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ABSTRACT

A C. perfringens type A genomic library was constructed in E. coli by banking
overlapping 6-10 kbp Hind 1II fragments of chromosomal DNA from the
enterotoxin (CPE) positive strain NCTC 8239 into the pUC derived vector
pHG165. The library was screened by colony hybridization with a degenerate
26 bp oligonucleotide probe, derived from the amino acid sequence CPEg.7. A
complex mixture of plasmid DNA was isolated from the only hybridization
positive clone. A second round of screening picked out a single plasmid, with
an apparently altered copy number, pLW1, that carried the CPE gene, cpe, on

a 6.8 kbp insert.
A sequence deduced primer strategy for direct plasmid sequencing was

initiated using a primer deduced in a similar manner to the 26 bp probe,
obviating the need for prior mapping and subcloning of the insert. The amino

acid sequence for the conceptual gene product of the single open reading
frame differed only slightly from the known CPE sequence but lacked the C-
terminal residues. The biased cpe codon usage reflected the low %G+C
content of the DNA. The %G+C content was even lower in the upstream

region and possessed properties characteristic of bent DNA. The region 5' to
the ATG translational start codon contained a Shine-Dalgarno sequence and
several sequences with significant homology to the putative transcriptional
control regions for the tetanus toxin gene. The N-terminal coding region
contained a direct repeat of an upstream sequence that shared considerable
homologies with the crossover point in site 1 of the Tn3 res region.

Southern blot analyses of chromosomal and plasmid DNAs from several
isolates indicated that the majority of strains were cpe~. The chromosomal
location and architecture of cpe appeared identical inall cpe* strains.

A second copy, pLW2, of the 5’ end of cpe, on a 4.5 kbp Pst 1/ Eco Rl restriction
fragment, was cloned during one of many unsuccessful attempts to clone the
3" end. A separate re-cloning experiment isolated several different clones that
contained the 0.6 kbp Hind III located = 2.5 kbp 5' to the ATG codon of both
cloned copies of cpe but none of them carried the CPE gene. The fragment was

used as a DNA probe to show that it was present in high copy number in
some strains of C. perfringens but completely absent from others.

An hypothesis describing the possible involvement of a mobile genetic
element in C. perfringens enterotoxin production offers explanations for the
cloning of a complex mixture of plasmids, the apparent alteration in plasmid
copy number, the identification of putative DNA crossover points, the failure
to clone the 3' end of cpe and the isolation of a novel DNA fragment.
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PREFACE

‘Cloning the enterotoxin gene from Clostridium perfringens type A' was an
AFRC funded research studentship. The studentship comprised three years
scientific research work, conducted in the Food Microbiology Laboratory in
the Department of Applied Biochemistry and Food Science, University of
Nottingham, under the supervision of Dr. Gordon S. A. B. Stewart. That work
is reported here. The thesis is divided into three main sections, Introduction,
Experiments and Discussion.

The Introduction starts with a description of the genus Clostridium
emphasizing the diversity of morphological and biochemical characteristics
shown by its members. A detailed description of the study organism,
C. perfringens, is provided by Chapter 2. The different toxin types and the
diseases associated with them are described with particular reference to the

subject of this thesis, C. perfringens type A food poisoning. The chemical and
biological details of the proteinaceous agent of the illness, the 35.4 kDa
enterotoxin molecule, are also presented. Chapter 3 sets out the reasons for

trying to clone cpe, the enterotoxin gene. The initial objectives of the project
are presented concluding with a résumé of accomplishments. Also described
are some of the experimental strategies used e.g. DNA sequencing, employed
during the course of the investigations. The provision of this chapter enables
the reader to focus on the scientific aims and discussions of the studies,
detailed in the following chapters, without the distraction of lengthy technical
explanations of each experimental procedure. Protocols and details of
materials are given in the appendices.

Preliminary work carried out by M. Routledge, a post-graduate student
initially assigned to the project, is clearly identified in the first of six
"Experiments” chapters. This section details the cloning and DNA sequencing
of the N-terminal coding region and upstream sequences of the enterotoxin
gene, cpe, along with the attempts to clone the C-terminal coding sequences
and 3’ flanking DNA. Chapters 6 and 7 are concerned with the experiments
which addressed the questions regarding the distribution and plasmid or
chromosomal location of cpe. The last "Experiments” chapter describes the
unexpected cloning of an unusual DNA fragment.

The Discussion brings together all the information obtained during the course
of the studentship. The contributions they make to the understanding of the
biological processes involved in C.perfringens type A food poisoning are

discussed along with suggestions for future research.



Chapter 1. Introduction: The Clostridia

INTRODUCTION
CHAPTER 1

THE CLOSTRIDIA

1. 1. Circumscription of the Genus Clostridiunt

In the late 19th century the anaerobic, spore-forming bacilli were separated
from the genus Bacillus and re-classified as Clostridium (L. Clostridium,
spindle). The Clostridium were defined as Gram-positive rods that were
obligate anaerobes and had central or subterminal, heat resistant, spores
which swelled the cell. The type species being C. butyricum [Prazmowski, 1880].
Over one hundred years later the principally morphological description of the
genus, which in 1880 was due to a lack of knowledge at any other level, has
changed little. The generally accepted definition in Bergeys Manual Of
Systematic Bacteriology. Volume 2. [Cato et al., 1986] identifies the Clostridium as
anaerobic or micro-aerophilic, spore-forming rods that do not form spores in
the presence of air, are usually Gram-positive, and do not carry out a

dissimilatory sulfate reduction.

1. 2. Morphological and Chemical Characteristics

1. 2. 1. Gross Morphology
There are few morphological constraints and therefore the clostridia are a

highly pleomorphic group of bacteria. The cells of most species are large (0.5 -
2.0 um in diameter and up to 30 pm in length) rods. The exceptions being
C. coccoides (oval), C. cocleatum (semi-circular) and C. spiroforme (spiral). The
rods may be thick or thin, straight or curved and have blunt, pointed or
rounded ends. Filamentous forms are not uncommon. Most species are motile
with peritrichous flagella but there are some encapsulated non-motile species
e.g. C. perfringens.

An organism can only be included in the genus if it possesses a Gram-positive
(single-layered) cell wall. In a few species e.g. C.magnum this is only
identifiable using electron microscopy. Some species e.g. C. aminovalericum are
Gram-variable, varying with culture age and conditions.

Although all clostridia are spore-formers there is considerable variation in
spore morphology and frequency of sporulation. In all cases the oxygen, heat
and alcohol resistant spores are only produced under anaerobic conditions.
The motile or non-motile spores may be terminal, subterminal, central or all
three and they usually, but not always, swell the cell. C. oceanicum has two

Page |



Chapter 1. Introduction: The Clostridia

spores per cell. The majority of clostridia will sporulate if a general
sporulation media is used e.g. chopped meat agar [Holdeman et al., 1977) and
incubated at 5-10°C below the optimum growth temperature. Species with
specialised metabolisms usually only sporulate in more precise medias e.g.
C. polysaccharolyticum requires cellobiose and rumen fluid before it will
sporulate. Sometimes spores cannot be demonstrated visually e.g. C. ramosum,
in which case spore formation is assumed to have occurred if the organism
survives alcohol or heat (80°C or 70°C for 10 minutes) treatment.
Unfavourable treatments e.g. subculturing and/or heat treatment are often
employed to increase spore:vegetative cell ratios in species with low
sporulation frequencies e.g. C. perfringens.

The ever increasing size (there are over 80 described Clostridium species) and
diversity of the genus has incited several authors [Chester, 1901; Weinberg
et al., 1937; Handuroy et al., 1937; Prévot, 1938 and 1940] to suggest division of
the clostridia into smaller genera. The organisms would be categorised
according to cell shape and spore position etc.. The proposals have so far been
rejected on the grounds that a morphological classification system for these
bacteria would not help the process of identification.

1. 2. 2, Chemical Analysis

1. 2, 2. 1. Walls and Membranes

Cell wall components are potentially useful aids to bacterial identification
[Cummins & Harris, 1956]. The type of peptidoglycan and its constituent amino
acids, especially diaminopimelic acid, typify the genera whilst the species are
distinguished by the sugar components of the wall. Clostridial peptidoglycans
are usually of the meso-diaminopimelic acid direct-linked type. Most
Clostridium species contain an assortment of sugars in their cell walls e.g.
C. acetobutylicum has glucose, galactose, rhamnose, and mannose. The genus
can be divide into those species which have both glucose and galactose e.g.
C. beijerinckii and those which have glucose but do not have galactose e.g.
C. butyricum. Teichoic acids, polymeric phosphodiesters, have been isolated
from several species of Clostridium, this is not unusual as the walls of most
Gram-positive bacteria contain other polymers in addition to the basic
peptidoglycan.

C. thermohydrosulfuricum, a thermophilic species, has been shown to have a
proteinaceous S layer surrounding the cell wall [Sleytr & Glauert, 1976]. The
hexamerically patterned surface of this species was revealed using freeze-

etching and electron microscopy.
There is very little known about clostridial cytoplasmic membranes. The

Page 2



Chapter 1. Introduction: The Clostridia

protein components are assumed to have similar functions to those in other
Gram-positive bacteria ie. import and export of vital materials. The
membrane bound redox carriers used in the transfer of electrons from oxygen
to substrates with lower oxidation levels to enable storage of free energy were
excluded from this assumption. It was thought that clostridia could not use
such a system because they are obligate anaerobes and energy storage is
unnecessary as they derive all that they require from fermentation.
Indications to the contrary came with the discovery that some acetogenic
species could use either CO, + H or simply CO as their sole supply of carbon
and energy [Wiegel etal, 1981; Kerby & Zeikus, 1983]. For acetate to be
synthesised, during carbon monoxide utilisation, it seemed likely that ATP
had to be generated. Investigations revealed the presence of a variety of
electron transport proteins e.g. cytochrome b in C. thermaceticum [Rogers, 1986]
which could be involved in electron transport coupled phosphorylation.

