaccinated
children became infected compared with 98% of unvaccinated children.,
Kendrick and Eldering (1939) reported the first well=controlled trials
in the U.S.A. with an attack rate of 35% in vaccinated and 89% in un-
vaccinated children.

The Medical Research Council (MRC), in the United Kingdom,
conducted the best organised series of pertussis vaccine field trials
in the 1950's. A large number of vaccines were compared and found to
have a wide range of protective potency, with an overall attack rate
followj.ng exposure 1o pertussis at home of 18% in vaccinated and 87% in
unvaccinated children (MRC, 1951, 1956, 1959). These trials established
a correlation between protective potency of the vaccines and their
performance in the intracerebral mouse protection test (Kendrick et al,
1947). The World Health Organisation (WHO) subsequently recommended

this test as the standard assay of vaccine protective potency (WHO, 1964).

Pertussis vaccine, combined with diphtheria, and later also with tetanus,

toxoids was was introduced in the United Kingdom on a national scale in

1957.

The introduction of the vaccine appeared to be responsible
for an accelerated rate of decline in the incidence of pertussis which
continued, interrupted only in the 1960's, until 1976 (Figure 1). The
efficiency of the pertussis vaccine was questioned when the Public
Health Laboratory Service (PHLS) reported that in the pertussis epidemic
of 1966-1967, 56% of fully vaccinated and 67% of unvaccinated children
became infected (PHLS, 1969). ©Preston (1963, 1965) had already shown
that the serotype of fresh 'isolates of B. pertussis had changed from

types 1, 2 and 1,2,5 prevalent prior to 1958 to type 1,3, prevalent
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from 1963 onwards. These findings were confirmed by the PHLS (1973)
and the suggestion was made that the change in serotype may have occurred
because the vaccines in use then did not contain antigen no. 5. The
vaccines were therefore altered to contain high levels of antigens 1, 2
and 3%. The efficacy of the new vaccines was analysed by Preston and
Stanbridge (1972) for the period 1969-1971 and they were found to be
superior to the earlier vaccines.

Adverse reactions to pertussis vaccine have been known‘ since
its earliest usage (Madsen, 1925). Many of these are local reactions
at the site of injection, but a number, whose size is a subject of some
debate, are more serious neurological complications such as convulsions
or encephalitis (JCVI, 1977). Adverse publicity of these reactions
reached a peak in the mid-1970's. Claims were made that changing socio-
economic conditions were more important than vaccination as the cause of
the decline in the incidence of pertussis and that the risk of serious
neurological complications was too great to justify the national use of
the vaccine (Bassili and Stewart, 1976; Stewart, 1977). As a result
of this publicity, the acceptance rate for pertussis vaccine dropped

from 75-80% for 1972-1974 to about 40% for 1977 (JCVI, 1977) and a

committee was set up to review the efficacy of pertussis vaccines in the
United Kingdom (JCVI, 1977). The committee reported that the incidence

of neurological complications could not be measured with certainty as
such disorders may arise spontaneously in unvaccinated children of a
similar age. They also noted that the mortality rate from the disease*
itself had remained unaltered since 1958 at about 1l death per 1000
notifications. However, pertussis remains a very debilitating disease.

Miller and Fletcher (1976) reported that of 8092 notified cases in .

1974-1975, 10% required hospitalisation the majority of which were
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children O=1 year old. ©Pertussis vaccination has repeatedly been
reported as reducing the severity and length of the disease in vaccinated
children (Madsen, 1933; MRC, 1951; Miller and Fletcher, 1976). 1In
view of this modifying effect and their belief that the vaccine was
protective , JCVI recommended the continuation of pertussis vaccination
on a national scale (JCVI, 1977).

The next pertussis epidemic in the UK occurred, as expected,
in 1978 and thus followed the period with very low levels of acceptance
of pertussis vaccine. 1In contrast to previous trends (Figure 1), the
incidence of pertussis was the highest recorded since before 1960

(Stuart-Harris, 1979). However, the controversy over the efficacy of

the vaccine continues (Stewart, 1979; Stuart-Harris, 1979).

‘4 o PathOEhzsiological Activities and Antigens

The complex nature of the cell envelope of B, pertussis was
shown by Parton and Wardlaw (1975) who resolved about thirty-five proteins,
by sodium dodecyl sulphate~polyacrylamide gel electrophoresis (SDS-PAGE),
of molecular weights ranging from 10,000 to well over 70,000. Infection

with B. pertussis causes a variety of responses in both humans and

laboratory animals. A partial list of these responses is given in

Table 3. These responses have been extensively reviewed elsewhere

(Morse, 1976; Munoz and Bergman, 1977) and only a brief account will be

given.

4.1. Heat-Labile Dermonecrotic Toxin (HLT)

HLT is a protein responsible for acute death in experimental

animals and dermonecrosis (Morse, 1976) after infection of B, pertussis
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TABLE 3. Pathophysiologically=-active components associated with

Be. pertussis (1)

l. Heat-labile dermonecrotic toxin (HLT)
2. Agglutinogens

3. Haemagglutinins (HA)

4. Histamine-sensitising factor (HSF)

5. Lymphocyte-promoting factor (LFF)

6. Islet-activating protein (IAP)

7. Polymorphonuclear leukocyte-inhibitory factor(2) » (3)
8. Protective antigen (PA)

9. Adjuvanticity
10, Mitogenicity for lymphocytes

11, Endotoxin (or lipopolysaccharide)

(1) Details of all these prOperthies, except 7, can be found in the
reviews of Pittman (1970), Morse (1976) and Munoz and Bergman (1977).

(2) Utsumi et al (1978).

(3) Imagawa et al (1979).
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cells. It is destroyed by heating at 5600 for 30 min and has been
purified by Onoue et al (1963). The toxin was recently shown to be a

cytoplasmic component (Cowell et al, 1979).

4.2. Haemagglutinins (HA)

Keogh et al (1947) first described the HA activity of
B. pertussis. It has been shown recentiy that B. pertussis possesses
two distinct HA's (Arai and Sato, 1976). There is a fimbrial HA (F-HA)
which is identical with the filamentous fimbriae of B. pertussis and
whose formation is inhibited in shake flask cultures (Arai and Munoz,
1979b). F-HA has been purified and crystallised (Arai and Munoz, I
1979a). The second HA, which has a lower specific HA activity, is
associated with the spherical, cell envelope component LPF (see 4.4).

LPF-HA has been purified and analysed by Irons and MacLennan (1979a,

1979b).

4¢3.  Histamine-Sensitising Factor (HSF)

HSF is an envelope protein of B, pertussis which, on injection
into mice, is responsible for the sensitisation of the mice to subsequent
injection of histamine, serotonin or other stress stimuli (Morse, 1976).
The effect was first reported by Parfentjev and Goodline (1948) and HSF
has since been purified and analysed from intact cells (Lehrer et al,
1975; Lehrer, 1979) and from culture supernates (Morse and Morse, 1976).
In common with other B. pertussis pathophysiologically-active components
such as HA, LPF and TAP, HSF is found both in intact cells and culture

supernates.



13

4.4. Lymphocyte-Promoting Factor (LPF)

LPF is a cell envelope protein of B, pertussis which causes
lymphocytosis in both humans and mice due to a redistribution of T and
B lymphocytes between blood and lymph (Morse, 1976, 1977b). Morse and

Morse (1976) purified LPF from culture supernates of B, pertussis and

showed that the component was a spherical molecule. The LPF has also
been shown to be a potent mitogen for cultured murine T-lymphocytes

(Morse, 1977a; Morse et al, 1979)-

4.5. Islet-Activating Protein (IAP)

Sumi and Ui (19755 showed that previous injection of
B. pertussis sensitised mice to produce a hyperinsulinaemia on subsequent
injection of various insulin secretagogues. The component of
B. pertussis responsible for this effect (IAP) has been isolated from
culture supernates (Yajima et al, 1978a). The IAP was found to contain

also both HSF and LPF activities (Yajima et al, 1978b; Ui et al, 1979).

4.6. Agglutinogens

The term "agglutinogen" refers to the bacterial substance(s)

which react with their corresponding antibodies and cause agglutination
of the bacteria (Munoz and Bergman, 1977). The "agglutinogen" was long
thought to represent a single component until Andersen (1953) and
Eldering et al (1957) described eight different agglutinogens, Factor 1
being common to all strains of B, pertussis. Whether the various
agglutinogens are separate chemical entities or merely different
determinants of a single molecule has not been resolved (Pittman, 1970;
Munoz and Bergman, 1977). The relationship of the agglutinogens to

protection in children is controversial.
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5 Interrelationships of the Pathophysiological
Activities and the Nature of the Protective Antigen

There is now good evidence that many of the pathophysio-
logical activities of B. pertussis are the result of a common underlying
mechanism of action affected by a single bacterial component (Morse,
1976). Levine and Pieroni (1966) first suggested such a Unitarian
Hypothesis and concluded that the LPF, HSF, protective antigen (FA),
reaginic antibody adjuvant and hyperacute experimental autoallergic
encephalomyelitis (EAE) adjuvant activities were all caused by a single
bacterial component of the cell envelope. Munoz (1976) isolated such
a component and termed it PERTUSSIGEN. He, along with several other
groups of workers, hag shown that the above list of properties and also
including IAP, epinephrine refractory hypoglycaemia and lymphocyte
mitogenicity activities are all due to a single,cell envelope component
of molecular weight 77,000 to 90,000 (Lehrer et al, 1975; Arai and
Sato, 19763 Morse and Morse, 1976; Morse, 1977a; Munoz and Bergman,
1977; Yajima et al, 1978b; Irons and MacLennan, 1979a, 1979b;

Lehrer, 1979; Munoz and Bergman, 1979). r Pertussigen was not equivalent
to the agglutinogens, HLT or endotoxin and did not contain HA activity
(Munoz and Bergman, 1979). A lack of HA activity in an LPF preparation
was also found by Morse and Morse (1976), but not by Arai and Sato (1976).

Wardlaw et al (1976), Wardlaw and Parton (1979) and Wardlaw
et al (1979) noted that the presence or absence of PA, HSF, LPF, EAE

adjuvant and reaginic antibody adjuvant activities closely correlated
with the presence or absence of two main envelope proteins of molecular
weight 28,000 (28k) and 30,000 (30k) seen in SDS-PAGE (Parton and

Wardlaw, 1975). However, Irons and MacLennan (1979b) showed that
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purified preparations of ILPF~-HA and F-HA were not equivalent to these

two gel bands when run in SDS-PAGE.

Pittman (1979), having reviewed all the evidence on the patho-
physiological activities of B. pertussis, concluded that the disease

process depended on two factors in particular:

a) a factor responsible for the specific adhesion of B, pertussis
cells to ciliated epithelium, and
b) the release of an exotoxin, which she termed ?EB’I’USSIS TOXIN.
Her definition of pertussis toxin is virtually the same as for the
pertussigen of Munoz, with the important exception that she does not
include PA in the definition.

Contrary to the definition of pertussigen given above, two
groups of workers have shown that highly purified preparations of LPF
do not have PA activity in the mouse intracerebral test (Irons and
MacLennan, 1979b; Sato et al, 1979). This may be due to the purified
material being a poor immunogen or to PA being more unstable than LPF.

The term "protective antigen" is usually taken to mean the
bacterial substance(s) responsible for protecting mice against intra-
cerebral challenge with virulent B. pertussis, this protection having
been shown to correlate with the protective potency of a vaccine in
children (MRC, 1956, 1959). However, the exact nature of the PA remains
unknown and it is quite possible that, as indicated above by Pittman
(1979),there is more than one stage in the disease process at which
protection could be effected.

The PA activity of purified pertussis toxin is controversial,

as mentioned above. However, purified F-HA has been shown to contain

PA activity (Sato et al, 1979; Irons and MacLennan, 1979b), although

the level of PA is only a fraction of that produced by intact cells
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(Irons and MacLennan, 1979b). Furthermore, cells grown in shaken
cultures have little or no F-HA, yet still have high levels of PA.

On present evidence it seems that the pathophysiological
activities and antigens of B. pertussis can be grouped into four cell
envelope and one cytoplasmic components

i) F-HA,
ii) Pertussis toxin,
iii) Agglutinogens,
iv) Endotoxin, and
v) HLT.

The combination of these components would be sufficient o

cause the pathogenesis of B, pertussis and consequently, the immune

response directed against them would afford protection against the

disease.

