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ABSTRACT

Preparatory to constructing a genomic library of Clostridium acetobutylicum, cell
lysis and DN A preparation conditions leading to undegraded DNA were examined.
Early to mid-exponential phase cells lysed more readily than cells at late-
exponential or stationary phase. Lysis was facilitated by 0.3% w/v glycine in the
growth medium. Achromopeptidase was a more effective lytic enzyme than either

mutanolysin or lysozyme.

All strains of C. acetobutylicum produced high levels of DNase activity, coinciding

with the late-exponential and stationary growth phases. Chromosomal DNA

isolated from all strains of C. acetobutylicum was rapidly degraded. This

degradation was not prevented by the use of various protein inactivating agents.
The adverse effect of oxygen and related radicals on the DNA of this strict
anaerobe was considered to be responsible. Undegraded DNA was isolated by

protecting the cells to be lysed from oxygen.

A genomic library of C. acetobutylicum NCIB2951 in the cosmid vector pLAFR1,

constituting 3,500 recombinant clones, was prepared. Clones from this library

complemented various Escherichia coli auxotrophic mutations, showing that C.

acetobutylicum genes are expressible in E. coli.

Recombinant clones coding for the B-galactosidase of NCIB2951 were isolated from
the genomic library using the chromogenic substrate X-gal. The lacY mutation of
HB101 could not be complemented by these clones, suggesting that a classical lac
operon system does not exist in C. acetobutylicum.

The B-galactosidase (cbg) gene was further subcloned on a 5.2 kb EcoRI fragment,
and was expressed when the fragment was cloned in either orientation. Cbg was
thus expressed from its own promoter. The cbg gene is inducible by lactose in C.
acetobutylicum. When cloned into E. coli, however, this gene was expressed

constitutively, the level being unaffected by the presence of the inducer,



(ii)
IPTG or glucose.

Six strains of C. acetobutylicum possessed a sequence highly homologous to the

cloned B-galactosidase fragment. The B-galactosidase gene region of NCIB2951
showed only low homology to the DNA from other Gram-positive bacteria
(Streptococcus lactis  ATCC7962, Streptococcus thermophilus DRI1424,
Lactobacillus bulgaricus DRI20056, Lactobacillus helviticus DRI20064), and no

detectable homology to DNA from Gram-negative bacteria (E. coli DC272 or
Rhizobium loti PN2231).

The B-galactosidase activity of the 5.2 kb fragment was inactivated by TnS insertion
at either of two loci. Locus I (400 bp) was approximately S00 bp from locus II
(approximately 3.2 kb). Maxi-cell analysis identified a 100 kDa protein as the B-

galactosidase gene product.

The 5.2 kb fragment was sequenced and analyzed. Three ORF’s were identified.
ORF1 (cbgA) coded for the structural B-galactosidase gene. Significant amino acid
homology was detected with the amino acid sequences of the lacZ, ebgA (E. coli)
and lacZ (Klebsiella pneumoniae). ORF2 (cbgR) coded for a small regulatory

protein which shared homology with the amino acid sequence of the "0.3 kb gene"
from Bacillus subtilis. = ORF3 coded for a truncated protein which shared
significant homology with the N-terminal amino acid regions of spo0A and spoQF
(B. subtilis), two regulatory proteins of the two-component system. Hence, no lac

operon exists in C. acetobutylicum.
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CHAPTER 1: LITERATURE REVIEW

PART I: ABE FERMENTATION

1.1 INTRODUCTION

There is an extensive literature on the acetone/butanol/ethanol (ABE)
fermentation, including numerous reviews. They include those by Killifer (1927),
Gabriel (1928), Beesch (1952, 1953), Steel (1958), Prescott and Dunn (1959), Rose
(1961), Ross (1961), Spivey (1978), Hastings (1978), Walton and Martin (1979),
Zeikus (1980), Volesky et al. (1981), Robson and Jones (1982), Volesky and
Szeczesny (1983), Linden and Moreira (1982), Moreira (1983), Gibbs (1983), Jones
and Woods (1986b), and Ennis et al. (1986b). These authors have adequately
covered the topic, and therefore no attempt will be made to give a detailed review
of all the aspects of the literature. Instead, this chapter will give a basic outline of

the ABE fermentation and present those factors which relate to the present study.

1.1.1  History

The ABE fermentation has a long and well documented history as a successful
industrial fermentation process (Johnson, 1947; Prescott and Dunn, 1959; Ross,
1961; Hastings, 1978; Compere and Griffith, 1979; Walton and Martin, 1979;
Volesky et al., 1981; Gibbs, 1983).

The first investigation was conducted by Pasteur in 1862, who observed the
microbial production of butanol from lactic acid and calcium lactate. In 1909,
interest in commercializing butanol production was initiated as a means of
obtaining butadiene, used as a raw material for the manufacture of a synthetic
rubber (Gabriel, 1928; Gabriel and Crawford, 1930), and acetone, which was
being used in the dyestuff industry. In 1911 Strange and Graham Ltd employed



two teams of microbiologists (Fernbach and Schoen at the Pasteur Institute;
Perkin and Weizmann at the University of Manchester) to find fermentation
methods for meeting synthetic rubber feedstock needs (Gabriel, 1928). A
bacterium capable of producing isoamyl alcohol or butanol was required, which
provided the best route for the production of isoprene or butadiene. Both
groups isolated bacteria capable of producing a mixture of amyl alcohol,
butanol, ethanol and acetone. Weizmann left the employment of Strange and
Graham Ltd in 1912 and, continuing with his own culture isolation work,
eventually isolated a strain capable of producing four times the yield of acetone
and butanol as the original bacterium as well as being able to utilize a variety

of carbohydrates. The bacterium was originally named Bacillus granulobacter

pectinovorum but was later renamed Clostridium acetobutylicum Weizmann by

McCoy et al. (1926). From 1913 onwards it was used to produce acetone and

butanol from potatoes in two commercial plants.

The outbreak of World War I in 1914 caused a dramatic increase in the
industrial demand for acetone. It was now required as the gelatinizing agent for
nitrocellulose in the naval warfare explosive cordite, as a propellant for heavy
artillery shells, and as the solvent for cellulose acetate in aircraft wing dope
production. To meet this need, the British government introduced the Weizmann
strain into Strange and Graham plants, and adapted distilleries to take
advantage of the higher production of acetone and the bacterium’s ability to
utilise a greater variety of the readily available starches as feedstocks. In May
1917, upon entry of the USA into the war, a plant was opened in Indiana which
supplemented the acetone output from the existing plants. The butanol produced

was stockpiled.

After the end of World War I there was an immediate decline in the
requirement for acetone, causing the closure of some plants, but the ABE
fermentation continued for some years due to its product use in manufacturing

products such as varnishes, and in textile and isoprene production. Later,



DuPont de Nemours and Co. developed low viscosity nitrocellulose lacquers for
the automobile industry and found butanol and butyl acetate to be the solvents
of choice for this coating system. Weizmann (1919) obtained a US patent and
large factories began supplying the butanol for conversion to butyl acetate. On
expiration of the patent, new plants were opened in USA, Puerto Rico, and
Japan, coinciding with development of new bacterial strains (Walton and Martin,
1979).

The onset of World War II again saw demand for the manufacture of cordite,
and the ABE fermentation was given top priority, which led to the development
of continuous distillation processes. Subsequent to 1936, plants were also built
in Japan, India, Australia, South Africa, USSR and eastern bloc countries, with
the plant in South Africa continuing production until 1983. At the end of World
War II in 1945, 66% of butanol and 10% of acetone in the USA were produced
by the ABE fermentation.

After World War II, the substantial use of the primary substrate, molasses, in
cattle fodder, and the commercial production of acetone, butanol and ethanol by
chemical means, led to a rapid decline in the ABE fermentation process and
industrial production ceased in both the U.S.A. and England during the 1960’s
due to the unfavourable economics. Adverse factors included the increasing cost
both of raw materials such as molasses and of disposing of the fermentation
effluent. Further, the petrochemical industry was by now capable of producing
vast quantities of chemicals at relatively cheap prices during the cracking of
petroleum. Today, acetone is produced by the cumene hydroperoxide process
or by catalytic dehydrogenation of isopropanol. Butanol is produced by the oxo
process or the aldol process (Moreira, 1983).



1.1.2 Revival of the fermentation process

Renewed interest in the C. acetobutylicum fermentation process has arisen due

to society being confronted with the dwindling resources of fossil fuels and
chemical feedstocks, plus the proliferation of wastes generated by municipalities,
agriculture and industries. These problems have been coupled with large
increases in the price of petroleum and mounting environmental pressures and
expenditures resulting from the required treatment of waste products. The
above problems have had a profound effect on the development of alternative
technology based on potentially attractive resources, that is, the conversion of

reusable waste products into more desirable commodities such as alcohols.

In addition, new uses of both butanol and acetone are being found. Butanol is
used extensively in the manufacture of hydraulic fluids, detergents, butylated
melamine resins, urea-formaldehyde resins, amines for gasoline additives, esters
in the protective coatings industries, plasticizers, dyeing agents and as a
coagulant in the micellular flooding process in tertiary oil recovery systems from
existing wells (Casida, 1968; Compere and Griffith, 1979). Acetone is used for
nitrocellulose solvents, vinyl resins, and derivatives such as methyl isobutyl
ketone, methyl isobutyl carbinol, methyl methacrylate and as the spinning solvent

in the production of cellulose acetate.

Although the ABE fermentation is not at present competitive with the
petrochemical route, in light of the above, a number of groups worldwide are
reexamining the fermentation to increase our understanding of the process.
Much of the work is on developments in fermentation technology to improve
yield and recovery (see review by Ennis et al., 1986b). More recently, studies on
the biochemical, physiological and genetic aspects of C. acetobutylicum have
been initiated (Woods, 1982; Truffaut and Sebald, 1983; Hartmanis et al., 1984).
If a combination of these two approaches leads to sufficiently improved

economics, the ABE fermentation is likely to be revived as the preferred method



for butanol and acetone production.
1.2 THE ORGANISM
1.2.1 Classification
The ABE fermentation is carried out by butyric anaerobic bacteria belonging to

the genus Clostridium. Two clostridial species have been historically used in, or

developed for, solvent production. These are Clostridium acetobutylicum and

Clostridium beijerinckii, [syn C. butylicum] (George et al., 1983). They are
commonly known as butyric organisms and produce significant amounts of
neutral products such as acetone, butanol and ethanol from carbohydrate
fermentation by way of organic acid intermediates (Prescott and Dunn, 1959;

Cummins and Johnson, 1971; George et al., 1983).

The morphological, cultural and biochemical characteristics of C. acetobutylicum
are well documented (McCoy et al., 1926; Cato et al. (1986); Volesky et al.,

1981). Cato et al. (1986) used classical morphological, biochemical and
physiological criteria to divide the genus into four groups based on the position
of the spores, gelatin liquefication and toxin-antitoxin identification. C.
acetobutylicum was placed in group II based on the subterminal position of the

spores and positive gelatin hydrolysis.

1.2.2 Morphological characteristics

C. acetobutylicum can be described as a saccharolytic chemoorganotroph.
Vegetative cells are straight rods with rounded ends and exist singly, paired or
in chains, depending on the growth phase and medium used. Cell dimensions
vary with a length of 2.4 to 4.7 pm and a width of 0.6 to 0.9 pm. Subterminal
oval spores without appendages or exosporia are approximately 1 pm by 1.5 pm

in size. Spores are usually produced when growth conditions become



unfavourable for continued vegetative growth, such as toxic product accumulation
(Ross, 1961; Casida, 1968; Hastings, 1978). C. acetobutylicum is a strict
anaerobe with an optimal growth temperature of 34°C (Cato et al., 1986). The
optimal pH value for growth and acid production is 6.5, while a pH of less than
5.3 is often required for solvent production (Spivey, 1978; Gottschal and Morris,
1981; Andersch et al.,, 1982; Bahl et al., 1982a; George et al., 1983; Holt et al.,
1984, Monot et al., 1984). Cells are Gram-positive, but tend to become gram-
variable with age. The vegetative cells are motile, by means of peritrichous
flagella. Actively motile cells are regarded as a prerequisite for good solvent
production (Gutierrez and Maddox, 1987). Division by transverse fission results
in long chains of bacteria on solid media. These break apart into single cells in

liquid medium during vigorous fermentation.

1.2.3 Cultural characteristics

C. acetobutylicum grows anaerobically on agar as raised, circular surface colonies

(3-S5 mm in diameter). The colonies appear greyish white in colour, with a
translucent glossy surface and an irregular margin (Cato et al,, 1986). Growth
spreads on the agar surface, a feature common to many clostridia. Gas bubbles

may be apparent in the colonies (Kutzenok and Aschner, 1952).

C. acetobutylicum can utilize a wide variety of carbohydrates, owing to its

unusual ability to ferment not only hexoses but also pentoses, disaccharides and
oligosaccharides (Compere and Griffith, 1979; Mes-Hartree and Saddler, 1982,
Maddox, 1980). Those fermented are listed in Table 1.1. Metabolites produced
include acetate, butyrate, acetone, butanol, ethanol, CO,, H,, acetoin and

acetylmethylcarbinol. C. acetobutylicum fixes atmospheric nitrogen (Rosenblum

and Wilson, 1949), hydrolyses gelatin and grows in milk. In the latter medium,
it produces a stormy fermentation with abundant gas. Some strains are caseinase

positive, produce H,S or are DNase positive. C. acetobutylicum, however, is




Table 1.1: Carbohydrates fermented by C. acetobutylicum

Pentoses: arabinose Disaccharides: sucrose
xylose maltose
trehalose
lactose
Hexoses:  glucose Polysaccharides: starch
galactose dextrin
mannose glycogen
salicin amygdalin
mannitol inulin
X methyl-glucoside melezitose

unable to produce urease, lecithinase, indole, lipase, or catalase, and cannot

reduce nitrate or sulphate to nitrite or sulphite, respectively. Most strains

produce granulose and capsules.

1.2.4 Substrate range and nutritional requirements

The ability of C. acetobutylicum to utilise a large variety of carbohydrates
enables it to convert many different waste biomass and agricultural residues
into solvents. Substrates that have been examined include: wood hydrolysates,
(Mes-Hartree and Saddler, 1982; Maddox and Murray, 1983): whey filtrate
(Maddox, 1980; Maddox et al., 1981; Linden and Moriera, 1982; Welsh and
Veliky, 1984): bagasse, wheat and rice straws (Marchal et al., 1984a,b; Soni et al.,
1982): lignocellulosic residues (Yu et al., 1984; Saddler et al., 1983): molasses
(Maddox 1982; Qadeer et al., 1980): agricultural residues (Soni et al., 1982;
Ounine et al., 1983): and corncobs (Langlykke, 1948; Nakhmanovich and
Shcheblykina, 1959).

Oxford et al. (1940) identified biotin and a factor present in yeast as necessary

for the growth of some strains of C. acetobutylicum. The yeast factor was later

identified as p-aminobenzoic acid by Rubbo et al., (1941). These results have



been confirmed by Lampen and Peterson (1943), and Reyes and Mickleson
(1945). Monot et al. (1982) found that cell growth was also dependent on the
presence of magnesium, iron and potassium, but that in excess, magnesium and

manganese had deleterious effects on growth and solvent production.

The organism thus has considerable versatility and with its ability to ferment a
wide range of carbohydrates, and limited nutritional requirements, can be readily

grown on many substrates.

1.2.5 Life cycle

The morphology of the culture varies depending on the strain of organism used
and the formulation of the medium. There is also variation during culture
growth which can be used to assess the age and progress of the fermentation
process, as there is a distinct and relatively constant variation with time (Spivey,

1978). The morphological changes in C. acetobutylicum P262, the commercial

strain used at National Chemical Products Ltd., Germiston, South Africa, have
been studied and correlated with growth and solvent production (Jones et al.,
1982; Long et al., 1983, 1984b).

In a typical batch fermentation process, there are several distinct stages. When
the medium is first inoculated, the rods are elongated, with developed septa, and
form long chains of phase dark, strongly Gram-positive cells with sporadic and
sluggish motility. After 6 h the chains begin to break up, releasing highly motile
individual rods. The rods are actively dividing and the growth rate is at a
maximum. By 14 h growth decreases to zero and motility steadily decreases.
There is a large population of non- motile cells by 18 h. The pH breakpoint is
reached and granulose accumulation begins after 19 to 20 h. At the end of
fermentation (30 h) the majority of the cells are typical swollen, phase-bright
Gram-positive clostridial forms with a clearly defined extracellular capsule. A

small percentage are Gram-negative that proceed to degenerate.



1.2.6 Sporulation

Bacterial sporulation has been extensively studied in various Bacillus species as
well as a few Clostridium species (Kay and Warren, 1968; Dawes et al., 1969;
Walker,1970; Hsu and Ordal, 1970; Mackey and Morris, 1971; Aronson and
Fitz-James, 1976) resulting in several excellent reviews (Tipper and Gauthier,
1972; Fitz-James and Young, 1969; Young and Mandelstam, 1979). Woods and

Jones (1986) review the events associated with sporulation in Clostridium species.

The stages of sporulation by anaerobic Clostridium are basically similar to those
for Bacillus species (Fitz-James and Young, 1969). However, clostridial
sporulation is often accompanied by characteristic changes in cell shape, such as
considerable increase in cell length, a clubbing to accommodate the forespore,
and later the spore, as in C. pectinovorum (Fitz-James and Young, 1969).
Formation of the axial filament is also rare in Clostridium (Johnstone and
Holland, 1977; Woods and Jones, 1986).

Prescott and Dunn (1959) noted that good solvent yield is associated with an
ability to sporulate well. Gottschal and Morris (1981) suggested a relationship
between sporulation and solvent production, showing that a loss of sporeforming
capacity during continuous culture is associated with loss of ability to produce
solvents. A recent study (Long et al, 1984a, b) on sporulation of C.

acetobutylicum P262 revealed that the initiation of solvent production and

clostridial stage formation were essential for sporulation. They concluded that
the shift to the solventogenic phase during the fermentation process was linked
to both the inhibition of cell division and the triggering of various physiological
and morphological changes. Under nutrient limitation there was inhibition of
growth, no solvent production and no differentiation into spores. A requirement
for a minimum concentration of glucose and ammonium ions during endospore
formation was shown, the yield of endospores at low levels of glucose and

ammonium being proportional to the concentration of these substrates. This is
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in agreement with data published by Gottschal and Morris (1981), Bahl et al.
(1982a), Martin et al. (1983) and Yu and Saddler (1983). This situation is in
contrast to that existing with aerobic spore-formers such as B. subtilis, where

sporulation is initiated by nutrient starvation (Young and Mandelstam, 1979).

C. acetobutylicum sporulation mutants blocked both before and after forespore
septum formation are still able to accumulate granulose, produce a clostridial
stage and form solvents (Jones et al., 1982). Long et al. (1984a) reported that
C. acetobutylicum sporulation mutants which were unable to form clostridial

stages could not produce solvents, store granulose or sporulate. Granulose
mutants could still produce solvents and mature spores. Meinecke et al. (1984)

reported that C. acetobutylicum mutants which are unable to store granulose

were also unable to initiate sporulation but still able to produce solvents. Thus,
at least the final stages of sporulation are not a pre-requisite for solvent

production.

1.3 BIOCHEMISTRY OF C. ACETOBUTYLICUM

1.3.1 Course of fermentation

In a normal batch culture, the fermentation process using C. acetobutylicum
consists of two distinct phases which correspond to the two stage mechanism of
product formation. A suitable example of a typical outline of an ABE
fermentation profile can be seen in Fig. 1.1 (Prescott and Dunn, 1959; Spivey,
1978; Jones et al, 1982). The initial acidogenic phase consists of active
logarithmic growth of the bacterium over approximately 12 h. At a certain pH
value known as the pH breakpoint, there is a switching from the acidogenic
phase to the solventogenic phase (Davies and Stephenson, 1941; Barber et al.,
1979). The reassimilation of the acids occurs simultaneously with continued

consumption of the carbohydrate source. This uptake of acids is seen as a
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detoxification process in response to an unfavourable environment as the
resulting neutral solvents that are produced are less toxic to the cells than the

previously synthesised organic acids (Woods and Jones, 1986).

1.3.2 Metabolic pathways

The main biochemical pathways by which various carbohydrate substrates are

converted to acids, solvents, hydrogen and CO, by C. acetobutylicum and other
butyric acid bacteria have been investigated and reviewed (Woods et al., 1945;
Doelle, 1981; Thauer et al., 1977; Lenz and Moreira, 1980; Gottschalk and Bahl,
1981; Volesky et al., 1981; Gottschalk, 1986; Volesky and Szczesny, 1983; Monot
et al,, 1983; Kim et al., 1984; Papoutsakis, 1984; Hartmanis and Gatenbeck, 1984;
Haggstrom, 1985; Matta-El-Amouri et al., 1985; Peptitdemange and Gay, 1986;
Rogers, 1986; Jones and Woods, 1986b). A general diagram of the biochemical
pathways involved in solvent production by C. acetobutylicum is given in Fig. 1.2
(Jones and Woods, 1986b).

1.3.2.1 Acid producing pathways

Hexose sugars are metabolised via the Embden-Meyerhof (EMP) pathway.
When glucose is converted to pyruvate two molecules of ATP and two
molecules of reduced NADH are produced for each molecule of glucose
metabolised. These are subsequently used in biosynthesis reactions (energy)

and as a hydrogen donor, respectively.

Pentose sugars, such as arabinose and xylose are utilized by the pentose
phosphate pathway, leading to formation of pentose-S-phosphate or other
intermediate compounds (Volesky and Szczesny, 1983). Conversion of the
pentose-S-phosphate occurs via the transketolase and transaldolase enzymes

resulting in the production of fructose-6-phosphate and glyceraldehyde-3
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Fig.1.1: Typical outline of an ABE fermentation as carried out by C.
acetobutylicum (Volesky et al., 1981).
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Biochemical pathways for the synthesis of acetone, butanol, and ethanol
in C. acetobutylicum (Jones and Woods,1986).

Reactions which predominate during the acidogenic phase (a) and the
solventogenic phase (b) of the fermentation are shown in thick arrows.
Extracellular products are shown in boxes.

Enzymes are indicated by letters as follows:

(A) glyceraldehyde-3-phosphate dehydrogenase

(B) pyruvate-ferredoxin oxidoreductase

(C) NADH-ferredoxin oxidoreductase

(D) NADPH-ferredoxin oxidoreductase

(E) NADH-rubredoxin oxidoreductase

(F) hydrogenase

(G) phosphate acetyltransferase

(H) acetate kinase

(I) thiolase (acetyl-CoA acetyltransferse)

(J) 3-hydroxybutyryl-CoA dehydrogenase

(K) crotonase

(L) butyryl-CoA dehydrogenase

(M)phosphate butyryltransferase

(N) butyrate kinase

(O) acetaldehyde dehydrogenase

(P) ethanol dehydrogenase

(Q)butyraldehyde dehydrogenase

(R) butanol dehydrogenase

(S) acetoacetyl-CoA:acetate/butyrate-CoA
transferase

(T) acetoacetate decarboxylase

(U) phosphoglucomutase

(V) ADP-glucose pyrophosphorylase

(W) granulose (glycogen) synthase

(X) granulose phosphorylase
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-phosphate which are then further metabolised to pyruvate by entering the
EMP pathway (Cynkin and Delwiche, 1958; Cynkin and Gibbs, 1958). The
fermentation of 3 molecules of pentose yields S molecules of ATP and 5
molecules of reduced NADH.

Pyruvate resulting from glycolysis is oxidised by pyruvate-ferredoxin
oxidoreductase in the presence of CoA, to yield acetyl-CoA, H, and CO,, and
is coupled with the production of NAD+ and the reduction of ferredoxin.
The acetyl-CoA produced by this phosphoroclastic cleavage is the central

intermediate in the branched fermentation pathways of C. acetobutylicum,

from where it leads to the production of two other key intermediates,
acetoacetyl-CoA and butyryl-CoA. These intermediates serve as precursors

to all the products of both the acid- and solvent-producing pathways.

The production of butyrate occurs by the following steps. Two molecules of
acetyl-CoA are converted to acetoacetyl-CoA, liberating CoA by acetyl-CoA
acetyl transferase.  Acetoacetyl-CoA is further converted, via the
3-hydroxybutryl-CoA and crotonyl-CoA intermediates to butyryl-CoA.
Butyryl-CoA is converted to butyrate via butyryl phosphate resulting in the
production of ATP and the release of CoA. Acetyl-CoA is converted to
acetate via acetyl phosphate, enabling the production of ATP, and release

of CoA. Both acetate and butyrate are excreted outside the cell.

1.3.2.2 Solvent producing pathways

The onset of solvent production involves a switch in the carbon flow from the
acidogenic to the solventogenic pathways. During solvent production
acetyl-CoA and butyryl-CoA function as key intermediates in the production
of ethanol and butanol. Acetoacetyl-CoA is diverted from the production of
butyrate and acetate, and is utilized via the transferase system, for the

production of acetoacetate and thence acetone. This diversion of the original
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system to production of acetone, prevents acid production, and eliminates the
two steps which regenerated NAD+. By reducing the acids to alcohols, this

regeneration process is replaced.

Reassimilation of the acids does not occur through a reversal of the
acid-forming pathways (Hartmanis et al., 1984). Reassimilation of acetate
and butyrate occursviathe acetoacetyl-CoA:acetate/butyrate-CoA transferase
(Doelle, 1975, 1981; Andersch et al., 1983). The acetoacetate produced is
decarboxylated by acetoacetate decarboxylase to produce acetone. This step
is irreversible. The enzyme involved has broad carboxylic activity, catalyzing
CoA transfer to either acetate or butyrate.

The majority of butyrate reassimilated is rapidly converted to butanol. Also,
over 55% of the reassimilated acetate is converted to butanol, the remainder
being converted to acetone via decarboxylation. Ethanol is also produced via
acetyl CoA enabling regeneration of NAD+. The acetate reassimilated as
acetyl CoA is converted to acetaldehyde by aldehyde dehydrogenase, and
then to ethanol by ethanol dehydrogenase. This results in the release of CoA
and the production of NAD+. The butyrate is reassimilated as butyryl-CoA
which in turn is converted to butanol via butyraldehyde dehydrogenase and
butanol dehydrogenase. This results in the release of CoA and the
production of NAD+ and NADP+. The produced alcohols are then

excreted from the cell.

1.3.3 Factors triggering solventogenesis

Knowledge of the factors involved in the switch from acidogenesis to
solventogenesis is important to allow us to understand the way in which the
production of solvents is initiated and maintained. Several studies have been

performed to investigate these factors (Abou-Zeid et al., 1978; Baghlaf et al.,
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1980; Bu’Lock and Bu'Lock, 1983; Long et al, 1984b). Experiments have
shown that certain growth factors must be present at a minimum concentration,
which allows sufficient growth and substrate consumption to provide the initial
threshold of acids required for initiation of solvent production. However, it
appears that there is no single growth-limiting nutrient whose exhaustion
specifically induces solvent production (Bahl and Gottschalk, 1985). Solvent
production is therefore believed to be due to a number of factors including
culture pH value, cessation of growth, excess carbohydrate substrate and
threshold concentrations of acids (Bahl et al, 1982a,b; Andersch et al, 1982;
Martin et al., 1983; Monot et al., 1984; Hartmanis et al., 1984; Fond et al., 1985).
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PART II: GENETICS OF C. ACETOBUTYLICUM

1.4 GENETICS OF C. ACETOBUTYLICUM

1.4.1 Taxonomy of the genus Clostridium

The genus Clostridium contains some of the most primitive eubacteria (Fox et
al., 1980). By definition members of this genus are anaerobic, spore-forming
rods, but beyond these common features there is a wide diversity in size,
metabolic products, nutritional requirements and DNA G+C composition.
Traditionally, Clostridium species have been classified by phenotypic
characteristics such as substrate utilisation, optimum growth temperature, spore
position, nutritional requirements, gelatin hydrolysis, fermentation products,

motility and toxin production (Cato et al., 1986).