There is only slightly more information available on the lipid content of
clostridia membranes. In all bacteria the precise lipid composition varies with
culture conditions, especially pH and temperature. In general the major class
of lipids are the phospholipids with long chain fatty acids making up the
remainder. The fatty acids of Gram-positive cytoplasmic membranes are
frequently branched but rarely unsaturated, whereas Gram-negatives use a
diverse mixture of fatty-acids, both saturated and unsaturated, with
branched-chains often entirely absent. There are also Gram-associated
differences in membrane phospholipid content. Phosphatidylethanolamine is
the phospholipid in Gram-negatives whilst the Gram-positives utilise many
different types of phospholipid, although they never use phosphatidylcholine
(lecithin) the major lipid component of eukaryotic membranes. In clostridia
the phospholipids are plasmologens i.e. the aldehyde form e.g. C. butyricum
contains the plasmologens N-methylethanolamine, ethanolamine and
phosphotidylglycerol.

1. 2. 2. 2. Proteins

Species identification by means of polyacrylamide gel electrophoresis (PAGE)
of cellular proteins has been examined [Cato et al., 1982; Bom et al., 1986] and
found to be suitable for the separation of two known species, even closely
related species such as C. bifermentans and C. sordellii. However a definitive
species identification system for the clostridia using PAGE is not a feasible
proposition because cellular protein composition varies with subculturing,
culture age and growth conditions e.g. some toxin production is reliant on the
possession of mobile genetic elements [Crowther & Baird Parker, 1983; Strom et

al., 1984] which may be lost during successive subculturing.

Page 3



Chapter 1. Introduction: The Clostridia

1. 2. 2. 3. Fatty Acids

Some of the fatty acids associated with the genus were discussed earlier (1. 2.
2. 1. Walls and Membranes). Analytical gas liquid chromatography, at the
species level, has found that the specific metabolic pathways of the clostridia
are reflected in their fatty acid composition [Elsden et al., 1980]. It may
eventually be possible to incorporate this phenomenon into a bacterial
identification system.

1. 2. 2. 4. Nucleic Acids

The overall G+C composition of clostridial DNA is very low (G+C = 22mol%
— 55 mol%, averaging at about 28 mol%). DNA isolated from C. perfringens
[wanejko et al., 1989] was assumed to be methylated. The DNA was not cut by
Sau 3A and Bam HI, restriction enzymes which do not recognise sequences
which contain 5-methylcytosine, however it was cleaved by Mbo I, an
isoschizomer of Sau 3A, which is not inhibited by 5-methylcytosine residues
but is sensitive to methylated adenine residues. A number of bacteriophage
are associated with the clostridia (see below) so it is likely that DNA
restriction/modification systems are present within the genus.

1. 3. Growth and Metabolism

1. 3. 1. Overview of Habitat and Growth Requirements

The ubiquitous clostridia are found most commonly in anaerobic habitats
such as the mammalian intestinal tract or in environments with low oxygen
tension such as soil, marine sediments and decaying organic matter. Diversity
within the genus Clostridium is not limited to morphological characteristics.
The members vary in their oxygen tolerances and growth requirements i.e.
preferred substrate, temperature and pH.. The clostridia have a fermentative
metabolism which allows them to obtain their ATP via substrate level
phosphorylation. The discovery of electron-transport type proteins in some
clostridia (1. 1. 2. 2. Walls and Membranes) is evidence that some species,
perhaps not all, have the means to generate a proton-motive force which
could be utilised for additional ATP production. If an electron-transport chain
does exist it is unlikely that O, is used as the terminal electron acceptor, as is
frequently the case in other systems, as there are very few clostridial species
able grow in the presence of molecular oxygen. C.carnis, C. histolyticum,
C. durum and C. tertium are known as oxygen tolerant species because they are
able to grow in air but they do not survive for long in these conditions nor are
they able to sporulate [van Gylswyk & van der Toorn, 1987]. Defined as

anaerobic or microaerophilic most species are sensitive to oxygen, the highly
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sensitive species C. haemolyticum only grows when the oxygen tension (pO,) is
less than 0.5% and only survives a few minutes in air. The majority of species
are less fastidious and fall between the two extremes e.g. C. novyi type A will
grow with a pO, up to 3.0% and C. butyricum can survive (but not grow) for
hours in air.

Clostridia may be aerointolerant because they lack the ability to protect
themselves from the detrimental effects molecular oxygen and its metabolites
e.g. the highly reactive free radical, Oy , the superoxide anion produced by
partial reduction of O, (see Figure 1.). Toxicity is believed to be due to the
interference of normal cell metabolism and the chemical alteration of vital
macromolecules. However the enzyme superoxide dismutase (SOD), which is
thought to afford this protection to aerobic organisms by catalysing the
dismutation of the super oxide anion to hydrogen peroxide (H,0,), has been
detected in several clostridial species [Gregory et al., 1978]. There is no
evidence to indicate the general absence of SOD from the remaining species,
although C. tertium, a micro-aerophilic species, is completely devoid of SOD,
so it is unlikely that SOD on its own is the only prerequisite for aerotolerance.
It is not known whether clostridia possess catalase, the companion enzyme to
SOD, which catalyses the conversion of the potentially lethal hydrogen
peroxide to water and oxygen

Optimal growth of most anaerobes occurs in media with low redox-potential
(E,), this may underlie the reason why aeration of a clostridial culture is often
inhibitory. The presence of oxygen in a medium is likely to cause an increase
in its E;, by virtue of the fact that it is an avid electron acceptor i.e. potent
oxidant. Although there are some psychrophilic and thermophilic Clostridium,
for most species growth is optimal within the narrow pH and temperature
ranges (pH 6.5-7.0; 30-37 °C); since E,, is affected by changes in these factors, as
exemplified by the modified redox values®, E'y , for the redox-couple NADH/
NAD*, * E'y = -320 mV but E; = -230m at pH 4.0, then a requirement for a
particular value could be what imposes the restrictions on these parameters.
The idea that these factors i.e. pH and temperature, are not by themselves
growth limiting is substantiated by the observation that for some species the
pH and temperature required for optimum growth varies with the substrate

provided.

* E'p = standard oxidation-reduction potential (pH 7.0, 25°C).
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Figure 1,
Possible Routes to Oxygen Sensitivity

1.Products of Reduction Reactions.

Comments
0, +4H* + de- == 2H,0 Complete reduction produces the
ubiquitous and harmless water
molecule.
0,+ 2H* + d¢* == H,0, A two electron partial reduction of O,

results in hydrogen peroxide
formation which is lethal at high
concentrations.

A single electron reduction produces

02 + ¢ mp () 2
the superoxide anion, a highly

reactive *free radical.

2. The toxicity of the superoxide anion and hydrogen peroxide may be
because they are the precursors to the hydroxyl free radical (HO.) which is
also a product of ionizing radiation.

Haber-Weiss Reaction
O0,. + H,0, == OH- + HO.
Fe(lll)

J. Photodynamic Cell Death

Molecular oxygen Singlet oxygen

Op) — 20

Intense illumination

4. Interaction with enzymes and/or co-factors e.g. Desulfovibrio [Odom & Peck,
1984]

Oy

Hydrogenase Hydrogenase

(active) ~ : (inactive)

O3
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5. Oxygen as a Potent Oxidant,
I. Affect on redox-potential (Ej) : -oxygen is an avid electron acceptor so

acration of a medium raises its Ej..

I1. Depletion of NADH.

NADH + H++ % 0, '—.\__-—\' NAD++ H,0
NADH oxidase

*Note:

"MEffet X Free radicals are highly reactive because

| they have unpaired clectrons (lone pairs)

posscssion of which makes molecules

-1 Effect nucleophilic i.c. they attack sites of low

electron density. These types of sites exist

in organic molecules when one part of

s : : it b

o the system is nmdf: clectron dcfncncnt_ y

—C—C—cCc—x an negative inductive (-I) or mesomeric (-
TS

ortho ortho 8¢

M) cffect of an attached moicty. These

""t t » 9
) ) systems are very common in biological

-
e macromolecules.

\, e | Pty A s I :

. . nucleophilic substitution reaction
-~ occurs when the system is a saturated
carbon chain with an eclectronegative
partner. Such attachment groups draw
clectrons from the system i.c. have a -I effect, most groups e.g. OH are of this type. The only
common +I agents are alkyl groups. Nuclcophilic addition reactions occur with unsaturated
systems, such as aromatic rings, which have low clectron densities. This situation results
when the attached group has an clectronegative clement, such as a double bond, which
withdraws clectrons from the system ic. has a -M cffect. Both nucleophilic addition and
substitution rcactions dramatically alter the characteristics of the ‘attacked molecule,
frequently producing another highly reactive specics which goces on to do further damage.

’ PN
\ l/!’.#
ok dibes of sucleophilic sttack

Nucloophlllc Substitutiona Reaction

H "~
! H ( \ H 1|l
H -—-Ci:-s ¢ lall' & & C l ° H.O + CH, ~—~C——C]
H ‘\J/ ' H H
Nucleophilic Addition Reaction
e @ !I
ay, ay 9 B °
\':,.-- -----H....N * \ / \ st '-“\ s __> C + .CN'
C 0 T"-A C \+ H—ON <T— '
C( \\ / \ \‘x / Cl{ \CN
I, C]lj CN 7 3
\
\
\,_‘.-‘
e [""* ’ .‘."""-.
B“.. . ]l _____\m —b B e l! + :CN
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1. 3. 2. Fermentation Processes

The clostridia utilize the Embden-Meyerhof-Parnas pathway [Thaur et al,
1977] and a modified Entner-Doudoroff pathway [Andreesen & Gottschalk,
1969] for the catabolism of sugars and sugar acids to ethanol, acetate and/or
butyrate. Other fermentation products e.g. acetone, butanol and isopropanol
are dependent on species specific enzymes, substrate and culture conditions,
also some species switch their metabolic processes under stressed conditions
resulting in in changed products of fermentation [Andreesen et al., 1989].
Clostridial fermentations are an important commodity because they have the
potential to provide fuels and chemicals from renewable biomass such as
starch [Ng et al., 1983). The feasibility of large scale fermentations for the
commercial production of chemicals has been demonstrated [Ng et al., 1983]. It
is hoped that increased understanding of clostridial biochemistry and genetics
will lead to the development of genetically engineered organisms which will
be more effective fermenters and provide greater yields than the wild type
strains [Wood, 1981]

1. 4. Clostridial Genetics

1. 4. 1. Genomic Analysis

A variety of clostridial genes encoding, both toxic determinants and metabolic
enzymes, have been cloned and analysed. The %G+C content of clostridial
DNA was found to be extremely low 22-55 (T,) even the thermophile
C. thermocellum, which has an optimum growth temperature of 60-64°C, has a