6. Nutrition, Metabolism and Physiology

6.1, -Nutrition

6.1.1e Culture Media

Bordet and Gengou isolated B. :Eertussis on a solid medium
containing a glycerol-extract of potatoes and 50% (v/v) whole blood.
Subsequent attempts to eliminate blood from the medium were unsuccessful
(reviewed by Rowatt, 1957b) until Hornibrook (1939) described a liquid
medium which contained a hydrolysate of casein, inorganic salts, Cys
and starch. The addition of yeast dialysate to this medium stimulated
growth. Hornibrook (1940) modified the medium to one containing a

defined mixture of amino acids in place of the casein, inorganic salts,

Cys, starch and NA (Table 4). Both the NA and Cys were essential for
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TABLE 4. Composition of the liquid media of Hornibrook (1940) (1),

Cohen and Wheeler (1946) and Stainer and Scholte (1971)

mg 1-1

Other factors:

Nicotinic acid(4) 0.5

Ascorbic acid

20

Component Hornibrook Cohen and Wheeler Stainer and Scholte
(1940) (1946) (1971)
Amino acids:
- (2)
Casamino acids - 10,000 -
Pro 200 - 240
Tyr 100 - -
His 100 - -
Cys (3) 5 25 40
Arg 100 - -
Inorganic salts:
NaCl 34500 2,500 2,500
KH2P04 125 500 500
KCl 100 - 200
Mg012.6H20 50 400 100
Ca.Cl2 100 10 20
NH401 100 - -
1\13.2003 25 - -
CuSO4.5H2O - 0.5 -
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TABLE 4 (Contd)

Component Hornibrook Cohen and Wheeler Stainer and Scholte
(1940) (1946) (1971)

Glutathione - - 100

Tris base - - 1519

Yeast dialysate - 50 ml 17 -

Starch 500 | 1,500 -

(1) The medium normally referred to as "Hornibrook's" is his 1939

formulation which has Casamino acids for the amino acid source and
yeast dialysate in place of nicotinic acid.

(2) Casamino acids contain approximately 40 per cent NaCl, in addition
to the added NaCl.

(3) Can be added as either cystine or cysteine.

(4) Can be replaced by nicotinamide.
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growth, but Hornibrook noted that ND could replace NA and was equally
efficient in supporting growth. However, this medium required a large
inoculum and thus was not entirely satisfactory. Modifications such
as those of Wilson (1945) and Farrell and Taylor (1945) were not much of
an improvement (Rowatt, 1957b).

Cohen and Wheeler's (1946) modification of Hornibrook's medium
contained Casamino acids, Cys, inorganic salts, yeast dialysate and

starch (Table 4) and these workers were the first authors to determine

the optimum salt concentrations experimentally. Although their medium
also required a large inoculum, it yielded cells with high levels of PA
and was recommended by WHO for the preparation of Pertussis vaccines
(O, 1953). _

The above media and others (Rowatt, 1957b) were formulated
primarily for.the production of effective vaccines. However, for
physiological and metabolic studies, a chemically defined medium would
be desirable. The first such medium was described by Wilson (1963)
and was a modification of Cohen and Wheeler's medium with the addition
of Tris buffer. Wilson (1963) noted that the salts NaCl, KC1, Mg012
and Ca,Cl2 were required to keep the cells in even suspension., However,
the medium contains a large number of constituents (20 amino acids and
24 other factors) which belies the simple growth requirements of
B. pertussis (see 6.1.2). Stainer and Scholte (1971) described the
most recent and simplest chemically defined medium (Table 4). It
consists of one or two amino acids, inorganic salts, Cys, NA, three
other growth factors and Tris buffer. It gives high yields of cells
with good levels of PA and has become the medium of choice for studies
on B, pertussis. Stainer and Scholte's ﬁedium was solidified by

Parker (1976) by the addition of agarose, and also modified by incor-
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poration of an anionic exchange resin and sodium acetate. This medium
supports the growth of small inocula and should be of great benefit to

further physiological and metabolic studies on B. pertussis.

6.1.2. Growth Requirements

B. pertussis 1s a slow-growing organism with a mean generation
time of about 2.5-2.8 h (Rowatt, 1957a) yet has very simple growth
requirements. Thus, B. pertussis will grow in a liquid medium con-
taining one or two amino acids, an organic source of sulphur, NA or ND
and inorganic salts (Jebb and Tomlinson, 1955). The growth require-

ments were reviewed by Rowatt (1957b) and more recently by Parker (1976).

i) Amino acids:

Hornibrook (1940) was the first to demonstrate that
B. pertussis can derive its carbon, nitrogen and energy from amino
acids. Subsequent authors have examined which amino acids are utilised

and differences in their results can be attributed to different analytical

methods, culture media, strains and the size of inoculum. Ideally,

small inocula (about 200 organisms ml-l) should be used and in this

respect, the works of Rowatt (1955), Jebb and Tomlinson (1955, 1957)

and Lane (1970) are of particular importance.

The evidence of these workers suggests that in fact only a
few amino acids are utilised: Glu, Pro, Ala, Ser, Asp, Gly and Gln.
Cys is an essential amino acid and is discussed separately (see below).
Other amino acids are either not utilised or used only in very small
amounts. Proom (1955) is the only author whose results deviate
substantially from those above. He reported that Pro, Leu and Ala
were essential amino acids and could be replaced only by a complex

mixture of amino acids. However, the composition of his medium was
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very suspect as there was no added NaCl, but there was MgS0O A (shown by
Lacey (1960) to cause antigenic modulation, see 7) and MnSO 4 (manganous
ions were suggested by Parker (1976) to be inhibitory, see 6.1.3).

All other workers agree that Glu is the imirlciple source of
carbon, nitrogen and energy for B. pertussis (Jebb and Tomlinson, 1951,
19553 Rowatt, 1955, 1957a; Goldner et al, 1966; Vajdic et al, 1966;
Stainer and Scholte, 1971) and that the organism will grow in a medium
containing Glu and Cys as the only amino acids (Jebb and Tomlinson, |
1955, 1957; Stainer and Scholte, 1971). Several authors noted that
addition of large amounts of Glu to the medium increased the final yield
of cells (Dawson et al, 1951), although this was not found by Sutherland
and Wilkinson (1961).

Certain amino acids have been suggested as capable of

replacing Glu as the main amino acid. - Thus, Pro and Cys as the only

two amino acids were found to support growth of B. pertussis from large

inocula (Jebb and Tomlinson, 1955; Stainer and Scholte, 1971), although

not from small inocula (Jebb and Tomlinson, 1955). Furthermore,

Goldner et al (1966) and Stainer and Scholte (1971) found that.addition

of large amounts of Pro increased the cell yield, although this was not
found by Pusztal et al (1960). Jebb and Tomlinson (1955) found that

Asp and Cys alone were capable of supporting growth of B. pertussis

from small inocula, and Dawson et al (1951) found that addition of large
amounts 0f Asp increased the cell yield. However, Goldner et al (1966)

and Vajdic et al (1966) suggested that Asp was not a main amino acid and

was only used in small amounts late in the growth cycle.

(ii) Orgggib sulphur source

Hornibrook (1939) found that B. pertussis had a requirement
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for an organic source of sulphur which was sétisfied only by Cys,
cystine or glutathione (a tri-peptide of Glu—Cys-Gly) and not by Met.
The requirement for one or other of these three compounds was confirmed
by many other workers (Proom, 19553 Jebb and Tomlinson, 1955, 1957;
Rowatt, 1957a; Stainer and Scholte, 1971; Parker, 1976). Most of
these workers used large inocula. Jebb and Tomlinson (1957), using
small inocula, tested a large number of organic and inorganic sulphur
sources adjusted to contain the same concentration of sulphur. Only
Cys, cystine or glutathione supported growth, but glutathione gave only
about one eighth of the growth yielded by Cys. Vajdic et al (1966)
found, with large inocula, that glutathione was the preferred sulphur
source and was utilised before Cys.

In addition to satisfying the sulphur requirement of the
cells, these compounds may also have a non-specific role in relation to
the redqx potential of the medium and to the neutralisation of certain
inhibitors (see 6.1.3) (Goldner et al, 196‘*6; Parker, 1976). However,
Goldner et al (1966), lane (1970) and Stainer and Scholte (1971) have

shown that these compounds are completely removed from the medium during

gxr owth.

iii) NA, ND and other growth factors

Hornibrook (1940) showed that B. pertussis needed either NA

or ND and that levels between 1 and 500 ng ml_l of either wvitamin
supported maximum growth. The requirement for either NA or ND has
been confirmed by others (Jebb and Tomlinson, 1955; Proom, 1955;
Stainer and Scholte, 19713 Parker, 1976). Jebb and Tomlinson (1955)
also titrated the -level of NA or ND required for maximum growth and

found that about 500 ng ml™ of either vitamin was sufficient.
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In Stainer and Scholte's (1971) liquid medium, ascorbic acid
was required for growth, but was not needed for growth from small inocula
when the medium was solidified (Parker, 1976). Whilst no other growth
factors are essential for growth, yeast dialysate is often used as a
source of other factors which stimulate growth. In an analysis of
such non-essential factors, Jebb and Tomlinson (1955) found the addition
of three purines (xanthine, hypoxanthine and guanine), biotin and haemin
stimulated growth. Rowatt (l957b) reported that, distinct from those
factors above, other unknown constituents of blood, casein hydrolysate

and large, unwashed inocula could cause a rapid and profuse growth when

added to the medium.

iv) Inorganic ions

Cohen and Wheeler (1946) were the first authors to determine
experimentally the optimal inorganic ion composition for their medium.
Their formula was based on that of Hornibrook (1939) except that they
omitted KCl, increased the KH2P0 4 concentration to increase the buffering

capacity and added FeSO 4 and CuS0 4 as these salts stimulated growth.

Their formulation was adopted with little modification by most other
workers. Wilson (1963) modified their formula by the addition of KCl
as he found that XCl, NaCl, Ca.Cl2 and Mg012 were necessary to maintain
the cells in even suspension.

FeSO 4 has been used in all media since its introduction by
Cohen and Wheeler (1946). As well as supplying ferrous ions, FeSO

A
probably functions as a neutraliser of certain inhibitors (see 6.1.3).

Parker (1976) found that FeSO g Vas not required for growth from small

inocula on solidified Stainer and Scholte (1971) liquid medium.

Stainer and Scholte (1971) adopted Wilson's (1963) inorganic ion
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formulation, but omitted CuSO, as, like Jebb and Tomlinson (1955), they

4

found it unnecessary.

The importance of the ionic composition of the medium was
shown by Lacey (1960) who tested a large number of salts for their effect
on the cell envelope antigens of B, pertussis (see 7). He found that
certain ions had a tendency to cause modulation of these antigens and

that MgS0, was particularly potent in this respect. The modulation

4

was freely reversible by then growing the cells in the presence of NaCl.

Furthermore, certain ions (e.g. manganous ions) appear to be inhibitory

to B. pertussis (Parker, 1976, see 6.1.3).

v) pH _and buffers

A large amount of ammonia is formed during the growth of
B. pertussis (see 6.2) and this causes a rise in the pH of the medium.
Several authors have noted that growth stops when the pH reaches a
value -of about 8.2-8.3 (Rowatt, 1957a; Pusztai et al, 1960; Sutherland
and Wilkinson, 19613 Wilson, 1963). Buffers, although not essential,
allow a prolonged growth and increased cell yield. Tris buffer was
first used by Sutherland and Wilkinson (1961) and subsequently by
Wilson (1963) and Stainer and Scholte (1971).

Cohen and Wheeler (1946) increased the KH,P0, concentration
to improve the buffering of their medium, and amino acids may also act
as buffers (Rowatt, 1957b). The increase in PH can also be compensated
for by having a lower initial PH in the medium as several workers have

shown_that the initial rate of growth is the same over the pH range

6.9~7.6 (Rowatt, 1957b; Sutherland and Wilkinson, 1961; Wilson, 1963).

6.1.3. Growth Inhibitors

Jebb and Tomlinson (1955) concluded that the problems
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encountered in the cultivation of B. pertussis were due to the sensitivity
of the bacterium to inhibitors in the medium and that it was the need to
neutralise these inhibitors that gave rise to unnecessarily complex
media. Rowatt (1957a,b) described and reviewed inhibitors of the growth

of B, pertussis. Some of the inhibitors are discussed below.

i) Fatty acids
Hornibrook (1939) and Cohen and Wheeler (1946) found that

starch was essential for growth in their liquid medium and earlier
workers had found blood to be essential for growth on solid media
(reviewed by Rowatt, 1957b). Pollock (1947) showed that albumen was
the active fraction of blood and could be replaced by charcoal or starch.
Pollock (1947) demonstrated that these components protected B. pertussis
from inhibition by unsaturated fatty acids by binding to them. Rowatt
(1957a) concluded that fatty acids had a bacteriostatic effect on

B. pertussis. More recen'biy, Field and Parker (1979b) with fresh
isolates of B, pertussis, have further confirmed the high sensitivity

of B. pertussis to unsaturated fatty acids. Mono-unsaturated fatty
aclds were more inhibitory than multi-unsaturated fatty acids of the same

chain length. Saturated fatty acids were less inhibitory and, depending

on their concentration, could even be stimulatory.