Table 1.2: Homology studies between Clostridium species (Cummins and
Johnson, 1971)

Group Spp. Wall Nutrient G+C DNA Homology
Sugars Requirements (%) (%)
I II III
I 18 glucose simple 27-28 72-100 17-47 -
DAP
II 20 glucose complex 26-28 15-30 76-100 -
galactose
DAP
III 36 glucose complex 22-43 0-29 1-18 -
glucose
rhamnose
mannose

+/-DAP
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The results of early studies on the taxonomy of ’butyric acid’ clostridial species
by Cummins and Johnson (1971) were based on comparison of the cell wall
composition, nutritional requirements, DNA homologies, and %G + C between
various species. This resulted in the division of the species into three groups
(Table 1.2). Cummins and Johnson (1971) reported great variation in cell wall
composition, %G +C, and low DNA homologies among phenotypically similar
butyric acid-producing clostridia, including bacteria of the same species.
Investigation of four C. acetobutylicum strains identified similar % G+ C ratios
(28-29%), with similar cell wall structure consisting of meso-DAP, glutamic acid,
rhamnose and mannose. DNA homology between the four strains was high
(90-96%), but there was low homology to other clostridial species (7-10%). They
were significantly different from other Clostridia such that they could not be
placed in either of the two major homology groups and were designated to group
III. This third group, differed widely among its own members in all categories.
Cell wall structure and the type of isomeric form of linking between the diamino
acids and sugars was found to correlate well with DNA homology (Cummins and
Johnson, 1971).

Recently, more sensitive methods such as ribosomal RNA (rRNA) homology and
oligonucleotide sequencing have been used for examining the relatedness of
bacteria (Ludwig et al, 1985). Ribosomes are universally distributed, being
present in all groups of organisms examined. They exhibit constancy of function
and as their genes change in sequence very slowly, are conserved to a greater
extent than other genes. This enables a more rigorous measure of genetic
relatedness (Fox et al, 1980; Ludwig et al, 1985). Investigation of rRNA
sequences has led to a clearer taxonomy in various genera, and has identified
rRNA sequence similarities between organisms normally considered distantly
related and representatives of diverse bacterial groups (Moore and McCarthy,
1967; Johnson et al., 1970; Pace and Campbell, 1971).
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Table 1.3: Classification of Clostridium species (Johnson and Frances, 1975)

Group %G+ C No. of Comments DNA Homology (%)
Species I II III v

I 28 30 Well defined 50+ 40 0 0
10 subgroups

II 28 11 40 69 + 0 0

111 27-29 6 0-31 13-17 0 0

v 41-45 5 similar to 0 0 0 0
Bacillus spp. (0-14%)

Johnson and Frances (1975) used 23S rRNA homology among 56 Clostridium
species to establish more detailed groupings within this genus. The species were
assigned to four groups (Table 1.3). The authors concluded that there were
three main homology groups (%G + C 27-29%), plus one minor group (%G +C
41-45%). Group I was the largest of the groups, and species were subdivided
into 10 related subgroups. Only one strain of C. acetobutylicum (ATCC 824)

was investigated and this was placed in Group I. Species which fell into rRNA
homology groups I and II shared a moderate degree of homology among
themselves, but no homology to Group III or IV. Group III members shared
little or no homology to reference strains of Groups I and II, and shared little
homology between themselves. The species in Group IV had a high %G+ C,

similar to that of Bacillus species. They shared more homology to Bacillus

species than any species of Groups I, II, III or among themselves.

Cell shape and size correlated very well with these rRNA homology results.
Motility and nutritional requirements correlated reasonably well with rRNA
homology values, although diversity existed in some groups. In contrast,

characteristics such as spore position, utilization of individual carbohydrates,
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Phylogenetic relationship between Clostridium and other Gram-positive

bacteria (Fox et al., 1980).
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gelatin liquefaction and organic acid fermentation correlated very poorly with
rRNA homology (Mead, 1971).

Fox et al. (1980) investigated the homology of some prokaryotes, including
Clostridium spp, using 16S rRNA (Fig. 1.3). These results support the above
work by Johnson and Frances (1975), that many Clostridium species are more
closely related to other Gram-positive bacteria than to each other. However, the
groupings given do not always agree with those given by Johnson and Frances
(1975). Results show that the genus Clostridium is an ancient and very diverse
group of bacteria. A lot of work has still to be done to place Clostridium into
a better classification. Cato et al. (1986) suggested that the genus may eventually
be divided into at least two separate genera, possessing 22-34% G+C and
40-55% G +C, respectively.

1.4.2 Genetics and strain improvement

Fundamental studies on the molecular genetics of anaerobes is an essential
prerequisite for enhancing the understanding of the biochemistry, physiology and
genetics of the anaerobic bacteria. Recent interest in the genetics of anaerobes
stems from the medical or industrial viewpoint, due to the emergence of
antibiotic strains involved in disease, and strains which can utilize diverse
substrates eventually producing useful products (Woods, 1982; Woods and Jones,
1984).

It has long been recognised that the performance of strains effects the efficiency
of industrial fermentations. The use of genetic techniques to produce strains of
C. acetobutylicum with higher butanol production, increased butanol tolerance
or more diverse substrate potential has often been suggested by various authors
(Walton and Martin, 1979; Volesky et al., 1981; Blaschek, 1986). However, there
is a need to establish a working system for the genetic manipulation of C.

acetobutylicum and other anaerobic bacteria before such improvements are
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possible. Technical difficulties in working with anaerobes, as well as the need
to adapt available genetic techniques to these genera have hampered progress
(Woods, 1982; Woods and Jones, 1984).

1.42.1 Mutagenesis

A useful tool in the study of the genetics and regulation of bacteria is
mutagenesis. Mutations in bacteria can be induced by mutagens, which can
be divided into two classes. Indirect mutagens act by inducing a
postreplication repair system (SOS processing) which is prone to errors. In
E. coli this system is dependant upon products of such genes as recA, lexA
and umuC. Examples of such mutagens are UV irradiation and mitomycin
C. The second class, called direct mutagens, cause mutations by mispairing
mechanisms. This results in misreplication of template DNA or nucleotide
precursors. They operate mostly independently of the complex system of
SOS processing. Examples are N-methyl-N’-nitro-N -nitrosoguanadine
(MNNG) and ethyl methanesulphonate (EMS) (Miller, 1983; Walker, 1984).

Droffner and Yamamoto (1983) reported that chromosomal auxotrophic
mutants of Clostridium species were difficult to obtain. However, mutants
have been produced and employed in physiological studies from such species
as C. perfringens (Mendez and Gomez, 1982; Sebald, 1982); C. pasteurianum
(Robson et al,, 1974); C. histolyticum (Sebald, 1982); C. thermoaceticum

(Schwartz and Keller, 1982), C. saccharolyticam, (Murray et al., 1983).

1.4.2.2 Mutagenesis of C. acetobutylicum

Mutants of C. acetobutylicum have been obtained both spontaneously and

by the use of various mutagens. These mutants effect a wide variety of
morphological, biochemical and physiological characteristics and have proved

useful in studying these characteristics (Table 1.4).



Table 1.4:

Mutants of C. acetobutylicum

D/I  Mutagen Efficiency Characteristics Reference

D EMS + autolysin - Allcock

I Uuv - et al. (1981)

D EMS + Rif*, spo - Jones et al.
His-, Glut-, (1982)
Pro-, Trp-
granulose -
solvent-

spontaneous + granulose - Meinecke
Spo - et al.

(1984)

D EMS + ADb", spo - Long et al.
capsule - (1984)
granulose-
solvent -

D EMS + Arg-, Tyr-, Jones et al.
His-, Met- (1985)

D MNNG + Ade-, Uracil- Bowring and
riboflavin - Morris (1985)

D EMS + Rif®

I |OAY -

I mitomycin -

C

I nalidixic -

acid

I Metroni- -

dazole

I H,0, -

D EMS + Ap®, Em"® Lemmel
Butanol R (1985)

D MNNG E

I uv -

I acridine -

half

mustard

24,



Table 1.4 cont’d:

2

D/I  Mutagen Efficiency Characteristics Reference
MNNG + /- Butanol ® Hermann
Spo - et al.
EMS - (1985)
D EMS + Xylose + + Lee et al.
(1985b)
D EMS + Sm®, Rif* Rogers
spontaneous  + Allyl alcohol® (1986)
D EMS + Acid - Rogers and
spontaneous  + spo-, solvent- Palosaari
Allyl alcohol® (1987)
D EMS + autolysin Reysset
decrease et al.
(1987)
D - direct mutagens I - indirect mutagens

(+) - efficient () - inefficient

Direct mutagens were efficient in the production of various phenotypic
mutants of C. acetobutylicum strains. It was noted by Bowring and Morris
(1985) that the use of MNNG resulted in the isolation of certain auxotrophic
The direct mutagen, EMS,

lesions at a greater frequency than others.
appears to be the mutagen of choice, producing a reproducible array of
mutants. However, under some conditions, EMS and MNNG were ineffective

in producing certain mutants (Lemmel, 1985; Hermann et al, 1985).

In contrast, indirect mutagens such as UV and mitomycin C, whose efficiency
relies on the misrepair of damaged DNA via the error-prone pathway, were
ineffective in producing mutants. They also had no significant effect on the
viability of the cells (Allcock et al., 1981; Bowring and Morris, 1985). This
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apparent inefficiency of indirect mutagens on C. acetobutylicum is commonly
observed in the clostridia, (Mendez and Gomez, 1982; Walker, 1983). This

may be due to C. acetobutylicum having either a very efficient repair

mechanism, or no error-prone system at all.

1.4.3 Plasmids

Several species of the genus Clostridium have been shown to contain plasmids.
The plasmids best characterised are mainly those of the important pathogenic
species such as C. perfringens, C. difficile and C. tetani. In addition, there have
been investigations over a range of other Clostridium species (Ionesco et al.,
1975; Brefort et al., 1977; Mihelc et al., 1978; Duncan et al., 1978; Rood et al.,
1978; Lee et al., 1987; Blaschek and Solberg, 1981). Some of these plasmids
have been identified as being responsible for a variety of phenotypic
characteristics including o-toxin, bacteriocin and caseinase production, antibiotic
resistance and degradation of organomercurial compounds (Duncan et al., 1978;
Rood et al., 1978; Mihelc et al., 1978; Lee et al., 1987; Laird et al., 1980; Pan
Hou et al., 1980; Blaschek and Solberg, 1981). Most plasmids however, are still

cryptic, as no known function can be ascribed to their presence.

1.4.3.1 Plasmids in C. acetobutylicum

Plasmids have been detected in several strains of C. acetobutylicum.

However, their size and number vary and no function has been correlated
with their presence in the various strains. Truffaut and Sebald (1983)
investigated a wide range of acetone- and butanol-producing strains of C.

acetobutylicum and related strains. Investigation of the 17 strains of C.

acetobutylicum identified five strains which contained plasmids (Table 2.5).
In the remaining 12 strains, no plasmid DNA could be detected as bands

on an agarose gel. Lee et al. (1987) investigated plasmid content in six

strains of C. acetobutylicum. Of these, four contained plasmids (Table 1.5).
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Table 1.5: Plasmids detected in C. acetobutylicum

Strain No. Size Reference
NRRLS98 1 5.2 Md Truffaut and Sebald
NCIB2951 2 6.8, 45 Md (1983)

NRRL6442 2 6.8, 45 Md

NCIB6443 1 8 Md

NCIB6444 3 4, 5.5, 8-10 Md

DSM1732 1 12.5 kb Lee et al., (1987)
DSM1733 2 11.5, 12.5 kb

DSM1737 1 12.5 kb

DSM1738 2 11.5, 12.5 kb

1.4.3.2 Construction of shuttle vectors using plasmids from Clostridium
species

The essential requirement and obvious lack of suitable vectors for gene
transfer and transformation is a major obstacle in the development of

genetics of C. acetobutylicum. Clostridium plasmid cloning vectors should

replicate in and contain selective markers for E. coli, as at present, genetic
and biochemical experiments of higher sophistication can be performed in

E. coli compared to Clostridium.

Attempts have been made to construct shuttle vectors from native plasmids
of C. butyricum (Collins et al., 1985; Luczak et al., 1985) C. perfringens,
(Squires et al., 1984) C. acetobutylicum and C. butyricum (Truffaut and
Sebald, 1988). These are summarized in Table 1.6.

Squires et al. (1984) constructed a series of chimeric shuttle vectors from
cryptic plasmids of C. perfringens. Each of the vectors was stably maintained
in E. coli conferring Ap®.
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Table 1.6: Summary of Clostridium based shuttle vectors that have been
transferred into Gram-positive bacteria

Plasmids Vector Shuttle vector Maintenance/Stability

(Squires et al., 1984): E. coli
C. perfringens
pJU121 pBR322  pJU3 +
pJU122  pBR322 pJUS +
pJU281 pBR322 pJU1 +
pJU1 (pCW3/  plu7 +
pJU124) pJU10 +
pJU3 T pJU12 +
JUS pJU13 +
pJU16 +
(Collins et al., 1985): E. coli
C. butyricum
pCB101  pJAB1 pRBI +
pRBS +
pCB102  pJAB1 pRB7 -
(Truffaut and Sebald, 1988): E. coli
C. acetobutylicum
pIP413 pVH33 pIP4131 +
C. butyricum
pIP414 pHV33 pIP4141 +
pIP4144 +
pIP4142  pHV33 pIP4142 +

C. perfringens

ND*
ND
ND

B. subtilis

+

+
(chromosomal
integration)

+

B. subtilis

+ /unstable

+/+
+ /unstable

* ND= Not done
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Introduction of the Tc® gene from two native C. perfringens plasmids into these

vectors, and subsequent transformation into E. coli, resulted in expression of the

Tc® in E. coli. When introduced into C. perfringens, three of the five examined

were stably maintained, while the others were not.

Collins et al. (1985) constructed a series of shuttle vectors from two cryptic
plasmids of C, butyricum. Of the 30 formed, three were maintained in E. coli
and B. subtilis strains. Plasmid pRB1 could be successfully transferred back from
B. subtilis to E. coli. Truffaut and Sebald (1988) constructed three shuttle

vectors using cryptic plasmids of C. acetobutylicum and C. butyricum. Only one

was stable in B. subtilis. These results show that shuttle vectors are often
unstable when placed in bacterial strains other than their native strain. Since
none of the shuttle vectors were transferred to C. acetobutylicum, their stability

in, or usefulness as, shuttle vectors for a genetic system in C. acetobutylicum is

unknown.

1.4.4 Bacteriophages

The use of bacteriophages in E. coli and B. subtilis cloning systems are well
established and useful tools. The presence of bacteriophages has been

reported in many clostridial species, including C. acetobutylicum (Eklund

et al, 1971; Ogata and Hongo, 1979). They are the causative agents of

sluggish, abnormal fermentations in industrial ABE processes.

The feasibility of developing bacteriophage DNA as a possible vector for

transfer of recombinant DNA plasmids into C. acetobutylicum P262 was

investigated by Reid et al. (1983). Protoplasts of C. acetobutylicum were

transfected by bacteriophage CA1 DNA. They reported a requirement for
a long (2 hr) incubation of protoplast and DNA at 37°C for successful
transfection, and observed that the rate of adsorption of bacteriophage CAl

to protoplasts was slower than the rate of adsorption to cells, although the
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maximum overall amount (80- 86%) was similar.

However, protoplasts infected with bacteriophage DNA did not release
mature bacteriophage particles spontaneously. Instead the protoplasts had
to be regenerated on regeneration medium for 24-26 hr before phage
particles were observed. The results indicated that the DNA of
bacteriophage CAl is taken up and expressed by C. acetobutylicum

protoplasts that are allowed to regenerate. This successful transfection of C.
acetobutylicum with phage DNA means that the phage could be developed

as a potential vector for the transfer of recombinant plasmids into C.

acetobutylicum.

Despite these developments, the use of these bacteriophages as cloning
vectors is probably not feasible, mainly because of the evolution of copious

quantities of gases, and the fact that C. acetobutylicum bacteriophages have

been shown to have only a narrow host range and to infect only some strains
of the same species with the same fermentation ability (Ogata and Hongo,
1979). Transduction has not as yet been reported in C. acetobutylicum or
other solvent-producing strains.

1.4.5 Genetic transfer systems in C. acetobutylicum

1.4.5.1 Protoplast regeneration

Transformation of protoplasts is dependant upon the development of
methods for the production and regeneration of protoplasts. These have
been reported for several Gram-positive bacteria such as C. pasteurianum
(Minton and Morris, 1983), C. saccharroperbutylacetonicum (Yoshino et
al.,, 1984) and C. acetobutylicum (Allcock et al., 1982; Jones et al., 198S;
Reysset et al., 1987).
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In an attempt to develop a transformation system using protoplasts,
Allcock et al. (1982) investigated protoplast formation and regeneration
in C, acetobutylicum. The induction of autolysis and protoplast formation
was due to the induction of a cell-bound autolysin. They showed that
high concentrations of sucrose alone induced the production of the
autolysin, and that when sucrose-induced cells were maintained in an
osmotically stabilized medium, between 70 and 85% stable protoplasts
could be obtained. A number of other chemical agents were also
identified that were able to induce autolysins with varying degrees of
effectiveness. The addition of lysozyme increased both the rate and the
final percentage of protoplasts obtained. As the presence of autolysin was
found to affect the regeneration of protoplasts, autolysin-deficient mutants

were isolated from C. acetobutylicum (Allcock et al., 1981). One of these

mutants, lyt-1 was utilized in the regeneration studies. This mutant
produced less autolysin than the parent strain. Jones et al. (1985) obtained
an optimum protoplast production using mid-exponential phase cells, with
high regeneration frequencies (in excess of 80%). This frequency of
regeneration is considerably higher than that obtained with the other
clostridial strain investigated (C. pasteurianum) where only 10% was
achieved (Minton and Morris, 1983).

Reysset et al. (1987) investigated protoplast production and regeneration
in C. acetobutylicum NI-4080. They reported that with this strain,
autoplast production using sucrose and lysozyme was achieved at a rate of
99%. This efficiency of autoplast production was related to the growth
stage, being maximum at the end of the exponential phase. Protoplast
production using sucrose, lysozyme and penicillin was achieved at a rate
close to 100%, being more efficient at the early exponential phase.
However, irreproducible regeneration of protoplasts was obtained, at rates
of lower than 0.01%, and a large number of L-form colonies were

produced. Various treatments to increase regeneration were tried, such
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as the presence of N-acetyl glucosamine, D-alanine, D-glutamate and
gelatin, but these proved unsuccessful. This low level of regeneration was
due to the presence of autolysin from the L-forming cells in the population
which hampered the regeneration of the protoplasts. When an
autolysin-decreased mutant was produced (NI-4081), protoplast
regeneration frequencies increased to about 1%. The use of xylose instead
of sucrose in the regeneration medium reduced the regeneration time
required, and also inhibited the formation of the L-form colonies, although

the final number of regenerants obtained was the same.

1.4.5.2 Protoplast fusion

PEG-induced fusion of bacterial protoplasts has been utilized for studies
into fundamental and applied genetics of other bacteria (Hopwood, 1981).
Demonstration of protoplast fusion and isolation of recombinants in C.

acetobutylicum P262 is a potential help for fundamental genetic mapping

studies and in obtaining hybrid strains with suitable industrial traits. It
may also facilitate interspecific gene and plasmid transfer in C.

acetobutylicum by protecting plasmids from the high levels of extracellular

DNase produced by strains of C. acetobutylicum.

Jones et al. (1985) investigated the production of recombinants using

protoplast fusion in C. acetobutylicum P262. Analysis of the regenerated

colonies after protoplast fusion showed the presence of three groups:
stable parental colonies, stable recombinant colonies and segregating
biparentals. Parental colonies represented the majority, with one of the
parental types (Arg-, Tyr-) having a persistently higher regeneration
frequency than the other parental type (His-, Met-). Stable recombinant
colonies accounted for 0.3-2% of the colonies and possessed a mixture of

the auxotrophic markers.
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The diploid biparentals represented 1.4-8.5% of the colonies. The stability
of the biparental state was varying, 30-40% retained the biparental trait
after subcloning. Continued segregation of both parental genomes during
growth was therefore observed with the concurrent production of
recombinants. The biparental trait was not retained after sporulation.
The segregating biparentals gave progeny of both parental types. These
were subdivided into prototrophic complementating biparentals, partially
complementating biparentals and non-complementating biparentals (either
one parent or neither). Non-complementating biparentals had a phenotype
of one of the parental strains (single parent non-complementating
biparentals) or expressed neither of the parental phenotypes (zero non-
-complementating biparentals). These partially complementating and zero
non-complementating biparentals had not been reported earlier. All
classes segregated to produce parentals, stable recombinants and

occasionally biparentals with other phenotypes. C. acetobutylicum is

therefore capable of undergoing homologous recombination at frequencies
similar to those of aerobic species such as B. subtilis. This may facilitate
interspecific gene and plasmid transfer in C. acetobutylicum (Jones et al.,
1985).

1.4.5.3 Protoplast transformation

The transformation of C. acetobutylicum cells by chromosomal or plasmid

DNA via natural competence or treatments to facilitate DNA uptake by

whole cells has not been successful in C. acetobutylicum (Jones and

Woods, 1986a). In contrast, protoplast transformation has been
successfully used for the transfer of plasmid and bacteriophage DNA into
C. acetobutylicum protoplasts (Reid et al., 1983; Lin and Blaschek, 1984).

Lin and Blaschek (1984) used methods which decreased the extracellular

DNase activity associated with protoplasts to obtain successful
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transformation. Heat treatment (55°C, 15 min) of C. acetobutylicum SAl
allowed significant inactivation of the extracellular DNase which markedly
interferes with transformation. However, the heat treatment impaired the
cell wall regeneration capability, decreasing regeneration 1000-fold. They

reported the successful transformation of the plasmid pUB110 from B.

subtilis into C. acetobutylicum resulting in isolation of Km"® transformants.
The frequency achieved was 10* transformants per viable regenerated
protoplast (28 transformants/ug of pUB110 DNA). Without the
inactivation of the DNase, no transformants were isolated. Prolonged
incubation of the transformation mixture did not improve the
transformation frequency. The efficiency per ug of DNA, however, was
extremely low. Detection of pUB110 DNA was difficult, requiring the use
of diethyl pyrocarbonate (DEP) in an attempt to inactivate the DNase
activity. One can conclude that transformation of C. acetobutylicum is a
complex and difficult process, and that no simple routine procedure is

available for getting DNA into C. acetobutylicum cells at high efficiency.

1.4.5.4 Conjugation in C. acetobutylicum

Conjugation between bacteria is dependent upon the presence of a transfer
(Tra) gene region on plasmids, enabling self-transfer. Some self-
mobilisable plasmids can also mobilise other plasmids which lack the Tra
gene region but which have compatible mob, and oriT sites. Plasmids in
this category which have been used to investigate conjugation in C.
acetobutylicum are pAMB1 and pVA797. The plasmid pAMBI1 (26.5 kb)
confers resistance to macrolides, lincosamides and streptogamin B upon
the host cell (Clewell et al., 1974; LeBlanc and Lee, 1984). Itis a broad

host range, conjugal self-transfer plasmid derived from the Gram-positive

anaerobe S. faecalis, and has the ability to undergo conjugal transfer to a

number of other species such as Streptococcus spp., Lactobacillus spp., S.

aureus, and_Bacillus species.
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The plasmid pVA797 is also a conjugative plasmid isolated from
Streptococcus agalactiae. It can replicate in S. sanguis and E. coli
(Macrina et al., 1982; Evans and Macrina, 1983). It codes for erythromycin
resistance and has been used to mobilise non-conjugative plasmids into

other Streptococcus strains.

Oultram and Young (1985) investigated the conjugal transfer of pAMB1
into C. acetobutylicum. They reported that pAMBI1 could be transferred
from S. lactis to C. acetobutylicum at high efficiency (10* to 10°). The

plasmid was stably maintained in C. acetobutylicum and was transferable

back to S. lactis at lower frequencies (10° to 107) than that observed from

S. lactis to C. acetobutylicum. Transfer of pAMBI1 between various strains

of C. acetobutylicum was also observed at frequencies comparable to that

for transfer between C. acetobutylicum and S. lactis. Transfer of pAMB1
between B. subtilis and C. acetobutylicum was also possible (10° to 107).

Reysset and Sebald (1985) reported the transfer and stable maintenance
of the broad host range plasmids pAMBI1, pIPS01 and pJH41 from S.
faecalis to C. acetobutylicum. Frequencies obtained ranged from 10°
(pPAMBI1, pIP501) to 107 (pJH4). Sm®, Km®, and Er® from all three
plasmids were fully expressed at high levels in C. acetobutylicuam. The Cm
determinant of pIP501 however, was poorly expressed, giving exconjugants

with only a slight, though reproducible resistance to chloramphenicol. C.

acetobutylicum could retransfer the plasmid to Rif* strains of C.
acetobutylicum at frequencies of 10° to 10°.

Yu and Pearce (1986) further demonstrated that conjugal transfer was
possible using pAMB1 and pVA797. Generally, all three donor species (S.
faecalis, S. sanguis and S. lactis) transferred pAMB1 and pVA797 with

comparable efficiency into C. acetobutylicum (10* to 107). C.

acetobutylicum carrying pAMB1 or pVA797 was also able to retransfer the
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plasmids to S. lactis at comparable frequencies (10* to 10”) to the original

transfer. Transfer of pVA79::Tn917 from S. faecalis occurred at essentially

the same frequency (10*). Tn917, which codes for kanamycin resistance,
conferred this resistance upon C. acetobutylicum. The expression of this
transposon has the potential to be used for the study of structural and
regulator genes of C. acetobutylicum, as reported in the study of the
developmentally regulated genes of B. subtilis (Youngman et al., 1985).

The ability of self-conjugable plasmids pAMB1 and pVA797 to co-mobilise
the non-conjugative plasmid pAM610 into C. acetobutylicum was also
investigated by Yu and Pearce (1986). Plasmid pAM610 is a 9.5 kb

plasmid encoding for resistance to tetracycline and kanamycin. It has a

single unique cloning site and has potential as a vector for the construction
of a shuttle vector system for gene cloning and transfer into C.

acetobutylicum. However, although pAM610 co-transferred, the frequency

was low (10° to 107). Hence, the efficiency of conjugational transfer is

too low to enable cloning of genes en masse into C. acetobutylicum.

For this reason, the cloning of C. acetobutylicum genes into well known

hosts such as E. coli and B. subtilis is an alternative method which has

been utilised by various groups (Efstathiou & Truffaut, 1986; Zappe et al.,
1986, 1987; Usdin et al., 1986; Youngleson et al., 1988).

15 CHARACTERIZATION OF VARIOUS C. ACETOBUTYLICUM GENES

1.5.1 Introduction

Cloning and characterization of C. acetobutylicum genes in C. acetobutylicum is

not possible at present due to difficulties in transferring DNA into C.

acetobutylicum. The alternative approach of cloning and study of genes from C.
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acetobutylicum in other bacteria which are well characterised, such as E. coli
and B. subtilis, has many advantages. There is the availability of many
genetically identified mutants which will enable the analysis and characterization
of important structural and regulatory genes by standard methods such as
complementation. Study of gene functions by site-directed mutagenesis is also
possible. The ease of transfer of DNA into these well characterized bacteria is

a great advantage.

Using other bacteria relies on the expression and stability of C. acetobutylicum

genes (Gram-positive anaerobe) in a different host system, such as in the
Gram-negative aerobe (E. coli) and Gram-positive aerobe (B. subtilis). This
possibility is supported by evidence of cloned genes from other clostridial species
expressing in E. coli. These include the o-isopropylmalate dehydrogenase and
hydrogenase genes of C. butyricum (Karube et al., 1983; Ishii et al., 1983), the
ferredoxin gene from C. pasteurianum (Graves et al., 1985, Daldal and
Applebaum, 1985), and the endoglucanase, cellobiase and cellobiohydrolase
genes from C. thermocellum (Cornet et al., 1983a, b; Millet et al., 1985).

1.5.2 Cloning of genes from C. acetobutylicum

It is only in the past few years that reports have appeared on the cloning of
genes from C. acetobutylicum (Table 1.7). The first reported cloning of genes
from C. acetobutylicum was by Efstathiou and Truffaut (1986). A genomic

library to strain ABKn8 was constructed using the vector pBR322, and
transformed into host E. coli HB101. The recombinant plasmids were able to
complement the HB101 proA2, and leuB6 auxotrophic mutations.