7%G+C  of only 38-39 (T,) [Cato et al, 1986]. The non coding region of
clostridial genes has an even lower G+C content which is thought to be a

feature common to clostridial promoter/operator regions [Leslie et al., 1989].
The lack of available data concerning transcription initiation sites has
hampered attempts to define the general characteristics of clostridial
promoter regions [Young et al., 1989a & b]. Characteristic factor-independent
transcription-terminator sequences i.e. regions of dyad symmetry preceding,
or including a stretch of T residues, have been found to correspond to the
MmRNA 3' termini for the C. pasteurianum ferredoxin [Graves & Rabinowitz,
1986] and the C.thermocellum celA |Béguin et al., 1986] genes. The 6-13
nucleotide separation of the putative Shine-Dalgarno sequences and
translation codon, usually AUG, [Young et al., 1989a & b} is similar to the
spacing found in E. coli ribosome binding sites. The codon usage however
was significantly different to that of E. coli genes and reflected the high A-T

content of clostridial DNA.
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1. 4. 2. Extrachromosomal Elements; Plasmids, Transposons and
Bacteriophages

Many clostridial extrachromosomal genetic elements have been identified.
The majority of the plasmids remain cryptic although several have been
shown to code for drug resistance and bacteriocins [Abraham & Rood, 1985a &
b; Garnier & Cole, 1988a]. Plasmid mediated and plasmid free, intraspecific
and interspecific, conjugal gene transfer has been reported for the clostridia
[Review: Young et al., 1989b). The conjugative plasmid, C. perfringens pIP401, is
also able to mobilize the transfer of the non-conjugative plasmid pIP402
|Bréfort et al., 1977]. pIP401 carries a 6.2 kbp transposon, Tn4451 [Abraham &
Rood, 1987 and 1988] encoding the chloramphenicol resistance determinant,
which can excise precisely leaving a deleted version of the plasmid. Tnd451
appears to be related to the Tn3 family of transposons. pPI404, the most
extensively characterised clostridial plasmid, encodes several UV inducible
genes and a res gene which encodes a protein with significant homology to
the transposon encoded resolvases [Garnier et al., 1987 and 1988].

The first isolation of a clostridial bacteriophage was from C. rerani in 1934
[Cowles, 1934] since then phage have been isolated from pathogenic species

e.g. C. botulinum [Vinet & Fedetle, 1968] and important industrial species e.g.
C. madisoni |Ogata & Hongo, 1979] where they interfere with the fermentation
processes. Some phages are the toxic determinants of pathogenic clostridia.

They cither carry the structural genes for the toxins, exemplified by the
conversion of non toxigenic C. botulinum to toxigenic forms [Ecklund et al.,
1971; Inoue & lida, 1971), or they influence the expression of host encoded

toxin genes as occurs in C. novyi Types A and B [Ecklund et al., 1976].

1. 5. The Pathogenic Clostridia

About fourteen of the eighty three species decribed in Bergey's Manual of
Systematic Bacteriology. Volume 2, cause illness or disease in humans or other
animals. A further six species are associated with disease [Smith & Williams,

1984]. C. botulinum, C. tetani, C. perfringens, C. difficile and C. septicum are the
species most harmful to the health of human beings. The neurotoxins of
C. botulinum and C. tetani being amongst the most dangerous toxins so far
discovered. Yet surprisingly the anticholinergic effect of the C.botulinum
neurotoxin type A is being exploited as a therapeutic agent. It is being used to
alleviate involuntary spasmodic muscle contractions in conditions such as
focal dystonias [Scorr, 1980] and to cause selective weakening of certain
overactive muscles [Lee et al., 1988; Elston, 1988].

All the biologically active, antigenic factors produced by the pathogenic
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clostridia are termed toxins even if they have not been assigned to a role in
disease pathology [Review: Hatheway, 1990]. A number of toxins are common
to different Clostridium species but the spectrum of toxins produced by an
isolate can be used for taxonomic purposes.

1. 7. Phylogenetic and Evolutionary Considerations

The génus clostridia has been subdivided into homology groups on the basis
of DNA-ribosomal RNA (rRNA) competition studies. The groupings
correlated well with earlier DNA-DNA hybridization studies [Johnson, 1970]
but they do not correlate well with the phenotypic groupings used for
identification e.g. spore location and cell wall structure. Although termed
homology groups the intragroup variation for some groups is almost as great
as the inter group variation. 165 rRNA cataloguing, described by Cato &
Stackebandt [1989], of 120 Gram-positive eubacterial species from 33 genera
demonstrated that the large interspecies distances were due to the
phylogenetic heterogeneity of the genus. The placing of Clostridium species on
many of the sublines of the Clostridium/Bacillus subdivision is indicative of an
ancient ancestory [Stackebandt, 1988].
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CHAPTER 2
CLOSTRIDIUM PERFRINGENS

2. 1. Circumscription of the Species

2. 1. 1. Historical Perspective
The first complete circumscription of the organism was provided by Welch

and Nuttall [1892] when they described Bacillus aerogenes capsulatus, a

bacillus isolated from a cadaver. The organism was later classified as
C. perfringens toxin type A with the lamb dysentery bacillus, C. paladus and
C. ovitoxicum, closely related organisms only varying from the original isolate
in their toxin production, being designated by Wilson toxin types B, C and D
respectively [Glenney et. al., 1932]. Type E, the agent of enterotoxaemia in
calves [Bosworth, 1943] and type F from human enterotoxaemia were added
later although the type F classification has since been discarded due to its
basic similarity to type C [Stern et al., 1964].

2. 1. 2. Isolation and Identification
C. perfringens type A, is the most widely distributed pathogenic bacterium

[Smith & Williams, 1984]. It has been isolated from soil, water, milk, dust
sewage and the intestinal canal of man and animals. It has even been isolated
from soil samples in Antarctica [Miwa, 1975). Toxin types B, C, D and E appear
to be obligate parasites, surviving only in the intestinal tracts of animals and
man [Smith & Williams 1984).

The clostridia are fairly strict anacrobes with an optimum growth
tempcrature of 45°C and sporulation temperature of 37°C. Under
optimum conditions they have a generation time of about 8 minutes
although one strain was recorded to have a doubling time of 7.1 minutes
at 41°C [cited in, Craven, 1980]. Limited growth accompanied by rapid
cell death occurs at temperatures above 50°C and vegetative cells are
unable to survive temperatures above 60°C in laboratory media [Brown &
Twedt, 1972).The atrichous, non-motile cells are straight, parallel sided
rods (= 4-8 umx0.8-1.0 um) with truncated or slightly rounded ends
(although they are sometimes shorter and thinner and filamentous forms
arc not uncommon) that occur either singularly or in pairs. The variation
in cell morphology increases with culture age. Sporulation is rare in
culture but spores are commonly found in their natural environment. The
sporcs are large, oval, central or subterminal and frequently distend the
cell.

The cell walls contain LL-DAP. Galactose, glucose and rhamnose are amongst
the common cell wall sugars that may be present [Cummins & Johnson, 1971].
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Most strains are encapsulated but the precise composition of the largely
polysaccharide capsules varies amongst the strains [Review; Smith, 1975].
Acid gas production results from the fermentation of glucose, maltose,

lactose, sucrose and occasionally salicin but not from mannitol. Some strains

also ferment inulin and types A, C and D ferment glycerol.
The mol% G+C of the DNA is 24-27 (T,,) [Cummins & Johnson, 1971],

2. 1. 3. Toxins and Bacteriocins

The five types of C.perfringens produce a spectrum of exoproteins with
demonstrable or potential pathogenic biological activity. Classification of
strains into types A-E is according to the excretion of four major lethal toxins
(Table 2.2.) as other morphological or biochemical methods (Chapter 1) are
unable to reliably distinguish between the types. The guinea pig skin
erythema method of toxin typing involves the subdermal injection of toxins
and specific antisera raised in rabbits. Each C.perfringens type has a
characteristic toxin neutralization pattern obtained by using various
combinations of toxin-antitoxin [Smith & Williams, 1984]. Usually isolates are
not usually typed as type A is the only one commonly associated with disease
in man. Types B, D and E are not known to be human pathogens but type C is
known to cause enteritis necroticans, a rare but severe form of food poisoning
in man (Table 2.1.). The the B toxin of type C strains was identified as the

main actiological agent of Darmbrand, a necrotizing haemmorhagic
jejunitis that occurred after the consumption of contaminated tinned meat
in germany 1947 [Hobbs, 1979; Walker, 1985]. Type C enteritis 1s very
distressing and is also associated with a high mortality rate, particularly
when the victims are young Papua New Guineans. People living in the
highlands of New Guinea become afflicted with the disease, known as
"nig-bel", after the ritual eating of pig meat. The severity of the iliness 1s

thought to be exacerbated by a reduced ability to ncutralize the toxin due
the low gut protease activity of the victims. This is believed to be due to

the combined effects of their low protein diet and the protease inhibitory
propertics of sweet potatoes their staple food [Murrel et al., 1966].

Although the toxigenic type of an isolate is not required for diagnosis,
confirmation of an outbreak of C.perfringens food poisoning does require
determination of relatedness between isolates from and between the victims
and the suspect food. This is achieved by serotyping for about 69% of all
isolates [Stringer et al., 1980]. The procedure is limited to the major reference
laboratories because of the lack of commercially available antisera. Only 17
serotypes are currently on offer [Denka Sieken Co.] which is useless when
account is taken of the 31% of isolates which remained non typable even using
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antiseras pooled from various countries [Stringer et al., 1980].

Strains of C.perfringens can be typed according to patterns of bacteriocin
sensitivity and production [Scott & Mahony, 1982]. Most strains are sensitive to
enterococcal bacteriocins but only about one third of strains examined have
been identified as bacteriocin producers [Scott & Mahony, 1982). A bacteriocin
role for the type A enterotoxin was indicated when it was found to have
spheroplast-forming properties which were blocked by anti-CPE gamma
globulins [Torres-Anjel & Rieman, 1976]. Evidence in support of this comes
from the observation that a higher proportion of food poisoning isolates are
bacteriocinogenic compared to isolates from human and animal infections, the
environment and food [Watson et al., 1982).