As well as fatty acids being present in media constituents

such as agar or peptones oOr released from cotton wool plugs on auto-
claving (Pollock, 1948; Parker, 1976), there is some evidence that

B. pertussis excretes fatty acids during growth. Thus, Pollock (1947)

found that charcoal had to be present throughout growth and it was not

sufficient to pretreat the medium with charcoal. Likewise, Kuwajima

et al (1957) and Sutherland and Wilkinson (1961) found that the anion



26

exchange resins which they used in place of starch had to be present
throughout growth., Furthermore, Pollock (1947) extracted a substance
inhibitory to B. pertussis from the charcoal removed from the medium
after growth and also found that more of this substance could be extracted
from flasks inoculated with B. pertussis than from uninoculated ones
(Pollock, 1949).

However, Rowatt (1957a) did not detect excretion of fatty
acids by B. pertussis. Stainer and Scholte's (1971) liquid medium
when solidified with agarose did not require an anion exchange resin for
growth from small inocula (Parker, 1976). It may be that excretion of
fatty acids is a strain-dependent property or is repressed in these

media.

ii) Colloidal sulphur and sulphides

Proom (1955) demonstrated that growth of B, pertussis was
inhibited by either colloidal sulphur or colloidal sulphides which are
formed when Cys, cystine or other sulphur-containing media constituents

(e.g. agar) are autoclaved in the medium. These sulphur inhibitors

have a bacteriostatic effect on B. pertussis, the cells remaining wviable
for about 40 h before starting to die (Rowatt, 1957a). The inhibition
is distinct from that caused by fatty acids, however, and the addition

of albumen, activated charcoal, filtered Cys (or cystine) or large
numbers of red blood cells gave protection from the inhibition (Proom,

1955; Rowatt, 1957a,b; Parker, 1976).

iii) "Organic peroxides"

Mazloum and Rowley (1955) found that B. pertussis would not
grow on Cohen and Wheeler's (1946) liquid medium solidified with agar

unless charcoal and/or catalase was also added, the best growth being
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obtained when both were present. They suggested that the catalase
decomposed hydrogen peroxide which inhibited growth of B. pertussis.

Rowatt (1957a) described an inhibitor of B. pertussis that
was distinct from fatty acids or sulphur compounds as it rapidly killed
the cells. ©Protection was afforded by low concentrations of red blood
cells, haemin, filtered (but not autoclaved) FeSO 4 or some unknown factor
present in sufficient quantity in 1% (w/v) casein hydrolysate (but not
in 0.,1%). She concluded that the inhibitor was probably "organic

peroxides" formed on autoclaving the medium rather than hydrogen

peroxide. However, the exact nature of this inhibitor remains unknown.

iv) Manganous ions

Cameron and Dunning (1970) showed that manganese was
inhibitory to the growth of B. pertussis. Cameron and Stainer (1977)
showed that the manganese content of various brands of agar correlated

inversely with the ability of that brand to support growth of

B._pertussis from small inocula. Parker (1976) observed that this

inhibition was neutralised by the addition of red blood cells or haemin
but could not discount the possibility that it was the same inhibition

as Rowatt'!s (19573) "organic peroxides".

v) Amino acid antagonisms

Dawson et al (1951) reported that Ser was inhibitory to
B. pertussis. Jebb and Tomlinson (1955) found two sets of amino acids
with antagonistic effects. 1In the first set, Ser, Pro and Met together
had an inhj.bitory effect that was overcome by the presence of Gly.
Separately, the amino acids were only slightly inhibitory. Secondly,
the inhibitory effect of Val was overcome by the presence of either

Leu or Ile, but most effectively by both together. The concentration
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of Gly used was J X 10-4M. Mason (1966) found that concentrations of
Gly above 0.2M were inhibitory and concentrations slightly less than
0.2M caused the formation of sphaeroplasts.

The protective effect of Gly was not confirmed by Goldner
et al (1966) who found no inhibition of growth if Gly was omitted from

the defined medium of Wilson (1963).

6- 2e Metab()lism

The metabolism of B. pertussis is based on the oxidation of
amino acids to provide the necessary energy and metabolites for growth,
but knowledge of the details of this metabolism is slight and has been
little studied since the 1950's.

Jebb and Tomlinson (1951) showed that a wide range of carbo-
hydrates were not attacked. The means by which B. pertussis converts
the amino acids into the carbohydrates found in ribonucleic acid,
deoxyribonucleic acid and cellular polysaccharides is unknown. However,
Fukumi et al (1953) demonstrated the presence of the enzymes aconitase
and isocitrate dehydrogenase and Kobayashi and Fukumi (1954) showed the
presence of aldolase. These studies suggest the presence of a function-
ing tricarboxylic acid cycle and Embden-Meyerhof pathway which would
thus be a source of carbohydrates.

As mentioned in 6.l1.2, most authors are agreed that Glu is the
main source of cellular carbon, energy and nitrogen. Jebb and Tomlin-
son (1951) found that of the few amino acids oxidised by washed cell
suspensions, all were completely oxidised except Glu. Rowatt (1955)
concluded that Glu provided the majority of the cellular nitrogen,
with only a small amount coming from other amino acids. Apart from

Glu, the other amino acids utilised are Pro, Gln, Ala, Ser, Gly and Asp

(Jebb and Tomlinson, 1951; Rowatt, 1955; Goldner et al, 1966; Lane, 1970).
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Jebb and Tomlinson (1951) reported the production of both
carbon dioxide and ammonia from amino acids which they concluded were
metabolised by B. pertussis by oxidative deamination. They demon-
strated that Glu was first deaminated to « ketoglutarate. They tested
the ability of B. pertussis to oxidise various keto acids and found
that succinate and lactate were oxidised as rapidly as Glu, o keto-
glutarate at 50% and pyruvate at 15% the rate of Glu. Oxaloacetate,
fumarate, malate and acetate were not oxidised (Jebb and Tomlinson, 1951).

Several authors have suggested that some form of control
mechanism operates whereby the oxidation of other amino acids is
repressed until the Glu is utilised (Jebb and Tomlinson, 1951; Rowatt,
1955; Vajdic et al, 1966). ©Pusztai et al (1960), however, reported
that Pro was metabolised before the other amino acids. ILane (1970)
detected no such repression mechanism and found that Glu, Pro, Ser, Gly,
Ala and Asp were all completely used simultaneously. He suggested
that the previous reports of repression were due to a combination of
the use of a less sensitive paper chromatographic analysis and higher

initial concentrations of Glu, which is the main amino acid found in

hydrolysates of casein.

On- the other hand, Jebb and Tomlinson (1951) reported that
oxidation of Pro was 25% greater by cells grown in media with excess
Pro added, implying some form of induction. However, no such increase
was found in the oxidation of Gly, Ala or Asp when the respective amino

acid was added in excess to the medium,

B. pertussis grows in the presence of only two amino acids:

Cys plus one of Glu, Pro or Asp (Jebb and Tomlinson, 1955, 1957;
Stainer and Scholte, 1971) and so must be able to synthesise all other

amino acids from any one of the latter three (Cys satisfies the sulphur
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requirement). Goldner et al (1966) suggested that Gln and Pro were
converted first to Glu and only when these three amino acids were used
up were other amino acids used (Vajdic et al, 1966). However, Stainer
and Scholte (1971) found that when grown in Glu and Cys only in liquid
medium, three amino acids were excreted: Thr, Val and Ala. There was
no excretion of any amino acids when the cells were grown in the
presence of only Pro and Cys, thus implying separate metabolism of Glu
and Pro.

Excretion of Ala from cells grown in media enriched with Glu
was tentatively suggested by Rowatt (1957a). Lane (1970) reported
that B, pertussis excreted Ile.

The metabolism of NA and ND by B. pertussis has not been
studied, even although one or other vitamin is essential for growth
(see 6.1.2) and high concentrations of either vitamin have quite
different effects on cellular properties (see 7). NA and ND axre the
precursors of nicotinamide adenine dinucleotide (NAD) and NAD-phosphate
(NADP), compounds of central metabolic importance which function in
numerous anabolic and catabolic reactions and are widely distributed
throughout- biological systems. A comprehensive review of NAD meta-
bolism has been published recently (Foster and Moat, 1980) and some of

the more pertinent points are discussed below.

Most procaryotes synthesise NAD de novo from Asp and dihydroxy-
acetone phosphate via quinolinic acid (Figure 2) (Foster and Moat, 1980).
However, bacteria such as B, pertussis and Lactobacillus species do not
possess this ability and so have an absolute requirement for either NA

or ND (Ohtsu et al, 1967). NAD is synthesised from these by a reaction

sequence common to almost all species so far studied and known as the

Preiss-Handler pathway (Figure 2) (Preiss and Handler, l958a,b):
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" P F"l’ "r.

Asp + DHAP
X
. . | (1) ~
Pigure 2, Pathways of NAD biosynthesis and PNC metabolism }
QA
(1) Adapted from Foster and Moat (1980). x

Abbreviations DHAP, dihydroxyacetone phosphate;
QA, quinolinic acidy 'NAMN, nicotinic acid ‘
mononucleotide; NDMN, nicotinamide ~
mononucleotide; NADN, nicotinic acid
dinucleotide; PNC, pyridine nucleotide
cycle., 1
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NA =—> NAMN =—> NADN —> NAD

NAD, although essential, is only required in very small
amounts and the cells strive to maintain a constant NADP:NAD ratio and
a constant level of NAD (Lundquist and Olivera, 1971; Foster et al,
1979b). This requires a strict control over the synthesis and break-
down of NAD. DRecycling pathways of NAD degradation products, known as
pyridine nucleotide cycles (PNC's), function in the majority of species
studied (Figure 2) (Foster and Moat, 1980). The enzymatic steps for
the recycling of ND, the final breakdown product of NAD, back to NAD
are the same for all species capable of this conversion (Figure 2).
However, the degradation of NAD to ND varies between species and gives
rise to three PNC's (Figure 2).

PNC V uses the direct conversion of NAD to ND by NAD glyco-
hydrolase, an enzyme which is common in eucaryotic species but relatively

rare in procaryotes. The enzyme has been found in Mycobacterium

species (Kasﬁrov and Moat, 1972) and Vibrio cholerae (Fernandes et al,

1979), but not in Escherichia coli (Andrecli et al, 1972).
Most procaryotes degrade NAD to ND in two steps (Foster and
Moat, 1980):
NAD ~—> ©NDMN —> ©ND
PNC VI uses both these steps, whereas in PNC IV the NDMN is deaminated
to form NAMN, thus by-passing both ND and NA (Figure 2). There is now

substantial evidence that both PNC IV and PNC VI function in vivo, with

PNC IV being the predominant PNC (Manlapaz-Fernandez and Olivera, 1973;
Foster and Baskowsy-Foster, 1980; TFoster and Moat, 1980). PNC VI,

however, is better suited to scavenging preformed pyridine compounds

from the enviromment and to the "fine control" of NAD levels by
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repression of NAPRTase levels (see below).

The enzymes involved in NAD biosynthesis and PNC metabolism
are fully documented in the review by Foster and Moat (1980) and only
two are mentioned here. ND deamidase converts ND to NA and is located
in the cell cytoplasm (McLaren et al, 1973; Baecker et al, 1978). The
enzyme is constitutive, though present in small amounts (Imsande and
Pardee, 1962; Baecker et al, 1978; TFoster et al, 1979b) and is not
subject to feedback inhibition by NAD (Foster et al, 1979D).