Complementation of the leuB6 mutation of B. subtilis was also obtained. The

results showed that genes from C. acetobutylicum were able to express and

complement the defects present in the genetic system of two different hosts, E.

coli and B. subtilis.
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Table 1.7: Current list of genes cloned from C. acetobutylicum

Gene Host Reference

proA2 E. coli Efstathiou and Truffaut

leuB6 E. coli (1986)

B. subtilis

arg- E. coli Zappe et al,

endoglucanase (1986)

cellobiase

his-

xylanase  E. coli Zappe et al.,
(1987)

glutamine E. coli Usdin et al.,

synthetase (1987)

alcohol E. coli Youngleson et

dehydrogenase al. (1988)

As the first step to understanding and improving cellulolytic activity of C.

acetobutylicaum, Zappe et al. (1986) cloned and characterized two cellulase genes
from C. acetobutylicum P262. They constructed a genomic library to strain P262

in E. coli, using the vector pEcoR251. Complementation of E. coli Arg- and His-

mutants supported the results of Efstathiou and Truffaut (1986) that expression

of C. acetobutylicum genes in a Gram-negative host such as E. coli was possible.

A plasmid (designated pHZ 100) was isolated which possessed endoglucanase and

cellobiase activity, carried on a 4.9 kb insert.

The conditions for optimum activity of the endoglucanase from C. acetobutylicum
P270 and E. coli HB101 (pHZ100) differed. The optimum pH and temperature
for P270 endoglucanase activity were pH 4.6 and 37°C respectively. These
differed from the enzyme extracts of E. coli (pHZ100) which had an optimum
of 50°C at pH 5-7. The endoglucanase activity from C. acetobutylicuam cloned in




39.

E. coli pHZ100 did not require molasses for induction and was expressed
constitutively. This is in contrast to that observed in C. acetobutylicum P270,
where the enzyme was inducible, requiring the presence of a small molecule in
molasses for induction (Allcock and Woods, 1981). This apparent loss of
regulation observed here has been noted in many Gram-positive genes cloned
into E. coli. The endoglucanase activity occurred mainly in the periplasmic
fraction in E. coli cells containing the cloned gene. This is in contrast to the
endoglucanase activity in C. acetobutylicum P270, which is an extracellular
enzyme (Lee et al, 1985a). Zappe et al.,(1988) subsequently reported the

sequencing of the fragment containing the endo-glucanase gene.

Zappe et al. (1987) cloned the xylanase gene from C. acetobutylicum P262,

utilizing the previously made pEcoR251 genomic library. A recombinant plasmid

containing a 5.4 kb fragment from C. acetobutylicum genomic DNA (pHZ300)

was shown to contain xylanase activity by a zone of hydrolysis on xylan plates.
Experiments verified that 98% of the xylanase activity was present in the
cytoplasm of E. coli cells, with no appreciable activity detectable in the

extracellular culture medium. This is in contrast to C. acetobutylicum xylanase

activity, which is an extracellular enzyme (Lee et al., 1985).

The effects of pH and temperature on the xylanase purified from E. coli HB101
(pHZ300) and C. acetobutylicum were essentially similar. Results showed

maximum activity between pH 5.5 - 6.5, at 37-43°C. This is in contrast to the
results obtained with the endoglucanase gene (Zappe et al,, 1986). The cloned
insert was shown to code for the production of a 28 kDa protein, representing
the xylanase protein. A similar sized protein was observed from a partially

purified preparation of C. acetobutylicum culture medium.

Usdin et al. (1986) reported the cloning and characterization of glutamine

synthetase (gInA) gene from C. acetobutylicum P262, utilizing the previously

made pEcoR251 genomic library. The recombinant plasmid clone in the
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genomic library coding for the glnA gene was identified by complementation of
E. coli ET8051 deleted for glnA-, ntrB- and ntrC-. The plasmid (pHZ200),
containing the cloned C. acetobutylicum glnA gene, was capable of directing the
synthesis of an active glutamine synthetase. However, the C. acetobutylicum
glnA gene had no detectable DNA homology to the E. coli glnA gene.

The plasmid pHZ200 coded for the production of a major protein of 59 kDa,
expressed from the glnA gene. The C. acetobutylicum GInA was not subject to
regulation by an adenylylation-deadenylylation system as is the case in most
Gram-negative bacteria (Magasanik, 1982), but was similar to that observed in
the Gram-positive B. subtilis where the gene product is autoregulatory (Schreier
et al., 1985; Gardner and Aronson, 1984). The C. acetobutylicum gInA gene in
E. coli expressed high levels of GInA in the presence of excess nitrogen, whereas
the E. coli gene is repressed under identical conditions. The glnA gene of C.

acetobutylicum was subject by excess glutamine to nitrogen regulation in E. coli.

Under conditions of nitrogen limitation the activity of the C. acetobutylicum

glutamine synthetase in E. coli increased five fold yielding extremely high levels

of activity. However, the cloned C. acetobutylicum glnA gene was unable to

complement certain nitrogen regulatory gene functions in E. coli ntrB and ntrC
deletion strains. Janssen et al. (1988) investigated further the structure and

regulation of the cloned glnA gene of C. acetobutylicum by sequencing.

Youngleson et al. (1988) cloned and characterized an alcohol dehydrogenase
(adh) gene from C. acetobutylicum P262. Recombinant plasmids from the
previously constructed genomic library in pEcoR251 were screened for alcohol
dehydrogenase (ADH) activity, enabling identification of one clone (pCADH100)
which exhibited increased sensitivity to the lethal suicide substrate allyl alcohol
when compared to wild type E. coli. Allyl alcohol is converted by ADH to a
lethal alkylating aldehyde. This recombinant plasmid (containing a 3.2 kb C.
acetobutylicum insert DNA) was transformed into E. coli HB101-adh1, a mutant
of HB101 resistant to 200mM allyl alcohol. The presence of pPCADH100 in this
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strain caused inhibition by only 10mM allyl alcohol. The C. acetobutylicum adh

gene showed no significant DNA homology to the E. coli adh gene.

E. coli HB101/pCADH100 showed a 64% increase in ethanol production and
a proportionate decrease in acetate production compared to wild type E. coli
which usually produces equimolar amounts of ethanol and acetate in anaerobic
conditions. E. coli HB101-adh1/pCADH100 showed an increase of 116% in
ethanol production, whilst there was no change in the level of acetate production,
which remained at the same level as in E. coli HB101-adhl. HB101-adh1/
pCADH100 showed a 2-4 fold increase in alcohol dehydrogenase activity when
compared to HB101/pCADH100. E. coli HB101/pCADH100 produced a
polypeptide of Mr 33,000 identified as the adh gene product based on

comigration with a band produced by C. acetobutylicum cell extracts. Cell

extracts from E. coli HB101/pCAD100 grown both anaerobically and aerobically
exhibited increased levels of NADP-dependant ADH activity, when alcohol was
used as substrate. In contrast, there was no significant difference in the level of
NAD- dependent ADH activity. The enzyme showed a broad substrate
specificity to primary alcohols and aldehydes but not to secondary alcohols or
ketones. These results showed that the Adh required NADP+ as a cofactor for

function.

The adh gene of C. acetobutylicum is the first NADP-dependent alcohol
dehydrogenase which has been cloned, although a number of NAD-dependent

alcohol dehydrogenases have been cloned and sequenced from Zygomonas
mobilis (Conway et al., 1987) and Saccharomyces cerevisiae (Williamson et al.,
1980).
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PART III: LACTOSE UTILIZATION IN BACTERIA

1.6 LACTOSE UTILIZATION

1.6.1 The use of whey for the ABE fermentation

One of the primary concerns in investigating the economic feasibility of the ABE
fermentation process is the availability and cost of a suitable substrate for the
process. Starch and molasses are the traditional substrates for commercial

production, but neither is readily available in NZ, at a sufficiently low cost.

However, two potential substrates are readily available, one being wood
hydrolysates and waste products from the forestry and paper industries.
Investigations on the potential use of this substrate for production of solvents via
the ABE fermentation have been reported (Compere and Griffith, 1979; Maddox
and Murray, 1983; Saddler et al., 1983; Yu et al.,, 1984a,b).

The second potentially useful substrate available at a low cost is whey, which is
produced in vast quantities by the dairy industry. Although whey has a relatively
low sugar content (lactose, 40-50 g/1) (and is therefore unsuitable for many
fermentation processes without prior concentration) it is a satisfactory substrate

for production of solvents via the ABE fermentation by C. acetobutylicum as

product inhibition at approximately 20 g/l greatly restricts the amount of sugar
utilized (Maddox, 1980; Maddox et al, 1981; Gapes et al., 1982; Welsh and
Veliky, 1984; Ennis and Maddox, 1985; Ennis et al., 1986; Ennis and Maddox,
1987a,b).

Generally, while whey is a suitable substrate for the growth of C. acetobutylicum,
solvent concentration, productivity, and the extent of lactose utilization are lower
than reported for industrial substrates (Beesch, 1952; Spivey, 1978). Thus it

appears that lactose is generally a poorer substrate, compared to glucose, for
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Fig.1.4: Utilization of waste whey within New Zealand (1985/86 season)
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solvent production (Abou-Zeid et al, 1978; Compere and Griffith, 1979).
Studies performed using whey (or permeate) as the fermentation substrate
include those reported by Maddox (1980), Gapes et al.(1982), Moreira (1983),
Welsh and Veliky (1984), Ennis and Maddox (1987a,b), Qureshi and Maddox
(1987).

1.6.2 Whey production in New Zealand

During the 1985/86 season 2,732,000 m’ of whey was produced from the
manufacture of cheese and casein, leading to large disposal problems. Some of
this whey is treated by ultrafiltration to remove the protein, resulting in
deproteinated whey (permeate) containing approximately 6% total solids. Of the
remaining total solids the majority (over 80%) is lactose with smaller quantities
of protein, non-protein nitrogen and mineral salts (Short, 1978; Hobman, 1984).
However, despite the deproteination step, there is a negligible decrease in the
BOD value of the whey, which approximates 100,000ppm. This presents a
serious waste disposal problem to the dairy industries in many countries,
including NZ. At present, less than 50% of the whey is partly or fully processed
(Fig. 1.4). The 56% of non-processed whey is disposed of as fertilizer, pig feed,

spray irrigation or diluted into water.

There is, however, the possibility that fermentation to a useful end-product, such
as butanol, may provide a greater return to the dairy industry than that from
present disposal methods. Feasibility studies have been undertaken by
NZERDC (1982) to investigate the economics of solvent production from whey.
Investigation by Hobman (1984) on the current domestic market for butanol and
acetone suggested that production of these solvents via the ABE fermentation
utilizing whey as the substrate, would require the development of further large
markets, such as in liquid fuels, for cost competitiveness and economic feasibility.
Nevertheless, research continues into the use of whey as the substrate for the

ABE fermentation, because of its potential, rather than actual, importance.
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Fig.1.5: Pathways for lactose utilization in bacteria.
Abbreviations:

PEP:PTS: -phosphoenolpyruvate-dependant phosphotransferase system
Lac-6P: lactose-6-phosphate

Gal-6P: galactose-6-phosphate
P-B-gal: phospho-8-galactosidase
Tag-6P: tagatose-6-phosphate

TDP: tagatose-1,6-diphosphate
DHAP: dihydroxyacetone-phosphate
Gly-3P: glyceraldehyde-3-phosphate
Glu-6P: glucose-6-phosphate
Glu-1P: glucose-1-phosphate
Gal-1P: galactose-1-phosphate

B3-gal: B-galactosidase

FDP: Fructose-1,6-diphosphate
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Fig.1.6: The Lactose operon in E. coli.

A The inactive form of the operon. The repressor protein binds to the operator
region (Q) and prevents synthesis of the mRNA which codes for the structural
genes lacZYA.

B The active form of the operon. Maximum rate is achieved in the presence of
positive-activating CAP-cAMP complex (bound to the CAP site) and with the
inducer present. The inducer binds to the repressor, converting it to an inactive
form. Synthesis of the mRNA which codes for the structural genes lacZYA
proceeds. Low levels of lac expression occur in the presence of the inducer
without cAMP.

Z - B-galactosidase structural gene

Y - lactose permease structural gene

A - lactose transacetylase structural gene
O - operator site

I - repressor structural gene

P - promoter site
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1.7 PATHWAYS OF LACTOSE UTILIZATION IN MICROORGANISMS

Microorganisms can utilize lactose by either or both of two metabolic pathways
(Fig. 1.5). The first pathway involves the B-galactosidase and is common in
Gram-negative bacteria. The second system is known as the phosphoenol- pyruvate-
-dependant phosphotransferase (PEP:PTS) lactose system and is more commonly
found in Gram-positive bacteria (McKay et al., 1970; Dills et al., 1980; Saier, 1985).

1.7.1 Metabolism of lactose in E. coli (The Lac Operon)

The four genes that encode gene products responsible for lactose utilization by
E. coli are located at 9 min on the E. coli bacterial map. Three of these
structural genes (lacZ, lacY, and lacA) constitute a polycistronic operon
transcribed in the direction of lacZ to lacA (Fig. 1.6). The first gene, lacZ,
codes for the enzyme B-galactosidase which hydrolyses the disaccharide lactose
to glucose and galactose. The lacY gene directs the synthesis of the hydrophobic
lactose permease which is required for active transport of the lactose into the cell
(Rickenberg et al., 1956). The lacA gene codes for the B-galactoside
transacetylase. The biological function of the B-galactoside transacetylase, which
acetylates lactose and other B-galactosides with acetyl CoA, is probably that of
a detoxification enzyme. Non-metabolizable structural analogues of lactose are
acetylated and excreted from the cell (Lederberg, 1950; Andrews and Lin, 1976;
Gottschalk, 1986; Miller and Reznikoff, 1980). However, lacA- mutants have no
detectable impairment of lactose utilization, and LacA does not appear to be
essential for cell growth on lactose. The lacl gene encodes for the repressor,
which is active in inhibiting lac transcription (Fox et al., 1966). Synthesis of the
lac proteins other than the repressor is not constitutive. The lacl repressor

protein is produced constitutively from a separate promoter, at a low rate.

Expression of the lacZYA operon is negatively controlled by the repressor lacl
and positively regulated by the catabolite-activating protein:cyclic adenosine-3-5-
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-monophosphate (CAP-cAMP) complex (Loomis and Magasanik, 1964; Perlman
and Pastan, 1968; Goeddel et al., 1978). This lac regulatory region represents
the majority of the lacl- lacZ intercistronic region. The upstream promoter of
the lacZYA genes directs the synthesis of mRNA, transcribing a polycistronic
operon. Glucose represses the expression of the lac operon in part, by reducing
the concentration of cAMP. The production of lac mRNA requires the CAP-
promoted RNA polymerase binding and a vacant operator site (Dickson et al.,
1975; Miller and Reznikoff, 1980). This synthesis is controlled by the repressor
which is able to bind to the operator O region of the operon and block the
production of the lac mRNA. Under these conditions, the synthesis of the lac-
specific enzymes is repressed (Fox et al.,, 1966; Goeddel et al., 1978).

The promoter (lacP) is required for initiation of the lac operon (Dickson et al.,
1975; Miller and Reznikoff, 1980). It can be divided into two main regions;
RNA polymerase binding site, and the CAP-cAMP site. The first is adjacent to
the operator (lacO) and carries information for the initiation of transcription.
The efficiency of RNA polymerase initiation is strongly dependant upon the
binding of the CAP-cAMP complex to the CAP site (Beckwith et al., 1972;

Majors, 1975; Miller, 1978).

Control of lac expression is mediated by the operator lacO site. Binding of the
lac repressor prevents activation of lacZYA, as although RNA polymerase
binding can occur, the presence of the repressor prevents productive transcription
initiation. Binding of the lacl product does not totally inhibit lacZYA
transcription, allowing the production of basal levels of the B-galactosidase and
permease enzymes, which are synthesised in the absence of a suitable inducer
(Goeddel et al., 1978). In the presence of a suitable substrate, such as lactose,
entering the cell, allolactose (the true inducer) is formed by the action of the
B-galactosidase. Allolactose binds to the repressor, whether the repressor is
bound to the QO site or free (Muller-Hill et al., 1964). The repressor is modified

in such a way so that it can no longer bind to the operator region and
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transcription can proceed. This allows for the synthesis of the lac mRNA and

the production of the lac gene products (Fig. 1.6) (Dickson et al., 1975).

This system has served as a model system which led to the formulation and study
of the operon model for gene regulation (Jacob et al., 1960; Jacob and Monod,
1961). Therefore, the structural and regulatory features of the lac operon in
prokaryotic cells is well understood. Most Gram-negative enteric bacteria have
the three lac genes organized as a polycistronic operon. B-galactosidase activity
is also present in many Gram-positive bacteria, such as Lactobacillus helviticus,
L. bulgaricus, L. acidophilus, (Premi et al., 1972; Hickey et al., 1986), S. lactis,
(Citti et al., 1965; McKay et al,, 1970; Farrow, 1980; Fisher et al., 198S; Crow
and Thomas, 1984) S. thermophilus (Tinson et al., 1985) Streptococcus salivarius,
S. mutans, (Hamilton and Lo, 1978) and Bacillus megaterium (Landman, 1957).

1.7.2 Metabolism of lactose by the PEP:PTS system

Certain Gram-positive bacteria have an alternative pathway of lactose
metabolism, which involves transport of lactose into the cell as lactose phosphate,
via the phosphoenol pyruvate-dependant phosphotransferase (PEP:PTS) system
(see review by Postma and Lengeler, 1985). This system was first described in
S. aureus (Hengstenberg et al, 1970; Simoni et al, 1973), and uses energy
derived from the high energy phosphate bond in phosphoenol pyruvate (PEP) to
translocate lactose through the cell membrane (Fig. 1.5). Four proteins are
required to catalyse this transfer of the phosphoryl group from PEP to lactose
(Simoni et al,, 1968). Enzyme I and HPR (histidine-containing phosphocarrier
protein) are soluble cytoplasmic components. They are synthesised constitutively
and are necessary for phosphorylation of many sugar substrates of the PTS
system (Hays et al, 1973; McKay et al, 1969). A lactose-specific

I**>*, which has a catalytic function, is

membrane-associated protein, enzyme I
responsible for recognising and binding lactose (Schafer et al, 1981). The

lactose-specific soluble cytoplasmic protein, enzyme III**™ serves as an
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immediate phosphate donor to lactose in the presence of enzyme II**™
(Nakazawa et al., 1971; Deutscher et al., 1982). Enzyme II***, enzyme III***
and phospho-B-galactosidase are formed after induction of the S. aureus lac

system.

The lactose phosphate is hydrolysed by phospho-B-galactosidase to glucose and
galactose-6-phosphate (Hengstenberg et al., 1970). The glucose is subsequently
metabolised via the glycolytic pathway to lactic acid (Bissett and Anderson,
1973). The galactose-6-phosphate is metabolised to triose phosphates via the
three enzymes of the tagatose bisphosphate pathway (Dills et al., 1980; Saier,
1985). The triose phosphates are then further metabolised by the glycolytic
pathway (Bissett and Anderson, 1973). Phospho-B8-galactosidase has been
isolated from a number of different bacteria, and shown to bear little

resemblance to B-galactosidase.

The lactose metabolic pathway in S. lactis is similar to that observed in S. aureus.
Enzymes involved in the PEP:PTS pathway are often plasmid-encoded, and the
plasmids carry genes enabling conjugal transfer (Morse et al., 1968; Chassy et al.,
1978; Gasson and Davies, 1980; Lee et al., 1982; Inamine et al., 1986).

The regulation and expression of lactose genes in these bacteria (unlike the other
pathway) appears to be quite complex, and little is known. In S. aureus,
expression appears to be subject to catabolic repression (McClatchy and
Rosenblum, 1963), the preferred inducer being galactose-6-phosphate (Morse et
al,, 1968; Hengstenberg et al., 1969). In contrast, expression in S, lactis is
induced by the presence of lactose or galactose, and repressed by glucose
(McKay et al., 1970) with the exception of the phospho-8-galactosidase of S.
lactis .13 which is not repressed by glucose (Boizet et al., 1988). In L. casei,

a B-galactoside is required for induction of the lac PEP:PTS and lac genes, with
neither galactose nor galactose-6-phosphate being able to induce expression (Lee

et al,, 1982). In all species, glucose at least partially represses expression of the
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lactose genes, even though the bacteria are reported to lack cAMP. Involvement
of cAMP in catabolite repression is unlikely as it is not present in physiologically
significant levels in Gram-positive bacteria (Blumenthal, 1972; Botsford 1981).

In S. aureus, the chromosomally located phospho-8-galactosidase and
determinants for PEP:PTS enzyme II**** and enzyme III*** are linked
(Hengstenberg et al., 1970). Constitutive mutants have shown coordinated
increased levels of the three proteins (Morse et al, 1968). The repressor
protein, long postulated, has an uncertain map location (McClatchy and
Rosenblum, 1963; Morse et al., 1968). In contrast, in L. casei the lac genes are
not in a single transcriptional unit and there is an observed lack of coordinate
regulation of phospho-8-galactosidase and the structural genes of the PEP:PTS
system (Lee et al., 1982). This system of lactose utilization is known to be used
by S. aureus (Hengstenberg et al., 1969), S. cremoris (Okamoto and Morichi,
1979; McKay et al., 1970), S. faecalis (Okamato and Morichi, 1979), S. lactis
(Farrow, 1980), S. mutans (Hamilton and Lo, 1978), S. salivarius (Hamilton and
Lo, 1978), S. thermophilus (Hemme et al., 1980) L. casei (Premi et al., 1972)

and L. acidophilus, (Fisher et al, 1985). Some of these bacteria possess both
pathways, though the majority lack the better-known pathway of lactose

metabolism involving a B-galactosidase.

1.7.3 Lactose utilization in C. acetobutylicum

Yu et al. (1987) studied the potential mechanisms for utilization of lactose in

various strains of C. acetobutylicum. When grown in the presence of lactose, all

strains tested, except ATCC824, showed both B-galactosidase and phospho-8-
galactosidase activities. Only phospho-B-galactosidase activity was detected in
strain ATCC824. Neither strain P262 nor ATCC824 showed either enzyme
activity when grown on glucose. When strain P262 was grown on whey permeate,
differential induction of the two enzymes was demonstrated, showing early
induction of phospho-B-galactosidase associated with the acidogenic phase, and
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the B-galactosidase activity peaking at a later stage of fermentation (22h)
coinciding with the solventogenic production phase. This differential induction,
both with carbon supply and time during growth, clearly demonstrated that
phospho-B-galactosidase is distinct from B-galactosidase. This raised the
possibility that the two lactose-hydrolysing enzymes serve quite different functions
during fermentation. In contrast, the regulation of phospho-8-galactosidase and

B-galactosidase in S. salivarius and S. lactis is such that there is co-induction of

both enzymes in the presence of a suitable inducer (Hamilton and Lo, 1978;
Crow and Thomas, 1984).

The relative importance of these enzyme systems in solvent production during
growth on a lactose substrate remains unknown. Nevertheless, these results
suggested that a PEP-dependant- phosphotransferase system, a tagatose pathway

and a B-galactosidase and lactose permease existed in C. acetobutylicum strains.

1.8  CLONING OF I ACTOSE UTILIZATION GENES

1.8.1 Lac operon system

Very few lac genes have been cloned and characterized, apart from the E. coli
system which is very well understood (Kalnins et al. 1983). Dickson and Markin

(1978) cloned the B-galactosidase from the yeast Kluyveromyces lactis in E. coli.

The DNA structure and regulation of the yeast B-galactosidase was markedly
different to that of E. coli Herman and McKay (1986, 1987) cloned the
B-galactosidase gene from S. thermophilus 19258. This gene was also significantly
different at the DNA level from the B-galactosidase of E. coli.

Gilbert and Hall (1987) cloned the lactose genes from S. bovis H3. This
organism possessed a lac operon system similar that of the E. coli system. The
B-galactosidase genes of both bacteria shared strong DNA homology. However,

the other génes were dissimilar to each other in DNA homology. In S. bovis,
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the production of B-galactosidase is repressed by glucose. However, the genes
cloned in E. coli were not, due to lack of a CAP binding site. Interspecies
regulation existed between the systems of both bacteria. Hirata et al. (1984)
cloned two B-galactosidase genes from Bacillus stearothermophilus. This
bacterium possessed three B-galactosidase enzymes (B-gall, B-galll, B-galllI),
which were coded for by two B-galactosidase genes, bgaA (B-galll, 3-gallll) and
bgaB (B-gall). These two genes were located very close to each other on the
chromosome. Hybridization and immunological techniques revealed that the
genes and protein products were different to each other and to the 8-

galactosidase gene of E. coli.

1.8.2 PEP:PTS system

Several genes have been cloned from the PEP:PTS systems of various
Gram-positive bacteria. Lee et al. (1982) cloned the phospho-B-galactosidase
gene for L. casei 64H. The gene was expressible in E. coli, encoding for a
protein of Mr 43,000. Breidt and Stewart (1986) cloned the phospho-8-
galactosidase from S. aureus KUS74, which possessed a constitutive phospho-8-
galactosidase due to insertion of TnS51. Inamine et al. (1986) cloned the
phospho-B-galactosidase gene of S. thermophilus H2 and identified that the
lac-PTS region was organised as an operon, with a putative phospho-8-
galactosidase regulatory region, lac-PTS gene, followed by the phospho-8-
galactosidase structural gene. Boizet et al. (1988) cloned the phospho-8-
galactosidase of S. lactis L.13. The gene was expressed constitutively in E. coli
and was not regulated by glucose, galactose or lactose. This is in contrast to the
function and regulation of the phospho-B-galactosidase in S. lactis itself. Maeda
and Gasson (1986) cloned and characterized the phospho-8-galactosidase gene
from S. lactis 712, which produced a 58,000 Mr protein. The gene was not
expressed fully in E. coli, nor could it be induced. This is again in contrast to

the gene when in S, lactis.
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PART IV: AIM OF THE THESIS

1.9 AIM OF THE THESIS

A readily available substrate for the ABE fermentation in NZ is whey, obtained
from the manufacture of cheese in the dairy industry. Unfortunately, lactose has
been shown to be a relatively poor substrate for solvent production when compared
to glucose (Maddox, 1980; Abou-Zeid et al., 1978; Compere and Griffith, 1979).

Study of the enzymes involved in lactose utilization pathways is important since the
uptake and metabolism of the carbohydrate source helps determine the efficiency
of whey as a substrate for the ABE fermentation. Although the pathways for
lactose utilization and the lac gene regulation in E. coli are very well understood,
the equivalent pathways and their regulation systems in other organisms are less
well known. The presence of the two lactose-metabolising systems in C.

acetobutylicum has only recently been established (Yu et al, 1987). Apart from

this study, however, there are no reports on the physiology, biochemistry or genetics

of lactose-utilization enzymes in clostridia.

In addition to its direct application to the ABE fermentation, a study of the genetics

of the enzymes involved in lactose uptake and utilization in C. acetobutylicum will

provide further information with respect to the presence and role of lactose
metabolism in bacteria in general. Hence the work described in this thesis was
undertaken to provide information on the genetic systems involved in lactose
utilization in C. acetobutylicum. The procedure was to, first, create a genomic
library of total DNA using the genetic systems available in E. coli, namely the
bacteriophage packaging system and cosmid vectors. Secondly, the genomic library
would be used to identify cosmids containing genes involved in the utilization of
lactose by C. acetobutylicum, followed by characterization of these genes and

comparison with those of other microorganisms.