An early investigation of C.perfringens bacteriocins noted that some
bacteriocin production was UV inducible [Tubylewicz, 1966a and b]. More
recent investigations have located a transcriptionally controlled gene, bcn, for
the 95 kDa , UV inducible bacteriocin BCN5 on the conjugal plasmid pIP404
[Garnier & Cole, 1988c]. Its superficial similarity to the SOS controlled
expression of the colicin genes of E. coli [Pugsley, 1984], which are also on
conjugally transferrable plasmids, was noted.

Figure 2. 1.
Some of the Discases of Associated With the C. perfringens Toxin
Types A-E
Toxin Type Diseases
A Gas gangrene; food poisoning; infectious diarrhoea;
enterotoxemia of lambs and other animals.
B Lamb dysentery; enterotoxemia of farm animals.
C Darmbrand; pig-bel; 'struck’ in sheep; enterotoxemia of
some domesticated animals.
D Enterotoxemia of sheep; pulpy kidney in lambs.

T3

Enterotoxemia in calves; lamb dysentery.
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Chapter 2. Introduction: Clostridium perfringens

2. 1. 4. Plasmids, Transposons and Bacteriophages.

A number of extrachromosomal genetic elements, mainly cryptic plasmids, of
varying sizes have been isolated from many strains of C. perfringens. Plasmid
profiling became a potentially viable alternative typing method when it was
revealed that only 23% of food poisoning isolates did not have demonstrable
plasmid profiles [Mahony et al., 1987] compared to the 31% of non-serotypable
|Stringer et al., 1980]. Also, a second plasmid profiling study revealed that a
6.2 kbp plasmid, equivalent in size to Tn4451 and Tn4452, was present in the
majority of plasmid bearing food poisoning isolates (71%) compared to only
19% of non food poisoning associated isolates [Phillips Jones et al., 1989].

The plasmid mediated phenotypic characteristics that have so far been
determined include the bacteriocin production discussed in the previous
section and antibiotic resistance (Table 2.3.). The well characterised
chloramphenicol resistance determinant of the conjugal plasmids pIP401 and
pJIR27, were found to reside on 6.2 kbp transposons [Abraham & Rood, 1987

and 1988], Tn4451 and Tn4452 respectively, the only transposon yet
discovered in C. perfringens. These elements excised precisely from

recombinant plasmids used to transform a recA strain of E. coli.

The complete nucleotide sequence for the 10.2 kbp bacteriocinogenic plasmid,
pIP404, has been elucidated and functions have been tentatively assigned to 6
of the 10 open reading frames [Garnier & Cole, 1988a; Garnier et al., 1987]. The
replication and copy number control functions of pIP404 have also been
examined [Garnier & Cole, 1988b). Essential features of pIP404 replication are
the rep protein and an "origin-like" region composed of repeated sequences.
PA1, a powerful promoter controlling the production of a 150 nucleotide RNA
molecule was detected within the "origin-like" region. The sequence of the
RNA molecule, RNA 1, was complementary to a part of the Rep protein
MRNA which encoded a helix-turn-helix motif similar to those found in DNA
binding proteins. Priming of DNA synthesis and/or an anti-sense RNA based
mechanism for controlling the rate of initiation of plasmid replication and
whence copy number were among the suggested roles for RNA 1. A second

protein Cop was found to be needed for the maintenance of plasmid copy
number.

The plasmid, pIP401 (Tcr Cmr), which carries the transposable element
Tn4451, is able to mobilize other plasmids and mediate the transfer of
chromosomal markers. Mobilization of the 63 kbp, non-conjugative plasmid
pIP402 (Emr Ccr) was assumed to have occurred when the phenotype of
CP720, the resultant strain from an in vivo mating experiment using axenic
mice and a donor strain containing pIP401 and pIP402, was TcR CmR and EmR
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CcR. The transfer could not achieved during conventional plate mating
experiments [Bréfort et al., 1977 and 1978]. A separate study of pIP401 found it
to have a 23 kbp region with significant homology to pCW3 [Abraham & Rood,
1985] which led to the hypothesis that a pCW3-core exists in all the Tcr

plasmids of C. perfringens.

The physical characteristics of several bacteriophages of C. perfringens
have been described [Mahony et al., 1987] but there appears to have been
very little research in to their physiological attributes despite the assumed
involvement phages have in the pathogenicity of other Clostridium
species. C. perfringens type A food poisoning is associated with spore
formation (section 2.3.) and an investigation of the temperate phage s9
found that it was associated with sporulation kinetics and heat resistance
[Stewart & Johnson. 1977]. Only 0.2% of strains cured of the prophage
produced heat resistant (80°C 15 minutes) spores compared to the 50%
produced by the lysogenised strain. The cured strain also took six hours
longer than the infected strain to produce refractile spores. Also, the
chromosomal attachment (att) sites for the lysogenic phages, ¢29 and

$59, have recently been physically mapped by Southern blot analysis
(Chapter 3) of large restriction enzyme fragments separated by pulsed

field gel electrophoresis [Canard & Cole, 1989]. The att site for ¢29
mapped close the nanH gene which codes for a sialidase, a possible

virulence factor.

Table 2. 3.
C. perfringens Plasmids [Young et al. 1989]

Plasmid (kbp) Properties Carried C. perfringens Strain
pJU121 (3.3) cryptic 12502
pJU122 (3.9) cryptic 12502
pJU124 (38.8) TcR 12502
pCW3 (47) TcR; conjugative 11268
pIP401 (54) TcR, CmR; conjugative CP590
pIP402 (63) EmR, CIR; mobilizable CP590
plP404 (10.2) BCN5S production; mobilizable BP6K-Nb5
pPJIR25 (52) TcR, CmR; conjugative CP600
pJIR27 (50) TcR, CmR; conjugative 1329
pHB101 (3.1) caseinase production 36268
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2. 2. C. perfringens Type A Food poisoning

The link between C. perfringens and food poisoning was not established until
the early 1940s [ McClung, 1945] when the species was the candidate organism
isolated from several food poisoning outbreaks. The association was
confirmed by using the isolates to reproduce the illness in human volunteers
and laboratory animals [McClung, 1945].

The usual presenting symptoms of the illness are diarrhoea, severe abdominal
pains and nausea but occasionally vomiting, shivering and pyrexia are
observed. The illness is rarely fatal but deaths of elderly or otherwise
debilitated victims have been recorded [Sutton & Hobbs, 1965]. The clinical
manifestations occur 8-24 hours after the ingestion of large numbers of
vegetative cells (10%-107 cells g1 food). The duration of the illness is 12-24
hours after the onset of the symptoms [Hobbs, 1969].

Outbreaks are most commonly associated with red meats and poultry dishes

served in large establishments. The fastidious growth requirements of
C. perfringens are well provided for under these conditions. The meats contain
all the essential amino acids, simple peptides and vitamins needed to sustain

growth, whilst the food preparation regimes in large establishments
frequently involve the cooking of large amounts of food which are then held
at a temperature suitable for the growth of C. perfringens, sometimes well in
advance of serving. A survey of outbreaks during the five year period 1972-
76, by the Center for Disease Control, found that most (95%) involved
improper food holding conditions and a significant proportion (35%) were
associated with inadequate cooking procedures [Craven, 1980]. Cooking
procedures are inadequate if they fail to destroy both vegetative cells and
spores because the heat shock activates spore germination [Craven, 1980]. It
was believed that food poisoning strains possessed heat resistant spores but
strains that lack heat resistant spores have been reportedly responsible for
some outbreaks. It was postulated that the original observation was an artifact
that arose partly as a result of the germination of heat damaged spores on the
isolation media [Labbe, 1989].

Confirmation of a C.perfringens food poisoning outbreak is provided by
viable counts in excess of 10° from the suspect food; the detection of large
numbers of cells in the faeces of the victims; isolation of the same serotype
from ill individuals but different to those obtained from healthy controls;
presence of identical serotypes in the incriminated food and the faeces of
afflicced persons. There are many problems associated with these
confirmatory tests. The ubiquity of the organism means that its presence alone
is insufficient to confirmatory evidence of an outbreak for two reasons. Firstly,
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it is easy for food to become contaminate after the event and secondly,
C. perfringens is almost always isolated from faecal samples, often in large
numbers, from healthy people [Stringer et al., 1985]. The process is further
limited by the unreliability of the serotyping used to confirm relatedness
between different isolates. This complication arises as a result of the
significant number of naturally occurring isolates which spontaneously lose
their antigenic capsule against which the sera are raised [Surron, 1969; Hughes
et al., 1976; Stringer et al., 1980).

The true incidence of the C.perfringens food borne disease is not known
because of the under reporting due to the relative mildness and short
duration of the illness compounded by the inability to confirm suspected
outbreaks. Even without accounting for this C. perfringens is still responsible
for a high proportion of food poisoning incidents. In the United States it is the
third most important bacterium, in the United Kingdom it is second only to

Salmonella infections [Labbe, 1991] and in Norway it is the primary cause of
bacterial food poisoning [Gondrosen et al., 1990].

2. 3. C. perfringens Type A Enterotoxin

Irrefutable evidence that C. perfringens was the aetiological agent of some food
poisoning outbreaks came from the demonstration that all clinical
manifestations of the disease could be induced with a crude extract of
sporulating enterotoxin positive cells [Stark & Duncan, 1971]. The importance
of the sporulation associated enterotoxin molecule was revealed when oral
administration of the pure enterotoxin (CPE) produced typical food poisoning
symptoms in previously healthy volunteers [Skjelkvdle & Uemura, 1977]. CPE
toxicity has also been implicated in several cases of infectious diarrhoea. The
symptoms were similar to those of C. perfringens food poisoning but more
persistent, lasting up to seven days, and occurred in the absence of
contaminated food [Larson & Borriello, 1988). An opportunistic infection was
suspected as the illness only affected hospitalised, mainly elderly, patients
undergoing antibiotic treatment.

Initial studies of CPE produced misleading results, artifacts, due to the poor
quality of the toxin preparations. Extensive biochemical and mode of action
studies became feasible with the development of an improved purification
method [Granum & Whitaker, 1980].