NA phosphoribosyl transferase (NAPRTase) converts NA to NAMN
and is the rate-limiting enzyme in PNC metabolism (Imsande and Pardee,
1962; McLaren et al, 1973; Cobb et al, 1977). In E. coli, most of
the enzyme is in the periplasmic space (Baecker et al, 1978) and is
subject to a modest degree of repression (Imsande and Pardee, 1962;
Baecker et al, 1978) and likewise in Sglmonella typhimurium (Foster
et al, 1979b). It appears that NAD is the co-repressor molecule in
these cases (Foster et al, 1979b; Foster and Moat, 1980). However,
the NAYRTase enzymes of Bacillus subtilis, B. megatherium and Serratia
marcescens are not controlled by repression (Imsande, 19643 Saxton
et al, 1968). NAPRTase in all species is not subject to feedback
inhibition by NAD (Imsande and Pardee, 1962; Imsande, 1964; Foster

et al, 1979b). Furthermore, Mycobacterium tuberculosis appears to

have all the enzymes of PNC VI with the sole exception of NAPRTase and

so excretes NA (Kasirov and Moat, 1972).
6.3. Ph!SiOIOEZ

Some further aspects of the physiology of B. pertussis

relevant to this thesis are discussed below.
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6.3.1s Composition of the Cell Envelope

The structure and composition of the cell envelope of

B. pertussis have not been well studied. There have, however, been

some recent reports on the lipopolysaccharide and protein content.

i) Lipopolysaccharide (LPS)

LPS extracted from intact cells of B. pertussis was reported
to contain both 2-keto-3-deoxyoctonate (KDO) and KDO-5-phosphate (Chaby
and Szabd, 1975). However, the structure of the LPS is different from
that of enterobacteria. It consists of two, low molecular weight poly-
saccharides linked to Lipid A of a composition similar to that in
enterobacteria (Le Dur et al, 1978). A second lipid, Lipid)(, is also
present although its point of attachment is unknown (Le Dur et al, 19783
Chaby et al, 1979). The LPS has also been found to contain two unusual
fatty acids (Chaby et al, 1979). Novotny and Cownley (1979) were

unable to confirm the presence of KDO in B. pertussis I;PS.

ii) Proteins

The proteins of the cell envelope were examined by SDS-PAGE
and about 35 bands, mostly of molecular weight 10000-~70000, were
resolved (Parton and Wardlaw, 1975). Two main bands, whose molecular

weights were subsequently corrected to 28k and 30k (Wardlaw et al, 1976),

were heat-=modifiagble in that their position in the gel was dependent on
the temperature of solubilisation of the envelopes in SDS. Heat-
modifiable proteins have been described in E, coli (Schnaitman, 1973)
and Neisseria meningitidis (Frasch and Mocca, 1978). Schnaitman (1973)
suggested the phenomenon was due to a complete reaction of the proteins

with SDS at high temperatures to form the "rigid-rod" conformation

characteristic of protein-SDS complexes.
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Dobrogosz et al (1979) studied the proteins in the outer
membrane of B. pertussis by SDS-PAGE. They reported a total of about
10 bands of which 4-~5 were major ones. This is similar to the protein
composition of the outer membranes of many other gram-negative bacteria
(Nikaido and Nakae, 1979).

Novotny and Cownley (1979) isolated outer membrane vesicles

from B, pertussis by mechanical disruption of intact cells. Mild acid

hydrolysis of the vesicles released about 10 proteins, all of molecular

weight about 10000, which were separated by crossed immunoelectrophoresis.

6.3.2. Adenylate Cyclase

Adenylate cyclase (AC) catalyses the reaction:

ATP —> cyclic adenosine 3!',5' monophosphate (cAMP) + inorganic phosphate.
cAMP is a compound of great importance in the regulation of bacterial
metabolism (Pastan and Adhya, 1976; Peterkofsky, 1976) and is involved

in the regm.lation_ of the composition of the cell enve10p.e (Aono et al,
1978; Alderman et al, 1979; Mallick and Herrlich, 1979).

Commerclal pertussis vaccine was found to contain a relatively
stable, soluble AC (Wolff and Cook, 1973). The enzyme was subsequently
purified from culture supernates of B, pertussis by Hewlett and Wolff
(1976). They found the AC had a molecular weight of 70,000, was heat-
labile, had an optimum temperature of 3000 and an optimum pH of 7-8.

The AC had an absolute requirement for divalent cations, with Mg2+
giving maximal activity, but was inhibited by sodium fluoride. « Keto
acids (e.g. pyruvate) and non-substrate nucleoside triphosphates had no
effect on the AC (Hewlett and Wolff, 1976). Ide (1971) examined the

lysates of 21 bacterial species for AC and divided them into two

groups: 1) soluble intracellularly (30,000 g supernate) and stimulated



by pyruvate (e.g. Brevibacterium liquefaciens) and ii) membrane-
associated (30,000 g pellet) and not stimulated by pyruvate (e.g.

E, coli Crooke). He also found 1l strains that had no detectable AC
activity. The properties of B, pertussis AC are different from those
of B. liquefaciens and E. coli (Table 5) and the organism appears
unique in excreting AC into its culture supernate. Hewlett et al
(1976) showed that B. pertussis excretes AC during exponential growth,
with the culture supernate containing 10-20% of the total AC activity.
Julina-Zlateva et al (1979) reported that the presence of an anionic

resin in the culture medium stimulated excretion of the AC. Juling=-

Zlateva et al (1979) and Endoh et al (1980) have also found AC in the
culture supernate of B, parapertussis and B, bronchiseptica.

Hewlett et al (1976) also demonstrated that B, pertussis AC
could be assayed in untreated, intact cells. They concluded that about
90% of the AC associated with intact cells was extracytoplasmic and that
the remaining 10% or so was intracellular. Cowell et al (1979)
confirmed the extracytoplasmic location but concluded that rather than
being free in the periplasm, the AC was loosely associated with some cell
envelope component having an extracytoplasmic exposure.

Hewlett et al (1978) found the level of intact-cell AC was
much greater in B, pertussis grown on a solid medium containing blood
than in a chemically defined liquid medium. This was due to the red
blood cells containing a protein activator of B. pertussis AC (Hewlett
et al, 1978). The activator is present in the erythrocytes of human,
sheep and rabbit blood and in commercial preparations of beef liver
catalase and creatine phosphokinase (Hewlett et al, 1978, 1979b). The

activator has been purified from rabbit erythrocytes (Hewlett et al,
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1979a) and from commercial beef liver catalase (Hewlett et al, 1978).
The molecular weight of the activator from the erythrocytes was given
as 105,000, but on rechromatography dissociated to give two fractions
of molecular weights 75,000 and 55,000. After two cycles of gel chromatl-
ography, the activator from catalase was found to have a molecular weight
of 40,000 and gave a single band in SDS~-PAGE. The activator is heat-,
acid- and base-stable, but is destroyed by trypsin, chymotrypsin and
pronase (Hewlett et al, 1978, 1979a).

The activator stimulated the AC of B. pertussis grown in
chemically defined liquid medium by about 100-fold, whereas it only
gave a 2=fold stimulation of AC in cells grown on blood-containing media
(Hewlett et al, 1978). The exact nature of the activator and its
mechanism of action are unknown. However, the activation process
requires about 3-4 min and this is not affected by lowering the tempera-
ture to 4°C. Furthermore, the AC remains activated even when the
activator is removed by washing (Hewlett et al, 1978, l979a).

The above studies with the activator were performed on intact
cells, although cell lysates show the same effects. However, the AC
from culture supernates is stimulated by the activator to a much lesser

extent than intact-cell AC. Furthermore, response to the activator

decreases with increasing purification of the AC from cell lysates and
there is no response with the purified enzyme (Hewlett et al, 1978,
l979a.). Thus 1t seems probable that some other, as yet unidentified,

cell envelope component is also involved in the activation of B, per-

tussis AC.
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« Antigenic Variation

One of the most striking features of B, pertussis is its
great propensity for variation both culturally and serologically. Two

categories of variation in B, pertussis are recognised: i) Phase

variation in which a series of successive mutations occurring over pro-
longed subculture on laboratory media results in the irreversible loss
of a variety of cell properties; and ii) Phenotypic variation in which
changes in the growth enviromment cause a rapid and freely reversible
logss of certain cellular properties. Phenotypic variation does not
involve mutational changes.

7.1. Phase Variation

-

| S

b —eea— - -

Bordet and Sleeswyk (1910, cited by Aprile, 1972) observed
that fresh isolates of B, pertussis grown on Bordet-Gengou medium (BG)
differed serologically from old stock cultures grown on nutrient agar.
Leslie and Gardner (1931) showed that with repeated subculture of
B, pertussis, a series of antigenic changes occurred that gave rise to
4 éerologically and culturally distinguishable forms: Phases I, II, III
and IV. Thus, Phase 1 organisms were virulent fresh isolates, homo-
‘geneous with regard to agglutination, whereas Phase IV organisms were
avirulent, degraded strains that grew on nutrient agar and were not
agglutinated by Phase I antiserum. Phases II and III were intermediate.

Standfast (1951) examined the effect of repeated subculture
on a number of properties such as growth requirements, agglutination,
virulence, PAl and HA. He found that these varied randomly and
independently, although the tendency was for mutations to accumulate.

Thus it was only possible to recognise the Phase I and IV states and a
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large number of intermediate states were formed. TField and Parker
(19793.) have observed a similar random loss of properties leading to
degraded states.

Parker (1979) has suggested that the terms fresh isolate,
intermediate strain and degraded strain be used in place of Phases I,
II, III and IV. Thus, fresh isolates are strains isolated and maintained
with a minimum number of subcultures on BG medium without peptone. |
There is no acceptable definition for degraded strains as yet, but they
would be strains showing a large number of differences from the parent
fresh isolate. Thus, degraded strains grow on solid media which do not
support growth of fresh isolates and have lost pathophysiological
activities such as PA, HSF¥, LPF, HLT, HA, agglutinogens and virulence.
They have altered serological specificity in the LIPS, have lost cyto-
chrome d629 and gained resistance to certain antibiotics and fatty
aclds (Standfast, 1951; Aprile, 1972; Aprile and Wardlaw, 1973;
Parker, 1976; Dobrogosz et al, 1979; Field and Parker, 1979a;

Hewlett et al, 1979b; Wardlaw and Parton, 1979). Intermediate strains
show various combinations of these properties, having accumulated them
in a random order (Standfast, 1951; Field and Parker, 1979a).

Phase variation also produces changes in the cell envelope
proteins and loss of the AC. Parton and Wardlaw (1975) reported that
the SDS-PAGE profiles of Phase I, Phase IV and C-mode (see 7.2) cell
envelopes differed only in that Phase IV's and C-modes lacked the two
heat-modifiable bands: 28k and 30k (Wardlaw et al, 1976). Gel scans
of C-mode cell envelopes also éhowed the loss of two higher molecular
weight bands (Wardlaw et al, 1976). This would agree well with
Dobrogosz et al (1979) who reported the loss of 4 outer membrane

proteins of molecular weight 27.5k, 30k, 88k and 98k in Phase IV cells.



Parton and Durham (1978) reported that Phase IV strains of

B, pertussis had much reduced AC levels in cell lysates and culture
supernates compared with the parent Phase I®strain. Endoh et al (1980)
confirmed this loss. Hewlett et al (1979b) reported that the AC
activity was reduced about 104-f01d in Phase IV cells grown either on
BG or in Stainer and Scholte's (1971) liquid medium (SS). They also
found that the AC levels in Phase IV cells grown on BG were about 10
fold greater than those from SS-grown cells. However, the AC from
Phase IV cells grown in SS no longer responded to the protein activator
(see 6.3.2) and it is not possible to state whether the loss of AC in
Phase IV cells is due to loss of AC or to loss of responsiveness 1o

the activator (Hewlett et _ia_.’_l._ ) 1979b).

Parker (1976, 1979) has proposed a "“genetic hypothesis" to
explain the Phase Variation of B, pertussis. The hypothesis assumes
that some abnormality in the metabolism of B, pertussis renders the
organism unusually sensitive to inhibitors in the growth medium (Parker,
1979). There would then be strong selective pressure for mutations
reducing this sensitivity. Parker (1979) notes that random mutations
in a small number of genes (e.g. 4-10) could yield a large number of
possible phenotypes (14-1022 for 4-10 genes). If these small numbers
of genes code for the organisms growth and biological properties,
accunulated random mutations in these would lead to degraded strains
via a large number of possible intermediate strains. The effect of
multiple mutations would be to make the process essentially irreversible,

as Observed.

T.2. Phenotypic Variation

Two distinct forms of phenotypic variation have been
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described in B, pertussis:

i)! Antigenic Modulation (Lacey, 1960), and
ii) Nicotinic Acid Modulation (Pusztai and JoO, 1967).

Te2.1l. Antigenic Modulation

Lacey (1951) found that replacement of NaCl with MgSO, on a

4
weight for weight basis in the growth medium caused a remarkable number
and variety of phenotypic changes in B. pertussis. TFurther studies
(Lacey, 1960) showed that these changes were demonstrable with all

fresh isolates, were completely reversible within a single subculture on
the original medium and were non-mutational and therefore quite different
from the phase variation described by Leslie and Gardner (1931). Lacey
(1960) termed this variation "antigenic modulation" and defined it as

"a change of phenotype occurring in all, or almost all, members of a
population as the expression of a reversible and continuously-

environmentally-dependent change in metabolism™.