CHAPTER 2: METHODS AND MATERIALS

2.1 BACTERIAL STRAINS AND PLASMIDS
These are described in Table 2.1.
Table 2.1:

Strain Relevant characteristics  Reference

Clostridium acetobutylicum:

ATCCS824 Wild type ATCC

NCIB2951 Wild type Maddox (1980)
NRRL59%4 Wild type NRRL Culture collection®
NRRL598 Wild type NRRL Culture collection
NRRL2490 Wild type NRRL Culture collection
P262 Wild type Allcock et al. (1981)

Clostridium perfringens:

CwW92 Wild type Rood et al. (1978)
Clostridium butylicum:

NRRLS593 Wild type Truffaut and Sebald (1983)

Streptococcus lactis:

ATCCT7962 Wild type NZDRI* Culture collection
Streptococcus thermophilus:

DRI1242 Wild type NZRCC’

Lactobacillus bulgaricus:

20056 Wild type NZRCC

Lactobacillus helviticus:

20064 Wild type NZRCC

Staphylococcus aureus:

ATCC9144 DNase + MMCC



Table 2.1 cont’d:

Strain

Relevant characteristics

Reference

Escherichia coli:

BHB2688
BHB2690

DC272
DRI14477

DRI4988-4989
DRI14990-4992
DRI4993-4996
DRI4988-4989
DRI14990-4992
DRI4993-4996
DRI4997-4999

DRI5013
DRI5014
DRI5015
DRI5019-
DRI5059
DRI8519
DRI8520
DRI8521
DRI8530
DRI8531
DRI8532
DRI8533
DRI8534
DRI8S35
DRI8536
DRI8537
DRI8538
HB101

JM101

JM109

N20S recA [imm*™

clts b2 red Dam Sam ]
N20S5 recA [imm*™

clts b2 red Eam Sam ]
adh80 aceF10 lac+
HB101/pLZ600
HBB101/pKH90-91
HB101/pKH93-95
HB101/pKH93-95
HBB101/pKH90-91
HB101/pKH93-95
HB101/pKH96-99
HB101/pKH100-102
HB101/pKH106
HB101/pKH107
HB101/pKH179

HB101/pKH108-pKH172

PB2959/pKH107
PB2959/pKH179
PB2959/pSUP202
JM101/pSUP202
JM101/pKH107
JM101/pKH179
HB101/pKH184
HB101/pKH185
HB101/pKH186
HB101/pKH187
HB101/pKH188
HB101/pKH189

F- pro leu thi lacY Str®
hsdR hsdM endA recA
(2lac proAB) supE thi
F’ proAB lacl® Z M15
(alac proAB) supE thi
recA relA gyrA hsdR
[F’ proAB lacl'Z M15]

Hohn (1979)
Hohn (1979)

Clark & Cronan (1980)
Lee et al. (1982)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
This study

This study

This study

This study

This study
This study

This study

This study

This study

This study
Boyer and Roulland
-Dussoix(1969)
Yanisch-Perron
et al. (19895)
Yanisch-Perron
et al. (1985)

56.



Table 2.1 cont’d:

Strain Relevant characteristics = Reference
K802 supF gal met supE hsdR+ Wood (1966)
hsdM +
PB2959 F- alac pheC P. Bergquist (Auckland University)
PN1126 HB101/pAD10 Egelhoff and Long
(1985)
Bacteriophage:
467 b221 rex::TnS cI857 (Berg et al., 1982)
Oam 29 Pam 80
Plasmids:
pBR328 Ap® Tc® Cm® Boliver et al. (1977)
pSUP202 Ap® Tc® Cm"® oriT Simon et al. (1984)
(from RP4)
pLAFR1 cos derivative of Friedman et al.
pRK290; Tc*, repRK2 (1982)
c2RB double cos derivative Bates and Swift
Ap® (1982)
pUC18/19 Ap® Vieira and Messing (1982)
pRK2013 rep col;, Km*® Ditta et al. (1980)
pAD10 Ap® pUCS S. typhimurium Egelhoff & Long
promoter, and E. coli (1985)
rpoC terminator
pLZ600 pBR322 clone containing Lee et al. (1982)
7.9kb pbg region of
L. casei
pKH90-91 pLAFR1 cosmids contain- This study
ing NCIB2951 DNA that
complements the pro
mutation in HB101
pKH93-95 pLAFR1 cosmids contain- This study
ing NCIB2951 DNA that
complements the thi
mutation in HB101
pKH96-99 pLAFR1 cosmids contain- This study
ing NCIB2951 DNA that
complments the leu
mutation in HB101
pKH100- pLAFR1 cosmids contain- This study
102 ing the B-galactosidase

gene region of NCIB2951

§7.
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Strain Relevant characteristics Reference
pKH106 pSUP202 clone containing This study
7.2 kb EcoRI fragment from
pKH101
pKH107 pSUP202 clone containing This study

5.2 kb EcoRI fragment
from NCIB2951

pKH108- pKH107::TnS clones This study
pKH172 containing B-galactosidase

region of NCIB2951
pKH173 pUCI18 clone containing This study

0.9 kb EcoRI/Haelll fragment
of the 5.2 kb fragment

pKH174 pUCI18 clone containing This study
4.3 kb EcoRI/Haelll fragment
of the 5.2 kb fragment

pKH179 pSUP202 clone containing This study
5.2 kb EcoRI fragment
from NCIB2951 in the opposite
orientation to pKH107

pKH184 pAD10 clone containing This study
5.2 kb B-galactosidase region
of NCIB2951

pKHI185 pADI10 clone containing This study

5.2 kb B-galactosidase region
in opposite orientation

pKH186 pADI10 clone containing This study
10.9 kb B-galactosidase::TnS
region of pKH112

pKH187 pAD10 clone containing This study
109 kb B-galactosidase::TnS
region of pKH127

pKH188 pAD10 clone containing This study
10.9 kb B-galactosidase::TnS
region of pKH124

pKH189 pADI10 clone containing This study
10.9 kb B-galactosidase:: TnS
region of pKH153

* NRRL Culture Collection, Illinois, USA

® ATCC American Type Culture Collection, Maryland, USA

¢ NZDRINew Zealand Dairy Research Institute, Palmerston North, New
Zealand
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¢ NZRCC New Zealand Reference Culture Collection (NZDRI),
Palmerston North, New Zealand

¢ MMCC Massey University Microbiology Culture Collection,
Palmerston North, New Zealand

22 PREPARATION OF CULTURE MEDIA

2.2.1 Liquid Media
Clostridial Growth Medium: (CGM; Ennis & Maddox, 1985).

Composition (g/1): lactose, 10; yeast extract, 5; ammonium acetate, 2;
NaCl, 1; cysteine hydrochloride, 0.5; solution I, 10 ml (K,HPO,, 75;
KH,PO,, 75); solution II, 2 ml (MgSO,.7H,0, 50; MnSO,4H,0O, 2;
FeSO,.7H,0, 2), pH 7.0.

Cooked Meat Medium (Difco). Composition (g/1):125, water to 11.

Luria broth (LB; Miller, 1972). Composition (g/1):tryptone, 10; yeast extract,
S; NaCl, 5. pH 7.2.

Minimal Medium 56 (Bergquist and Alderberg, 1972). Composition (g/1):
KH,PO,, 5.36; Na,HPO,, 8.69; (NH,),SO,, 2; 10% MgSO,.7H,O0, 2 ml; 1%

Ca(NO,),, 1 ml; 0.027% FeSO,.7H,0, 1ml. pH 7.2. For use the medium was
diluted with an equal volume of deionized water.

M17 broth (Terzarghi and Sandine, 1975). Composition (g/l):lactose, S;
polypeptone, S; beef extract, S; soy peptone, S; yeast extract, 2.5; ascorbic acid,
0.5; sodium glycerophosphate, 19; 1M MgCl,, 1ml. pH7.2.

MRS medium (de Man et al, 1960). Composition (g/l): peptone, 10; meat
extract, 10; yeast extract, S; glucose, 20; Tween 80, 1ml; K,HPO,, 2; sodium
acetate, 3; di-ammonium citrate, 2; salt solution (MgSO,7H,0, 46;
MnSO,4H,0, 9.6), S ml.

YT broth Composition (g/1): tryptone, 16; yeast extract, 10; NaCl, S. pH 7.4.
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Lambda broth (de Bruijn & Lupski, 1984). Composition (g/1): tryptone, 10;
NacCl, 2.5. pH 7.0.

YM broth (de Bruijn & Lupski, 1984). Composition (g/1): tryptone, 10; NaCl,
2.5; maltose, 2; yeast extract, 0.1. pH 7.0.

2.2.2 Solid Media

These were prepared by adding agar (15 g/1) (Difco) to liquid media.

DNase medium: Composition : DNase medium (Difco), 30g/l. pH 7.0. For
growth of Clostridium strains the medium was supplemented with the following
(g/)): yeast extract, S; cysteine hydrochloride, 3; lactose, 10; agar, 20.

L top agar: Composition (g/1): tryptone. 10; NaCl, 8; agar, 8.

23 MAINTENANCE OF CULTURES

E. coli cultures were maintained on LB agar plates at room temperature or at 4°C.
C. acetobutylicum cultures were maintained as a spore suspension in distilled water

at 4°C. C. perfringens cultures were maintained on CGM plates. Streptococcus

and Lactobacillus strains were maintained on M17 and MRS broth respectively at
4°C. For long term maintenance, all cultures were stored in 50% (v/v) glycerol at
-70°C.

24 GROWTH OF BACTERIA

Clostridial spores were activated (70°C/3 min) in cooked meat medium and the
cells were grown anaerobically overnight at 30°C before subculturing into CGM.
C. acetobutylicum cells were grown in CGM with or without glycine (3 g/1). Cells
were harvested at early, mid, or late exponential phase or stationary phase as
required. Cell stage was checked by monitoring the absorbance at 600nm, in
combination with phase contrast microscopy. E. coli were grown at 30°C or 37°C
in solid or liquid media supplemented as required with appropriate antibiotics:
ampicillin (Ap; 100 pg/ml), chloramphenicol (Cm; 1S5 pg/ml), kanamycin (Km; S0
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pg/ml), tetracycline (Tc; 15 pg/ml). All antibiotics were supplied by Sigma

Chemical Co (St Louis, Mo., USA). Streptococcus species were grown at 30°C in

M17 media. Lactobacillus species were grown at 37°C in MRS medium.

25 METHOD OF LYSIS

Three different bacteriolytic enzymes were investigated for their effect on the lysis

of C. acetobutylicum.

2.5.1 Lysis experiments using lysozyme

Lysis experiments using lysozyme were carried out using cells of various culture
ages grown either in the presence or absence of glycine (3 g/1). The lysozyme
was obtained from Sigma Chemical Co. and was used according to the

manufacturer’s instructions.

Materials
(1) Lysis buffer; 25mM Tris-HCl, 10mM Na,EDTA, pH8.0 (2) Lysozyme
(50mg/ml) in lysis buffer

Method

As a standard procedure, cells from a 100 ml culture were harvested by
centrifugation (3,640 g, 10 min, 4°C), washed once with cold sterile lysis buffer,
and resuspended in lysis buffer to a standard OD, of approximately 0.6. The
lysozyme solution was mixed into 4 ml of the cell suspension to give final
concentrations of 0.5, 1,2, 5, and 10 mg/ml, and incubated at 37°C for digestion.
Lysis in the cell/enzyme suspension was monitored at various time intervals by
recording the optical density, at 600nm, of the contents of each tube. The extent
of cell lysis was expressed as the percentage of unlysed cells by calculating the

ratio OD,, at time y to OD, at time zero, x 100.
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2.5.2 Lysis experiments using mutanolysin

Experiments were carried out using cells of various culture ages grown either in
the presence or absence of glycine (3 g/1). The mutanolysin was obtained from

Sigma Chemical Co. and was used according to the manufacturer’s instructions.

Materials

(1) 100mM Sodium phosphate storage buffer; 18.5mM K,HPO,.7H,O, 81.5SmM
NaH,PO,, pH 6.2 (2) Lysis buffer; 20mM  Tris-HCl, 1ImM MgCl,, pH 7.0
(3) TES buffer; 10mM Tris-HCl, 1mM Na,EDTA, 50mM NaCl, pH7.0

Method

The mutanolysin (25 mg) was dissolved in storage buffer to a concentration of
5 mg/ml (12650U/ml), and stored in aliquots frozen at -20°C. Cells were
centrifuged (3,640 g, 10 min, 4°C), washed in TES buffer and resuspended in
the lysis buffer to produce a suspension with an absorbance of approximately 0.6
at 600nm. To 4 ml of this cell suspension mutanolysin, in storage buffer, was
added to give 0, 5, 12.5, 25, 50, 100, and 200 gg/ml. The mixture was incubated
at 55°C, and the decrease in turbidity at OD,, was measured at various time

intervals. The percentage of cell lysis was calculated as described for lysozyme.

2.5.3 Lysis experiments using achromopeptidase

Experiments using achromopeptidase were carried out using cells of various
culture ages grown in the absence of glycine. The achromopeptidase (containing
1,000,000 units/g) was obtained from Wako Pure Chemicals Industries Ltd,

Osaka, Japan, and was used according to the manufacturer’s instructions.

Materials
(1) Storage buffer; 10mM Tris-HC], 10mM NaCl pH 8.0  (2) Lysis buffer;
10mM Tris-HC], 10mM NaCl pH 8.0  (3) TES buffer; 10mM Tris-HCl, 1mM
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Na,EDTA, 50mM NaCl pH 8.0.

Method

The enzyme was dissolved in 20 ml of storage buffer at a concentration of
S0U/ml(50 pg/ml). Cells were centrifuged (3,640 g, 10 min, 4°C), washed once
in TES buffer, and resuspended in lysis buffer to produce a suspension with an
absorbance of approximately 0.6 at 600nm. The correct number of units of
achromopeptidase was added to S ml of the cell suspension to give enzyme
concentrations of 0, 25, 50, 100, 200, and 300 units/ml and the mixture was
incubated at 40°C . The decrease in turbidity at 600nm was measured at various
time intervals, and the percentage of cell lysis was calculated as described for

lysozyme.

2.6 BATCH FERMENTATION RUN

The fermenter used was a Microferm Laboratory Fermenter (New Brunswick
Scientific Co, New Brunswick, New Jersey, USA) equipped with a 2 1 pyrex glass
vessel of 1.6 1 working volume. The fermenter vessel was removed from the
autoclave and attached to the fermenter apparatus while still hot (85-90°C).
Cooling was initiated by means of cold water flowing through hollow baffles,
controlled by an electronic thermostat and oxygen-free nitrogen gas was swept
across the medium surface. Gas sweeping was continued until good gassing due to
microbial growth was observed. When the fermentation culture was at 34°C, the
medium pH was measured and the fermenter was inoculated with an overnight

culture of highly motile, gassing C. acetobutylicum. The pH and OD,, were

measured by standard techniques. The number of cells/ml was measured using a

cytometer counter, after suitable dilution of culture.

2.6.1 DNase assay

DNase activity was measured by the method of Blaschek and Klacik (1984).
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Materials

(1) DNase buffer: 20mM Tris-HCl, SOmM NaCl, 10mM MgCl,, SmM
B-mercaptoethanol (pH 8)  (2) DNA stock solution; Img/ml  DNA type
Il (Sigma) (3) SM HCL

Method

A sample (1 ml) was removed from the fermenter at various time intervals, and
the cells were spun down. The supernatant was removed and both the cell
fraction and the medium were tested for DNase activity. The cells were lysed
in 1 ml of DNase buffer until clear, and the solution was re-centrifuged to
remove cell debris. Then 750 xl of DNA stock solution was mixed with 7.25 ml
of DNAse buffer, and pre-warmed at 37°C, 15 min. 1 ml of cell fraction was
added (extracellular medium, or intracellular), mixed, and incubated at 37°C for
1S min. The polymerised DNA present at time zero and remaining after 15 min
at 37°C was precipitated with 1 ml of SM HCL. Turbidity was developed at 37°C
and the OD,, was measured. The DNase activity present was based on the
amount of substrate DNA depolymerised in 15 min as measured from a standard
curve minus the zero control. 1U= the amount of enzyme depolymerising 1 ng
of DNA/min at 37°C.

2.7 ISOLATION OF PLASMID DNA

Plasmid DNA was isolated by the three methods described below.

2.7.1 Preparative isolation of plasmid DNA from E. coli
by the cleared lysate method

A modification of the cleared lysate procedure of Clewell and Helinski (1969)

was used.
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Materials

(1) 25% (w/v) sucrose solution in 0.05 M-Tris pH 8.0  (2) Lysozyme (20
mg/ml) freshly prepared in 25% (w/v) sucrose solution (3) TE (10/1) buffer
pH 8.0: 10mM Tris-HCl, ImM Na,EDTA  (4) Triton lysis mixture; 0.25M
Na,EDTA (25 ml), 1M Tris pH 8.0 (50 ml), 20% (v/v) Triton X-100 in 0.01M
Tris-HCI pH 8.0 (10 ml), and sterilized water (60 ml)  (5) CsCl (6) Ethidium
bromide (10 mg/ml).

Method

An overnight culture of E. coli in LB (25 ml) was inoculated into 11 of LB and
incubated at 37°C with shaking (200 rpm). For isolation of amplifiable plasmid
DNA, chloramphenicol (Cm, 170 ug/ml) was added when OD,, was
approximately 0.4. Spectinomycin (399 ng/ml) was used if the plasmid contained
the Cm" gene. Cells were incubated for a further 12-16 h and were harvested
by centrifugation (12,100 g, 10 min, 4°C). The remaining operations were
performed on ice using chilled solutions. The cell pellet was resuspended in 8
ml of sucrose solution, lysozyme (2 ml) and Na,EDTA (4 ml) were added and
the mixture was incubated for 10 min. Triton lysis mixture (12 ml) was added
to the mixture and gentle agitation was maintained until lysis was completed.
The lysate was centrifuged (48,200 g, 45 min, 4°C) and the clear supernatant
was collected. Care was taken to avoid the gelatinous chromosomal DNA pellet.

Cesium chloride was added to the supernatant to a final concentration of 1 g/ml,
and the mixture was incubated at room temperature for 1 h followed by
centrifugation (48,200 g, 1S min, 4°C) to remove cell debris. Ethidium bromide
was added to a final concentration of 300 n.g/ml and the mixture was held at 4°C
overnight. The next day, the mixture was centrifuged (48,200 g, 15 min, 4°C)
to pellet the ribonucleoprotein. The refractive index of the supernatant was
adjusted to n=1.393-1.397 using cesium chloride and the mixture was centrifuged
in a Beckman Type 65 rotor at 50,000 rpm for 40 h at 16°C. The plasmid DNA

band was collected and the ethidium bromide was removed by sequential mixing
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with NaCl-saturated isopropanol until the isopropanol was clear. The cesium
chloride was removed by dialysing in several changes of TES (10:1:100) solution
for at least 24 h. The DNA solution was concentrated by ethanol precipitation
and the purity and concentration of the DNA was determined

spectrophotometrically. The DNA solution was stored at 4°C.

2.7.2 Alkaline lysis method

The method of Ish-Horowitz and Burke (1981) was scaled up for the preparation

of the plasmids from E. coli.

Materials

(1) Solution I: S mM glucose; 25 mM Tris-HCI pH 8.0; 10 mM Na,EDTA
(2) Solution II: 0.2 M NaOH, 1% (w/v) SDS (3) Solution III: S M potassium
acetate pH 5.8  (4) Lysozyme (S) Isopropanol (6) 70% ethanol (7) TE
10:1 buffer pH 8.0: 10 mM Tris-HCl; 1 mM Na,EDTA 8) CsCl  (9)
Ethidium bromide (10 mg/ml).

Method

E. coli cells (1 1), grown to late exponential phase, were harvested by
centrifugation (12,100 g, 10 min, 4°C) and resuspended in 30 ml of solution L
Lysozyme (3 ml of S0 mg/ml) was added and the mixture was incubated at room
temperature for 10 min. Solution II (60 ml) was added, mixed by inversion, and
incubated on ice for 10 min. Solution III (45 ml) was added and the mixture was
agitated briefly, incubated for 10 min on ice, and then centrifuged (4,080 g, 10
min, 4°C). DNA was precipitated by adding 0.6 volume of isopropanol to the
supernatant, followed by incubation for 10 min at room temperature and
centrifugation (4,080 g, 10 min, 4°C). The pellet (DNA +RNA) was washed
twice with 70% ethanol at room temperature, dried and resuspended in TE 10:1
buffer. CsCl and ethidium bromide were added, and the DNA-CsCl mixture was
centrifuged (vertical rotor, Vi Type 65, 60,000 rpm, 6 h, 15°C). The plasmid
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DNA was removed and purified. The purity and concentration of the DNA were

determined spectrophotometrically.

2.7.3 Rapid boiling method

The method of Holmes and Quigley (1981) was used for small scale preparation
of plasmid DNA from E. coli.

Materials

(1) STET buffer: 8% (w/v) sucrose; 5% (w/v) Triton X-100; SO mM
Na,EDTA pH 8.0; 50 mM Tris-HC], pH 8.0 (2) Lysozyme (10 mg/ml) in
10 mM Tris pH 7.6  (3) Isopropanol.

Method

E. coli cells (1.5 ml), grown to late exponential phase, were harvested in a
microfuge tube and resuspended in 350 pl of STET buffer. Lysozyme (25 ul)
was added, and the cells were boiled for 40 s and immediately centrifuged
(microcentrifuge, top speed, 10 min).  The supernatant (300-350 pl) was
collected and an equal volume of isopropanol was added, incubated at -20°C for
10 min and centrifuged (microcentrifuge, top speed, S min). The pellet (DNA
+ RNA) was washed with 95% ethanol, dried in vacuo and resuspended in 50

pl of sterile water.

2.8 ISOLATION OF GENOMIC DNA

2.8.1 Isolation of E. coli, Streptococcus and Lactobacillus DNA

E. coli DNA was prepared by a modification of the method described by Fisher
and Lerman (1979).
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Materials

(1) TE 50:20 (50 mM Tris-HC], 20 mM Na,EDTA) pH 8.0 (2) Lysozyme (10
mg/ml, stored at -20°C)  (3) Proteinase K (10 mg/ml)  (4) Sarkosyl (60
mg/ml) (5) Phenol (6) chloroform-isoamyl alcohol (24:1, v/v)

(7) CsC1  (8) Ethidium bromide (9) Dialysis tubing.

Method

11 of each bacterial strain was grown in LB broth at 37°C for 16 h on a shaker.
Cells were harvested by centrifugation (4,080 g, 10 min, 4°C) and resuspended
in 50 ml of TE (50:20) buffer. Lysozyme was added to a final concentration of
1 mg/ml and the suspension was incubated at 37°C for 1 h. Proteinase K was
added to a final concentration of 300 pg/ml and incubation was continued at
50°C for 30 min. Sarkosyl was added to a final concentration of 1% (w/v) and
the mixture was incubated at S0°C overnight. After incubation, an equal volume
of phenol: chloroform:isoamyl alcohol (25:24:1,v/v) was added, mixed until
homogeneous, and then centrifuged (3,640 g, 10 min, 4°C). The upper aqueous
phase was carefully removed, and an equal volume of chloroform:isoamyl alcohol
was added, mixed until homogeneous, and then centrifuged (3,640 g, 10 min,
4°C). Cesium chloride was added to the top aqueous phase to a final
concentration of 1 g/ml, allowed to dissolve, then 800 pl of ethidium bromide
(10 mg/ml) was added for every 10 ml. The DNA:cesium chloride solution was
centrifuged in a Beckman ultracentrifuge in a Ti80 rotor for 16 h at 50,000 rpm.
The DNA band was collected, the ethidium bromide was removed and the

solution was dialysed extensively against TES (10:1:100).

DNA from Streptococcus and Lactobacillus strains was isolated by the same

procedure, except that the concentration of lysozyme was increased to 20 mg/ml.
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2.8.2 Isolation of C. acetobutylicum DNA

Option 1
C. acetobutylicum genomic DNA was isolated by a modification of the method

of Marmur (1961).

Materials

(1) Sucrose-TE 50:20 (25%(w/v)) sucrose, SO mM Tris-HCl, 20 mM Na,EDTA)
pH 7.0  (2) Mutanolysin (300 ug/ml) (3) 250mM Na,EDTA, pH 7.0
(4) 20% (w/v) SDS (5) Proteinase K (50 mg/ml) (6)SM sodium
perchlorate  (7) Chloroform-isoamyl alcohol (24:1, v/v)  (8) 3M Na
acetate (9) 95% ethanol.

Method

The clostridial spores were activated and grown anaerobically overnight in CMM.
The fresh culture was inoculated into freshly autoclaved CGM at 1:200 (v/v) and
incubated anaerobically at 30 or 37°C for 6-8 h until the culture was at mid-log
phase. This was determined by microscopic examination looking for very actively
moving, rapidly dividing clostridia. The cells were then centrifuged (4,080 g, 10
min, 4°C) and resuspended in 10 ml sucrose-TE (25%:50:20). Mutanolysin (3 ml)
was added, and the mixture was incubated at S0°C for 30 min. Na,EDTA (10 ml
of 250mM) was added, and the mixture was incubated at S0°C for 10 min
followed by addition of 3 ml of proteinase K and 1.5 ml of 20% SDS. The
mixture was incubated at S0°C for 30 min or overnight until the solution cleared.
Sodium perchlorate (6.6 ml of SM) was added, mixed until homogeneous,
followed by an equal volume of chloroform: isoamyl alcohol, and gently
emulsified. The emulsified solution was centrifuged (12,100 g, 10 min, 4°C) and
the aqueous top layer was removed. Twice the volume of ice-cold ethanol was
added, and the DNA was spooled out on a stirring rod, and dissolved in TE
50:20.
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Option 2
Cesium chloride was added to the DNA solution to a final concentration of 1

g/ml, 800 ] of ethidium bromide was added per 10 ml of DNA:cesium chloride
solution and the mixture was centrifuged on a Beckman rotor (50,000 rpm, 20°C,
16 h). The DNA band was collected, ethidium bromide was removed, and the
DNA was dialysed extensively against TES (10:1:100).

Option 3
Materials

(1y Guanidinium isothiocyanate solution: 4M-guanidinium isothiocyanate,
SmM-sodium citrate (pH 7.0), 0.1IM B-mercaptoethanol, 0.5% SDS (2) 5.7M
CsCl (3) Lysis solution:Sucrose-TE 50:20 (25% (w/v)) sucrose, S0 mM
Tris-HC], 20 mM Na,EDTA, pH 7.0.

Method

The cells were lysed in 2 ml of lysis buffer, and guanidinium isothiocyanate
solution (10 ml) was added. The resulting DNA: guanidinium isothiocyanate
solution was loaded on top of a 3 ml 5.7M-cesium chloride cushion, centrifuged
(35,000 rpm, 20°C, 12 h) and the DNA band was removed from the interface and
dialysed extensively against TES (10:1:100) as described previously.

2.9 DIGESTION OF DNA WITH RESTRICTION ENZYMES

DNA was routinely digested with restriction enzymes as described below.

Materials

(1) Universal buffer (x10) pH 7.6: 0.06M Tris pH 7.6; 0.1M MgCl,.6H,0; 0.1M 8-
mercaptoethanol (2) IM NaCl (3) SDS dye mixture: 20% (w/v) sucrose, 1%
(w/v) SDS, SmM Na,EDTA, 0.2% (w/v) bromophenol blue (4) Restriction
enzymes (New England Biolabs).
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Method

All DNA digestions were carried out in Universal buffer (1x) with the salt
concentration adjusted as recommended by the manufacturer, using 1M NaCL
Digestions were performed at 37°C for 1-2 h. An aliquot of the digest was checked
on a minigel to ensure the digestion had gone to completion before the reaction
was stopped by adding 0.2 volume of an SDS dye mixture. If the DNA digestion
was incomplete, more enzyme was added and the mixture was incubated further,

or the DNA was further purified and the experiment repeated.

2.10 PREPARATION OF PACKAGING EXTRACTS

Packaging extracts were prepared by a modification of the protocol of Maniatis et
al. (1982).

Materials

(1) Wash buffer; 40mM Tris-HCI (pH 8.0), 0.1% (v/v) B-mercaptoethanol  (2)
CH buffer: 40mM Tris-HCI (pH 8.0), 1mM spermidine, 1mM putrescine, 0.1%(v/v)
B-mercaptoethanol, 7%(v/v) DMSO (3) Liquid nitrogen.

Method

Stocks of E. coli strains BHB2690 and BHB2688 were checked to verify their
genotypes by replica-plating streaks of each strain onto LB plates. One plate of
each strain was incubated at 30-32°C and the other at 42°C overnight. Growth
occurred only on the plates incubated at 30-32°C, establishing that the genotype was

correct.

An overnight culture of each strain in LB broth was diluted 100-fold into fresh 500
ml of the same medium in a 2 | flask, and grown with vigorous shaking at 32°C for
3 h or until the OD,, was 0.3. The lysogens were then induced by placing the
flasks in a water bath pre-heated to 45°C, and the cultures were continuously

swirled for 15 min. The cells were then re-incubated at 39°C for 2-3 h with



.

vigorous aeration. The lysogens were checked for successful induction by adding
a drop of chloroform into a small sample of each culture strain, to detect lysis of
cells. When the culture samples cleared within 2 min, the two cultures were mixed
in a pre-cooled 4 1 flask and chilled in an ice-water bath for 10 min. The bacteria
were then collected by centrifugation (3,640 g, 10 min, 4°C), washed in 300 ml of
ice-cold buffer, and re-centrifuged. The fluid was well drained from the centrifuge
tube and the cells were resuspended in 4 ml of freshly prepared CH buffer. The
bacterial suspension was transferred to a cold glass tube and S0 ul aliquots were
dispensed into pre-cooled 1.5 ml Eppendorf tubes as quickly as possible. The cap
was placed on each tube, and the tube was plunged into liquid nitrogen. The tubes

were removed from the liquid nitrogen and stored at -70°C.