CPE is a single, highly hydrophobic (43% of the residues are hydrophobic),
polypeptide comprising of 309 amino acids, molecular 35.4 kDa, and an

isoelectric pH of 4.3 [Granum & Skjelkvdle, 1977). The amino acid sequence has
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been determined by peptide analysis [Richardson & Granum, 1985] and by the
conceptual translation of the nucleotide sequence for a cloned CPE gene [van
Damme Jongsten, 1989]. A single cysteine residue at position 186 provides the
peptide with a free sulfhydryl group. The lack of stabilising disulfide bridges,
due to the absence of cystine residues, is reflected in the heat lability of the
peptide (rapidly inactivated at temperatures higher than 53°C) [Granum &
Skjelkvdle, 1977].

Predictive models of CPE secondary structure from knowledge of the primary
sequence were highly inconsistent but they did show concordance in two
places. All models predicted the formation of o-helices by N-terminal
residues 10 through to 25 and residues 195 to 215 [Granum & Stewart, In Press].
Biochemical evidence [Richardson & Granum, 1983; Granum & Richardson, 1991}
supporting the existence of the first helix has been obtained. Trypsin digestion
cleaves CPE in, at least (see below) two places, amino acids 15 and 25, both

lysine residues which would be vulnerable to digestion if the peptide had
adopted the o-helix conformation. The trypsinised CPE is deprived of two
short, 10 and 25 residue, peptides which constituted its 25 N-terminal amino

acids but they do appear to remain associated with the main 284 amino acid

peptide [Richardson & Granum, 1983]. Support for the presence of the N-
terminal helix in vivo came from the observation that digestion with the gut
enzymes trypsin and chymotrypsin causes a 3-fold increase in CPE toxicity

[Richardson & Granum, 1983; Granum & Richardson, 1991].
The guanidine hydrochloride and sodium dodecyl sulfate induced changes in

the tertiary structure of CPE, examined using UV differential spectroscopy
[Granum & Whitaker, 1980] and by measuring changes in the accessibility of the
17 g-amino groups and the single a-amino groups to modifying chemicals
[Whitaker & Granum, 1980], led to the formulation of a two domain model for
CPE.

The physiological effects of CPE, investigated using perfused rabbit ileal loop
assays [McDonel, 1974; McDonel & Duncan, 1975], are a net increased secretion
of fluid, sodium and chloride ions with a concomitant reduced uptake of
glucose. The cytological effects detected using Vero (African Green Monkey)
cellsare selective alterations in membrane permeability, indicated by the
leakage of ions and small molecules (CrS!, nucleotides and lactate
dehydrogenase) but not immediate loss of macromolecules such as RNA
[McClane & McDonel, 1980; Skjelkvdle et al., 1980; McClane et al., 1988]. The
protection against CPE cytotoxicity afforded by osmotic stabilizers such as
sucrose, polyethylene glycol and bovine serum albumin, further advanced

claims for the cell membrane as the primary site of CPE activity [McClane,
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1984]. Other investigations of CPE mode of action including CPE binding
studies found that CPE activity comprises a reversible, temperature
independent binding step, an irreversible temperature dependent ion
transport alteration step and a final calcium ion dependent step resulting in
cell death [Horiguchi et al., 1985 and 1986; McClane, 1984].

A model for CPE cytotoxicity was formulated in which trypsin activated CPE
[Granum et al., 1981] binds, possibly via the amino groups [Whitaker & Granum,
1980], to a 50 kDa protein receptor [McClane, 1984] in the brush border
membranes of epithelial cells. A conformational change in CPE, from mainly
B-sheet to an o-helix structure, mediates an alteration in the permeability of
the cell membrane to ions and small molecules. The resultant change in the
intracellular ionic concentration, in particular [Ca2t] [McClane et al., 1988]
leads to morphological changes (bleb formation) and loss of macromolecules
such as nucleic acids and proteins [Granum, 1985; McClane et al., 1988] causing
cell death.

Support for the two domain model for CPE has come from recent studies into
the mode of action of CPE [Hanna et al., 1989 and 1991]. Competitive binding
studies have found that a short C-terminal fragment, encompassing residues

CPE»90.319, acted as a competitive antagonist of CPE cytotoxicity for the Vero
cell physiological receptors, an indication that the C-terminus contains the
membrane binding site. These observations are an indication that the loss of
biological activity that occurs with chemical modification of e-amino groups is

due to the inhibition of CPE binding resulting from alteration of lysine
residue 301. It had previously been suggested that lysine residues 77 and

79 were mnvolved 1 CPE binding as they are in a highly hydrophilic
region of the protein and they reside on an exposed surface of CPE,
which makes them readily available to the modifying agents [Granum &

Stewart, In Press.]. Support for the involvement of the C-terminal lysine
residues 1s provided by the 3-fold increase in biological activity that

results from chymotrypsination [Granum & Richarson, 1991] as these

residues would be removed by such a digestion [Granum & Stewart, In

Press.].
There is an 8-24 hour delay after ingestion of food contaminated with

C. perfringens vegetative cells before the onset of the symptoms of food
poisoning. The delay is due to the time required for the cells to reach the
ileum where they sporulate. Lysis of the sporangium liberates the toxin into
the small intestine [Duncan et al., 1972] where it can be activated by the
digestive enzymes [Granum et al., 1981].

It was thought that CPE was a structural part of the spore coat [Frieben &

Duncan, 1973] and was therefore a sporulation-specific gene product [Duncan
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et al., 1972]. A belief supported by the common kinetics of sporulation and
CPE production [Labbe & Duncan, 1977]. Also, heat activation stimulated both
sporulation and CPE production [Uemura et al., 1973; Tsai et al., 1974). Food
poisoning strains were believed to produce excess CPE due to altered
regulation of gene expression [Labbe & Duncan, 1977). The isolation of coatless
spore mutants [Lindsay et al., 1985] which did not produce CPE seemed to
provide genetic evidence supporting the spore coat hypothesis. Evidence
contradicting the sporulation specificity of CPE production was provided by
the production of CPE by non-sporulating mutants [Goldner et al., 1986], the
sporulating abilities of Ent- strains and the lack of total concordance between
sporulation frequencies and levels of toxin production [Uemura et al., 1973;
Skjelvale et al., 1979; Craven et al., 1981)]. Although it was suggested that the
inability to detect CPE in some strains was due to limitations of the
enterotoxin detection methods [Granum et al., 1984). The detection of inclusion

bodies containing CPE was an indication that the enterotoxin was not a spore

coat protein [Loffler & Labbe, 1986]. Further proof was provided by the
inability to isolate CPE from the spore coats of Ent- strains [Ryu & Labbe, 1989].
Recent investigations into the distribution of the CPE gene, cpe, [This
publication; van Damme Jongsten et al., 1989 and 1990] have cast further doubt
on the essential nature of CPE. DNA hybridization studies with cpe specific
probes have failed to detect the gene in all strains isolated during food
poisoning outbreaks and the majority of isolates (94%) from farm animals
lacked a gene for CPE.

The unusual nature of cpe expression is more apparent when the wide
variations in sporulation frequencies and enterotoxin producing abilities are
considered alongside the difficulties in obtaining complete clones of cpe
(Chapter 8). Observations made during the cloning and sequencing of cpe
(This publication) are indicative of the involvement of an extrachromosomal
genetic element in cpe expression and distribution. Although the structural
gene for CPE does not appear to be located on a plasmid [Chapter 6; Phillips
Jones et al., 1989] a conjugative plasmid mediated mobilization of cpe (Section
2. 1.) can not be ruled out. Also, the recent detection of IS elements upstream
of the exotoxin A gene in Pseudomonas aeruginosa [Pritchard & Vasil, 1990] sets
an interesting precedent for the involvement of mobile genetic elements in
toxin gene expression.

More extensive discussions of c¢pe cloning and extrachromosomal genetic
elements are provided elsewhere in this thesis.
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CHAPTER 3
THE PROJECT

3. 1. The Project Aims

A great deal of effort and money is being put into researching the clostridia,
not because they are amongst the most pathogenic organisms known to man
but because some members of the genus have tremendous biotechnological
potential (Chapter 1). The increased scientific input has resulted in significant
advances in the understanding of Clostridium genetics. It is likely that a major
consequence of the work will be the generation of suitable mutant strains and
procedures for the genetic manipulation of many Clostridium species. In the
mean time any pieces of information concerning the genetics of the genus,
such as codon biases and consensus sequences for control elements, are
valuable additions to the growing pool of knowledge.

This project aimed to investigate the genetics of C. perfringens, an important
human pathogen (Chapter 2). The study intended to focus on one aspect of
C. perfringens genetics, in particular the gene that encoded an enterotoxin, a
354 kDa protein, that had been identified as the aetiological agent of a mild
form of food poisoning caused by toxin type A strains [Duncan & Strong, 1969).
The protein had been purified and its amino acid sequence elucidated but
questions concerning its function and location within the cell remained
unsolved (Chapter 2).

The initial purpose of the work was to produce an Escherichia coli clone
containing the C. perfringens type A enterotoxin gene, cpe. A cpe clone could
be utilised immediately in studies of enterotoxin function and gene
expression. In the future it could be used in complementation and
recombination experiments in C. perfringens.

Assuming faithful expression of C. perfringens genes in E. coli then the cloned
cpe would provide large amounts of enterotoxin free of other contaminating

C. perfringens proteins, including other toxins, which may confuse mode of
action studies. Site-directed mutagenesis and deletion mutations of the cloned
gene would provide specifically altered proteins useful for examining
structure/function relationships. Hybridization experiments using a variety
of cpe derived nucleic acid probes could examine a possible link between
interstrain differences in expressivity of cpe (Chapter 2) with variation in
genomic location and /or copy number.

Elucidation of the ¢pe DNA coding sequence would enable comparison

between the theoretical translation product and the amino acid sequence
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obtained by peptide analysis |[Richardson & Granum, 1985]. Major
discrepancies between the sequences may be an indication that the protein
undergoes post-translational modifications. DNA sequence information
would also reveal putative gene control elements which would be targets for
future research into cpe expression.