Lacey (1960) described 3 antigenic modes: X, I and C, which
vere in fact dynamic equilibrium states in a continuous change from X-
to C-mode with an infinite number of intermediate states. X stands

for “"xanthic" which describes the yellowish-ochre hue of confluent

growth of B. pertussis on BG medium; C or "cyanic" describes the
greyish-blue appearance when the strains were grown on BG with added
MgS0 4° The I-mode is an intermediate mode formed only within a narrow

range of conditions.

Lacey (1960) reported that the following factors could cause

modulation:

a) the ionic composition of the medium, e.g. MgSO 4 in place of NaCl,

'b) growth at low temperatures, e.g. 25°C in place of 3700, and
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c) miscellaneous factors such as fatty acids, tellurite or old blood.

He further stated that all these factors acted by the same means to
produce the same end result: C-mode cells. Lacey (1960) examined in
more detail the effects of ions and temperature on agglutinability of

B, pertussis and used differences in agglutination to define the 3

modes. He tested over a hundred salts by replacing the NaCl with an
equivalent amount of another salt and concluded.that cations and anions
had independent potencies for modulation. The ratio of the ionic
species and not their absolute concentrations determined the final mode
of the cells. TFurthermore, he studied the combined effects of tempera- '
ture and salts and showed they were independent but that the sum of thelir
individual potentials for modulation determined the final mode of the
cells.,

Lacey (1951) had observed that mere suspension of the cells
in a salt solution did not produce modulation. There was a requirement
for cell division and subsequent studies have shown that a particular
mode becomes established after 4~-7 cell divisions (Lacey, 1960).
Furthermore, Lacey (1960) concluded that the 3 modes observed were the
result of the growth enviromment in some unknown way influencing the
relative rates of synthesis of the 3 main antigens: X, C and I.
However, recent studies by Idigbe (1979) suggested that repression alone
is not responsibvle for antigenic modulation as loss of HSF, LPF and 28k
and 30k gel bands occurred within 10 h of transfer of cells to C-mode
media. This 10 h period was of the same length as the lag phase and
thus the modulation occurred without the need for cell division.

Lacey (1960) characterised the X-mode as being favoured by

growth in certain salts (e.g. NaCl) or at high temperatures (e.g. 37 C), and

as possessing the X-antigen. It was also known that X-mode cells formed
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a serologically heterogeneous group (Andersen, 1953). The C=-mode was
characterised as being favoured by growth in certain other salts (e.g.
MgS0O 4) or at low temperatures (e.g. 2500), as possessing the C-antigen
in place of the X-antigen and as being a serologically homogeneous group.
Subsequent studies have shown that the C-mode closely
resembles Leslie and Gardner's (1931) Phase IV in the variety of other
cell properties lost compared with the X-mode. Those lost properties
are the PA (Holt and Spasojevic, 1968; Wardlaw et al, 1976), HSF
(Wardlaw et al, 1976), LPF (Idigbe, 1979), HA (Lacey, 1951, 1960),
adjuvant activity for reaginic antibody and for hyperacute EAE (Wardlaw
et al, 1979), mouse virulence (Lacey, 1951), HLT (Livey et al, 1978),
agglutinogens (Adams, 1970) and cytochrome d629 (Dobrogosz et al, 1979).
SDS-PAGE analysis of C-mode cell envelopes showed the loss
of the 2 main bands at 28k and 30k (Wardlaw et al, 1976). Their gel
scans appear also to show a loss of 2 higher molecular weight bands
(see also T.l). This would agree with Dobrogosz et al (1979) who
found the loss of 4 outer membrane bands, in C-mode cells, of molecular

weights 27.5k, 30k, 88k and 98k. Idigbe (1979) reported that C-mode

cell envelopes differed from X-modes only in the loss of 3 bands at
28k, 30k and 100k. Furthermore, Parton and Wardlaw (1975) noted that
Phase IV and C-mode cell envelope profiles were indistinguishable and

that Phase IV cell envelope profiles did not alter when the cells were

grown in C-mode medium.

Parton and Durham (1978) noted that C-mode cells resembled
Phase IV cells in showing a reduction in AC activity of about 100-1000-
fold in both cell lysates and culture supernates. Their results also
showed that whilst the AC activities of the 6 X-mode strains tested

varied from 19.3=360 nmol cAMP/mg/15 min, the AC activities of the
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corresponding C-mode cultures varied only over the range 0.08-0,14
nmol cAMP/mg/15 min. However, they did not state whether, as in Phase
IV's (see 7.l), the AC of C-modes was unresponsive to the protein
activator of AC (see 6.3.2).

It should be noted that with the exception of the cytoplasmic
HLT (Cowell et al, 1979) and the predominantly extracytoplasmic AC
(Hewlett et al, 1976), all the other properties mentioned above are
located in the cell envelope.

Lacey (1951, 1960) reported that all the fresh isolates of
B. pertussis he tested underwent modulation. However, Adams (1970);
found that strain 18323, a high virulence strain, did not lose PA or
agglutinogens when grown eithexr at 2500 or in the presence of high MgS0 4
levels. This is a laboratory passaged strain, however, and is most
likely not equivalent to a fresh isolate. One of the differences may
be the loss of the ability to modulate. Alternatively this particular

strain may differ genetically from others such that it is incapable of

modulation.

Te2e2s Nicotinic Acid Modulation

Media used for growing B, pertussis in Phase I or X-mode
normally contain about 1 g ml™> of either NA or ND. Pusztai and Job
(1967) described the effect of increased NA concentrations (5, 50 or
500 ug ml-l) in the growth medium on various properties of the cells.
Increasing the NA concentration 500-~fold to 500 ug ml-l (NA500) had no
effect on the germ count, pH, oxidation-reduction potential svor bacterial
morphology. However, certain of the pathophysiological properties
were affected. Thus, all of the T strains tested showed a gradual loss

of PA and HSF activities with increasing NA concentration and 5 of these
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strains also became inagglutinable by Phase 1 specific immune serum.,

None of the 7 strains showed a loss of HLT over the range of NA concen-
trations tested.

The loss of PA and HSF from cells grown in NAS00 has been
confirmed by Ackers and Dolby (1972) and Wardlaw et al (1976).  Ackers
and Dolby (1972) also concluded that growth in NAS00 had no effect on
either the amount or antigenic specificity of the LPS.

Pusztai and Joo (1967) reported further that the NA500-grown
cells had about half the amount of precipita.tih; protein antigens of
NAl-grown cells and that immunoelectrophoretic analysis of disintegrated
cells showed a loss of 4 precipitin bands from the NAS00-grown cells.
SDS~-PAGE analysis of cell envelopes of NASOO-grown cells showed they
were indistinguishable from those of Phase IV's and C-modes and lacked
the 28k, 30k and some higher molecular weight gel bands (Wardlaw et al,
1976).

The changes in phenotype occurred within a single subculture
and were likewise reversible by culture in NAL medium (Pusztai and Jod,
1967). Thus, although this effect has not been studied in as much
detail as antigenic modulation, the definition of modulation given by
Lacey (1960) appears to be applicable in this instance also.

NA and antigenic modulations are similar in terms of loss of
PA, HSF, agglutinogens and cell envelope profiles in SDS=PAGE (Pusztai
and Jod, 1967; Wardlaw et al, 1976). Furthermore, both modulations
occur in B, parapertussis as judged by loss of agglutinability (Pusztai
and Joc"S, 19673 Dobrogosz et E'.:.‘:.’ 1979). Pusztai and Jod (1967)
concluded that NA modulation was the result of an altered rate of
synthesis of cell envelope components such as PA, HSF and agglutinogens.

This is very similar to the postulated effect of antigenic modulation by
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Lacey (1960) (see also 7.2.1). However, Pusztai and Joo (1967) stated
that despite certain similarities, NA and antigenic modulations are
different phenomena as shown by two findings. First, there is no loss
of HLT in NA-modulated B. pertussis, unlike C-modes (Pusztai and Joo,
1967; Livey et al, 1978). Second, hyperimmune sera raised against
NA5OO-grown B. pertussis did not agglutinate these cells, but did give
a low titre of agglutination against NAl-grown cells. Immune sera
raised against NAl-grown cells gave much higher titres against these
cells, but no agglutination of NA500-grown cells (Pusztai and JoO, 1967).
Thus, cells grown in NA500 media had much reduced levels of the main
agglutinogen and with no altered antigenic specificity. In antigenic
modulation, however, the X-antigen is not only much reduced in C-mode
cells but is replaced by another agglutinogen, the C-antigen, of a
different specificity (Lacey, 1960). Thus, antisera raised against
C-mode cells agglutinated C- but not X-mode cells.

Pusztai and Jodo (1967) noted that 2 strains did not lose
agglutinability when grown in NA500O-media. One of these strains,
however, was shown to lose PA and HSF activities in NA500-media and
thus the agglutinogen must be under a separate form of control from the
PA and HSF. The other strain,which was not tested for PA and HSF
activities, was 18323. This was the strain shown by Adams (1970) not
to undergo antigenic modulation (see also 7.2.1) and this strain may
therefore la.ck*the means to modulate and would therefore be worthy of

more detailed study.

Whilst comparing the effects on B. pertussis of growth in
NAl1 and NA500 media, Wardlaw et al (1976) also examined the effects of
growth in ND1 and ND500 media. Whereas growth in NAl and NDI' had no

effect on PA and HSF activities and the 28k/30k cell envelope bands,
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growth in NAROO caused their loss (Table 6). Thus, of two very similar
vitamins, either one of which is required for growth, only NA caused

modulation when present in high concentration.

High concentrations of NA and ND have been found to cause a

modest degree of repression of the enzyme NAPRTase in both E. coli and

Sal. typhimurium (Baecker et al, 1978; Foster et al, 1979b; see also
6.2). TFurthermore, it has been reported that growth in high concen-

trations of ND repressed the uptake of ND in Streptococcus faecalis

(Neujahr and Varga, 1966) and that growth in high NA concentrations
repressed a binding protein for, and active transport of, NA in L. casel

(Henderson and Zevely, 1976; see also Section II).

SECTION 11 ¢ TRANSPORT OF VITAMINS INTO BACTERIA

l., Introduction

The transport of solutes into bacteria necessitates the
solutions to two main problems: i) translocation of hydrophilic solutes
across the cytoplasmic membrane, a predominantly hydrophobic barrier,
and ii) the nature of the coupling between metabolism and transport.
Gram-negative bacteria have the additional problem of having a second
permeability barrier, the outer membrane, through which solutes must
first fass. Purthermore, transport systems are relatively specific,
suggesting the involvement of recognition sites for translocation.
Cohen and Monod (1957) gave the first clear demonstration that the
selective permeability of solutes into bacteria was mediated by stereo-

specific, cell membrane proteins. The study of bacterial transport

has generated an enormous literature which would be neither feasible
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TABLE 6. Effect of growth in high or low concentrations of NA or

ND on PA and HSF activities and the 28k/30k cell

envelope proteins(l)

coLrurg @)

MEDIUM PA HSF 28k/30k
NAL + + +
NDL + + +
ND500 + + +

(1) Adapted from Wardlaw et al (1976)

(2) NAl, NA500, ND1 and ND500 are the concentrations (pgwml-l) of NA
or ND in the medium,
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nor relevant to review here. Consequently, this section will be
limited to a brief and selective review of the various modes of transport

followed by a review of the transport of vitamins into bacteria.

2 e Modes of Transport

Solutes are transported into bacteria by four distinct
processes: i) passive diffusion, ii) facilitated diffusion, iii)

active transport, and iv) group translocation. These processes are

further discussed below,

2ele Passive Diffusion

In this mode of transport, a solute passes unaided through
the cell membrane as a result of random molecular movement and ‘'diffusion
occurs down an electrochemical gradient. There is no requirement for
energy-coupling and the flux of the solute is bidirectional. At

equilibrium, there is no net flux of solute and the solute is equally
distributed on either side of the membrane. ©Passive diffusion is not
stereospecific and there is no competition between solute and structural
analogues (Finean et al, 19743 Tristram, 1978).1 This mode of transport
is thought to be the means of translocation of solutes through the non-

specific, aqueous pores of the outer membrane (see 3, below).