The efficiency of four of the packaging extract aliquots was tested using I147ab
DNA and_E. coli strain BNN4S. The L47ab DNA (500ng) was added to each
packaging extract immediately following thawing and mixed by stirring with a
pipette tip, followed by incubation at 37°C for 1 h. After incubation, S00 pl of SM
buffer was added and three drops of chloroform were added as a preservative. E.
coli BNN4S cells were inoculated with an aliquot of the packaging extract and
incubated at 37°C for 45 min without shaking. The cells were then diluted serially,
mixed with 3 ml of LB top agar and plated onto LB plates, and incubated overnight
at 37°C. The resulting plaques were counted, giving an average efficiency of 1.73
x 10° pfu/ug of DNA.

2.11 CONSTRUCTION OF A pLAFR1 GENE BANK TO
C. ACETOBUTYLICUM NCIB 2951

Materials

(1) SM buffer pH 7.5. Composition g/l: NaCl, 5.8 g; MgSO,.7H,0, 20 g 1M
Tris-HCI pH 7.5, 50 ml; 2% gelatin, S ml. The remainder of the materials used
have been described previously.
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Method

Genomic DNA from strain NCIB 2951 was isolated and partially digested with
EcoRI to an average size of 25 kb, then separated by electrophoresis (1.5 V/cm for
6 h) in a horizontal 1.0% Seaplaque agarose (Marine Colloids) gel. DNA in the
size range of 15-30 kb was electroeluted from the agarose gel, extracted with
phenol-chloroform and concentrated by ethanol precipitation. Vector DNA,
pLAFR1, (Friedman et al., 1982) was isolated by the alkaline lysis method and
digested with EcoRI. The electroeluted clostridial DNA (5 ug) was mixed with
EcoRI-digested pLAFR1 (0.5 ng) and ligated overnight at 4°C in a 10 ul reaction
mixture containing 6 mM Tris pH 7.6, 10 mM MgCl,, 10 mM B-mercaptoethanol,
1 mM ATP and 400 units of T4-DNA ligase.

DNA packaging was carried out by the method of Hohn (1979) using the packaging
extract prepared from the lysogenic strains BHB2688 and BHB2690. A 3 pl aliquot
of ligated mixture was added to the packaging extract (40 n1) immediately following
thawing, and mixed by stirring with a pipette tip followed by incubation at 37°C for
1 h. After incubation, S00 ul of SM buffer (pre-warmed to 37°C) was added and
3 drops of chloroform were added as a preservative. E. coli HB101 cells, grown
overnight in 20 ml of LB broth were harvested by centrifugation (1,085 g, S min,
4°C), re-suspended in 10 ml of SM buffer at room temperature, and 4.5 ml of the
cell suspension was mixed with the 500 ul of DNA-packaging mixture prepared
above. The mixture was incubated at 37°C for 45 min without shaking, centrifuged
(1,085 g, S min, room temperature), resuspended in S ml of LB and incubated at
37°C for 60 min with slow shaking. The cells were harvested by centrifugation
(1,085 g, S min, room temperature), resuspended in 1 ml of SM buffer, and 200
ul aliquots were plated on LB plates containing tetracycline (15 pg/ml). After
overnight incubation at 37°C the Tc® colonies were washed off with 50% glycerol
and stored at -70°C. To check the quality of the gene bank, recombinant plasmid
DNA from 24 randomly selected Tc® colonies was isolated by the rapid boiling

method, restricted with EcoRI enzyme and separated on an agarose gel.



74.

2.12 HORIZONTAL AGAROSE GEL ELECTROPHORESIS OF DNA

The horizontal slab gels (150x200xSmm) used contained 0.7% (w/v) agarose (Sigma,
Type 1). The TAE electrophoresis buffer pH 7.8, contained 40mM Tris, ImM
Na,EDTA and SmM Na acetate; TBE electrophoresis buffer pH 8.3 contained 89
mM Tris, 1 mM Na,EDTA and 89 mM Boric acid. Electrophoresis was usually
carried out at 1.5V/cm for 16 h. Gels were stained and photographed. For rapid
electrophoresis of DNA, small samples were analyzed on a minigel (93 x 68 x
1.5Smm) run at 13 V/cm for 1 h.

2.13 DETERMINATION OF MOLECULAR WEIGHTS

A HindIII digest of lambda DNA was used as a standard to determine the
molecular weight of DNA fragments. The relative mobilities of DNA fragments
were measured and molecular weights determined graphically from a plot of
relative mobility versus log,, molecular weight (Sanger et al., 1982) or by using a
computer programme designed to transform mobilities to molecular weights. In
experiments utilizing Bal31, the BRL 1 kb ladder was used to determine the size

of the resulting fragments.

2.14 DETERMINATION OF DNA PURITY

DNA purity was determined from UV absorption at 230 nm, 260 nm and 280 nm.
The following spectral ratios were regarded as satisfactory: A260/A230nm 1.8-2.3,
and A260/A280nm 1.8-2.0. DNA concentrations were determined at 260 nm using
extinction coefficients of 20 for unsheared DNA and 24 for sheared DNA, for 1
mg/ml DNA solution (Brenner and Falkow, 1971).

2.15 PURIFICATION OF DNA PREPARATION

The following protocol was used to purify small quantities of DNA.
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A measured volume of DNA was transferred to a microcentrifuge tube and an
equal volume of phenol-chloroform (1:1; v/v) was added, mixed thoroughly and
centrifuged at top speed for 3 min in a microcentrifuge. The aqueous phase was
collected, an equal volume of sterilized water was added to the phenol-chloroform
mixture and the extraction was repeated. The DNA was then precipitated using
ethanol. E. coli transfer-RNA (20 mg/ml) was added to a final concentration of

20-50 pg/ml) when the concentration of DNA was less than 1-S pg/ml.

2.16 EXTRACTION OF DNA FROM AGAROSE

Freeze-thaw method

Preparative 1% Seaplaque agarose gels were stained with ethidium bromide and
DNA was visualised under long wave (350 nm) UV light. The band from the 1%
Seaplaque gel containing the DNA fragments was cut into small pieces and placed
in a microcentrifuge tube. Tris equilibrated phenol was added to cover the gel
fragments and the tube was placed at -20°C overnight to freeze the gel fragments.
The microcentrifuge tube was centrifuged (10 min, top speed, room temperature)
and the aqueous phase was collected, extracted using phenol-chloroform, and
precipitated using ethanol. The DNA was resuspended in water and used directly

for cloning or preparation of a [*PJ-labelled probe.

2.17 PREPARATION OF DIALYSIS TUBING

Dialysis tubing was prepared according to the method of Maniatis et al. (1982).

Materials
(1) Dialysis tubing (2) NaHCO, (3) 250 mM Na,EDTA, pH 8.0.

Method
The dialysis tubing (10 or 40 mm) was cut into 15 cm lengths and boiled in a large
volume of 2% (w/v) NaHCO, and 1 mM Na,EDTA for 10 min. The tubing was
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rinsed thoroughly in distilled water and boiled for 10 min in distilled water. After
cooling, the tubing was stored submerged at 4°C. Before use, the tubing was

washed with sterile distilled water.

2.18 PREPARATION OF [* P]-LABELLED DNA PROBES

The procedure described by Taylor et al. (1976) and Whitfeld et al. (1982) was
used.

Materials

(1) Deoxycytidine S’[**P] triphosphate (Amersham PB, 10205 3,000 Ci/mmol)

(2) Random primers (prepared by Professor D B Scott (Massey University, NZ)
from herring sperm DNA) (3) DNA polymerase I (Klenow fragment from
Boehringer Mannheim)  (4) Deoxyribonucleoside triphosphates (Sigma): dATP
(20 mM), dGTP (20 mM), dTTP (20 mM) (5) Haelll restriction enzyme (New
England Biolabs) (6) Sephadex G-50 (Pharmacia, fine grade) (7) 0.25M
Na,EDTA, pH 8.0  (8) Phenol (equilibrated with TE (50/20) buffer, pH 8.0)
(9) Chloroform (10) TES (10/1/100) buffer pH 8.0: 10 mM Tris, 1 mM
Na,EDTA, 100 mM NaCl

Method

DNA (0.25-1.0 pg) to be labelled, was digested with Haelll restriction enzyme in
a 25 ul reaction mixture for 30 min at 37°C. Random primers (100 pg) were added
and the mixture was boiled for 2 min, then chilled rapidly on ice. Reagents were
added in the order listed below: Sterilized distilled water, 2.5 ul; Universal (x10)
buffer, 1.5 ul; dTTP, 1 ul; dATP, 1 ul; dGTP, 1 ul; [*P] dCTP, 3 ul; DNA
polymerase I, 1 ul. The mixture was then incubated at 37°C for 30 min, and the
reaction was stopped by adding 2 ul of 0.25 M Na,EDTA. The reaction mixture
was extracted with phenol-chloroform and the aqueous phase was loaded onto a
Sephadex G-50 (packed in a 1 ml syringe) column equilibrated with TES buffer pH
8.0. The syringe column was spun (1,085 g, 2 min) and the DNA peak was
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collected and stored at -20°C. DNA probes were usually labelled to a specific
activity of 1-5x10° cpm per pg of DNA.

2.19 DNA TRANSFER AND HYBRIDIZATION

The procedure described by Southern (1975) was used.

Materials

(1) 025 M HCl (2) 0.5 M NaOH, 0.5 M NaCl (3) 0.5 M Tris pH 7.4, 20 M
NaCl (4) 20x SSC (3 M Na(Cl, 0.3 M sodium citrate) (5) 2x SSC

(6) Denhardts solution (10x) (Denhardt, 1966) contained: 1M Hepes buffer pH
7.0, 25 ml; 20 x SSC, 75 ml; herring sperm DNA (28 mg/ml), 0.32ml; E. coli
tRNA (10 mg/ml), 1 ml; 20% (w/v) SDS, 2.5 ml; Ficoll (Sigma 70), 1 g; bovine
serum albumin (BSA), 1 g; polyvinylpyrrolidone (PVP) S g; distilled water, 397 ml
(7) Nitrocellulose filter (Schleicher and Schull BA 85).

Method

Gels were stained and photographed. DNA was subjected to partial depurination
by shaking the gels in 0.25 M HCI for 15 min (Wahl et al., 1979), then denatured
by shaking for 15 min in 0.5 M NaOH, 0.5 M sodium chloride, followed by shaking
for 15 min in 0.5 M Tris pH 7.4, 2.0 M sodium chloride to neutralize the gel. The
gel was washed in 2x SSC for 2 min and placed on a blotting stand for DNA
transfer to nitrocellulose filter. The nitrocellulose filter was removed after 16h,
washed in 2x SSC for S min, blotted dry and baked in vacuo at 80°C for 2 h. The
filter was sealed in a bag containing 20 ml (x10) Denhardts solution and pre-
hybridized at 65°C for at least 2 h. Most of the liquid in the bag was drained off,
and the boiled probe (10’ cpm) was added. The bag was sealed and incubated in
a shaking waterbath at 65°C overnight. After incubation the filter was removed
from the bag, washed in three changes of 2x SSC, blotted dry, covered in
"Gladwrap" and exposed to Ilfford Curex X-ray film in the presence of Cronex

intensifying screens for 1-5 d at -70°C. When filters were re-used, the probe DNA
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was removed by washing for 20 min in 20 mM NaOH, 15 min in 0.5M Tris, pH 7.4,
2.0M NaCl and 15 min in 2x SSC.

220 DNA LIGATION

Materials
(1) Universal buffer (x10) pH 7.6: 0.06M Tris pH 7.6; 0.1M MgCl,.6H,0; 0.1M B-
mercaptoethanol (2) 10 mM ATP (3) T4 DNA ligase (New England Biolabs).

Method

Ligation mixtures (20 pl) containing 0.2-1.0 ug of vector DNA, 0.2-0.5 pg of insert
DNA, 2 ul of Universal buffer (x10) pH 7.6, 2 pxl of 10 mM ATP, 1 ul of ligase
(400 units) and an appropriate volume of sterile water to make up the final volume,
were incubated at 4°C for 16 h. An aliquot (1 pl) was checked on a 1% minigel
before and after the ligation. The ligated DNA was then used directly for

transformation.

2.21 TRANSFORMATION OF E. COLI

A modified procedure of Cohen et al. (1972) was used.

Materials
(1) 60 mM CaCl,2H,0 (2) TEC buffer pH 8.0: 10mM Tris. HCI pH 8.0; 0.25
mM Na,EDTA pH 8.0; 30 mM CacCl,.2H,0.

Method

A stationary phase culture of E. coli strain HB101 was diluted 1/100 into 25 ml of
LB and incubated at 37°C. The cells (OD, = 0.4) were harvested by centrifugation
(1,085 g, S min, 4°C). All subsequent steps were carried out at 4°C. The cells
were resuspended in 10 ml of calcium chloride solution (60 mM) and incubated on

ice for 20 min. These cells were then harvested and resuspended in 250 pl of
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calcium chloride solution (60 mM) and used in transformation experiments. The
transformation mixture containing 50 ] competent cells, S ul ligated DNA and 45
pl of TEC buffer was incubated at 4°C for 1 h, heat shocked at 42°C for 2.5 min,
then diluted 1/10 in LB and incubated at 37°C for 2.5 h. The culture (100 pl) was
plated on LB medium supplemented with the appropriate antibiotic and incubated
at 37°C overnight.

222 CONJUGATION

Triparental crosses (Ditta et al., 1980) were performed by dispensing 100 xl of a
late log culture of the recipient as a spot on a LB plate. After allowing to dry, a
mixture (100 ul) of the donor plus the helper (50:50 v/v) was dispensed on top of
the recipient spot and dried. The plate was incubated overnight at 37°C.

223 PHOSPHO-B8-GALACTOSIDASE ENZYME ASSAY
Phospho-B-galactosidase activity was assayed using the chromogenic substrate

o-nitro-phenyl-B-D-galactoside 6-phosphate (ONPG-6-P) by the protocol of Inamine
et al. (1986).

Materials
(1) SOmM sodium phosphate buffer, pH 7.0; 20mM NaH,P0,, 30mMNa,HP0,.7H,0
(2) toluene-acetone (1:9 v/v) (3) 24mM o-nitro-phenyl-8-D-galactoside

6-phosphate (ONPG-6-P) in sodium phosphate buffer (4) 0.5M Na,CO0..

Method

The E. coli gene library was plated out for single colonies onto LB agar plates,
supplemented with tetracycline, and incubated overnight at 37°C. One thousand
colonies were selected from these plates and were replated onto LB plates prior
to testing. Cells from each culture were grown to mid-exponential phase in LB

containing lactose (20 g/1) followed by centrifugation. The cells were dispersed
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into microtitre tray wells in 25 ul of SOmM sodium phosphate buffer and were then
permeabilized by the addition of 1.5 ul of toluene-acetone (1:9 v/v), followed by
incubation at 37°C for 15 min. After the addition of 25 ul of 24mM ONPG-6-P,
incubation was continued for 15 min before adding S0 pl of 0.5M Na,C0,. Wells
containing cells with phospho-B-galactosidase activity were visibly yellow. Two

positive controls (Streptococcus lactis H1, and DRI4477 containing pLZ600) and

a negative control (E. coli HB101) were used every time.

224 B-GALACTOSIDASE ENZYME ASSAY

B-galactosidase activity in permeabilized cells was assayed using the chromogenic
substrate o-nitro-phenyl-8-D-galactoside (ONPG) by the protocol of Miller (1972).

Materials

(1) Z buffer; 60mM Na,HPO,, 40mM NaH,P0,.2H,0, 10mM KCl, 1ImM MgS0,.7H,0,
S0mM B-mercaptoethanol (2) Triton-X (10% w/v) (3) Sodium dodecyl
sulphate (SDS) (0.1% w/v) (4) o-nitro-phenyl-B8-D-galactoside (ONPG), 4 mg/ml
stock in Z buffer (5) 1 M Na,C0,

Method

Exponential-phase cells (0.5 ml), grown in supplemented M-56 medium, were added
to an equal volume of Z buffer; two drops of Triton-X solution and one drop of
sodium dodecyl sulphate (SDS) were added. The mixture was vortexed for 10 sec
and incubated for S min at 28°C. ONPG (200 pl) was added and the assays were
timed until a pale yellow colour developed. The reaction was stopped by addition
of 450 ul of 1M Na,CO,. The cells were removed by centrifugation (12,000 rpm,
2 min, 20°C) and the amount of o-nitro-phenyl (ONP) produced was determined
by measuring the absorbance at 420 nm. The activity was measured as Units of
B-galactosidase = 1000 x OD,,/time x vol x OD,.
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2.25 PREPARATION OF BACTERIOPHAGE LAMBDA 467

In order to prepare stock of lambda 467 bacteriophage the procedure of de Bruijn
and Lupski (1984) was used with modifications.

Materials
(1) SM buffer: 100 mM NaCl, 200 mM Tris.HCI (pH 7.5), 100 mM MgS0,
(2) Chloroform.

Method

Serial dilutions of lambda 467 lysate were made and incubated at 37°C for 20 min
with mid-exponential E. coli K802 cells. 3 ml of melted top agar was added,
mixed well, plated onto YM plates and incubated overnight at 37°C. An overnight
culture of E. coli K802 grown in YM was diluted one-hundred fold into the same
medium and the culture was grown with vigorous shaking at 37°C until the ODy,
was approximately 0.8 (cell density of 10°/ml, 3 h). Four fresh plaques from the
prepared plates were picked using a sterile toothpick tip and added to 500 pl of
the mid-exponential phase K802 cells, mixed well and incubated at 37°C for 20 min
without shaking to allow phage adsorption. To the 500 ul of cell and bacteriophage
mixture, 7.5 ml of melted lambda top agar (equilibrated at 45°C) was added, mixed
well and plated in 2.5 ml aliquots per YM agar plate. An equivalent amount of
K802 cells with no bacteriophage was plated as a control. The plates were
incubated at 37°C for 5-7 h, and inspected for lysis by comparison with the control
plate. When confluent plaques were visible on the plates containing the lambda-
infected cells, the top agar was scraped off into a sterile screw top centrifuge tube;
2.5 ml of SM buffer was added and the mixture was vortexed thoroughly. Then 500
pl of chloroform was added and the mixture was again vortexed thoroughly, before
being incubated on ice for S min. The lysate was then centrifuged (12,100 g, 4°C,
S min) and the supernatant was decanted into a sterile glass screw top tube. Two
drops of chloroform were added and the lysate was stored at 4°C. This lambda 467

bacteriophage lysate was titred using strain E. coli K802 as recipient.
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Mid-exponential phase cells of K802 were infected with serial dilutions of the lysate
and incubated for 20 min at 37°C, before plating out as described previously. The
final titre of the lambda 467 lysate was 1.08 x10" pfu/ml.

226 MUTAGENESIS OF PLASMID DNA WITH TRANSPOSON Tn5

TnS-mediated transposon mutagenesis was performed by a modification of the
method of de Bruijn and Lupski (1984).

Materials
(1) Sucrose solution: 25% sucrose (w/v), S0 mM Tris.HCI (pH 8.0).

Methods

The plasmid to be mutagenised was transformed into strain HB101 and the culture
was grown overnight in LB containing tetracycline (15 pg/ml). The presence and
the correct structure of the plasmid in the strain was physically verified by isolating
the plasmid by the method of Holmes and Quigley (1981), preparing restriction
enzyme digests and by testing for B-galactosidase activity on X-gal plates. The
strain was then grown to saturation in S ml of YM medium containing tetracycline,
at 30°C. The culture was diluted one-hundred fold into 5 ml of YM medium
containing tetracycline (15 pg/ml) and was grown at 30°C for 3 h until the ODg,
was 0.8. 1 ml of the culture (1 x10° cells) was mixed with the TnS-carrying lambda
467 bacteriophage to give a multiplicity of infection of 1.0 (100 gl of stock lysate)
and the mixture was incubated at 30°C for 2 h. Aliquots (150 gl) of the infected
cells were then plated onto LB plates containing kanamycin (50 pg/ml) and
tetracycline (15 pg/ml) and incubated at 30°C for 48 h. The cells were then washed
off the plates using sucrose solution (5 ml) to each plate (the colonies were gently
re-suspended using a sterile glass spreading rod), and the cell suspension was
decanted into a sterile centrifuge tube. The plates were washed with additional
sucrose solution. The cells were collected via centrifugation (5,900 g, 4°C, 10 min)

and re-suspended in the sucrose solution (8 ml of solution/ml of cells plated). The
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plasmids contained within the cells were isolated using the clear lysate method,
and were then purified using phenol-chloroform. The plasmid DNA so isolated was
used to transform strain HB101 competent cells and grown overnight on LB plates
containing tetracycline and kanamycin. The resulting transformant colonies were
screened for the presence of the TnS in the resident plasmid by the method of
Holmes and Quigley (1981).

227 MAXI-CELL ANALYSIS

Maxi-cells were prepared by a modification of the method by Sancar et al. (1979).

Materials

(1) cycloserine, 10 mg/ml  (2) [*S]-methionine.

Methods

E. coli cells were grown overnight in minimal medium (supplemented with 1%
casamino acids, glucose, Ap) at 37°C. The cells were inoculated into fresh medium
at 1:20 dilution and grown at 37°C with vigorous shaking until the density was 30
Klett Units with filter,,, The UV source was pre-warmed for 15 min, and then 10
ml of culture was transferred to a sterile glass petri plate and irradiated with UV
to give a total dose of 6 Joules (30 s in the laminar flow hood). The cells were
diluted 1:1 with supplemented minimal medium and incubated in the dark for 37°C
for 1 h. Cycloserine was added to a final concentration of 200 pg/ml and the cells
were incubated overnight at 37°C with shaking. The cells were washed twice in
minimal salts, and re-suspended in minimal medium (sulphate-free). After
incubation at 37°C for 1 h to allow sulphate depletion, 5-20uCi of *S-methionine

was added to each sample and incubated for 1 h to allow labelling.
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2.28 PROTEIN GEL ANALYSIS

Protein gels were run to analyze the labelled protein products from maxi-cell

analysis.

Materials

(1) Stock solution A (g/1); Acrylamide, 300; Bis-acrylamide, 8 (2) Stock solution
B; 1.5 M Tris-HCI (pH 88) (3) Stock solution C; SDS 10% (w/v)  (4) Stock
solution D (g/1); Tris-HCI 30; Acrylamide, 400, Bis-acrylamide, 10. (pH 6.8) (5)
Loading Buffer: 2.5 ml of Solution D; 4 ml of Solution C; Glycerol, 2 ml;
B-mercaptoethanol, 1ml; Bromophenol blue, 500 xl of 0.02% (w/v); 400 ul of water
(6) Running buffer: 25 mM Tris-HCl; 190 mM glycine, SDS (0.1%: w/v)

(7) Separation gel (12.5%): 40% acrylamide, 18.75 ml; 1% bis-acrylamide, 6.35 ml;
Solution B, 15 ml; Solution C, 600 sl; TEMED, 15ul; 10% ammonium persulphate,
240 pl; 19.14 ml water  (8) Stacking gel (3% acrylamide, 0.08% Bisacrylamide pH
6.8). Solution A, 1ml; Solution C, 100 ul; Solution D, 2.5 ml; Temed, 10 xl; 10%
ammonium persulphate 100 pl; 6.25 ml water (9) Staining solution: 50%
methanol, 7% acetic acid, Coomassie Blue R250 (0.2% w/v)  (10) Destaining

solution: 5% methanol, 7% acetic acid.

Method

After labelling, the cells were pelleted, washed once with minimal salts and
resuspended in 100 pl of gel sample buffer. The separation gel was poured,
carefully covered with water and allowed to set. The water was removed and the
stacking gel poured on top, the comb inserted, and the gel left to set. The samples
were boiled for 2 min, spun briefly, and 20 ul of each sample was loaded onto a gel,
and the gel was run until the dye was close to the gel bottom. The gel was stained
in the staining solution for 30 min, and then de-stained overnight in the de-staining
solution. The gel was then placed on blotting paper and dried (2 h, 80°C) before
being exposed to X-ray film.
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229 PREPARATION OF Bal31 DELETIONS

Bal31 digestion of the 5.2 kb EcoRI fragment was carried out as described below.

Materials

(1) 5x Bal31 buffer: 60 mM CaCl,.2H,O, 3M NaCl, S mM Na,EDTA, 100 mM
Tris-HCl  (2) 100 mM MgCl, (3) 3 M Sodium acetate (4) Ethanol

(5) Phenol:chloroform (1:1 v/v).

Method

The plasmid containing the insert was linearized at a site adjacent to the start of
the insert using the required enzymes, as described in Section 2.9. The DNA was
purified with phenol:chloroform, and precipitated with ethanol overnight at -20°C.
The DNA solution was centrifuged (12,100 g, 4°C, 30 min) and re-suspended to a
concentration of 1 pg/pl. Determination of the concentration of Bal31 required
for digestion was identified by the following method. DNA (2 p1) was added to
50 pl of 1x Bal31 buffer, 12mM MgCl,, and 9 g1 aliquots were dispensed into five
Eppendorf tubes. Addition of 1 ul of enzyme solution at various dilutions of 1/4,
1/8, 1/16, 1/32, and 1/64 were made, the solutions mixed, and the DNA digested
at 30°C for 30 min. SDS stop dye was added immediately, and the DNA solution
was examined by gel electrophoresis. The Bal31 concentration used was the one
which had entirely digested the DNA within the 30 min. The number of bases
removed/ end/min was calculated to allow identification of the time at which
samples were to be removed. A large digest using 30 pg of DNA was carried out
under identical conditions, removing samples at the various appointed time
intervals. The samples were immediately purified using phenol:chloroform, and
precipitated with ethanol overnight at -20°C. After centrifugation, each DNA
sample was re-suspended in 100 pl water, and digested with a second restriction
enzyme which released the insert form the vector as described in Section 2.9. A 2
pl aliquot was run on a gel to check for complete digestion and the samples were

precipitated overnight at -20°C using ethanol. The samples were then centrifuged
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(12,100 g, 4°C, 30 min) and re-suspended in 30 pl of water. A ligation was set up
using an appropriately prepared M13mp18 or mpl19 vector (Smal/HindIIl or
Smal/EcoRI).

230 LARGE-SCALE PREPARATION OF M13 RF DNA

M13 RF DNA for cloning of Bal31 deletions was prepared by the following method.

Materials
(1) STET buffer: 8% (w/v) sucrose; 5% (v/v) Triton X-100; SO mM Na,EDTA
pH 8.0, SO mM Tris-HC], pH 8.0  (2) Lysozyme, 10 mg/ml  (3) isopropanol
(4) CsCL

Method

A single colony of JM101 was inoculated into 2 ml of YT medium and grown
overnight at 37°C. Two 10 ml aliquots of fresh medium were inoculated with 1:100
dilution of the overnight JM101 culture and grown at 37°C for 3 h. One tube was
inoculated with a single plaque of mp18 and mp19 and grown overnight at 37°C.
Two 500 ml flasks of YT medium were inoculated with S ml of a fresh overnight
culture of JM101, and grown with vigorous shaking for 3 h. 1 ml aliquots of the
overnight JM101/phage broth were centrifuged (12,100 g, S min, 20°C) and the
respective supernatants were inoculated into the flasks and grown up at 37°C for
6 h. The cells were harvested by centrifugation (3,640 g, 10 min, 4°C), re-suspended
in 34 ml of STET buffer, and transferred to a 250 ml flask. Lysozyme (2 ml of 10
mg/ml) was added and the cell suspension was brought to the boil over a bunsen
flame, then transferred to a boiling water bath for 40 s. The viscous solution was
transferred into SS34 tubes and centrifuged. (12,100 g, 4°C, 25 min). The
supernatant was transferred to a fresh tube and an equal volume of isopropanol was
added, and held at -20°C for 15 min before centrifugation (12,100 g, 4°C, 10 min).
The isopropanol was drained off, and the pellet was washed with ethanol and dried.
The DNA pellet was resuspended in 9 ml of TE (10:1) and purified through a
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cesium chloride gradient. The phage band was removed and dialysed extensively
with TES (10:1:100).

2.31 PREPARATION AND TRANSFORMATION OF E. COLI CELLS

Preparation and transformation of E. coli cells with M13 RF DNA was performed

by the following method.

Materials
(1) S0 mM CaCl, (2) X-gal:(5-bromo-4-chloro-3-indoyl- 8-D-galactopyranoside).
20 mg/ml in dimethyl formamide (3) IPTG (isopropyl-8-D-thiogalacto-

pyranoside), 24 mg/ml in water.