3. 2. Proposed Cloning Strategy

Page 24



Chapter 3. Introduction: The Project

3. 2. 1. Production of the DNA Fragments

A shotgun approach to the cloning of cpe was taken. In order to produce a
genomic DNA library it was necessary to fragment the C. perfringens DNA
into suitably sized portions. The actual fragment size required for library
construction is dependent upon the cloning strategy. In this instance a 3.4 kbp
pUC derived plasmid was the chosen cloning vector, which limited the
maximum insert size to = 10 kbp as transformation efficiency decreases
dramatically with constructs over 15 kbp. Bacteriophage based vectors are
able to accommodate larger inserts but these vectors are more difficult to
contain and as such are not desirable for use in the construction of gene
libraries liable to contain potentially pathogenic clones. The minimum
fragment size was determined by the size of the library required. This was
determined by the need for a clone population that would be manageable but
also large enough to have a reasonable chance of containing the desired clone.
If it was assumed that the genome of C. perfringens was equivalent in size to
that of E. coli (4.0 X 103 kbp) *(now known to be 3.6 X 103 kbp [Canard & Cole,
1989]) and that the maximum randomly generated fragment size (F,,,,) would
be 10 kbp whilst the minimum (F,;,) would be 6 kbp; then the maximum and
minimum number of fragments produced would be (ng,) and (nyg) if the
entire genome was cleaved into either 6kb fragments (ngy, ) or 10 kbp
fragments (nyq). Having calculated this it was possible to estimate the
number of clones (N) required [Clarke and Carbon, 1976] to achieve a
probability (P=99%) of obtaining the gene of interest (Equation 3.1.).

Equation 3. 1.
N = In(1-P)
In(1-1/n)
For Fn.un ‘
ngp= 4.0X 103+ 6 = 6.6 X 102
N=_In(1-0.99
In(1-1/6.6 X 104)
N = 3065 *[2760]
ForF _...:

Niokb = 4.0 X 103 =10 = 4.0 X 102
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N= In(1-0.99)
n(1-1/4.0 X 104)
N = 1840 *[1656]

Where * is the adjusted figure based on the new size estimate for the C. perfringens gecnome.

Random fragments are generated either by mechanical shearing or restriction
enzyme digestion of chromosomal DNA. The later method was employed for
the cloning of the enterotoxin gene because the fragments produced from
restriction enzyme digestion are easily inserted into complementary sites on
the vector. The type II restriction endonuclease Hind III was used because its
AT rich recognition sequence (AAGCTT) was expected to appear frequently
on the C.perfringens chromosome. Complete digestion would produce too
small fragments but controlled partial digestion would produce overlapping
DNA fragments in the desired 6-10 kbp size range. The use of overlapping
fragments reduces the possibility of selectively excluding certain regions of
the genome from the library and increases the chance of finding a clone with

the required gene. This is because it should be on several restriction fragments
in the starting pool.

3. 2, 2. Insertion into the Vector
The cloning vector pHG165 was cleaved at the single Hind III site in the

multiple cloning site (Appendix I) to produce a linearised DNA molecule with
cohesive termini complementary to those of the similarly digested
chromosomal DNA. Insertion of the chromosomal fragments into the vector
occurred when the two species were mixed in the correct ratios because at
suitable temperatures sticky ends reassociate and hydrogen bond formation
results in the creation of 'nicked' DN A duplexes. The nicks were sealed by the
action of DNA ligase (Appendix III). The ligation reaction temperature, 16°C,
was a compromise between the enzyme optimum of 37°C and the dissociation
temperature of the sticky ends [Dugaicyzk et al., 1975; Ferritti & Sgaramella,
1981]. Intermolecular interactions were favoured over intramolecular ones by
keeping the reaction volume to a minimum and preventing
concatermerisation, which decreases the concentration of vector ends, by prior
dephosphorylation of the linearised vector (Appendix III).
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3. 2, 3. Introduction of the Recombinant DNA Molecules into the Host Cells
Exponentially growing cultures of the E. coli host cells, which are not
naturally transformable with naked DNA, were washed with CaCl,, a
treatment known to make E. coli competent to take up exogenous DNA
[Mandel & Higa, 1970; Cohen et al., 1972]). The widely used heat shock
transformation protocol [Lederberg & Cohen, 1974] (Appendix 1V) was
employed to introduce the recombinant plasmids into competent E. coli
DHb5« cells.

3. 2. 4. Genetic Selection of Transformants

3. 2. 4. 1. Ampicillin Resistance

The inherent inefficiency of the transformation process (maximum
transformation efficiencies of 108 transformants per Hg of supercoiled pBR322
DNA = 1 transformant for every 1000 plasmid molecules) meant that it was
advisable to employ a cloning vector such as pHG165 which carried a
selectable marker like the the antibiotic resistance gene, amp’. The
incorporation of ampicillin into the agar actively discriminated in favour of
transformed cells. amp” encodes the enzyme B-lactamase which is secreted
into the periplasmic space, the ampicillin site of action, where it catalyses the
hydrolysis of the B-lactam ring [Davis et al., 1980].

3. 2. 4. 2. a-Complementation

Screening of the transformants for those which possessed recombinant
plasmids was facilitated by the use of the a-complementation system. The
untransformed E. coli carried the lacl regulatory region but they were unable
to produce a functional B-galactosidase because the lacZ lacked the codons
for the N-terminal amino acids 11-41 thus only producing the carboxy-
terminal, conferring a Lac- phenotype on the cells. Like most cells used in this
assay system the DH5a strain carries the altered [-galactosidase gene,
lacZAMIS, on an F' episome [Ullman & Perrin, 1970]. The transforming vector
pHG165 also carried the regulatory lacl region and an altered B-galactosidase
gene, lacZ’, which encoded a non-functional enzyme. The lacZ' produces a
peptide consisting of 146 N-terminal amino acids of the enzyme which is able
to complement, by association, the host encoded peptide to produce a
functional B-galactosidase thereby restoring a wild type Lac* phenotype to the
transformed cells.

The lacZ' and the lacl on pHG165 were interpolated by a short in-frame
polylinker which did not interfere with expression of lacZ" . «-
complementation was however abolished in those transformed cells which
contained recombinant plasmids. The cells were Lac- because transcription of

Page 27



Chapter 3. Introduction: The Project

lacZ' was prevented by the large insertions into the cloning site. The ApR
transformants were visually screened for Lac colonies on MacConkey agar.
The lactic acid produced by the fermentation of lactose turned the indicator in
the medium red therefore the white Lac- colonies were easily visible against
the red Lac* background. The more frequently used media containing IPTG
(isopropylthio-B-D-galactoside) the gratuitous inducer of the B-galactosidase
gene in conjunction with X-gal (5-bromo-4-chloro-3-indolyl-f3-D-galactoside) a
chromogenic substrate of the enzyme were not used since they may have
induced expression of toxin genes contained on the inserted DNA. The lac/ass
genotype of the uninduced cells ensured that any lac/ controlled expression of
insert DNA was minimal.

3. 2. 5. Detection of the cpe Clone

The enterotoxin gene would not predictably confer a selectable phenotype on
the E.coli host cells so the ApR Lac- colonies were screened for Cpe*
transformants. Enterotoxin detection kits were commercially available and
could have been incorporated into the screening regime but they were
expensive, impractical and unreliable. Also it was unrealistic to assume that
the required constitutive expression of the cloned gene in E. coli would occur,
especially since cpe expression in C. perfringens cells appeared to be controlled.
Plus, the considerable divergence between the codon biases in E. coli and
Clostridium species (Chapter 1) meant that faithful translation into the protein
could not be relied upon. Oligonucleotide probing of ApR Lac colonies was
the only feasible means of primary screening large numbers of transformants.
The theoretical DNA sequence for a short length of the published primary
structure of the enterotoxin provided the basis for the oligonucleotide probe

(Chapter 4). The redundancy of the mixed oligonucleotide population was
minimised by choosing a region rich in amino acids which had only one or
two codons and also by assuming that G-T interactions are stearically neutral.

In this way a probe, which should be long enough to detect a unique sequence
but not so long that it reaches an unacceptable level of redundancy, was

synthesised several bases longer than the usual optimum of 17 bases.

3. 3. Proposed Sequencing Strategy

It was proposed that the chain termination method [Sanger et. al., 1977], a
method already well established in the laboratory, would be used in the DNA
sequence determination of the enterotoxin gene. Premature termination of
DNA synthesis, the major problem associated with this method of
sequencing, had been overcome to a large extent by the complementing use of
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the Klenow fragment of DNA polymerase I with avian reverse transcriptase

[Mierendorf & Pfeffer, 1987] (Appendix III). Advice from a resident expert in
the Maxam-Gilbert DNA sequencing method was available should the Sanger

method have proved unworkable.
It was not envisaged that suitable computing facilities would become

available before the sequencing programme was initiated so it was not likely
that a random approach to the DNA sequence determination of cpe would be

taken. The choice of strategy was therefore between the two direct

approaches.

3. 3. 1. The Maxam-Gilbert DNA Sequencing Method [Maxam & Gilbert,
1977]

Firstly both strands of the target DNA are 5' end labelled. They are dissociated
and separated into light and heavy strands by gel electrophoresis. The strands
are then aliquoted out and subjected to different chemical modifications
which cause the DNA strands to preferentially break at particular residues
under certain conditions. The DNA sequence is determined by the relative
positions of the broken radiolabelled strands separated by polyacrylamide gel

electrophoresis and visualised by autoradiography.

3. 3. 2. The Chain Termination Method

The chain termination method capitalizes on two properties of DNA
polymerases. Firstly their ability to faithfully synthesis complementary copies
of single stranded DNA templates and secondly to use 2'3'-dideoxynucleoside
triphosphates as substrates. Incorporation of the base analogues into the
growing strand prevents continued DNA synthesis because they lack a 3
hydroxyl, the substrate for further chain elongation.

Four separate DNA sequencing reactions, one for each base, produce
populations of mixed length DNA molecules with common 5' ends and base
specific 3" ends. Each reaction mix contains all of the four bases, one or more
of which are radiolabelled, and only a low concentration of one of the
dideoxynucleosides, to enable some DNA synthesis before base specific chain
termination occurs. The DNA polymerases, plus cofactors, cannot initiate
DNA synthesis unless the ssDNA template is annealed to a complementary
oligonucleotide primer. Primer design and specificity are crucial to prevent
multiple priming of DNA synthesis which results in ‘'unreadable'
autoradiographs. As for the Maxam-Gilbert method the DNA sequence is

determined from the relative PAGE mobilities of the radiolabelled ssDNA
strands.
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3. 3. 3. Random and Direct Approaches to DNA Sequence Determination

A random approach to DNA sequencing requires subcloning of the target
DNA. A pool of DNA fragment is created by digestion of the target DNA with
several restriction enzymes. The fragments are then shotgun cloned into a
suitable derivative M13 bacteriophage [Messing et al., 1981). M13 phages are
filamentous, male-specific coliphages. They possess a single circular ssDNA
chromosome so DNA sequencing of the inserts simply requires the isolation
of recombinant chromosomes and initiation of DNA synthesis from an M13
universal primer. All the sequencing data is accumulated and analysed on a
computer. The positions of the subcloned fragments are not pre-determined.
Directed sequencing strategies systematically sequence the target DNA and
the location or strand identity of each DNA fragment with respect to the
starting DNA is known. Sequencing proceeds either via the progressive use of
sequence deduced primers or by the sequencing of nested sets of deletion
mutants from a universal primer. The later are generated by the subcloning of
DNA fragments produced by the progressive and predictable digestion of one
end of the target DNA. Suitable enzymes are BAL 31, pancreatic DNase I
[Hong, 1987] or more usually exonuclease III [Sambrook et al., 1989].