2ele Facilitated Diffusion

Virtually all bacterial transport systems operate via inter-
actions with protein components in the cell membranes. The simplest

of these is facilitated diffusion and shares certain features with

passive diffusion: bidirectional flux of solute, diffusion down an
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equilibrium gradient, no energy requirement and no accumulation at
equilibrium. However, the rate of translocation is more rapid than in
passive diffusion and displays saturation kinetics. PFurthermore, the
process is highly stereospecific and structural analogues of the solute
compete for translocation. These features are consistent with the
involvement of protein membrane carriers in the translocation process
(Silhavy et al, 1978; Tristram, 1978). This mode c;f transport is
thought to0 be 'l:he‘mea.ns of uptake of glycerol (Silhavy et al, 1978) and

NDMN in Sal. typhimurium (Kinney et al, 1979; see also 4.8 below),

263 e Active Transport

This mode of transport exhibits all the characteristics of
facilitated diffusion but with two important exceptions: i) there is
an absolute requirement for energy-coupling, and ii) solute is accumu-
lated intracellularly against an electrochemical gradient. Inhibition
of the energy-coupling to translocation prevents accumulation of solute,
but the system may still function for facilitated diffusion. 1In each
of the three processes so far described, the solute remains unaltered
chemically during translocation (Rosen, 1978; Tristram, 1978).

Active transport systems are extremely common in bacteria and
are involved in the transport of most types of compounds, e.g. carbo-
hydrates, amino acids, ions, vitamins, etc (Rosen, 1978). The transport
system 1s located in the cytoplasmic membrane and the carrier protein
and the proteins involved in energy-production and coupling are all
integral proteins of the membrane.

Active transport proceeds by essentially three steps:

i) solute recognition and binding to the carrier protein, ii) translocation

across the membrane, and iii) coupling to metabolic energy. The exact



52

mechanisms involved in these steps remain unknown. Most of the studies

on uptake are done on E., coli or other gram-negative bacteria. These
bacteria have the additional outer membrane, separated from the cyto-
plasmic membrane by the periplasmic space which contains a number of
proteins released by osmotic shock of the cells and which specifically
bind certain sugars, amino acids, ions or vitamins. These binding
proteins have a single solute binding site and have molecular weights

in the range 25,000 to 42,000. There is now much evidence for the
involvement of these binding proteins in the transport process, although
not all compounds require them for transport (Rosen, 19783 Tristram,
1978).

Translocation across the membrane is facilitated by the carrier
protein spanning the membrane and enclosing a water-filled channel
within an aggregate of a small number of subunits. Binding of the
solute causes a conformational change such as to allow the passage of
the solute (Jardetzky, 1966; Singer, 1977). Singer (1977) postulated

that binding proteins, where involved, may possess an additional binding
site specific for the carrier protein, rather than the solute inter-
acting with the carrier directly., Such interaction between a carrier-
protein and a binding protein has been found in the His system of Sal.
typhimurium (Singer, 1977; Ames and Nikaido, 1978). Singer's model
has the important consequence that it predicts that several independent
binding proteins could use the same carrier protein,

Energy-coupling to transport is known to be of two distinct
types. This was first shown in E, coli by Berger and Heppel (1974)

who separated the types thus:

i) Primary active transport where the energy is derived directly from

the hydrolysis of high-energy phosphate compounds such as ATP., In
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gram-negative bacteria, such coupling is usually found in systems
involving binding proteins, e.g. Gln transport in E, coli (Berger, 1973).
ii) Secondary Active Transport, in which the energy is derived from the
electrochemical gradient formed according to Mitchell's (1970) Chemiosmotic
Hypothesis. This coupling is generally associated with systems not

involving binding proteins, e.g. Pro transport in E, coli (Berger, 1973).

2.4. Group Translocation

Group translocation processes are quite distinct from those
described above. They consist of one or more enzymes which interact
to permit the vectorial metabolism of a solute into the cell. Thus a
solute is translocated and metabolised simultaneously. There is a
requirement for energy, but accumulation of the compound will only occur
if it cannot diffuse out of the cell and is not itself further metabolised.
There are various types of group translocation, but by far
the best known and best studied is the phosphoenolpyruvate-phosphotrans-
ferase system (PEP:PTS) involved in the uptake of some sugars in many

bacteria. The system has been well studied in E, coli and Staphylococcus

aureus and is found only in facultative anaerobes, The PEP:PTS has been

reviewed recently by Saier (1977) and Hays (1978) and involves four
proteins which act sequentially to transfer the high-energy phosphate
group of PEP to the sugar as it is translocated, entering the cell as
the sugar-phosphate derivative (Figure 3)e Enzyme I and HPr are cyto-
plasmic proteins and are involved in the transport of all PTS sugars.
The sugar-specific proteins of the system, the components of the enzyme
II complexes, are the enzymes II and III. The enzymes II are always
found as integral membrane proféins associated with phospholipid and

cations, which are essential for their activity. However, enzymes III
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Figure 3 °

Diagrammatic representation of the PEP:PTS for the

uptake of certain sugars.

I, IT and III represent enzymes I, II and III respect-

ively.

Abbreviations - P, phosphate; S, sugar; HPr, heat-
stable protein,
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can be either membrane bound as components of the enzyme II complexes
or are cytoplasmic, although loosely associated with the inner face of
the membrane. Each sugar is translocated via its own specific pair of
enzymes 11 and 1II.

Other examples of group translocation processes have been
described. Thus, in E, coli the capacity to transport long chain fatty
acids is induced concomitantly with the ability to degrade these
compounds. Mutants lacking the membrane-bound acyl—-CoA synthetase were
unable to transport these fatty acids, suggesting that transport may
be a group translocation process involving vectorial acylation as the
fatty acid crosses the membrane (Hays, 1978).

There is some evidence to suggest that in E, coli and Sal.
typhimurium purines, pyrimidines and nucleosides are translocated by
group translocation, although there is also some conflicting evidence
(Hays, 19783 Saier, 1979). Thus, it has been suggested that extra-

cellular adenosine is first catabolised vectorially on the outer surface
of the membrane such that adenine remains extracytoplasmic and the ribose
is taken up by the cell, The adenine is then translocated via a second
enzyme which simultaneocusly metabolises it to AMP.

Foster et al (1979a) have recently ﬁr0posed a similar
mechanism for the utilisation of exogenous NAD by Sal. typhimurium.
They suggest that the NAD is first metabolised such that NDMN remains
extracytoplasmic and AMP is released intracellularly. The NDMN is
then translocated by vectorial metabolism by the membrane-bound NDMN

glycohydrolase which converts the NDMN to ND and ribose=-5-phosphate,

both of which are released intraceliula.rly.



5. Role of the Outer Membrane

The outer membrane (OM), like the cytoplasmic membrane, is
composed of proteins, LPS and phospholipids, but the components are
distributed asymmetrically in the membrane. The outer leaflet of the
OM contains all the LPS whilst the inner leaflet contains almost all
the phospholipid, with the protein distributed between the two (Smi‘l:
et al, 1975). Although the protein content of the OM is quite high,
SDS~-PAGE analysis has revealed only about 25-30 protein bands, of which
3=/4 are the major proteins and have molecular weights in the region
32,000-36,000 (Kadner and Bassford, 1978; Nikaido and Nakae, 1979).

The fact that gram-negative bacteria were more sensitive to
certain dyes and antibiotics than gram-positive bacteria suggested that
the OM may function as a permeability barrier. Nakae and Nikaido
(1975) and Decad and Nikaido (1976) showed that the OM had a molecular
seilving action in that it was freely permeable to polysaccharides up to
a molecular weight of 600, but not to larger ones. The permeability
of the OM was shown to be due to the OM proteins by Nakae (1976a).

He found that vesicles prepared from LPS and phospholipids extracted
fromthe OM of Sal. typhimurium were only permeable, and to the same
limits as intact cells, when a complex of isolated OM proteins were also
incorporated. Nakae and Ishii (1978) subsequently showed that
individual, major OM proteins were sufficient to make the vesicles
permeable. Nakae (1976b) obtained similar results with E. coli and
proposed that certain major OM proteins formed agqueous, non-specific
transmembrane channels or pores in the OM for the free passage of low
molecular weight hydrophilic molecules.

Subsequent studies have shown there are two classes of pores

in the OM:
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i) Non-specific pores

Lutkenhaus (1977) and Van Alphen et al (1978)-have shown
that two of the major OM proteins of E, coli form separate pores allowing
free diffusion of a wide variety of compounds including glucose,

fructose, Cu2+

, phosphate, sulphate, Arg, Leu, Ile, Met, His, Thr and
adenosine-, guanosine- and cytidine-hH'-monophosphates. The rate of
permeation of solutes through these pores is affected by the size of
the solute, its degree of hydrophobicity and its electrical charge
(Nikaido and Nakae, 1979).

ii) Speéific pores

Passive diffusion through the non-specific pores is rate-~limiting
if the solute is above a certain size or if the external concentration
is very low (Nikaido and Nakae, 1979). In these cases, specific
systems for translocation of the OM would be required and four specific
systems have been described: uptake of vitamin Bl2’ iron-siderochrome
complexes, maltose and nucleosides. The first three of these have been
reviewed recently by Kadner and Bassford (1978). The specific pores
are also known to function as receptors for certain bacteriophage and
colicins (Braun and Hantke, 1977) which has been of help in the study
of the systems.

The maltose specific pore is induced by and required for the
uptake of maltose and maltatriose from low external concentrations.
High concentrations do not require the specific pore and can enter via
other pores. The specific pore for maltose is also the OM receptor
for bacteriophage lambdg., but has no binding activity for maltose
(reviewed by Kadner and Bassford, 1978§). Nakae (1979) showed that when

the purified maltose pore was used in reconstitution experiments, the

pore lost its specificity and was permeable to several compounds.
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Heuzenroeder and Reeves (1980) demonstrated, in E. coli, that the
specificity of the maltose pore was given by its interaction with the
periplasmic maltose binding protein. Mutants lacking the binding
protein and general pores, but containing the maltose pore, showed a

much reduced specificity of uptake.

4. Transport of Vitamins into Bacteria

Vitamins can be defined as a diverse collection of organic
compounds which cannot be synthesised by the organism but which are
required in small amounts, usually to form parts of prosthetic groups
of enzymes. The study of vitamin uptake in bacteria was largely
ignored for many years, mainly due to problems such as low levels of
utilisation, low rates of uptake and rapid metabolism. They have
recently become more popular either because of the role of OM receptors
(vitamin Bl2) or because of their potential for the isolation of carrier

proteins (folate and thiamine). The group of vitamins considered here
are the low molecular weight, water soluble vitamins known collectively

as the Vitamin B complex.

4.1, Vitamin By, (Cyanocobalamin)

The uptake of B]_2 in E, coli was first described by Oginsky
(1952), but was not further studied for some time. DiGirolamo and
Bradbeer (1971) showed that the uptake of B,, by E. coli was by a bi-
phasic process: i) an initial phase that was very rapid, energy-
independent and represented binding of the witamin to an OM receptor
protein, and ii) a slower, second phase of energy-dependent intracellular

accumulation of B12. Whether or not 312 uptake is an active transport
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process with accumulation of unaltered vitamin is unclear (Kadner, 1978).
Osmotic shock reduces 312 uptake by about 85-95% in E. coli (DiGirolamo
and Bradbeer, 1971), although only very low amounts of a periplasmic
binding protein (less than 10 molecules per cell) could be detected
(White et al, 1973). Furthermore, the energy-coupling for B, uptake
was found to be via the proton motive force (Bradbeer and Woodrow, 1976)
which is usually associated with binding protein - independent systems
(see 2.3).

The OM receptor for 312 is thought to be present in about
200300 copies per cell in E. coli (Whi‘te et al, 1973) and is also the
receptor for Colicins El and E3 (DiMasi et al, 1973) and for bacterio-

phage BF23 (Bradbeer et al, 1976). Another OM protein, the tonB gene

product, is also required for the second, energy-dependent phase of 312
transport, although the nature of this protein is unknown (Bassford

et al, 1976).

4.2, Thiamine (Vitamin B,)

Thiamine transport was first studied in L. fermenti by
Neujahr (1963), and in a subsequent series of reports (Neujahr, 1966a,b,c)
she showed the system involved active transport and was repressed by
growth in high concentrations of thiamine. Although there was rapid
intracellular phosphorylation of the thiamine, Neujahr (1966b) showed
that the transport and phosphorylation steps were separate.

Thiamine uptake in L. casei is also by active transport
(Henderson and Zevely, 1978). Thiamine has been found to bind strongly
to a cytoplasmic membrane binding protein which has been solubilised,

purified and found to have a molecular weight of 29,000 and a single

thiamine binding site (Henderson and Zevely, 1976; Henderson et al, 1977b).
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Both the binding and transport activities are repressed by growth in
high concentrations of thiamine, but it remains to be clarified whether
the binding protein is also the carrier protein (Henderson and Zevely,
1978). In some elegant experiments, Henderson et al (1979a) have
provided evidence that three vitamins share a common membrane component
for transport in L., casei. Thus thiamine, folate and biotin have
separate membrane binding proteins which interact with a common,
constitutive membrane component and inhibit the transport of each other.
The degree of inhibition is proportional to the amount of binding
protein, not to the amount of vitamin. This finding agrees well with
the prediction made by Singer (1977) in his hypothesis of translocation
(see 2.3).