Method

An overnight culture of JM101/JM109 was inoculated from a single colony and
grown in YT medium with shaking at 37°C overnight. The overnight culture was
subcultured (1:100) into 25 ml of fresh YT medium and grown at 37°C with
vigorous shaking for 2 h. (The overnight culture was also subcultured (1:100) into
5 ml of fresh medium for use in plating.) The cells were harvested in 30 ml Corex
tubes by centrifugation (3,640 g, 10 min, 4°C) and the supernatant was poured off.
The cells were gently re-suspended in 10 ml of ice-cold 50 mM CaCl, and left on
ice for 20 min. The cells were re-centrifuged, the supernatant poured off, and the
competent cells were re-suspended in 2.5 ml of 50 mM CaCl, and stored on ice.
To transform, 200 ul of competent cells were added to the ligation mix in a glass
tube, gently mixed, and incubated on ice for 40 min. The mixture was then heat
shocked for 3 min at 42°C. To each glass tube, 20 pl of X-gal, 20 xl IPTG, 200 pl
of exponentially growing cells and 3 ml of molten top agar were added, vortexed
briefly, and poured onto a fresh MMS56 (glucose and thiamine supplemented) plates.
The top agar was allowed to set for 30 min, the plates inverted and incubated at
37°C overnight. To check the transformation efficiency of the cells, Sng of
M13mp18 RF DNA was also transformed.
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2.32 HYBRIDIZATION OF M13 PLAQUES

M13 recombinant plaques containing inserts of the 5.2 kb EcoRI fragment were
isolated by the method of Benton and Davis (1977).

Materials
(1) Millipore 0.45 pM filters (Millipore Corporation, Bedford, MA,USA).

Method

A nitrocellulose filter was placed on the plate containing the recombinant and
parental M 13 plaques and left for 5 min to obtain a good plaque print. The plate
and the filter were marked in such a way as to allow identification of any positive
hybridised plaques. The filter was carefully removed, air dried, and baked in vacuo
at 80°C for 2 h. The pre-hybridization and hybridization were performed as

described in Section 2.19.

2.33 PREPARATION OF RECOMBINANT M13 SINGLE STRANDED (SS)
DNA TEMPLATES

M13 templates were prepared for sequencing by the following method.

Materials

(1) Phage precipitation solution: 20% PEG 6,000 (w/v), 2.5 M NaCl (2) TE 10:1:
10ml 1 M Tris-HC], 400 pl 250 mM Na,EDTA pH 8.0 (3) Phenol, Tris
equilibrated  (4) Chloroform (5) 3 M-Sodium acetate (6) Ethanol.

Method

2 ml of YT medium was inoculated with a single colony of JM101/JM109 and
incubated with shaking overnight at 37°C. The culture was sub-cultured 100-fold
into fresh medium and 1.5 ml aliquots were dispensed into test tubes. Individual
colourless plaques were picked with a toothpick tip, inoculated into the test tubes,

and incubated at 37°C for 5-6 h with vigorous shaking. The cultures were
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transferred into a 1.5 ml microfuge tube and the cells were harvested by
centrifugation (12,000 g, S min, 20°C). The supernatant was carefully removed
into a fresh tube and 200 xl of the phage precipitation solution was added, mixed
and allowed to stand for 15 min at room temperature. The tubes were centrifuged
(12,000 g, S min, 20°C) and the supernatant was removed by aspiration. The tubes
were then re-spun for 1 min and all remaining liquid was removed by aspiration.
The bacteriophage pellet was re-suspended in 100 1 of TE (10:0.1) and incubated
at 65°C for 10 min to aid re-suspension. Phenol (50 pxl) was added and the mixture
was vortexed for 15 s. The mixture was allowed to stand for 15 min and vortexed
again for 10 s before being centrifuged (12,000 g, 5 min, 20°C). The aqueous phase
was carefully removed and transferred to a fresh microfuge tube. To the
supernatant, 10 ul of 3M sodium acetate and 250 ul of ethanol was added, mixed

and stored overnight at -20°C.

The tubes were centrifuged (12,000 rpm, 10 min, 4°C) to precipitate the ss template
DNA, the ethanol was drained off, and the DNA was dried under vacuum. The
DNA pellet was re-suspended in 30 ul of TE (10:0.1) and a 2 gl aliquot was
checked by gel electrophoresis to determine the DNA concentration. The template

DNA was stored at -20°C until sequenced.

2.34 PREPARATION AND ASSEMBLY OF GIL.ASS PLATES

To prevent formation of bubbles when pouring the gel, the plates were cleaned
thoroughly with a scourer, washed well, and wiped over with ethanol. The inside
of the top plate was siliconised with Sigmacote, and the plates were wiped with
ethanol and polished dry with paper towels. After checking that the plates were
spotlessly clean, the spacers were placed on the sides of the back plate and the top
plate was placed on top of the back plate. The plates were wrapped with "Sleek"
tape ensuring no gaps. The sides were then clamped and a line was the drawn 4

mm from the top of the top plate as a guide for the comb.
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235 POURING AND RUNNING OF SEQUENCING GELS

Sequencing gels were run as described below.

Materials

(1) Acrylamide mix: 288 g urea, 34.2 g acrylamide, 1.8 g bis-acrylamide

(2) TEMED (3) 10% ammonium persulphate  (4) Sharkstooth combs  (5)
1X TBE buffer: 89 mM Tris-HCI, 8.9 mM boric acid, 12 mM Na,EDTA, pH 8.6
(6) Formamide dye mix: 100 ml deionized formamide, 0.03 g xylene carbol FF,
0.03 g bromophenol blue, 20 mM Na,EDTA  (7) Fixing solution: 10% glacial
acetic acid (v/v), 10% ethanol (v/v).

Method

The urea and acrylamide were dissolved in water, and S g of Amberlite (MB-3)
resin was added to deionise the solution. The resin was removed by filtration
through a sintered glass funnel (#2) with suction. 60 ml of 10X TBE was added
and the volume was made up to 600 ml with water. The mixture was de-gassed

and stored in a dark glass bottle at 4°C.

To 40 ml of acrylamide mix, 24 ul of TEMED and 240 ul of 10% ammonium
persulphate were added, mixed well, and the gel poured, ensuring that no air
bubbles were present. The back of the sharkstooth comb was inserted up to the
guide line and the gel was allowed to set. Surface acrylamide was washed off and
the tape was cut off the bottom of the plates. The comb was flushed with water,
removed, the well flushed out, and the comb was re-inserted with the sharksteeth
just inserting into the gel. The plate was then clamped to the gel box together with
an aluminium plate, and TBE buffer was added to the top and bottom reservoirs.
The wells were marked off and flushed out immediately before loading. The
labelled templates were thawed, and boiled for 3 min. 3 ul of each sample was
loaded into the well using a tip kept hard against the glass plates, avoiding air
bubbles. The gel was run at 1500V, 30mA, 45W. The gel containing the short runs
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was run for 2.5 h, the long gel was run for 4 h. The power was turned off, the
plates unclasped and the tape removed. The plates were carefully prised apart and
the gels were fixed in the fixing solution for 10 min. The plates were removed from
the fixing solution, drained and blotted dry with handi-towels. The gel was
transferred to a piece of blotting paper, and dried for 45 min at 80°C under vacuum

on a gel drier. The gel was exposed to X-ray film for 1-3 d, then developed.

236 PREPARATION OF THE DEOXYNUCLEOTIDE (dNTP) AND
DIDEOXYNUCLEOTIDE (ddNTP) MIXES

(1) 20 mM dNTP stock solutions
20 mM dATP (25 mg in 2.34 ml water)
20 mM dGTP (25 mg in 2.47 ml water)
20 mM dCTP (25 mg in 2.67 ml water)
20 mM dTTP (25 mg in 2.59 ml water)

(2) 0.5 mM dNTP stock solutions

1 in 40 dilutions of above stocks in distilled water

(3) 10 mM stocks of ddNTPs
10 mM ddATP (4 pmol in 400 ul)
10 mM ddGTP (4 pmol in 400 pl)
10 mM ddCTP (4 pmol in 400 pl)
10 mM ddTTP (4 pmol in 400 pl)

(4) Dilutions of 10 mM ddNTP stock solutions
0.02 mM ddATP (2 pl/ml)
0.1 mM ddGTP (10 pl/ml)
0.08 mM ddCTP (8 ul/ml)
0.5 mM ddTTP (50 xl/ml)
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(5)  Preparation of d/ddNTP solutions

Nucleotide Mixture (ul)
solutions A G C ir

0.5 mM dGTP 200 10 200 200
0.5 mM dCTP 200 200 10 200
0.5 mM dTTP 200 200 200 10

TE (50/1) S0 S0 S0 50
SUBTOTAL 650 460 460 460
0.02 mM ddATP 650 - ; .
0.1 mM ddGTP - 376 - .
0.08 mM ddCTP - - 346«
0.5 mM ddTTP - ] ) 460
TOTAL 1300 836 766 920

(6) Chase mixes. 0.125 mM of each of the dNTPs. Prepared by adding equal
volume of the 0.5 mM dNPT stocks.

237 PREPARATION OF [*S]-ILABELLED M13 SINGLE STRANDED
TEMPLATES

Recombinant M 13 ss templates were sequenced using a modification of the method
of Sanger et al. (1977), adapted for use with [*S-dATP] (Biggin et al., 1983).

Materials

(1) [*S]-dATP, deoxyadenosine 5-o-[*S] thiotriphosphate (2) X10 annealing
buffer: 100 mM Tris-HCI pH 8.5, 100mM MgCl,6H,0 (3) Universal primers: M13
17mer 3¥ TGACCGGCAGCAAAATG S’ at 2.5ng/pl. TnS 17mer primer 3’
GTTCATCGCAGGACTTG S’at 2.5 ng/ul (4) DNA polymerase (Klenow
fragment) (S) d/ddNTP termination mixes (6) Chase mix.

Method
A reaction mixture cocktail was prepared for four templates as follows: 5 nl 10x
annealing buffer, S pl 17mer primer and 15 pl of water. An aliquot (5 ul) was
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dispensed into four S00 xl Eppendorf tubes containing S ul of ss template. The
tubes were incubated at 80°C for S min in a hot block and then allowed to cool
slowly to room temperature (30 min). The d/ddNTP termination mixes were
thawed on ice, and 9 pl of each mix was placed into a separate Eppendorf tube
containing 1.2 ul of [*S]-dATP. DNA polymerase (0.5 pl) was added to each
cooled template mix. A grid of 16 Eppendorf tubes was set up:

A Al A2 A3 A4
G G1 G2 G3 G4
C C1 2 C3 C4
T T1 T2 T3 T4
Template 1 2 3 4

and 2.2 pl of annealed template mix was added to the corresponding tubes followed
by 2.2 pl of the d/dd termination mixes. The tubes were spun for 30 s to collect
the liquid in the bottom of the tubes, and incubated at 37°C for 20 min. The chase
mix (1 pl) was added to each tube, centrifuged briefly, and incubated further for
15 min at 37°C. The labelled templates were frozen at -20°C until ready for use

on a sequencing gel.

2.38 SEQUENCING WITH THE 'SEQUENASE’ KIT
The ’Sequenase’ sequencing kit (Tabor and Richardson, 1987) was also used in the
latter stages of sequencing exactly as recommended by the manufacturers (USB,

Cleveland, Ohio, USA).

239 ASSEMBLY AND ANALYSIS OF SEQUENCE DATA

Compilation of the sequencing data, analysis of the compiled sequence to determine
ORF’s and comparison of sequence data to the known B-galactosidase genes
performed using the programs available through the University of Winsconsin
Genetics Computer Group (UWGCG) sequence analysis software package installed
on a VAX 750 (Devereux et al., 1984).



94.

CHAPTER 3: EFFECT OF VARIOUS BACTERIOLYTIC
ENZYMES ON THE LYSIS OF CLOSTRIDIUM ACETOBUTYLICUM

3.1 INTRODUCTION

Bacterial cell walls are composed of a complex of polymers, the principal ones
being peptidoglycan, polysaccharides, teichoic acids, teichuronic acids, lipids and
proteins (Cummins, 1973; Strominger and Tipper, 1974; Schleifer and Stackebrandt,
1983).

3.1.1 Bacterial Cell Walls

The Gram-positive cell wall is a thick (30-100nm) and usually homogenous layer
(Ghusyen et al., 1968; Shockman and Barrett, 1983). In contrast, Gram-negative
bacteria have a thinner though more complex multi-layered cell wall (10nm) with
an obvious double-membrane structure (Ghusyen et al., 1968; Nikaido, 1973;
Glauert et al., 1976).

Table 3.1: General differences in cell wall components between Gram-
positive and Gram-negative bacteria (Cota-Robles & Stein, 1973)

Component Gram-positive Gram-negative
Peptidoglycan 50-90% 1-10%
Amino sugar 10-30% 1-10%

Lipids 0- 2% 10-20%
Amino acids (no.) 3-4 14-18
Polysaccharides + -

Teichoic acids + -

Teichuronic acids + -

Protein - +

O-antigen complex - +

Lipoprotein - +
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There are major chemical and structural differences between the cell walls of
Gram-positive and Gram-negative bacteria (Table 3.1). The low peptidoglycan
content of Gram-negative bacteria usually facilitates lysis. By contrast, it is often

difficult to lyse Gram-positive bacteria.

3.1.2 C. acetobutylicum cell envelope

The cell envelope of C acetobutylicum NCIB8952 has been studied by Cho and
Doy (1973). The general morphology shows that the envelope consists of a

slightly wavy cell wall which is triple layered, and an asymmetric cell membrane
(Fig.3.1). The triple layered cell wall consists of an undulating outer electron
dense layer (4-6nm) separated from the inner dense layer (22-24nm) by a light
layer (4nm). The outer electron dense layer of the cell wall, shown to be
differentiated into subunits separated by electron light materials, is not always

visible in stationary phase cells.

The cell membrane is also triple-layered and asymmetric. The outer layer is
thick (6-8nm), very electron dense and separated by a light layer (3-4nm) from
the inner dense layer (2.5-3nm). The outer electron-dense layer can be clearly
separated from the inner in plasmolysed cells, which suggests that the outer layer
of the cell membrane may represent a fusion of both the original layer of the
cell membrane and the innermost component of the cell wall (Cho and Doy,
1973). The difference in electron density between the various layers suggests that
these may differ in composition. Various structures exist between the cell wall
and the cell membrane. Often there is a thickening of the outer electron-dense
layer of the cell membrane, and the presence of vesicles or tubules. These
structures are shown to be connected with both the cell wall and the outer layer

of the cell membrane.
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Fig.3.1: The ultrastructure of the C. acetobutylicum cell wall and
membrane (Cho and Doy, 1973).

Diagram illustrating the various layers of the bacterial cell wall and

membrane, including the structures found between the cell wall and the
cell membrane.

(1)  thickening of the outer layer of the cell membrane
(2)  wvesicles
(3) tubules
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Fig.3.2: The general structure of cell wall peptidoglycan and
enzyme sites.

G (N-acetyl glucosamine) and M (N-acetyl muramic acid) which are
linked by B-1-4 linkages and alternate in the glycan strand, plus the units
of the tetrapeptide and the cross-linking bridges between these
tetrapeptide units. L-ala (L-alanine), D-glu (D-glutamic acid), L-DAP
(L-diaminopimelic acid), gly (glycine) and D-ala (D-alanine). (Cota
Robles and Stein, 1973).

Various enzyme sites are represented by the arrows.

Class I glycosidases (A,B)
Class II amidases (C)

Class III endopeptidases (D,E)
(Cummins, 1973)
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3.1.3 Peptidoglycan

Peptidoglycan is the most important structural polymer, being responsible for the
shape and structural integrity of the cell in face of its high internal osmotic
pressure and hypotonic environmental conditions (Ghuysen and Shockman, 1973).
It forms a large proportion of the cell wall in Gram-positive bacteria, but only
a small proportion in Gram-negative bacteria. = The peptidoglycan of
Gram-positive bacteria is multi-layered, with great variation in composition and
structural arrangement, especially in the peptide moiety. In contrast, the
peptidoglycan present in Gram-negative bacteria is remarkably uniform, with only

a few variations known.

Peptidoglycan is a polymer with a backbone of amino sugar chains
(N-acetylhexosamines) cross linked through tetrapeptide side chains (Fig.3.2).
The backbone of amino sugar chains is composed of alternating residues of
N-acetylglucosamine and N-acetylmuramic acid linked by 8-1,4 glycosidic bonds.
The carboxyl groups of lactic acid on C-3 of N-acetylmuramic acid are usually
substituted by tetrapeptide units containing L- and D- amino acids. The
peptidoglycan strands are further linked to each other by means of interpeptide
bridges between the carboxyl group of the fourth amino acid (D-alanine) of one
tetrapeptide to the amino group of the third amino acid in another tetrapeptide.
The resulting carbohydrate skeleton of peptidoglycan forms a three dimensional
net-like structure resembling that of chitin (Ghuysen and Shockman, 1973;
Cummins, 1973; Strominger, 1975).

3.1.4 Bacteriolytic enzymes

Bacteriolytic enzymes are hydrolases that act on the peptidoglycan in bacterial
cell walls and cause cell lysis. These have been isolated from both eukaryotic
and prokaryotic organisms. Three classes of bacteriolytic enzymes are

recognised, differentiated by their mechanisms of action on the basic structure
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of the peptidoglycan (Fig. 3.2); glycosidases, amidases, and endopetidases. The
first class, the glycosidases (acetyl muramidases), are divided into two further
groups; the endo-acetylmuramidases and the endo-acetyl-glucosaminidases which
act on the B-1-4 linkages between N-acetyl muramic acid and N-acetyl
glucosamine residues (A) and the alternate bonds between N-acetyl glucosamine
and N-acetyl muramic acid residues (B), respectively. The second class, the
N-acetylmuramyl-L-alanine amidases, specifically hydrolyse the linkages at the
junction between the N-acetyl muramic acid and the first amino acid of the
tetrapeptide (C). The third class contains the endopeptidases, which work by
splitting the bond within the peptide bridges and their cross linkages (D,E)
(Ghuysen, 1974; Ghuysen and Shockman, 1973).

The best characterized bacteriolytic enzyme of the first class is lysozyme,
mucopeptide N-acetyl muramoylhydrolase,(E.C. 3.2.1.17). Albumin lysozyme
efficiently lyses a wide range of Gram-negative bacteria but only a few species

of Gram-positive bacteria from Micrococcus, Bacillus, Sarcina, and Pediococcus.

It is not effective against such genera as Staphylococcus, Streptococcus and
Clostridium (Ghuysen et al., 1968; Cota-Robles and Stein, 1973; Nakamura et al.,
1973; Cords et al., 1974; Yokogawa et al., 1975; Horonouchi et al., 1977; Yu et
al., 1984c).

Mutanolysin, an N-acetyl muramidase, belongs to the second class. It is
produced by _Streptomyces globisporus and has a pronounced lytic activity on cell

walls of Streptococcus mutans and a vast array of other Gram-positive bacteria

difficult to lyse with lysozyme (Yokogawa et al., 1975; Siegal et al., 1981).

The soil bacterium Achromobacter, has been found to produce a highly active

bacteriolytic enzyme, achromopeptidase, with a broad specificity. It belongs to
the third class of bacteriolytic enzymes since it hydrolyses peptide linkages of

peptidoglycan. Like lysozyme, the enzyme causes lysis of Micrococcus, Bacillus

and Sarcina and in addition has an increased activity spectrum, lysing many other

MASSEY UNIVERSITY
LISRARY
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Fig.3.3: Lysis results of C. acetobutylicum cells of various
growth phases grown in the absence of glycine using
lysozyme.

Cell lysis was monitored by the reduction in ODy,
as described in Section 2.5.

A Early exponential phase
B Mid exponential phase

C Late exponential phase
D Stationary phase

Concentration of lysozyme:

e 0 mg/ml
-1 mg/ml
O 2 mg/ml

S mg/ml
010 mg/ml
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Fig.3.4: Lysis results of C. acetobutylicum cells of various
growth phases grown in the presence of glycine
using lysozyme.

Cell lysis was monitored by the reduction in ODg,
as described in Section 2.5.

A Early exponential phase
B Mid exponential phase

C Late exponential phase
D Stationary phase

Concentration of lysozyme:

® 0.0 mg/ml
0.5 mg/ml
01.0 mg/ml

2.0 mg/ml
£ 5.0 mg/ml
A10.0 mg/ml
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Fig.3.5: Lysis results of C. acetobutylicum cells of various
growth phases grown in the absence of glycine using
mutanolysin.

Cell lysis was monitored by the reduction in ODy,
as described in Section 2.5.

A Early exponential phase
B Mid exponential phase

C Late exponential phase
D Stationary phase

Concentrations of mutanolysin:

® 0.0 pg/ml
+4-12.5 ug/ml
0 25.0 pg/ml
50.0 pg/ml
0100.0 pg/ml
£200.0 pg/ml
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Fig.3.6: Lysis results of C. acetobutylicum cells of various
growth phases grown in the presence of glycine
using mutanolysin.

Cell lysis was monitored by the reduction in ODg,
as described in Section 2.5.

A Early exponential phase
B Mid exponential phase

C Late exponential phase
D Stationary phase

Concentrations of mutanolysin:

® 0.0 pg/ml
~4+5.0 pg/ml
012.5 pg/ml
25.0 ;zg/ml
050.0 pg/ml
A100.0 [Lg/ml
*200.0 ;zg/ml
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Fig3.7:  Lysis results of C. acetobutylicum cells of various
growth phases grown in the absence of glycine using
achromopeptidase.

Cell lysis was monitored by the reduction in OD,
as described in Section 2.5.

A Early exponential phase
B Mid exponential phase

C Late exponential phase
D Stationary phase

Concentrations of achromopeptidase:

® 0U/ml
+25U/ml
OS5S0U/ml
100U /ml
0 200U /ml
A300U/ml
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Gram-positives, such as Staphylococcus, Streptococcus, Clostridium, and

1 cuconostoc which are normally highly resistant to lysozyme. In addition, it is
reported to be active against some Gram-negative microorganisms (Horinouchi
et al., 1977).

3.15 Ai
The aim of this phase of the project was to determine the effectiveness of
different enzymes for use in the rapid and efficient, but controlled, lysis of cells

of C. acetobutylicum.

32 RESULTS

The rates of cell lysis at different concentrations of lysozyme, mutanolysin and
achromopeptidase were examined as described in section 25 wusing C.

acetobutylicum P262 as a test organism. The effect of lysozyme on the lysis of

early, mid, late exponential and stationary phase cells of C. acetobutylicum grown

in CGM medium without glycine is shown in Fig. 3.3. Cells in the mid-exponential
phase were the most susceptible to lysis. However, even at the highest lysozyme
concentration of 10 mg/ml, lysis did not proceed beyond 15% after a 90 min
incubation period. There was insignificant lysis of stationary phase cells. Using
cells grown in the presence of glycine a 2-fold increase in lysis was observed
(Fig.3.4). Again, cells in the mid-exponential phase were the most susceptible,
although the maximum lysis was still only 20% after 90 min incubation at the
highest lysozyme concentration of 10 mg/ml. The lysis of stationary phase cells was

again insignificant.

The effect of mutanolysin on lysis of early, mid, late exponential and stationary
phase cells grown without glycine is shown in Fig.3.5. Cells in the mid-exponential
phase were the most susceptible to lysis, with 35% lysis in 90 min at a mutanolysin

concentration of 200 pg/ml. There was insignificant lysis of stationary phase cells.
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Lysis was, however, significantly higher than that achieved using lysozyme. Using
cells grown in the presence of glycine a slight increase in lysis was observed (Fig.
3.6). Cells in the early to mid exponential phase were the most susceptible, the

maximum extent of cell lysis being 43% after 90 min incubation using 200 ug/ml.

Achromopeptidase rapidly lysed the cells decreasing the OD,, over a relatively
short time period (Fig.3.7). With early exponential phase cells, at an
achromopeptidase concentration of 300U/ml, almost complete lysis was observed
in 20 min, and appreciable lysis (43%) was obtained with SOU/ml in 10 min. The
effect was even more pronounced with mid exponential phase cells. Extensive lysis
(87%) occurred at an enzyme concentration as low as 25U/ml. With late
exponential phase cells, cell lysis was still appreciable. With stationary phase cells,
lysis still occurred (70% at an enzyme concentration of 300U/ml; 30% at 25U /ml).

33 DISCUSSION

In order to isolate native undegraded nucleic acid, gentle but rapid means of cell
disruption is required. Since various groups have reported that for C.

acetobutylicum cell lysis in any form was very difficult to achieve, it was decided

to investigate the effects of various bacteriolytic enzymes in the hope of finding a
reliable one. Lysis was performed using just the enzyme alone, without the addition
of substances which could increase lysis efficiency such as ionic and non-ionic
detergents or proteinases, and utilizing temperatures and pH values that were
optimal for each enzyme. It was assumed that once enough peptidoglycan had been
removed from the cell wall that the osmotic shock due to the low hypotonicity of
the environment and the high internal atmospheric pressure would cause the cell

to lyse.
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3.3.1 Effect of glycine in the medium

The addition of amino acids to the growth medium has been utilized to aid the
lysis of many different species of bacteria (Hammes et al.,, 1973). Growth in the
presence of glycine apart from causing morphological changes and inhibiting
growth, also exerts a destabilizing effect on the cell wall. This occurs by the
incorporation of modified glycine-containing precursors into the cell wall,
resulting in a high percentage of uncrosslinked mucopeptides. As a result
hydrolysis by lysozyme is more efficient (Hammes et al., 1973; Cota-Robles and
Stein, 1973). This method has been used by various groups working on various

Clostridium species including C. acetobutylicumn. For protoplast formation of C.

perfringens, Stal and Blaschek (1985) found that growth in the presence of
glycine increased the ease of lysis. Allcock et al. (1982) noted an enhancement

of C, acetobutylicum P262 protoplast formation with glycine in the growth media,

as did Lin and Blaschek (1984), who found that the presence of glycine was very
dramatic on lysis of C. acetobutylicurn SA-1. Reid et al. (1983) also used glycine

to enhance protoplast formation. However, even though the addition of glycine
did result in a doubling of the degree of lysis, giving comparable results to those
obtained by Allcock et al. (1982) and Reid et al. (1983), the effect was not as
dramatic as found by Lin and Blaschek (1984).

3.3.2 Culture ages

The importance of the physiological condition of the culture on cell lysis has
been reported by various groups, especially with other Clostridium species
(Urano et al., 1983; Strom et al., 1984; Stal and Blaschek, 1985; Weickert et al.,
1986). It is noted in the article by Cota-Robles and Stein (1973) that bacteria
from stationary phase were harder to lyse with lysozyme than actively growing
cells. Urano et al. (1983) reported that isolation of plasmid DNA from various

Clostridium species, including C. acetobutylicum, was difficult due to resistance

of the cell wall to lytic action of lysozyme, especially in older cells. Lin and
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Blaschek (1984) reported that lysis was affected by the growth stage of the
bacteria, optimized at exponential phase cells. Strom et al. (1984) found that
the physiological condition of_C. botulinum cultures was very important. Most
strains would not lyse by any method when using lysozyme once they had reached
stationary phase. Weickert et al., (1986) also reported difficulty in lysing C.
botulinum, and found exponentially growing cells easiest to lyse. Lee et al.
(1987) also reported that it was essential to use cells from the exponential growth
phase to achieve lysis. Cells harvested later were very resistant to lysis with
lysozyme.  Cells were therefore collected in various stages of growth as
determined by the absorbance reading as well as phase contrast microscopy
(Table 3.2).

The results reported here supported these observations; that there was a greater
degree of difficulty of lysis with increasing culture age. Early, mid and late

exponential phase cells could lyse to a certain degree, depending on the enzyme

Table 3.2: Morphology of C. acetobutylicum cells at various stages of growth.

Culture phase Growth (h) ODy, Phase contrast microscopy of cells

Early exp. 3-6 0.25 - 0.4 Long, thin dividing cells, slightly motile,
no spores, slight gassing of medium

Mid exp. 8-10 0.65 - 0.75 Long thin cells in pairs and chains,
dividing, highly motile, no spores, high
g, mgnly P g

gassing of medium

Late exp. 12-14 092 - 1.2 Single short fat cells, slightly motile, no
spores, little gassing of medium

Stationary 24 h 2.25 - 3.00 Single short stubby cells, clostridial forms
present, phase bright spores often visible,
non-motile, little gassing of medium
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used, whereas stationary phase cells were virtually unlysable, with the exception
of experiments using achromopeptidase where significant lysis occurred at all cell

stages.