3. 4. DNA Hybridization

DNA hybridization was used on many occasions during the course of the
studentship. Colony hybridization was used to identify clones containing
recombinant plasmids and Southern blot analysis was used to investigate the
distribution and architecture of the enterotoxin gene. The DNA probes were

either chemically synthesised oligonucleotides or were restriction enzyme
fragments derived from cloned C. perfringens DNA.

3.4.1. Colony Hybridization

Primary screening of transformants was performed by the in situ
hybridization of oligonucleotide probes to lysed bacterial colonies [Grunstein
& Hogness, 1975]. Experimental details, modified over time (Appendix V)
basically consisted of the following. Colonies were overlaid with a filter and
its orientation marked. The filters were lifted and placed onto a series of filter
papers, soaked in various solution, which caused lysis of the adhered cells
followed by denaturation and fixing to the filter of the released DNA. The
filters were then washed well to remove cell debris, which could bind the
probe, and prehybridized to block non-specific DNA binding sites on the
filter. They were then placed in a solution containing a 32P labelled probe and
left to hybridize overnight. The filters were then washed to remove unbound
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probe. Specifically bound probe was detected by autoradiography. Dark spots
on the X-ray film were matched up to the corresponding colonies, which were
then picked for further analysis.

3. 4. 2, Southern Blots

The distribution, genomic location and gene structure of cpe were examined
using the Southern blot technique [Southern, 1975].

The DNAs of interest were subjected to agarose gel electrophoresis (Appendix
III) followed by denaturation in sodium hydroxide solution, then blotted onto
nitrocellulose or nylon membrane filters. The transfer of large DNA fragments
was aided by depurination of the DNA, achieved by presoaking the gels in
dilute hydrochloric acid. Initial blotting experiments required overnight
blotting but the acquisition of blotting apparatus shortened the time needed
for this procedure to just a few hours. Blotting was deemed to be successful if
fluorescent bands corresponding to the ethidium bromide stained bands in
the agarose gel could be seen on the filter when viewed under UV light. The
filters were then washed to remove traces of agarose gel and the DNA fixed
to the membrane. Prehybridization and hybridization was the same as for the

colony blots.

3. 4. 3. Hybridization Conditions

Hybridization conditions were modified according to the filter material, the
nature of the DNA probe and the experimental requirements i.e. level of
stringency. All hybridizations were performed using relaxed criterion. Wash
stringency levels were gradually increased after autoradiographic
examination of the filters.

3.4. 3. 1. Criterion for Permissive Hybridization and Stringency Washing
The rate of hybridization depends upon the nucleation frequency which in
turn is affected by the concentration and nature of the probe, the ionic
strength of the hybridization buffer and incubation temperature. Washing is
dependent on the thermal stability (T,, ) of the hybrid duplexes, which is
affected by the ionic strength of the buffer, the base composition of the probe
and the presence of denaturing agents. Only T,, measurements of DNA
duplexes in solution have been obtained but observations of filter
hybridizations indicate that the T,, for filter bound hybrids is much lower
[Kafatos et al., 1979).

For ssDNA probes major problems are only met at high concentrations (100ng
ml-’) when probe binds nonspecifically and irreversibly to the filter.

Reassociation is only a problem when the probe possesses extensive regions
of self-complementarity. Double-stranded DNA probes are able to hybridize
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to complementary filter bound sequences (C;) and sequences in the
hybridization solution (C,), therefore the relative concentrations of C; and C,
are important factors in determining which of the two reaction will be
favoured. Other important parameters are the probe complexity and
incubation time. Prolonged incubation results in more and more reassociation
of the probe and may result in leaching of bound probe from the filter. An
estimate of the ideal incubation period (n) can be obtained from the
relationship between the amount of probe added (X pg), the reaction volume
(Y ml) and probe complexity (Z kbp) (probe length is a good enough
approximation) [Anderson & Young, 1985] (Equation 3.2.).

Equation 3. 2,
1 Y Z
n-—-x Xl---0 X-—S X 2

The molecular weight of the probe also affects the rate of hybridization but
the exact relationship is not understood. The base composition only affects the
rate slightly with increase in rate concomitant with increasing %G + C. When
%G + C is between 30% and 75% it has a large effect on the T,,. An estimate of
the size of this effect has been made by combining data from several thermal
stability studies of perfectly matched DNA-DNA hybrids in solution

[Anderson & Young, 1985] (Equation 3.3).

Equation 3. 3.
T, +81.5 + 16.6 (log M ) + 0.41 (%G + C) - 0.72 (%formamide)

Where M is the molarity of the monovalent cations up to a maximal of 1.0-2.0
M NaCl. The affect of formamide is to alter the stringency of the
hybridization by decreasing the T,. At certain concentrations it may also
affect the rate of hybridization. The reduction in T, of 0.72°C per 1%
formamide is a compromise between the observed 0.5°C for poly(dG:dC)
compared to 0.75°C for poly(dA:dT) [Casey Davidson, 1977]. Not surprisingly
the rate of hybridization and hybrid stability are affected by the amount of
mismatching both between probe and target DNA and probe to probe (for
probes that contain imperfect repeated sequences). Hybridization incubation
temperatures T; take some account of the T,, and are always at least 20-25°C
below it. In general, T;. is 68°C (42°C with formamide) for well matched
hybrids and 50-60°C (35-42°C) i.e. relaxed criterion for poorly matched
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hybrids. The stability and rate of formation of mismatched duplexes increases
with increasing ionic strength of the hybridization buffer. Filter bound
hybrids formed under conditions of high ionic strength have to be subjected
to low stringency washes. Wash buffers with low concentrations of salt cause
dissociation of unstable hybrids.

3. 4. 3. 2. Additional Hybridization Buffer Reagents

Denhardt's reagent and milk powder [Sambrook et al., 1989] are blocking
agents, that is they prevent non-specific binding of the probe to the filter by
blocking unfilled nucleic acid binding sites. Dextran sulphate is an inert
polymer which increases the rate of hybridization by reducing the effective
volume (Y ml Equation 3.3.) and whence increasing the probe concentration.
The precise effect has not been determined therefore it should only be used it
qualitative hybridizations because of difficulties in quantifying the results.

3. 5. Project Achievements

A genomic library was constructed in E. coli DH5x (Lac, Rec ) by shotgun
cloning a partial Hind III digest of chromosomal DNA from C. perfringens
strain NCTC 8239, a strain apparently devoid of extrachromosomal elements.
The cloning vector pHG165 [Stewart et al., 1986], a pUC derived plasmid but
under rop copy number control, carried an ampicillin resistance selectable
marker and, to enable o-complementation of the hosts mutated p-
galactosidase, a lacl controlled lacZ', interpolated with a polylinker. The ApR

transformants were selected on ampicillin/MacConkey agar, to avoid
induction of C. perfringens genes, and visually screened for transformants

containing recombinant plasmids i.e. white, Lac- colonies. A single clone was
detected using a degenerate oligonucleotide primer derived from the amino
acid sequence of the enterotoxin. The plasmid DNA isolated from the clone
appeared to contain several, possibly related plasmids, with a copy number
different to that of the cloning vector. One of the plasmids, pLW1, was found
to contain 90% of the DNA coding region (289 codons from a possible 321) for
the C. perfringens type A enterotoxin, cpe, plus 6 kbp of 5' flanking DNA,
inserted into the multiple cloning site of pHG165. None of the other plasmids
hybridized the probe and no further analyses of them were performed.

A direct approach to the determination of the cpe DNA sequence was
adopted. The sequence was elucidated using the dideoxy chain termination
method with progressive, sequence deduced primers. The location of cpe was
not known at the beginning of the sequencing project, so sequencing was
initiated from a primer devised in a similar manner to the ¢pe oligonucleotide
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probe. Conceptual translation of the cpe coding region was found to
correspond well to the published amino acid sequence [Richardson & Granum,
1985], differences being mainly in those problem areas identified by
Richardson and Granum. An appropriately positioned ribosome binding site
i.e. a Shine-Dalgarno consensus sequence was located 5' to the ATG
translation initiation codon. The upstream region also contained sequences
with significant homologies to the putative transcriptional control elements,
the Pribnow box and -35 sequence, of the tetanus toxin gene of C. tetani [Eisel
et al., 1986] and the type II B-lactamase gene of Bacillus cereus [Sloma & Gross,
1983].

Two direct repeats, separated by about 750 bp, of a sequence with homology
to the cross-over point in site I of the Tn3 res region were found. One was
located within the coding region whilst the other was 5' to the putative -35
sequence.

Restriction enzyme fragments of the cloned enterotoxin gene were used as
probes to study interstrain variation in cpe architecture. Probe hybridization
to Southern blotted chromosomal DNA was not observed for many of the
C. perfringens type A strains or any of the non-type A strains. The probes did
not detectably bind to plasmid DNA isolated from several food poisoning
associated strains. There was no observable variation in enterotoxin gene
architecture between those strains which did hybridize the probes.
Information from the hybridization studies concerning the architecture of cpe
was utilised in the many unsuccessful attempts to clone the DNA coding for
the enterotoxin C-terminus and the 3' flanking regions. These attempts
employed different restriction fragments of C. perfringens DNA, alternative
host cells and cloning vectors and altered transformation procedures. A
second copy of the coding region for the N-terminus, this time on a shorter
Eco RI/Pst I insert, was obtained but a clone containing the similarly sized
contiguous Pst I/Eco RI fragment, which should have encoded the C-

terminus, was not found.