Thiamine transport has also been studied in E. coli where it
appears there may be separate transport systems for the uptake and exit
of the vitamin, TUptake of thiamine is by a repressible active transport
process, and is followed by phosphorylation in two steps to thiamine
pyrophosphate (Kawasaki et al, 1969). A repressible, periplasmic
binding protein has also been isolated by Iwashima et al (1971).
Thiamine may also be excreted by a separate, active transport process

which may serve to regulate intracellular thiamine levels (reviewed by

Kadner, 1978; Yamada and Kawasaki, 1980).

413: F01ates*

The term folates encompasses a group of derivatives of the
vitamin folate. This group of compounds are involved in pathways of

one-carbon transfer. Most of the studies on folate transport have

been done on the auxotrophic L. casei. Henderson and Huennekens (1974)

showed that the uptake of folates by L. casei was by a repressible
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active transport process. They also suggested that several of the

folates shared the same carrier protein. Henderson et al (1977a)
reported the solubilisation and purification of a cytoplasmic membrane
folate-binding protein of molecular weight 25,000. The binding
protein had a single folate binding site and was repressible. As
discussed in 4.2, this binding protein interacted with a common membrane
component for thiamine and biotin transport. Henderson et al (1979b)
have shown that folate transport is coupled to phosphate-bond energy
either from ATP or some other high energy compound. They speculate
that there is a direct interaction of the energy source with some
component of the transport system, possibly that shared with thiamine

and biotin transport (Henderson et al, 1979a).

4.4. Biotin

Biotin-containing enzymes are involved in carboxylation
reactions. The vitamin is not metabolised, it becomes covalently bound
to the apoenzyme. Lichstein and Ferguson (1958) were the first to
study biotin uptake, in the auxotrophic L, plantarum, and found preliminary
evidence for a carrier-mediated process. Waller and Lichstein (1965a,b)
showed that uptake in the same bacterium was by a repressible, active
transport process, although there was also some uptake of biotin by a
facilitated diffusion process.

Henderson and Zevely (1976) have reported that biotin uptake
in L. casei is also by a repressible active transport process. As with
thiamine (4.2) and folate (4.3) transport in L, casei, biotin transport
is via a repressible, cytoplasmic membrane binding protein (Henderson
and Zevely, 1976). The levels of this binding protein are much lower

than those for thiamine or folate and thus these latter vitamins
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strongly inhibit biotin uptake, whilst biotin has little effect on
their uptake (Henderson et al, 1979a).

Biotin is accumulated by a repressible, active transport
process in E. coli (Prakash and Eisenberg, 1974). Griffith and Leach
(1975) reported there was no periplasmic binding protein for biotin in
E. coli. DPail (1972, 1973) showed that the biotin transport system and

the biotin biosynthetic enzymes in E. coli are under separate regulation,

although both are repressible by biotin.

4.5. Pyridoxine (Vitamin Bg)

Vitamin BG is a collective term for three closely related

factors: pyridoxine, pyridoxal and pyridoxamine. The phosphate
derivatives of these are the coenzyme forms which are involved in amino
acid metabolism reactions such as transamination, deamination, decarboxyle-
ation and racemisation, Mulligan and Snell (1976) reported that Sal.
typhimurium transported only pyridoxal or pyridoxine by a facilitated
diffusion system, followed by rapid intracellular phosphorylation.
They did not find any binding protein. Pyridoxine uptake in E. coli
is likewise via facilitated diffusion (Kadner, 1978) and does involve a
binding protein (Griffith and Leach, 1973).

Mulligan and Snell (1977) reported facilitated diffusion of

pyridoxal or pyridoxamine by Strep. faecalis and pyridoxal by L. casei.

The authors also reported that the transport of Bé derivatives was
'reflected in the growth requirement. Thus, L, delbrueckii actively

transports only the phosphorylated derivatives of B6’ which are also

the only forms of the vitamin it uses for growth.

4.6. Pantothenic Acid

The coenzyme form of pantothenate is Coenzyme A which is



important in both fatty acid metabolism and the activation and transfer
of acyl groups. Uptake of pantothenate was first described in
Pseudomonas fluorescens and E., coli and was an active transport process
involving a periplasmic binding protein in both species (reviewed by

Kadner, 1978). Both the transport and the binding protein were

inducible by pantothenate in P, fluorescens.
Germinario and Waller (1977) showed that pantothenate uptake

in L., plantarum was by active transport followed by rapid intracellular

phosphorylation.

4.7. Riboflavin (Vitamin B,)

Riboflavin is metabolised to form the important flavin nucleo-
tide coenzymes which are involved in some dehydrogenations and in the
respiratory chain. Riboflavin transport into B. subtilis was by a
carrier-mediated process and was dependent on energy (Cecchini et al,
1979). However, it was not possible to determine if the energy was
required for the transport or the phosphorylation steps or both. These
authors also found that the uptake involved a cytoplasmic membrane

binding protein for riboflavin which, along with transport activity,

was repressible.

4.,8. Nicotinic Acid, Nicotinamide and Nicotinamide Mononucleotide

NA and ND are metabolised to the coenzymes NAD and NADP (see
Section I, 6.,2) which are of great importance to the cell both in energy-

yielding and biosynthetic processes. However, there have been very few

studies on the transport of these vitamins.

NA transport into L, casei was reported to be by active

transport and to involve a membrane binding protein, both activities



being repressed by NA. The binding protein was said to be more hydro-
philic than those for folate, biotin and thiamine in L. caseil and did
not interact with their uptake (Henderson and Zevely, 19765 Henderson
et al, 19793)-

ND uptake was studied in Strep. faecalis by Neujahr and Varga
(1966). The whole uptake process (transport plus metabolism) was
dependent on energy and was repressible. However, structural analogues
were not tested and metabolism of the ND was very rapid.

McLaren et al (1973) reported that E. coli had a much higher
affinity for ND than for NA. They measured the simultaneous rates of
uptake of the two vitamins. NA uptake was linear whereas ND uptake was
much more rapid and was complete by 10 min, their first time sample.
They also reported that E. coli did not accumulate ND in mutants lacking
ND deamidase. Griffith and Leach (1973) reported that E. coli had a
periplasmic binding protein for ND.

In their studies on the utilisation of exogenous NAD by
Sal. typhimurium, Foster et al (1979a) suggested that NIMN had two
transport systems. The first and main one was a group translocation
system whereby the membrane-bound NDMN glycohydrolase translocated the
NIMN into the cell and degraded it to ND and ribose-=-5-phosphate. The
second system became effective at external NDMN concentrations of 10-414
and above and 1s a facilitated diffusion system. Further proof of
this second system and its genetic map locus in Sal. typhimurium were
detailed by Kimney et al (1979).



OBJECT OF RESEARCH



Two distinct processes are known whereby B. pertussis under-

goes a reversible loss of the pathophysiological properties in response

to changes in the growth environment:

i) antigenic modulation, described by Lacey (1960) and typically

induced by replacing NaCl with an equivalent amount of MgSO, or by

4

growth at low temperatures, and

ii) NA modulation, described by Pusztai and Jod (1967) and induced by
growth in high concentrations of NA.

There are several reports of the effects of antigenic
modulation on B. pertussis, but NA modulation has been almost totally
neglected. Wardlaw et al (1976) reported that growth in high concen-
trations of NA but not of ND caused modulation. They also reported
the loss of the same two, heat-modifiable, main envelope proteins that
are lost in antigenic modulated cells.

Growth in high concentrations of vitamins is known to
repress their transport systems in a variety of bacteria (Kadner, 1978).
It is possible, therefore, that the envelope proteins lost during
modulation of B. pertussis are involved in the uptake of NA, but not ND,
Furthermore, certain transport systems and the composition of the cell
envelope of gram-negative bacteria may be controlled by cAMP levels
(Aono et al, 1978; Saier, 1979). Parton and Durham (1978) have shown
that AC levels were markedly reduced in antigenic modulated B, pertussis.

There have been no reports on the effect of NA modulation on AC levels
in B. pertussis.
The lmmediate aims of this investigation were, therefore:

i) 10 determine the characteristics of NA and ND uptake by B. pertussis,

ii) to determine and compare the effects of growth in high concen-

trations of NA or ND on the subsequent uptake of the vitamins,
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the AC level, and certain other activities of B, pertussis, and
iii) to suggest possible mechanisms for NA modulation in B. pertussis.
The longer-term aim of this project was to determine if cell
envelope proteins of B. pertussis which may function as virulence
components in the pathogenic activities of the organism might, from a
biochemical standpoint, be definable as transport proteins for NA,fut
not for ﬁD. This might lead to a better understanding of the patho-
genesis of the disease and, in turn, improve the prospects for immuno-

logical or chemotherapeutic control.



SECTION I ¢ BACTERIOLOGICAL MATERIALS AND METHODS

l. Species and Strains

Three Phase 1 strains of B. pertussis were used:

Strain 134, the strain originally used by Pillemer (1950) in the pre-
paration of his stromata-adsorbed protective antigen;

Strain 2992, a vaccine strain from The Wellcome Research Laboratories,
Beckenham, Kent;

Strain 18323, the mouse-virulent Kendrick strain used in the mouse-
protection test (Kendrick et al, 1947).

One isolate of B, parapertussis was obtained from the culture
collection at The Wellcomé Research Laboratories, Beckenham.

B. bronchiseptica strains 7632 and 7635 were also obtained
from the culture collection af The Wellcorﬁe Research Laboratories,
Beckenham.

All the above strains were stored either in the freeze-dried
state or under liquid nitrogen (Appendix 7).

E. coli B was obtained from the culture collection of the

Microbiology Department, University of Glasgow and was maintained on

nutrient agar slopes stored at 400.

2e Media

Bordetella organisms were grown on one or more of the following
medias

Charcoal agar (CA) (Difco Laboratories, Detroit, Michigan,
U.S.A.); Bordet=-Gengou agar (Gibcb Bio-cul't Diagnostics Ltd., Paisley,

Scotland) containing 17% (v/v) defibrinated horse blood (BG) (Gibco);
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Cohen and Wheeler Blood Agar (CWBA), a solid medium derived from Cohen
and Wneeler's liquid medium (Cohen and Wheeler, 1946) and containing 5%
(v/v) defibrinated horse blood. The basal solid medium for CWBA was
routinely prepared by the Media Production Unit of The Wellcome Research

Laboratories, Beckenham and the blood was obtained from the same source.

For growth at NAS00 or ND500 on these media, NA or ND was added to the

medium to a final concentration of 500 ug ml-l.

B. pertussis strains 134 and 2992 were also grown in Stainer
and Scholte's defined liquid medium (SS) (Stainer and Scholte, 1971)

-1

modified to contain 5 pg ml — NA (SS-NA5) for phase I growth. NA-mode

growth was obtained by increasing the NA concentration to 500 ug ml-l

(SS-NA500). In some experiments 500 ug ml-l ND (SS-ND500) was used in

Place of NA.
E. coli B was grown either on nutrient agar (Oxoid Ltd.,

Basingstoke, Hants) or in nutrient broth No. 2 (0xoid).

The composition and preparation of the media are given in

Appendix 1,

5 o Growth of Cultures

Freeze-dried cultures were reconstituted with 1% (w/v)
Casamino acids solution (Appendix 1) and grown on either BG or CWBA
0
for 72 h at 35-37 C. Liquid nitrogen cultures were left to thaw at

room temperature and grown as above. Stock cultures on BG, CWBA or

CA were gtored at 4°C.

i) Batch cultures : solid media

Stock cultures of Bordetella organisms were inoculated onto

BG or CWBA and incubated at 35-—3700 for 48 hs These were then sub-




cultured onto the various solid media detailed in 2, and incubated
either at 35-5700 for 48 h or at 28°C for 66 h. The plates of solid
media were usually incubated in a closed plastic box containing a beaker

of water to ensure a moist atmosphere.