In mid to late exponential cultures of C. acetobutylicum automatic lysing could

occur as C. acetobutylicum cells are known to produce an autolysin (Barber et
al., 1979; Allcock et al., 1981; Webster et al., 1981; Soucaille et al., 1987; van der
Westhuizen et al., 1982).

However, this autolysin is activated by the presence of high concentrations of
sucrose in the protoplast formation medium (Allcock et al., 1982; Reid et al.,
1983). Stationary cells, on the production of spores might lyse, freeing the

mature spore from the old cell wall. C. acetobutylicum cells stop growing very

early upon induction of solvent production and cell differentiation, which causes
inhibition of cell growth and cessation of normal cell division (Jones et al., 1982;
Long et al., 1984a). This should be manifested by a decrease in obtainable cell

lysis as observed by these results.

3.3.3 Peptidoglycan sepsitivity and accessibility

There are a number of gross features of cell wall structure which are known to
be involved in resistance to lysozyme. It is known that in Gram-positive

bacteria, including C. acetobutylicum, the rigid cell wall component is

considerably thicker than in Gram-negative bacteria and contains a far higher
amount of peptidoglycan (Cho and Doy, 1973; Shockman and Barrett, 1983).
Even though the Gram-positive cell wall lacks an outer membrane, it contains
an almost endless variety of polysaccharides, frequently negatively charged and
teichoic acids covalently linked to the peptidoglycan. The tightness of the net
of peptidoglycan may also effect the susceptibility of the cell wall to enzyme
action. This is shown by the effect of glycine in the medium which, as

mentioned before, increased the degree of cell lysis.
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The use of lysozyme was the least effective of the three enzymes tested,

supporting the findings of Wako (1986), who reported that C. acetobutylicum

showed little decrease in turbidity (10-40%) in 60 min or no appreciable lysis
at all with lysozyme, whereas the use of achromopeptidase caused a marked
decrease in turbidity of at least 809% in 10 min. Lee et al, (1987) used
achromopeptidase to isolate plasmid DNA from various Clostridial species,

including C. acetobutylicam and, although noting improved cell lysis, also found

that its use resulted in a decreased yield of DNA. Urano et al. (1983) also used
a mixture of lysozyme and achromopeptidase to achieve lysis of C. butyricum

cells.

If the approach to the peptidoglycan network, which is the substrate, is hindered
by other polymers, such as teichoic acids, highly negative charged polymers
present in the cell walls of some Gram-positive bacteria can bind a highly basic
protein such as lysozyme and prevent its activity. C. acetobutylicam is also
known to produce an exopolysaccharide upon cells shifting to solvent production
(Jones et al., 1982; Long et al., 1984a). This extracellular capsule is a
polysaccharide composed of repeating sugar units thought to contain a high
degree of acetylation. Apart from acting as a reserve carbohydrate store, this

could also act as a barrier, preventing and binding basic enzymes.

The presence of 6-O-acetylated group on N-acetyl muramic acid is a known
basis for lysis resistance. This is known in several Gram-positive bacteria, where
some of the muramic acid residues are O-acetylated on C-6 or substituted by
phosphodiester groups, which covalently link other wall polymers to the
peptidoglycan (Ghuysen, 1974; Ghuysen and Shockman, 1973). Such resistance
has been found in Streptococcus faecalis and M. lysodekiticus mutants with

substitution by O-acetyl groups or by chemical acetylation of Bacillus megaterium

walls (Ghuysen, 1974). There appears to be no report of the presence or

absence of O-acetylation in C. acetobutylicurn.  Elimination of naturally

occurring O-acetyl groups off the glycan chains and removal of teichoic acids



111.

however does not render such peptidoglycans significantly susceptible to
lysozyme, when compared with native cell walls. This indicates that some
intrinsic property of the peptidoglycan must be involved in the resistance to

lysozyme action.

Lysozyme performs a transglycosidase activity and its lytic activity is product
inhibited (Ghuysen, 1974). In Gram-positive cells with their greater
peptidoglycan content complete hydrolysis of all sensitive bonds may be hindered
(Ghuysen et al., 1968).

The effect of achromopeptidase on cultures of all ages, when compared with that
observed using lysozyme or mutanolysin is dramatic. The results are well within
those cited by the manufacturer who found that at a concentration of 300U /ml

80% or more of C. acetohutylicum cells lysed in 10 min. Dramatic activity has

also been noticed by Nakamura et al. (1973) on Micrococcus radiodurans, which,

while virtually resistant to high concentrations of lysozyme, underwent a rapid
decrease in absorbance, from an OD,, of 1.5 to less than 0.2 in 8 min using
achromopeptidase at 110 ug/ml. However, the lysis was very hard to control and
occurred far too quickly in a short period of time at the concentrations of
achromopeptidase used to allow adequate control. Horinouchi et al. (1977),

using the enzyme on Staphylococcus aureus, achieved total lysis at 37°C in 10 min

using 1176U/ml of a highly concentrated bacterial suspension. It was also noted
that a dramatic decrease in viscosity occurred far more rapidly than that noticed

using lysozyme or mutanolysin, probably due to exogeneous DNase activity.

Because of the lack of control of achromopeptidase action and the noticeable
degree of loss of viscosity, it was decided to use mutanolysin as, although its
activity was slower than achromopeptidase, it provided better control of the lysis
and had the added advantage of causing less noticeable loss of viscosity.
Addition of anionic detergents, high EDTA concentrations and proteinase K

would be expected to increase the degree of lysis. The fact that mutanolysin
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was stable at the higher temperature of S0°C compared with lysozyme and
achromopeptidase was also an advantage as temperature is known to inactivate

some DNAses. C. acetobutylicum is reported by various groups to produce

significant levels of DN Ase activity (Efstathiou and Truffaut, 1986; Johnson and
Frances, 1975).

34 SUMMARY

Early to mid exponential phase cells are easier to lyse than cells at late exponential
or stationary phase. The latter are almost unable to be lysed by all enzymes tested
except by achromopeptidase which resulted in significant lysis. It was also shown
that achromopeptidase is far more effective than mutanolysin or lysozyme on cells
whether grown in the presence or absence of glycine. Growth in the presence of
0.3% (w/v) glycine exerts a minor destabilizing effect on the C. acetobutylicum cell
wall, and as a result, hydrolysis by lysozyme or mutanolysin is slightly more

effective.
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CHAPTER 4: PREPARATION OF A GENOMIC LIBRARY OF
CLOSTRIDIUM ACETOBUTYLICUM NCIB2951

4.1 INTRODUCTION

Following the development of methods for cloning foreign DNA into plasmids,
researchers began to investigate means of preparing gene banks representative of
the entire genomic DNA both of prokaryotes and eukaryotes. Plasmid vectors
have the theoretical capacity to accommodate fragments of unlimited size, but the
transformation efficiency of plasmids containing greater than 10 kb of insert DNA

is so low that their use in constructing genomic libraries is not practical.

Lambda vectors were constructed to overcome this problem, being able to
incorporate into the non-essential region up to 20 kb of insert DNA. More
recently, cosmids were developed by Collins and Hohn (1978) as vectors specifically
designed to clone even larger DNA fragments up to 50 kb in length. An additional
advantage of cloning larger inserts is the ease of identification of overlapping
fragments from the original genome, as well as the isolation of intact genes and

operons.

Two examples of cosmids are c2RB and pLAFR1. c2RB is a 6.8 kb cosmid

containing an unique restriction enzyme site (BamHI) for the insertion of foreign

DNA, flanked by EcoRI sites which facilitates rapid isolation for screening the
insert DNA (Bates and Swift, 1982). To enable packaging in bacteriophage heads,
this vector requires the insertion of an average fragment size of 44 kb. The vector,
pLAFR1 (21.6 kb) carries the lambda cos site cloned into the unique BglII site of
the broad host range vector pRK290 (Ditta et al., 1980). It encodes for tetracycline
resistance and contains a unique EcoRI site for cloning of insert DNA (Freidman
et al, 1982). It also possesses the RK2 replicon (mob+) which enables
recombinant plasmids to be mobilised into other species as well as other strains of

E. coli. The mobilization requires the presence of the helper plasmid pRK2013
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which contains the RK2 transfer genes (tra+), and encodes for kanamycin

resistance (Figurski and Helinski, 1979).

4.1.1 Aim

The aim of this phase of the project, therefore was to construct a genomic library

of C. acetobutylicum.

42 RESULTS

4.2.1 Difficulties in preparation_of the genomic library

As the first step in the construction of a genomic library, the isolation of genomic
DNA was attempted as described in section 2.8.2. However, the viscosity of the
lysate decreased almost instantaneously upon cell lysis, and resulted in the
isolation of degraded DNA. In most instances, spooling of DNA from the
ethanol precipitation step was virtually impossible. For this reason, the DNase

activity of the various strains of C. acetobutylicum was investigated.

The various strains were tested for extracellular DNase activity on DNase agar
plates, modified for the growth of Clostridium strains (section 2.2.2). A
fermentable carbohydrate source was included (lactose), and cysteine was added
to reduce the oxygen-reduction potential. The percentage of agar was also

increased (4%) to curb the "blowing” seen due to the production of gas during

active growth. C. acetohutylicum strains were activated and grown anaerobically
overnight in CMM at 30°C. Cells were then streaked onto the modified DNase
plates and incubated overnight at 30°C. A strain of C. perfringens was also
plated out as a negative control, while a known extracellular DNase producer,

S. aureus (ATCC9144), was used as a positive control on an unmodified DNase

agar plate.
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Detection of extracellular DNase activities in various
strains of C. acetobutylicum.
DNase activity was measured as described in Section 2.2.
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Fig.4.2: Levels of intracellular and extracellular DNase activity in C.
acetobutylicuam NCIB2951 during fermentation.
DNase activity was monitored as described in Section 2.6.1.
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All six strains of C. acetobutylicum tested showed high levels of extracellular
DNase activity (Fig.4.1). The levels produced were comparable to that observed
in S. aureus ATCC9144 and showed that C. acetobutylicum produced significant

levels of extracellular DNase activity at some stage during their growth cycle.

Further experiments were carried out to determine when the extracellular DNase
was produced during the fermentation growth cycle, and to determine if any
significant levels of intracellular DNase were produced. A batch fermentation
was performed, using strain NCIB2951 as described in section 2.6. The pH, cell
population and cell morphology were measured at various time intervals during
the fermentation run, and an aliquot was removed at these intervals for
measurement of the DNase content as described in section 2.6.1. Results showed
that extracellular DNase activity was absent during the early and mid-exponential
phases (Fig.4.2), but significant activity was detected at late-exponential phase
and thereafter. Cells from early to mid-exponential phase also did not have any
detectable intracellular DNase activity. However, this was detected in the
late-exponential phase and stationary phase cells, and preceded detection of
extracellular DNase activity. The intracellular activity was significantly higher
than the extracellular activity (Fig. 4.2).

In view of these results (and including the earlier results that early to
mid-exponential phase cells were easiest to lyse), the use of early- to
mid-exponential phase cells was strictly adhered to for the isolation of

chromosomal DNA from strains of C. acetobutylicum,

Theoretically, this protocol should have minimised degradation of DNA.
However, further attempts to isolate undegraded chromosomal DNA from early
or mid-exponential phase cells still provided evidence of a DNA degradation
(stability) problem. Various substances known to inhibit or inactivate DNase
activity were included during the cell lysis procedure in an attempt to prevent the

DNA degradation. These included diethyl pyrocarbonate, proteinase K,
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thermolysin, sodium dodecyl sulphate, guanidinium isothiocyanate, sodium
perchlorate and SLS. However, no beneficial effects were observed. Further,
performing the lysis at 55°C (a temperature known to inactivate some DNases)
did not cause any appreciable difference compared to lysis at a lower

temperature (37°C).

Isolation of C. acetobutylicum DNA in the presence of the chaotropic agent

guanidinium isothiocyanate also did not increase the ability to isolate undegraded
chromosomal DNA. The method, however, produced a large yield of high
molecular weight DNA from E. coli. The same effect was seen using sodium
perchlorate, another chaotropic agent. These results led to the conclusion that
some intrinsic factor other than nuclease was responsible for the observed DNA

degradation.

In a further attempt to identify the cause and alleviate the problem, a set of
experiments was carried out where different samples of isolated chromosomal

DNA and lysate DNA from several strains of C. acetobutylicum were tested for

DNAse activity. In some cases, pPBR322 DNA was incorporated as a marker.
The samples were placed in a sterile microfuge tube and incubated at 4°C for 1-7

d prior to analysis by gel electrophoresis.

The results are summarized in Table 4.2. Chromosomal DNA from E. coli was
relatively stable, as was linearized pBR322. However, significant degradation of
the chromosomal DNA occurred in lysates of C. acetobutylicum, while the
plasmid pBR322 DNA remained stable.

These results confirmed that DNAse was not entirely responsible for the
instability of the DNA. DNA sensitivity to oxygen has been reported by Martin
and Savage, (1988).



Table 4.1:Investigation of C. acetobutylicum DNA stability

DNA Stability

1 day 7 days

total pBR322 total pBR322

E. coli + 3
pBR322 + +
E. coli/pBR322 + + + 4+
Lysates:
C. acetobutylicum
P262 - -
P262/pBR322 -+ -+
NCIB2951 - -
NCIB2951/pBR322 -+ -+
NRRL59%4 - -
NRRLS594/pBR322 -+ -+
NRRLS598 - -
NRRLS598/pBR322 -+ -+
NRRL2490 - -
NRRL.2490/pBR322 -+ -+
Isolated DNA:
P262 + -
P262/pBR322 + + -+
NCIB2951 + -
NCIB2951/pBR322 + + -+
NRRL594 - -
NRRLS594 /pBR322 -+ -+
NRRL598 - -
NRRLS598/pBR322 -+ -+
NRRIL2490 - -
NRRIL.2490/pBR322 -+ -+

+ DNA stable as measured by gel electrophoresis (section 2.12).

- DNA unstable as measured by gel electrophoresis (section 2.12).

IS
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Isolation of chromosomal DN A was therefore carried out while keeping the cells
as anaerobic as possible prior to lysis. This improved the ability to isolate
undegraded stable DNA. One strain in particular, NCIB2951, was chosen for
further use in the construction of the genomic library, as this strain was the most

reliable for isolating high molecular weight DNA.

4.2.2 Preparation of the genomic library

The first cosmid chosen for the construction of a genomic library was c2RB.

Chromosomal DNA from NCIB2951 was partially digested with_Sau3A (section
2.9), and subjected to electrophoresis on a 1% Seaplaque gel (section 2.11). The
band in the region of 40-45 kb was cut out and the DNA was extracted as
described in section 2.16. This DNA was ligated into ¢2RB, and packaged as
described in section 2.11. However, no recombinant clones were observed.
Since controls using_E. coli chromosomal DNA always resulted in the isolation
of large numbers of clones constituting the genomic library, it seemed problems
still existed with the clostridial DNA. Gel electrophoresis revealed that the size
of the selected DNA seemed to decrease with time, and that ligation.did not

incorporate the insert DNA.

Thus, it appeared that although NCIB2951 chromosomal DNA could be isolated
in a stable form, its molecular weight was not always high enough to enable easy
isolation of the required fragment sizes. The decrease in the size of the DNA
was probably due to damage that had occurred during the cell lysis which,
although small, was significant enough to cause the size to decrease upon

frequent handling, especially during ethanol precipitation steps.

A (different cosmid (pLAFR1) was chosen. pLAFR1 was useful for the
construction of this genomic library, due to the fact that less handling was
required. Also, it was larger than c2RB, and hence required pieces of insert

DNA which were smaller. Insert DNA was prepared by an adapted method
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which minimized the handling of the DNA as described in section 2.11. This
DNA was partially digested with EcoRI, (heated 65°C, 10 min to inactivate the
enzyme), washed through a centricon filter, and ligated into EcoRI digested
pLAFR1. The ligation mix was then packaged into bacteriophage heads (section
2.10 and 2.11) and plated overnight onto LB plates containing tetracycline. The
resultant recombinant clones were washed off the plates with LB broth, washed
and resuspended in glycerol. The genomic library was stored at -70°C.
Approximately 3,500 recombinant clones were isolated from the C.

acetobutylicum NCIB2951 genomic library. This number was significantly less

than that achieved with an E. coli genomic library (9,700), prepared in an

identical manner.

Packaging into the bacteriophage heads imposes a size selection on the
recombinant inserts. The average insert size, using pLAFR1 is 23 kb. As the

actual size of the C. acetobutylicum NCIB2951 chromosome is not known, an

arbitrary value of 3,000 kb was set in order to determine the number of pLAFR1
clones required for the desired probability of a given sequence being present in

the library. This was based on the known chromosome size of S. lactis (3,000

kb). The desired probability (0.99) of a unique DN A sequence being represented
in the genomic library, was calculated using the equation of Clark and Carbon
(1979):

N = _1n(1-P)
In(1-1/n)

where P = the probability of a given sequence being in a genomic library (0.99);
N = the number of clones required in the clone bank; and n = the size of the

genome relative to the average size of the cloned fragment.

N = In(1-0.99) = -4.605 =598 clones.
In(1-1/130.43) -7.696x10°

Therefore, based on the above formula, the 3500 recombinant clones achieved

should be representative of the entire genome of C. acetobutylicum. If the
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Fig4.3: Analysis by gel electrophoresis of a random
selection of cosmid clones from the genomic
library of C. acetobutylicam NCIB2951.
Sizes are in kilobases.

Lane 1 :  Lambda HindIII size standards
Lane 2-14 : EcoRI digests of random pLAFR1 cosmids
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genome is as large as E. coli (4,100 kb), 820 clones would be required to

maintain 99% probability of a given sequence being present.

Several of the recombinant clones from the genomic library were chosen at
random, and the cosmid DNA was isolated (section 2.7.3), digested with EcoRI
(section 2.9), and analyzed by gel electrophoresis (section 2.11) to determine the
percentage and size of insert DNA (Fig.4.3). In all cases, a fragment the size of
pLAFR1 (21.6 kb) was present, and in 12 out of the 13 cases other fragments,
presumably insert DNA, were also produced. One out of the 13 clones (Fig.4.3,
lane S) yielded only a pLAFR1-sized fragment. Since pLAFR1 alone is of
insufficient size for packaging, this recombinant clone was probably a
cosmid-dimer. The total length of insert DNA in the 12 recombinant clones was
measured, and found to vary from 13 to 35 kb, the mean being 22 kb. The total
length of DNA being packaged appears to be in the range of 34.4 to 51.6 kb.
This corresponds well with the reported values for size selectivity in lambda

packaging in vitro (Hohn, 1979).

43  DISCUSSION

A number of bacterial genera (e.g. Staphylococcus, Serratia, Pseudomonas,

Bacillus, Clostridium) are known to produce intracellular and extracellular DNase
(Streitfold et al, 1962; Nestle and Roberts, 1969; Miller and Clark, 1976; Akrigg,
1978; Mihelc et al., 1978; Scurlock and Miller, 1979; Rood et al., 1978; Solberg et
al., 1981; Luczak et al., 1985). A significant problem which arises in preparing
DNA from these bacteria is that these DNases, if not inhibited, rapidly degrade
DNA during preparation, giving variable and inconsistent results (Johnson and
Frances, 1975; Urano et al., 1983; Lin and Blaschek, 1984; Blaschek and Solberg,
1981; Blaschek and Klacik, 1984; Strom et al., 1984; Mahony et al., 1986; Efstathiou
and Truffaut, 1986; Yu and Pearce, 1986; Zappe et al.,, 1986; Lee et al., 1987).
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4.3.1 DNase activity

The results obtained in the present study showed that all strains of C.

acetobutylicum investigated possessed active intracellular and extracellular

DNases. The detection of extracellular and intracellular DNase activity towards
the end and during stationary phase growth is similar to that reported in B.
subtilis (Akrigg, 1978; Reshetnik et al., 1978; Akrigg and Mandelstam, 1977).
Initially, it was thought that by harvesting cells during early- to mid-exponential
phase, the DNase problem would be avoided. However, problems of DNA

degradation still occurred, so attempts were made to inhibit or inactivate DNase.

The addition of detergents did not decrease the DN A degradation. Similar results
have been reported for various clostridial species by Strom et al. (1984) and Lee
et al. (1987). Proteinase K is an unspecific serine protease which possesses the
ability to rapidly inactivate, by proteolytic action, any endogenous nucleases with
or without SDS being present. However, the use of proteinase K did not give
any appreciable decrease in the DNA degradation. Martin and Savage (1988)
used many proteolytic enzymes, including proteinase K and did not detect any
inhibition of the DNA degradation. Similar results were reported by Strom et
al. (1984) and Lee et al. (1987).

Diethyl pyrocarbonate (DEP) reacts with and denatures proteins, and therefore
inactivates nucleases (Ehrengberg et al, 1976). It can also react with single
stranded DNA but does not affect double stranded DNA. DEP has been used
extensively during the isolation of undegraded nucleic acid (DNA and RNA)
from a variety of organisms, such as viruses, bacteria, blue-green algae, protozoa,
slime molds, fungi, plants and animals (Ehrenberg et al., 1976). However, its use
to aid the isolation of undegraded plasmid and chromosomal DNA from various
Clostridium species has resulted in conflicting results as to its effectiveness
(Strom et al.,, 1984; Blaschek and Klacik, 1984; Efstathiou and Truffaut, 1986;
Mahony et al., 1986; Lee et al.,, 1987). The use of DEP in the lysis protocol
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during extraction of DNA should have resulted in less degraded DNA. However,
the results obtained were negative and a persistent increase in the isolation of
undegraded DNA was not obtained. This apparent failure is in agreement with

reports from other groups.

Chaotropic agents (often used in the isolation of RNA via inhibition of RNase)
have been used successfully in the isolation of high molecular weight DNA from
the DNAse-producing S. aureus (Dyer and Tandolo, 1983). Proteins rapidly
dissolve in solutions of potent chaotropic agents as the orderly secondary
structure is lost (Maniatis et al., 1982). However, the use of the chaotropic
agents guanidinium isothiocyanate and sodium perchlorate did not help in the
isolation of undegraded DNA in the present work. Hence the results obtained

suggested that DNase was not the only factor involved in DNA degradation.

Another possible factor is the presence of oxygen. The ability of an organism to
survive and grow in the presence of oxygen is dependent upon factors such as
possession of a variety of enzymes which detoxify oxygen reduction products.
Organisms which lack these systems generate significantly high amounts of these
products (Fridovich, 1978). DNA is one of the sites attacked by such products.
Production of hydrogen peroxide via the presence of oxygen is known to produce
single stranded breakage in DNA (Ananthaswamy and Eisenstark, 1977; Brawn
and Fridovich, 1981; Kreig and Hoffmen, 1986). Hydrogen peroxide is also
reported to cause the loss of adenine residues from DNA (Uchida et al., 1965)
leading to single stranded breakage of DNA (Ljungquist, 1977).

This is put forward as a possible explanation for the DNA degradation observed

in C. acetobutylicum lysates since all detectable levels of DNAse were removed

and its presence is no longer a viable explanation. Martin and Savage (1988)
reported similar results when attempting to isolate high molecular weight DNA

from the oxygen-intolerant Gram-negative Roseburia cecicola. This high

molecular weight DNA was isolated only when the bacterial cells were kept
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under anaerobic conditions up to lysis. Exposure of cells to oxygen caused
chromosomal DNA to degrade. They also reported extensive degradation of
linear lambda DNA but only single stranded nicking of plasmid DNA. Lee et
al. (1987) reported results which showed that isolated plasmid DNA was
relatively unstable at 4°C; after 2-3 days of storage the DNA was completely
degraded.

The qualitative results reported in the present study are similar to the above.

The lysates of C. acetobutylicum caused no degradation of pBR322. However,

many of the samples of C. acetobutylicum genomic DNA decreased in molecular

weight. An explanation could be that the presence of numerous single stranded
nicks present in the chromosomal DNA caused it to literally fall apart. The
evidence on the role of oxygen in the degradation of DNA is also an acceptable
explanation as to the ineffectiveness of DEP in the isolation of undegraded
plasmid and chromosomal DNA reported by some groups (Blaschek and Klacik,
1984; Strom et al., 1984; Mahony et al., 1986; Lee et al,, 1987). DEP, which has
the ability to inhibit nuclease, has no ability to protect DNA from the oxygen
radicals.

E. coli normally has an efficient mechanism to repair DNA under the control
of the recA and lexA gene products. This system is independent of DNA
replication, and is usually effected by the repair system I (Miller, 1983). Mutants
of E. coli, lacking this system are reported to become highly sensitive to agents
which cause chromosomal breaks, including oxygen and hydrogen peroxide
(Ananthaswamy and Eisenstark, 1977, Morimyo, 1982). This leads to the

hypothesis that C. acetobutylicum (as an anaerobe) may be deficient in a repair

system required for protection against oxygen and free radicals. If C.

acetobutylicum does not contain any major oxygen-detoxifying enzyme system, it

has no known way to prevent the damage caused by the presence of oxygen
during lysis. The reports by various groups (see Section 1.4.2), that indirect

mutagens were unsuccessful in the production of mutants supports this
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hypothesis.
When cells were protected and kept as anaerobic as possible, DNA stability was
noticeably improved and allowed a significant increase in the isolation of stable,

high molecular weight DNA.

4.3.2 Preparation of genomic library

There is an extensive list of genes from Gram-positive bacteria (Bacillus

Clostridium, Streptococcus, Lactobacillus, Ruminococcus) that have been

successfully cloned and expressed in E. coli (Lee et al., 1982; Brenier et al., 1983;
Panbangred et al.,, 1983; Ishii et al., 1983; Karube et al., 1983; Cornet et al.,
1983; Gardner and Aronson, 1984; Breidt and Stewart, 1986; Limsowtin et al.,
1986; Howard and White, 1988).

The production of a genomic library is the essential first step to allowing

investigation and genetic analysis of C. acetobutylicum. An understanding of the

genetics will help to enable alteration of biochemical characteristics which will

lead to increasing the efficiency of the ABE fermentation.

The trouble experienced in producing the genomic library was decreased by
changing some of the steps from the normal method of producing a genomic
library. Washing the DNA through a centricon filter removed NaCl and
enzymes, as well as concentrating the DNA. It also decreased the degree of
handling of the DNA. Although the possibility of getting ligation of two
fragments together that do not align within the genome exists, the level would
be extremely low, as the DNA sample was collected during the EcoRI partial
digestion at a time interval where the DNA dropped only from 50 to 23 kb. The
DNA once cloned in E. coli as the library was completely stable.
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44 SUMMARY

Strains of C. acetobutylicum produced high levels of extracellular and intracellular
DNase activities. The DNase activities coincided with the late-exponential and
stationary phases of growth. Detectable intracellular DNase activity preceded

detectable extracellular activity.

Isolation of chromosomal DNA from strains of C. acetobutylicum was associated

with degradation. This degradation was not prevented by the use of various protein
inhibiting agents, and was therefore not due entirely to the DNase. This observed
degradation is presumed to be due to the adverse affect of oxygen and related
radicals on the double-stranded DNA. Isolation of undegraded DNA could be
achieved reproducibly by protecting the cells to be lysed from oxygen, and
precipitation of DNA as soon as lysis occurred. A genomic library to C.
acetobutylicum NCIB2951 was made using the cosmid vector pLAFR1. It

constituted 3,500 recombinant clones.
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CHAPTER S: IDENTIFICATION AND CHARACTERIZATION OF
LACTOSE UTILIZATION GENES IN C. ACETOBUTYLICUM NCIB2951

5.1 INTRODUCTION

5.1.1 Lactose Utilization in C. acetobutyvlicum

C. acetobutylicum has been shown to possess both B-galactosidase and
phospho-B-galactosidase activities (Yu et al, 1987). In P262, induction of
B-galactosidase and phospho-8-galactosidase occurs during the fermentation of
whey. High levels of phospho-8-galactosidase are detected in early stages of
fermentation, coinciding to the acidogenic (growth) phase. The level of
phospho--galactosidase then drops sharply to a low level within 5 h of induction.
B-galactosidase activity is observed after 6 h growth and increases slowly, peaking
at 22 h (coinciding with maximum solvent production). Both B-galactosidase and
phospho-B-galactosidase have been detected in NCIB2951 at 16 h after inoculaton,
with higher levels of B-galactosidase than that of phospho-8-galactosidase.