An earlier attempt to clone the whole gene as an = 10 kbp Eco RI fragment
produced several thousand transformants containing recombinant plasmids.
Analysis of some of the clones showed that they contained inserts in the
correct size range. Colony hybridization identified several different clones
which contained a copy of a Hind 1l fragment located = 2.5 kbp 5' to the ATG
codon of the cloned portion of cpe but none that contained the gene. Several
Eco RI fragments, equivalent to the insert size in the clones plus extra bands
outside the cloning limits, hybridized the Hind III fragment when it was used
to probe Southern blot of chromosomal DNA from C. perfringens strain NCTC

Page 34



Chapter 3. Introduction: The Project

8239. The altered hybridization patterns observed for the other strains were
consistent with the fragment either being totally absent, most strains, or

present in multiple copies around the genome.
The possible significances of these findings with respect to the observed inter

and intrastrain variation in cpe expression are put forward in the Discussion
section. Also presented are experiments which would test the hypotheses.
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EXPERIMENTS
CHAPTER 4

CLONING THE ENTEROTOXIN GENE FROM
C. PERFRINGENS TYPE A.

4. 1. Introduction

The enterotoxin gene cloning programme was instigated to provide a route
for the elucidation of the biology of C.perfringens type A food poisoning
(Chapter 3). It would also provide useful information concerning the genetics
of a commercially valuable bacterial genus (Chapter 1).

A classical shotgun cloning strategy was adopted. Genetic containment
requirements, due to the potential pathogenic nature of the resultant clones,
placed constraints on the choice of host cell and cloning vector (Chapter 3).
They also necessitated the use of a category 3 containment facility.

The C. perfringens genomic library was constructed and a potential enterotoxin
gene clone identified by M. Routledge, the postgraduate student initially

assigned to the project. The plasmid DNA was isolated from this clone and
stored until the programme was recommenced.

The DNA solution was analysed by restriction enzyme digestion and
appeared to be a mixed population of plasmid DNAs. The DNA was used to
retransform E. coli cells in an attempt to ascertain whether this observation
was real or an artifact i.e. in vitro degradation of the DNA by nucleases. Three
plasmid types with apparently intact pHG165 backbones and a clone which
had a restriction enzyme digest pattern similar to the original solution i.e.
contained more than one plasmid species, were isolated negating the DNA
degradation hypothesis.

Screening of the plasmids by Southern blot analysis with a degenerate
oligonucleotide probe identified a presumptive cpe clone. A large scale
plasmid extraction from the corresponding clone was prepared to enable

further DNA analysis.

4. 2. Methods and Results

4. 2. 1. Bacterial Cultures

Chromosomal DNA was obtained from C. perfringens type A strain NCTC
8239 (Hobbs serotype 3), a strain known to produce high levels of enterotoxin
[Loffler & Labbe, 1986]. The strain was maintained in CMM at room
temperature (Appendix I). DNA was isolated from 500 ml, anaerobic, cultures
in RCM (filtered to remove the agar) (Appendix I) grown overnight at 37°C.
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E. coli host strains, JM107 and DH5¢, were maintained as stab cultures
(Appendix I). Competent JM107 cells were obtained from exponential stage
cultures grown at 37°C in LB (Appendix I). Competent cells of DH5x were
supplied ready competent and stored at -70°C until used.

Transformed E. coli cells (Appendix IV) were diluted in LB then spread onto
MacAmp agar plates (Appendix I).

4. 2, 2, Production of C. perfringens Chromosomal DNA Fragments
Chromosomal DNA (strain NCTC 8239 had no detectable plasmids) was

isolated from 1000 ml/500 ml of the overnight cultures using the previously
described method [Okita et al., 1981], modified to include an acetone pre-wash
[Heath et al., 1986] following difficulties in achieving lysis (Appendix II). The
DNA was digested with various concentrations of Hind 1II to determine the
digestion conditions required to provide the optimum number of restriction
fragments in the desired 6-10 kbp size range (Chapter 3). A large scale partial
digest of the DNA was separated by preparative agarose gel electrophoresis
(Appendix III) and gel containing the desired fragments excised. The DNA
was recovered by electroelution and purified by passage through an ion
exchange column (Appendix III).

4. 2. 3. Preparation of Recombinant Plasmids and Transformation
Procedures

The E. coli cloning vector, pHG165 (Appendix I), was linearised by digestion
with Hind III and dephosphorylated with CAP (Chapter 3) (Appendix 1ll).
The C. perfringens DNA fragments were then ligated into the Hind III site of
the polylinker as previously described [Stewart et al., 1986] (Appendix IllI). The
unadulterated ligation reaction was used to transform E. coli JM107 using the

CsCl transformation procedure (Appendix IV) or E. coli DH5« according to

manufacturers instructions.
4. 2. 4. Primary Screening for cpe Clones
Cells were incubated for one hour at 37°C to allow expression of Amp*. The

ApR transformants were then selected on MacAmp agar plates incubated
overnight at 37°C. They were then visually screened for white, ApR Lac,
colonies to determine the size of the genomic library. E. coli JM107 cells
transformed at a rate of 2X10% transformants pg? of supercoiled plasmid
DNA but only produced a total of = 500 recombinant clones (120/plate), too
few to provide a reasonable probability of finding the desired clone (Chapter
3). The E. coli DH5« cells, which had a purported transformation efficiency of
10% ug? of supercoiled plasmid DNA, produced 4000 independent clones

(1000/plate), a library sufficiently large to give a 99% of probability
containing a cpe clone but not too large for primary screening by colony
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hybridization.

A small number of clones were analysed to check that they contained
recombinant plasmids with inserts in the desired size range. The library was
then probed by colony hybridization with a [y-32P] end-labelled synthetic
oligonucleotide. The probe sequence was derived from the conceptual DNA
sequence for amino acids 9 through to 17 (Figure 4.1.) of the enterotoxin
[Richardson & Granum, 1985]. This was the region with the least translational
degeneracy but even this would have given a mixed oligonucleotide
population with 512-fold degeneracy. This was reduced to only 4-fold by
assuming that no stearic hindrance results from G-T mismatches i.e. G-T
interactions were counted as neutral (M. Suissa personal communication to G.
S. A. B. Stewart) (Figure 4.2.,).

The colony hybridizations (Chapter 3) were performed at 42°C on nylon
membranes [Gelman Sciences] according to the manufacturers instructions for
permissive hybridization with formamide (Chapter 3). Low stringency
washes of the filters, twice at 42°C for 30 minutes in 6 X SSC: 0.1% SDS and
one 30 minute wash at 42°C in 2 X SSC: 0.1% SDS, were performed. The filters
were then autoradiographed at -70% with double-sided X-ray film and an
intensifying screen.

Only 1/4000 transformants hybridized the probe.
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The Published Amino Acid Sequence Of The C. perfringens
Enterotoxin With Its Predicted DNA Coding Strand Sequences.
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Figure 4. 2.
Derivation of the base sequence for oligonucleotide cpe probe

A degenerate oligonucleotide probe was made based on the known amino-

acid sequence of the enterotoxin. The region which would give the least
degeneracy i.e. the one with the fewest possible base combinations,

corresponded to amino-acids 9 through to 17.

9 10 11 12 13 14 15 16 17
Ne--mete-sval---phe---glu---asn---ala-e-lyse--gly--=vale--C

Possible Bases at Each Position in the mRNA

R R R
u v R U U R R U

AUG 6U6 UUC 6RA6 RAC 6C6 ARG GRG 6UG ======- 3’
b L L

A Complementary DNA Strand with 512-fold Sequence Degeneracy

I | I
R T T R A T AR R
)/ memnene CAC CTC CTT C6C 6TT CTC 6RA CAC CAT==w===- 3’
b b b
Assume:

Acoreconses pairs with.......... T

. U does not pair with.......... C
Gooecronns pairs with.......... C

€ N not hindered by.......... T

Sequence of theOligonucleotide Probe with Degeneracy Reduced to 4-fold

T T
§'=m=====RC TIC TIT 66C 6TT TTC GAR GAC CAT=en=e--3'

Comparison to the Elucidated DNA Sequence

5! memmmee AC TTC TTT R6C ATT TIC AR CAC CAT=====n=3'
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4. 2. 5. Secondary Screening for cpe Clones

A large scale plasmid DNA isolation from the single positive colony, 'tox’, was
prepared and stored at 4°C, in TE buffer (Appendix I). A Hind 11l digest of the
tox' DNA indicated a mixed plasmid population (Lanes 3 & 4. Photograph
4.1.). To check if this interpretation was correct the 'tox' DNA was used to re-
transform E. coli JM107 cells. Mini-prep plasmid DNA (Appendix II) from 12
colonies, picked at random, was digested with Hind III and four clone types
identified. Three contained single plasmid species (Lanes 5 & 9; 7 & 11; and 8
& 12. Photograph 4.1.), with different but similar patterns of restriction
enzyme digestion, but the fourth clone again appeared to contain a mixture of
the other plasmid types (Lanes 6 & 10. Photograph 4.1.).

A Southern blot (Chapter 3) (Appendix V) of Hind 1II digested DNA from the |
four types of clone, along with Hind III digested bacteriophage A and pHG165
control DNAs (Photograph 4.1. Top), was prepared on a nitrocellulose filter
[Gelman Sciences]. The filter was then probed with the end-labelled 26 bp
oligonucleotide probe according manufacturers instructions. Washing and
autoradiography was identical to the colony blots.

A single DNA band, corresponding to = 900 bp, from the mixed plasmid
population and an equivalent sized band from one of the other three clone
types hybridized the probe (Lanes 6 & 10 and 7 & 11. Photograph 4.1. Bottom).
A large scale isolation of plasmid DNA, pLW1, from the clone with the single

plasmid type was prepared and stored at 4°C.,
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Photograph 4. 1.
Southern Blot Identification of a Plasmid, pLW1, Presumed to
be Carrying the Enterotoxin Gene

Lanc Description

1 Hind 111 digested bacteriophage A DNA.
A size marker and negative control.

2 Uncut pHG165 also a negative control.

3 Hind 11l digested 'tox' DNA. A positive control.
4 Uncut 'tox' DNA also a positive control.

5 Hind III digested plasmid type 2.

6 Hind 111 digested DNA from the multi-plasmid clone.
7 Hind I1I digested pLW 1.

8 Hind I1I digested plasmid type 3.

9 As for lane 3.

10 As for lane 6.
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