.E. coli B was grown on nutrient agar for 24 h at 3500.

ii) Batch cultures : liguid media

Seed cultures of B, pertussis were obtained by inoculating
200 ml of SS=NA5 in a 500 ml flask with a loopful of culture from a 48 h
BG culture. The seed cultures were incubated at 35-3700 for 24 h on
an orbital shaker either at 100 rpm (Mk IIIB, L.H. Engineering Co. Ltd.,
Bells Hill, Stoke Poges, Bucks) or at 150 rpm (Type Rc~4-Sp, Kushner,
Basel, Switzerland). The seed cultures were used to inoculate (5-9%
v/v) 200 ml amounts of SS-NA5, SS-NA500 or SS-ND500 in 500 ml flasks.
These cultures were incubated for 24 h at 35-3700 on an orbital shaker
as above, except for the SS-NAS00 cultures used for uptake studies which
were grown for 48 h. Further transfers (5-9% v/v inocula) were made
from these cultures into flasks of the same medium. At least two sub-
cultures in a given medium were made before using the cells for experi-
mental work. The purity of the cultures was determined by Gram staining
and by inoculation onto nut:t::ient agar, which should show no growth, and
-onto BG.

Seed cultures of E. coli B were prepared by inoculating 200 ml
of nutrient broth No., 2 (Oxoid) in a 500 ml flask with a loopful of

culture from a 24 h nutrient agar culture. The seed cultures were

incubated at 3500 for 24 h on an orbital shaker as for B, pertussis. The
seed cultures were used to inoculate (1% v/v) further 200 ml lots of
nutrient broth which were incubated for 24 h at 3500 as above. The

purity of the cultures was determined by Gram staining.

— sy e Y i Yl
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iii) Semi-continuous culture of B, pertussis 2992

B, pertussis 2992 was grown in semi-continuous culture (SCC)
essentially as described by Novotny and Cownley (1979). The fermentor
vessel, which was of all glass construction, consisted of a Sovirel
1l litre reaction vessel (Ca,t. No. 4.296—-60), a cover with five ports
(4.296-03), a stirrer bearing (4.588-02), a stirrer shaft (4.588-33) and
a teflon-coated stirrer rotor (4.588-97) (all supplied by V.A. Howe and
CO., London). At the bottom of the reaction vessel there was a glass
outlet with a screw joint. This was used as a port for harvesting the
culture into 1 litre, sterile glass bottles.

The inoculum culture and all additional fresh media were
pumped into the reaction vessel (Vario~-perspex pump, L.K.B.) through one
of the ports in the glass cover. All flexible connections were of

silicone rubber tubing (Esco-Rubber Ltd., London) and clamped as required

with artery forceps.

The pH of the culture was kept constant at 7.6 by using a
combined glass pH-electrode (Ingold, 465-35, Pye Unicam Ltd., Cambridge)
which was inserted through one of the cover ports and was connected to
a Radiometer TTT2b titrator (V.A. Howe and Co.) that controlled the
addition of 1.0N HCl via a Vario-perspex pump (L.K.B.).

The oxygen content of the medium was monitored by a galvanic
type (Pb-Ag) pO2 electrode which was inserted through one of the cover

ports and was connected to a p0, meter (both the electrode and the meter

2
were supplied by Western Biological Equipment Ltd., Sherbourne, England).
The large-diameter impeller with diagonal blades that was used to stir
the culture was kept at a constant speed of 400 rpm. This was

sufficient to maintain the air saturation above 10%.
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The vessel was heated by a 250W Philips infrared lamp con-
trolled by a Thyristat TA5-0 unit (Cressal Manufacturing Co. Ltd.,
Birmingham) with a contact thermistor ITT-M53W (Standard Telephone and
Cables Ltd., Harlow, Essex) affixed to the side of the reaction vessel.

The whole apparatus (shown diagrammatically in ¥igure 4) was
sterilised by autoclaving at 12100 for 60 min and was then housed in a
dust-free cabinet.

The inoculum for the tank was a 100 ml culture of B, pertussis
2992 grown in SS-NAS5 at 3500 for 24 h on an orbital shaker as described
in ii) above. Once the inoculum had been pumped into the tank, 600 ml
of prewarmed (3500) SS-NAD medium was pumped into the tank and the
culture incubated at 35°C for 24 h. Approximately 600 ml of the culture
was then run off and replaced with 600 ml, prewarmed medium. The
cul ture conditions used in SCC were growth at 3500 or 28°C in SS-NAS or
at 3500 in SS=NA500. At least five subcultures in a particular medium
were made before using the cultures for AC assay. The purity of the

cultures was checked daily by Gram staining and occasionally by inocu-

lation onto CWBA and nutrient agar.

4. Harvesting the Cultures

The general method used is given below. Variations in the
washing and resuspending medium or in the concentration of resuspended

cells are detailed in the appropriate section of RESULTS or MATERIALS
AND METHODS.

Cultures on solid media were scraped into sterile 0,85% (w/v)
NaCl (saline). All cul tures, both liquid and solid, were then harvested
by centrifugation at 8000 g for 15 min at 4°C either on an MSE High Speed

25 centrifuge or on a Sorvall Superspeed RC2~B centrifuge.
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Samples of those culture supernates to be tested for AC
activity were decanted into universal bottles and stored on ice. The
remainder of the supernate was discarded. 'The cell pellets were re-
suspended in phosphate buffered saline, pH 7.3 (PBS) (Appendix 2) and
washed once as described above. The cell pellets were resuspended in
PBS containing 1% (w/v) monosodium glutamate (PBG) to a concentration of
either 50 opacity units (ou) (see 5 below) or 3.0 mg dry weight \.:111"'":L
(see 6 below).

Cells for experimental use were used immediately. Portions
of the batch cultures grown in various liquid media for use in uptake
assays were stored, untreated at -20°¢. Cell envelopes were prepared

from these at a later date (see 9 below) and examined by slab gel

electrophoresis (Appendix 6).

. Standardisation of Bacterial Concentration bv Opacit

The concentration of bacterial suspensions was periodically
determined by comparison with the Fifth International Opacity Reference
Preparation, designated as having 10 international opacity units and
supplied by the World Health Organisation International Laboratory for
Biological Standards (National Institute for Biological Standards and
Controls, Holly Hill, Hampstead, London). The dilution factor necessary .
to obtain a cell suspension whose density matched that of the reference
preparation was calculated and multiplied by 10 to give the concentration

in opacity units (ou) of the undiluted cell suspension.

6. Standardisation of Bacterial Concentration by Drv Weight

The concentration of cell suspensions in mg dry weight ml—l
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was determined either from a standard curve relating the optical density

at 650 nm (0D650) of cell suspensions to their dry weight concentration

-1. The

or from the relationship: 0D650 l.4 = 1.0 mg dry weight ml
latter relationship was determined for the Perkin-Elmer Model 6/20
Spectrophotometer (see 7 below) from a standard curve such as that
noted above.

Standard curves of 0D650 versus dry weight were prepared as
follows. A 24 h culture of B, pertussis in SS-NA5 was harvested as
described in 4 above, washed two or three times with distilled water and
finally resuspended in a small volume of distilled water. Weighing
boats were prepared by wrapping aluminium foil around the top of a
universal bottle and cutting off the excess foil once the cap had been
screwed on. These boats were heated at 110°¢C for at least 24 h before
use. Three 1 ml portions of the cell suspension were pipetted into
preweighed boats and heated overnight at 110°C before determining the

weight of cells.

Dilutions of the cell suspension were made in distilled water

and their 0D650 measured. The dry weight concentration of these cell sus-

pensions was calculated by multiplication of the known dry weight of the
original cell suspension by the appropriate dilution factor. A plot of

0])650 versus dry weight concentration was constructed.

T. Measurement of Optical Density

The optical density of cell suspensions was made at a wave-
length of 650 nm either in a SP600 Series 2 Visible Spectrophotometer -
(Pye Unicam Ltd., York Street, Cambridge) or in a Perkin-Elmer, Model

6/20 Spectrophotometer (Coleman Instruments).
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8., Preservation of Cell SusEensions

Portions of cell suspensions to be treated for agglutinogen
titres were harvested as in 4 but were washed and resuspended in saline
to- a concentration of 1.0 mg dry weight ml-l. Formalin (37-39% Formal-
dehyde solution, AnalaR, British Drug Houses Ltd., Poole, England), was
added to a final concentration of 0,25% (v/v) and the suspension left

at 37°C for 24 h before being stored at 400.

9. Disintegration and Practionation of Cell SusEensions

9.l Ultrasonics

Cell suspensions (Section III,3) were disrupted by sonication
in an MSE 100 Watt Ultrasonic Disintegrator set at maximum amplitude.
E. coli B was sonicated for eight 30 sec pulses (’giving about 95% lysis
as estimated by phase contrast microswpy) and B, pertussis 134 was
sonicated for fourteen 30 sec pulses (giving about 75% lysis).

Cell lysates were prepared from the disintegrated cells by
centrifuging at 20000 g for 30 min at 400 in an MSE High Speed 25 centri-
fuge and discarding the pellet. The supernates were assayed immediately

for nicotinamide deamidase activity (Section III,3).

902- X—PI‘ESS t

B, pertussis 134 was readily disintegrated by passage through
an IXB X~-Press (Biotech Ltd-., Stockholm). The X-Press chamber, piston
and valves were pre-cooled in so0lid carbon dioxide for about 12 min.

One valve was inserted into one side of the chamber and about 10 ml of

cell suspension pipetted into the other side, followed by the second valve.

Three passages in the chamber were made, giving about 95% lysis.

T



Cell envelopes and lysates were prepared by centrifuging as
in 9.1 above., The cell envelope pellet was washed once in saline,
resuspended in the same and stored at —2000. The cell lysates were

assayed immediately for nicotinamide deamidase activity (Section III,3).

9.3. Rot Disintegrator

Suspensions of B. pertussis prepared for assay of AC activity
(Section IIT,2) were disintegrated in a Rotary Disintegrator (Novotny,
1964) and fractionated as described by Novotny and Cownley (1979).

Seven millilitre of a cell suspension in saline was mixed
with Ballotini beads until the levels were the same. The thick sus-
pension was disintegrated in the rotary disintegrator for 2 min and then
filtered through a sintered glass filter to remove the beads. The
beads were washed several times with distilled water to recover quan-
titatively all cellular material. The final volume was noted.

The lysate was then fractionated as shown in Figure 5 by
centrifugation in a Sorvall RC2-B Superspeed centrifuge. Fractions
were washed and resuspended to a known volume in distilled water and
assayed immediately for AC activity and dry weight concentration (by the

method detailed in 6 above). The fractions were then stored untreated

at =20°C.

SECTION II ¢ BIO-ASSAY MATERIALS AND METHODS

1. Histamine-Sensitising Activity

Seven to nine-week old Ham/ICR mice (Charles River, U.K. Ltd.,
Manston Road, Margate, Kent) of either sex were injected intraperitoneally,

in groups of five, with 0,5 ml of graded doses of heated (56°C for 30 min)
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B. pertussis suspensions. TFive days later the mice were injected
intraperitoneally with 3 mg of histamine dihydrochloride (Sigma Chemical
Co., St. Louis, Missouri, U.S.A.) contained in 0,5 ml of stérile saline.
Survivors were counted 4 h after challenge.

‘The results were analysed by the Probit method (Finney, 1964)
by means of a computer programme developed in the Department of Epidemi-
oclogy and Biometrics, School of Hygiene, ﬁniversity of Toronto, Canada.
One sample was taken as a standard and the potencies, with the 95%
confidence limits, of other samples relative to the standard wtere cal-
culated. The standard used here was a vaccine of B, pertussis 183534

prepared in this laboratory by Professor A.C. Wardlaw and Dr. R. Parton.

2, Measurement of Agglutinogens

Agglutinogen factors 1, 2 and 3 were assayed in B.r pertussis
by the method of Novoitny and Cownley (1979) using the specific factor
sera prepared by them (Novotny and Cownley, 1979).

Serial two=fold dilutions of the sera were made in saline in
plastic microtitre haemagglutination trays with U-shaped wells (Linbro)
by means of 25 pul Microtitrator diluters. The end well of each row had
only saline added and was used as a negative control. Twenty-five
microlitre. of the formolised cell suspensions (Section 1,8) was added to
each well. The trays were sealed with self-adhesive membranes, mixed
by shaking, incubated at 5600 for 1 h in a waterbath and finally left
overnight at room temperature.

Agglutination titres were determined by examining the trays

through a Nikon plate microscope and recorded as the reciprocal of the

highest dilution of serum giving agglutination.
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T+ should be noted that as it was the antisera that were

serially diluted, strictly speaking these assays determined the
agglutinin titre of the sera. However, as the titre remained constant
and it was the cell agglutinogens that were altered, the resultis are

recorded as agglutinogen titres.

SECTION III : BIOCHEMICAL MATERIALS AND METHODS
14 . . 14
l., Uptake of C=Nicotinic Acid (NA) and ~ "C=Nicotinamide (ND

The general method used is described below, variations are
detailed in the appropriate se¢ction of RESULTS.
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