This differential expression in the induction of B-galactosidase and phospho-
B-galactosidase could indicate that the two lactose utilization pathways serve
two different functions during the ABE fermentation (Yu et al., 1987). The
presence of these two enzymes suggest that both pathways for lactose utilization

(as shown in Section 1.7) operate in C. acetobutylicum. Nothing is known about

the regulation of these two pathways in C. acetobutylicum or the regulation of

the B-galactosidase and phospho-B-galactosidase enzymes themselves. The
relative importance in vivo of these two potential pathways for lactose utilization

and solvent production in C. acetobutylicum has yet to be determined. However,

ATCC824, which possesses only a phospho-B-galactosidase produces lower
amounts of solvents than P262 (B-galactosidase and phospho-8-galactosidase)
when grown on lactose (Yu et al., 1987). Of these two known lactose utilisation

pathways, only the B-galactosidase is well understood at the genetic level (Dills



130.

et al, 1980). The PEP:PTS system is a complex system, with regulation and

induction differing markedly between different bacteria (Postma and Lengeler,
1985).

5.12 Aim

The aim of this phase of the project was to isolate and characterize the genes
encoding the B-galactosidase and phospho-8-galactosidase from the NCIB2951

genomic library.

5.2 RESULTS

5.2.1 Complementation of HB101 Auxotrophic Mutations

In order to establish whether the C. acetobutylicum insert DNA in the

recombinant clones was able to express in E. coli, the ability to complement
auxotrophic mutations present in the host (E. coli HB101) was investigated.
HB101 possesses mutations in the proline, leucine and thiamine biosynthesis

pathways.

The genomic library was plated onto minimal medium (supplemented with
glucose, Tc, and TTC), and lacking one of the three required amino acids or
vitamins (i.e. proline, leucine or thiamine). The plates were incubated at 37°C
for two days. Several of the red colonies which grew were picked and replated
onto the same medium for isolation of single colonies to establish the stability
of their prototrophy. Using this method, clones were isolated from the library

that complemented each of the auxotrophic defects of HB101.

Six clones were selected that complemented the proA2 (a-glutamyl phosphate

reductase) mutation of HB101. Cosmid DNA was isolated from these clones
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Analysis by agarose gel electrophoresis of
cosmids isolated from the C. acetobutylicum
NCIB2951 genomic library which complemented
the proA2, leuB6, and thi auxotrophic mutations
present in E. coli HB101.
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(section 2.7.3), digested with EcoRI (section 2.9), and analyzed by agarose gel
electrophoresis as described in section 2.12. All clones shared common DNA
fragments of 4.6 and 6.8 kb, and the three unique digest patterns observed
(designated pKH90-92) are shown in Fig. 5.1a.

Six positive clones were selected, which had acquired the stable leucine
prototrophy and therefore must express the o-isopropyl malate dehydrogenase,
absent in HB101 because of the leuB6 mutation. These clones were grown up
overnight, the plasmid DNA was isolated, digested with EcoRI and analyzed by
agarose gel electrophoresis. Each clone was shown to share a common fragment
insert DNA (15.4 kb) as well as the 21.6 kb band corresponding to pLAFR1.
Three such clones (designated pKH96-98) representing the six analyzed are
shown in Fig. 5.1b.

Clones that complemented the thiamine defect were also isolated. Cosmid DNA
from 6 of these clones was digested with EcoRI and also analyzed by agarose gel
electrophoresis. The clones shared two common DNA fragments (3.8 and 2.5
kb). Three clones which represented the restriction digest patterns observed
were chosen and designated pKH93-pKH95 (Fig S.1c).

These results showed that genes from the Gram-positive anaerobe, C.

acetobutylicum, were able to express and complement mutations present in the

Gram-negative host strain E. coli HB101 genome.

5.2.2 Attempts to isolate the pbg gene from the C. acetobutylicum library using
a probe from Lactobacillus casei 64H

As the phospho-B-galactosidase (pbg) gene from L. casei 64H had been cloned,

initial experiments were carried out to see if this probe would be suitable to
select for the C. acetobutylicum pbg gene. The L. casei pbg gene has been
cloned on a 7.9 kb Pstl fragment in pBR322, designated pLZ600 (Lee et al.,
1982). Plasmid pLZ600 was isolated from DRI4477 (section 2.7.3) and was
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Hybridization of the 1.1 kb Sphl fragment containing the
pbg gene region of L. casei to EcoRI digested genomic DNA
of C. acetobutylicum NCIB2951.

Size markers are in kilobases.

Agarose gel electrophoresis of EcoRI genomic digests of C.
acetobutylicum NCIB2951.

Lane 1 Lambda HindIII size standards
Lane 2 C. acetobutylicum NCIB2951

Autoradiograph of the same gel hybridized at 65°C with [**P]-
labelled 1.1 kb Sphl fragment carrying the L. casei pbg
structural gene.

Agarose gel electrophoresis of EcoRI genomic digests of C.
acetobutylicum NCIB2951.

Lane 1 C. acetobutylicum NCIB2951
Lane 2 Lambda HindIII size standards

Autoradiograph of the same gel hybridized at 60°C with [**P]-
labelled 1.1 kb Sphl fragment carrying the L. casei pbg
structural gene.

[?P]-labelled lambda DNA was included to identify the
positions of the lambda standards.
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digested (section 2.9) with the restriction enzyme Sphl to yield, amongst other
bands, a 1.1 kb fragment known to contain the pbg gene. This fragment was
isolated from agarose gel (section 2.16) and used as a probe for the pbg gene.
To check whether there was an acceptably high degree of homology between L.

casei and C. acetobutylicum pbg genes to allow detection of the clostridial gene

in the genomic library, a Southern blot of EcoRI restricted genomic DNA of C.
acetobutylicum NCIB2951 (section 2.19) was probed with the [*P]-labelled 1.1
kb Sphl pbg fragment of L. casei under conditions of high stringency (65°C and
6xSSC) and at a lower stringency (60°C, and 6xSSC) as described in section 2.18.

In both cases, no significant hybridization was detected (Fig. 5.2). These results

suggested that it would not be possible to utilize the L. casei pbg gene probe to

detect and isolate the equivalent C. acetobutylicum NCIB2951 gene from the
genomic library.

5.2.3 Attempts to select for the C. acetobutylicum pbg gene by expression in E,
coli

The genomic library was serially diluted and plated out for single colonies on LB
agar plates containing tetracycline. One thousand colonies were selected and
replated onto numbered sectors on plates.

According to the calculation shown in Section 4.2.2, the number of clones in the
genomic library should be representative of the entire C. acetobutylicum genome.
These E. coli clones were grown overnight in LB medium, supplemented with
galactose, diluted 1/10 in fresh medium and after growing for 4 h, were
sequentially screened for phospho-B-galactosidase activity in microtitre trays using
appropriate controls as described in section 2.23. However, after screening 850

colonies, no positive clones were detected.

5.2.4 Isolation of the cbg gene from C. acetobutylicum

To isolate the B-galactosidase gene (cbg), two techniques were investigated. In
the first, the genomic library of C. acetobutylicum NCIB2951 was plated out
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Restriction enzyme digests of cosmids that expresses 8-
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onto minimal medium supplemented with Tc, TTC, casamino acids, and with
lactose as the carbon source. Colonies capable of catabolizing the lactose would,
in the presence of TTC, produce a deep red formazin dye due to TTC reduction.
Colonies unable to catabolize the test substrate would remain colourless. When
this was attempted, no colonies were obtained on the plate. However, this
selection system relies on complementation of the lacY mutation of HB101 to

ensure lactose is taken up by the cell.

Therefore, an alternative method using X-gal was tried. X-gal (5-bromo-4-
-chloro-3-indoyl galacto-pyranoside) is a chromogenic substrate which is cleaved
by B-galactosidase to galactose plus the insoluble blue indoyl derivative. The
genomic library was crossed en masse, using the tri-parental mating system (see
section 2.22), into E. coli strain PB2959 (alac, which lacks the entire lac operon)
and screened for active B-galactosidase activity by streaking a loopful onto
minimal plates supplemented with 40 g/ ml X-gal and 200 pg/ml IPTG. This
resulted in a number of blue colonies on the plates, of which 20 were picked and
restreaked onto the same selective medium to generate single colonies. Testing
revealed that IPTG was not required for expression of the B-galactosidase.
Approximately 20 of these blue colonies were isolated, the DNA was extracted,
and digested using restriction enzyme EcoRI as described in section 2.9. This
showed that they contained three common digest patterns. Three of these
colonies were chosen and designated DRI4997-DRI4999 (pKH100-pKH102).
Each of these three cosmids shared three common insert bands of 5.2, 7.2, and
28 kb (Fig. 5.3, lanes 3-5). The colonies were tested for kanamycin resistance to
ensure the absence of pPRK2013. None could grow in the presence of kanamycin.
These three recombinant clones were transferred back into HB101 via
tri-parental crossing (section 2.22) and plated onto supplemented minimal
medium containing lactose. However, no growth was detected. This led to the
conclusion that the equivalent lactose permease gene was not present upon the
cosmid, or was unable to complement the lacY mutation in HB101. Testing

these three recombinant clones for phospho-B-galactosidase activity was also
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negative, showing that the pbg gene was not situated close to the cbg gene.

The relative position of the cbg gene within the clones pKH100-102 was
determined by a combination of subcloning. To clone the fragment that
contained the C. acetobutylicum cbg gene, plasmid DNA (20 pg) from pKH102
was digested with EcoRI restriction enzyme (section 2.9) and run on a gel as
described in section 2.12. The common fragments were cut out from the
seaplaque agarose and isolated via the freeze/thaw technique as described in
section 2.16. This DNA was ligated (section 2.20) into EcoRI-digested pSUP202
vector DNA (containing the mob site of pRK2), transformed into E. coli HB101
(section 2.21) and plated onto LB agar plates containing tetracycline. Twelve Tc®
colonies were picked from each plate, grown up overnight in selective LB
medium and the plasmid DNA was isolated (section 2.7.3), and digested with
EcoRI as described in section 2.9. This analysis enabled selection of several
clones which were shown to contain an 8.0 kb EcoRI fragment corresponding to
pSUP202 DNA, and either a 5.2 kb or 7.2 kb EcoRI fragment of insert DNA.
Others were shown to contain only an 8.0kb EcoRI band corresponding to
pSUP202.

These two smaller, common EcoRI restriction fragments (as present in the
recombinant plasmids pKH106-pKH107) were crossed into E. coli strain PB2959
(DRIS5013, DRI5014) and screened on the selective medium. The results showed
that only when the 5.2 kb EcoRI fragment was present (cloned in pSUP202)
could B-galactosidase activity be detected in the isogenic host strain PB2959.
This signified that the cbg gene was present upon the 5.2 kb EcoRI fragment.
Since PB2959, with or without pSUP202, forms white colonies on the selective
medium containing X-gal, this result indicated that the cbg gene had been cloned
into pSUP202 on the 5.2 kb EcoRI fragment (Fig. 5.3, lane 1). One such
transformant DRI5014, was kept and the recombinant plasmid in HB101 was
designated pKH107. To test whether the expression of the cloned cbg gene was
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Fig.5.4: Restriction enzyme map of the 5.2 kb EcoRI
fragment containing the cbg gene region of
C. acetobutylicum NCIB2951.
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orientation specific, i.e. under the control of a vector promoter, this fragment
was then recloned in the opposite orientation in pSUP202 (pKH179), and
identified to be in the opposite orientation by Pvull restriction enzyme digestion.
When crossed into PB2959(section 2.22) (DRIS01S5) and re-tested upon the
selective medium containing X-gal, the fragment still possessed an active
B-galactosidase, thus confirming that the 5.2 kb EcoRI fragment not only
contained the structural gene for B-galactosidase, but also the required clostridial

promoter.

5.2.5 Restriction enzyme mapping of pKH107

Once pKH107 had been isolated and characterized with respect to the size of
insert and the enzyme for which it coded, a physical map of the pKH107 insert
was developed by restriction enzyme analysis as described in section 2.9 in an
attempt to localize the position of the cbg gene. The map was constructed from
cleavage of both the plasmid pKH107 and the purified insert (Fig 5.4). No
enzyme sites were detected for BamHI, Bcell, Bglll, Clal, HindIII, Hpal, Kpnl,
Mbol, Pstl, Pvul, Xbal, or Xhol. The enzymes, Haelll and Pvull had one and

two cleavage sites in the insert, respectively, and were the only useful 4 and 6bp

restriction enzymes found. The insert contained multiple cleavage sites for Alul,
Rsal and Sau3A, but the positions of these cleavage sites are not indicated on
the map as they were far too numerous, the fragments ranging from 1000 to less
than 200bp long. Sub-cloning of the Haelll/EcoRI fragments into pUCI18
totally interrupted the B-galactosidase activity and therefore did not help to

further localize the boundaries of the gene.

5.2.6 Characterization of the coded B-galactosidase gene on pKH107 and
pKH179

Experiments were carried out to investigate the level of activity of the C.
acetobutylicum B-galactosidase gene (cbg) in E. coli strains PB2959 and JM101.

Permeabilized cells (glucose-grown) were tested using ONPG as substrate as
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described in section 2.24. ONPG is hydrolysed by B-galactosidase to galactose

and o-nitro phenol (yellow).

DRIS01S and DRI8S520, containing the recombinant plasmids pKH107 and
pKH179 respectively in PB2959, expressed B-galactosidase activity irrespective of
the orientation of the 5.2 kb EcoRI fragment (390U and 344U). Similar results
were observed in JM101 (Table 5.1) where 416U and 400U of activity were
recorded for the two orientations. PB2959, however, with or without pSUP202,
yielded very low units of activity, as did JM101. These results showed that the
activities were well above the level of background activities of either strain as
well as that of HB101 (when not induced with IPTG).

Table 5.1: Expression of C. acetobutylicum B-galactosidase in E. coli

Bacteria Units of B-galactosidase®
Glucose  Glucose/ Succinate Succinate/
IPTG IPTG

HB101 31.7 1106 333 877
JM101 3:9 9.0 33 6.2
JM101/pSUP202 5.0 %) 4.5 4.1
JM101/pKH107 416 377 418 451
JM101/pKH179 400 424 485 480
PB2959 8.9 2.5 3.8 4.5
PB2959/pSUP202 7.5 4.7 5.5 5.3
PB2959/pKH107 390 365 390 2
PB2959/pKH179 344 381 376 333

@ Units of B-galactosidase= 1000x OD
time x vol x ODy,
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When grown in the presence of the inducer IPTG, the activities were 365U and
381U for DRIS015 and 8520, respectively, indicating that there was little
significant increase in activities. These results show that the cbg gene is not
induced by IPTG, the activities being approximately equal in the presence or
absence of the inducer. It was also noticed that the clostridial B-galactosidase
gene was expressed constitutively in E. coli strain HB101 when grown in the
presence or absence of glucose as blue colonies were observed from the

metabolism of X-gal.

Strain JM101 overproduces the E. coli lacl repressor protein. However, there was
no detectable change in the levels of the B-galactosidase activity in strains
harbouring pKH107 and pKH179. This demonstrated that the lacl repressor of
JM101 had no effect on the B-galactosidase promoter. When the cells were
grown on succinate, the activities of the clostridial cbg gene in either orientation
were at equivalent levels to those seen when grown on glucose. This showed that

activity is neither repressed nor induced when cloned in E. coli.

5.2.7 Detection of B-galactosidase genes in other C. acetobutylicum strains using
Southern blot hybridization

Yu et al. (1987) detected the presence of B-galactosidase activity in C.
acetobutylicum strains NRRL 594, NRRLS598, NRRL2490, NCIB2951 and P262,

but no activity was detected in strain ATCC824. Hence, an attempt was made

to identify the presence of a cbg gene in this strain via Southern blot
hybridization. A range of other strains were included for comparison. Total
chromosomal DNA was isolated from each strain and digested with restriction
enzyme EcoRI as described in section 2.9. The resultant gels were Southern
blotted (section 2.19) and probed with the [*P]-labelled 5.2 kb EcoRI fragment
containing the cbg gene from pKH107 (Fig. 5.5). The results showed that all the
strains tested contained a single fragment which showed homology to the
NCIB2951 cbg gene probe. Also, the hybridization patterns showed that the size

of the comparable fragments differed from the fragment size used as a probe
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Hybridization of the C. acetobutylicum NCIB2951
cbg gene region from pKH107 to EcoRI
genomic digests of other C. acetobutylicum

strains.

(2)

(b)

(©)

(d)

Size markers are in kilobases.

Agarose gel electrophoresis of EcoRI genomic digests
of C. acetobutylicum DNA.

Lane 1 C. acetobutylicum NCIB2951
Lane 2 Lambda HindIII size standards
Lane 3 C. acetobutylicum NRRL59%4
Lane 4 . acetobutylicum NRRLS98
Lane S . acetobutylicum NRRL2490
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Autoradiograph of the same gel hybridized with [*P]-
labelled 5.2 kb EcoRI fragment of pKH107 carrying
the C. acetobutylicum NCIB2951 cbg gene region.
[*P]-labelled lambda DNA was included to identify
the position of the lambda standards.

Agarose gel electrophoresis of EcoRI genomic digests
of C. acetobutylicum DNA.

Lane 1 Lambda HindIII size standards
Lane 2 C. acetobutylicum P262
Lane 3 C. acetobutylicum ATTC824

Autoradiograph of the same gel hybridized with [*P]-
labelled 5.2 kb EcoRI fragment of pKH107 carrying
the C. acetobutylicum NCIB2951 cbg gene region.
[’P]-labelled lambda DNA was included to identify
the position of the lambda standards.
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(NRRL594, 4.6 kb; NRRLS98, 4.6 kb; ATTC824, 5.6 kb; NRRL2490, 4.6 kb;
P262, 4.6 kb). Since the amount of DNA (2 ug) loaded was equal for each
strain, the results also demonstrated that the degree of homology was very strong
with all other strains, except for ATCC 824, which showed a lesser degree of

homology.

The result above showing that ATCC824 possessed DNA homology to the cbg
gene probe was unexpected since Yu et al. (1987) had reported that no
detectable B-galactosidase activity existed in this strain. Hence, this strain, and
the others, were plated onto CGM medium plates, containing lactose as the sole
carbon source, plus X-gal, and tested using ONPG. All strains were shown to
express the gene, except for ATCC824, which failed repeatedly to give blue
colonies on the CGM medium plates or to hydrolyse ONPG. This confirmed the
previous work (Yu et al., 1987).

5.2.8 Degree of homology of the C. acetobutylicum NCIB2951 cbg gene region
with DNA from other bacteria

Homology studies were performed using the [°P]-labelled 5.2 kb EcoRI fragment
containing the cbg gene to S. lactis ATCC7962, S. thermophilus DRI1242, L.
bulgaricus DRI20056, L. helviticus DRI20064, E. coli DC272 and R. loti PN2213.

Table 5.2: Detection of B-galactosidase activity in various strains of bacteria
using selective medium supplemented with X-gal

Medium Bacteria Temperature Result

M17 lactose S. lactis ATCC7962 30°C +
M17 lactose S. thermophilus DRI1424 37°C +
MRS lactose L. bulgaricus DRI20056 30°C +
MRS lactose L. helviticus DRI20064  30°C +
MMS56 lactose E. coli DC272 37°C +
MMS6 lactose E. coli PB2959 37°C -

]
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Hybridization of the 5.2 kb EcoRI fragment containing
the cbg gene region of C. acetobutylicum NCIB2951
to genomic and plasmid DNA of other Gram-positive
and Gram-negative bacteria.

Size markers are in kilobases.

()

(b)

Agarose gel of EcoRI restriction enzyme digests of
DNA from various strains.

Lane 1 Lambda HindIII size standards
Lane 2 p7962 from S. lactis ATCC7962
Lane 3 S. thermophilus DRI1242

Lane 4 R. loti PN2213

Lane § L. bulgaricus DRI20056

Lane 6 L. helveticus DRI20064

Lane 7 E. coli DC272

Autoradiograph of the same gel hybridized with [*P]-
labelled 5.2 kb EcoRI fragment of pKH107 carrying
the C. acetobutylicum NCIB2951 cbg gene region.
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All strains (except R. loti) were first tested on a suitable selective
lactose-containing medium supplemented with X-gal to confirm the presence of

an active B-galactosidase. All strains produced blue colonies.

Total chromosomal DNA was isolated (section 2.8.1), digested with the
restriction enzyme EcoRI (section 2.9), and the resultant gel was Southern
blotted and hybridized (section 2.19) at low (60°C, 6xSSC) and high (65°C,
6xSSC) stringency using [*P]-labelled 5.2 kb EcoRI fragment from pKH107 (Fig.
5.6). At a high stringency there was no detectable homology between the
clostridial cbg gene and the equivalent gene in all other strains (results not
shown). However, at the lower stringency there was some detectable homology
between the Gram-positive bacterial DNA digests (S. lactis, S. thermophilus, L.
bulgaricus, and L. helviticus), but none between the probe and the total DNA
digests of E. coli or R. loti (which was used as a negative control). S. lactis
p7962, known to carry the gene for B-galactosidase activity, was also prepared as
described above. This enabled identification of a single EcoRI fragment of 5.6

kb which demonstrated some detectable homology.

5.3  DISCUSSION

5.3.1 Complementation of E. coli auxotrophs with the C. acetobutylicum gene
library

The results obtained confirm those reported by Efstathiou and Truffaut (1986)
and Usdin et al. (1986) that various auxotrophic lesions in E. coli can be
successfully complemented. In E. coli the proline biosynthesis pathway proceeds
by three enzymatic steps, one of which is spontaneous. The genes are located
as an operon proceeding from proB to proA (Deutch et al., 1984). The proA
mutation in HB101 prevents production of the glutamate semi-aldehyde
dehydrogenase. The recombinant clones which were isolated produced this

enzyme, enabling the biosynthesis of proline to proceed. The same
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complementation has been reported by Efstathiou and Truffaut (1986) with C.
acetobutylicum ABKnS.

In E. coli, the leucine genes are clustered as an operon (Somers et al., 1973).
In HB101 the lesion in the leucine biosynthesis pathway is in the leuB6 gene
which encodes for a-isopropyl malate hydrogenase. The same gene was cloned
from C. butyricum (Ishii et al., 1983), and was able to complement this mutation
in E. coli C600. The biosynthesis of thiamine in E. coli involves the
condensation of independently synthesized pyrimidine and thiazole moieties
(Estramareix et al., 1977). Complementation of the thi mutation present in
HB101 by the recombinant clones allowed biosynthesis of thiamine. The exact

mutation causing thiamine auxotrophy in HB101 is unknown.

5.3.2 Attempts to isolate the C. acetobutylicum pbg gene

The lack of detectable hybridization between the pbg gene probe of L. casei and
the DNA of C. acetobutylicum shows that these genes are dissimilar in the two
bacteria. Although L. casei has a reported G+ C content of 45-47% (Kandler
and Weiss, 1986), compared to the 28% G+ C reported for C. acetobutylicum,

the two bacteria are, taxonomically, closely related. Thus, this result was rather

surprising.

ONPG-6-P is hydrolysed by phospho-B-galactosidase to produce the yellow
o-nitro phenol. Use of this substrate has enabled the isolation of pbg genes from
L. casei (Lee et al., 1982), S. lactis (Maeda and Gasson, 1986; Boizet et al.,
1988), S. cremoris (Inamine et al., 1986), and S. aureus (Breidt and Stewart,
1986). Hence, the failure to detect the gene from C. acetobutylicum was, again,
rather surprising. If the pbg gene is present in the genomic library the inability
to detect it could be due to low expression levels and/or lack of induction. First,
the problem may be due to the level of phospho-B8-galactosidase. All other

groups using this method of detection have utilized a high copy number vector
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(such as pBR322, pUCI18) for the cloning of insert DNA (Lee et al., 1982;
Maeda and Gasson, 1986; Breidt and Stewart, 1986). The levels of the cloned
pbg genes were then equal to the uninduced levels found in the native bacteria
(Breidt and Stewart, 1986; Maeda and Gasson, 1986; Lee et al., 1982). In the

present work, the vector used, plLAFR1, has only a relatively low copy number.

Secondly, it is not known if lactose or galactose themselves are the inducers or
a product from their catabolism. Since HB101 has a fully operational galactose
utilization pathway, if the latter is true the product should have been present.
Conversely, the addition of galactose to the LB medium should have caused
induction if the regulation that exists in C. acetobutylicum functions in E. coli.
However, it is possible that the regulation observed in the host strain disappears
upon cloning of the gene into E. coli as reported for many Gram-positive genes
cloned into E. coli (Limsowtin et al., 1986; Gilbert and Hall, 1987).

Expression and regulation of pbg genes appears to be complex, differing greatly
from one particular organism to another. Expression and induction of the pbg

in C. acetobutylicum occurs in the presence of lactose or galactose. However,

the actual inducer is unknown.

5.3.3 Cloning of the cbg gene from C. acetobutylicum

Cloning of the cbg gene met with greater success than for the pbg. Detection of
B-galactosidase activity in strains with the pLAFR1 cosmids took four days on
minimal medium, but only two days for strains containing pSUP202 recombinant
plasmids. However, when the relatively high copy number of pSUP202 is taken
into account, the level of B-galactosidase/plasmid is low. It could be
hypothesized that the clostridial promoter is not utilized efficiently in E. coli, as
this has been reported for the promoter of the S. bovis of B-galactosidase gene
cloned in E. coli (Gilbert and Hall, 1987).
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In E. coli, cbg was expressed constitutively, and no repression by glucose or
succinate was observed. This constitutive expression is similar to that reported

for S. bovis (Gilbert and Hall, 1987). The relatively low level of expression was

presumably due to the fact that the cbg gene was being expressed from its own
promoter as indicated by the orientation independent manner in which it was
expressed. The lack of regulation (repression and induction) may be due to the
regulation genes being situated elsewhere on the Clostridium genome, as

reported for the K. lactis B-galactosidase gene where the regulation gene is

unlinked to the B-galactosidase structural gene (Dickson and Markin, 1978).

In C. acetobutylicum glucose does not appear to repress either the pbg or the cbg
genes. Cell extracts from strains P262 and ATCC824 grown on glucose showed
no detectable levels of B-galactosidase or phospho-8-galactosidase activity (Yu
et al., 1987). However, glucose seemed to have no effect on the expression of
the cbg gene in E. coli, neither repressing nor inducing. Gilbert and Hall (1987)
have reported that although the E. coli lacZ gene is repressed by glucose, this
metabolite has no effect on the corresponding S. bovis gene when present in E.

coli.

JM101 possesses a laclq mutation and therefore overproduces the repressor
protein. However, even with these elevated levels of the repressor protein, there
was no detectable decrease in the B-galactosidase activity in the presence or
absence of IPTG. This shows that there is no intraspecific function between the
E. coli repressor and the equivalent region of the C. acetobutylicum gene. The

B-galactosidase gene of K lactis cloned in E. coli also showed no regulation by

the E. coli lacl repressor and was not affected by the presence of IPTG. In
contrast, intraspecific regulation between E. coli and S. bovis lac regions was
detected (Gilbert and Hall, 1987).

All strains of C. acetobutylicum tested displayed homology to the NCIB2951 cbg

gene region, although ATCC824 seemed to show the weakest homology. Yu et
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al. (1987) have reported that ATCC824 has no detectable level of B-galactosidase
during any stage of the growth period, and a similar absence of activity has been
demonstrated in the present study. This is in contrast to the other strains tested,
which all possessed some degree of B-galactosidase activity. The reason for the
lack of activity in ATCC824 may be due to a mutation in the cbg structural gene,
or to a mutation in the regulation region involved in control of its synthesis. The

regulation system controlling this gene in C. acetobutylicum is totally unknown,

but since there is differential induction between the phospho-8-galactosidase and
the B-galactosidase enzymes during the growth cycle, it is most likely that the

corresponding genes are tightly regulated.

Similar results have been reported for Aeromonas caviae, where strains which
were cryptic for lactose utilization were shown by hybridization to possess a

B-galactosidase gene region homologous to A. caviae B-galactosidase gene.

Insertion of a cloned lactose permease into these strains still did not allow
growth on lactose, nor expression of the A. caviae B-galactosidase gene (Rodgers
et al., 1987).

Only a low degree of homology exists between the cbg gene region of C.
acetobutylicum and DNA from other Gram-positive bacteria tested. No
detectable homology was observed between _E. coli and the C. acetobutylicum

cbg gene region. These results support earlier results of differences between the

E. coli and C. acetobutylicum B-galactosidase genes. The K. lactis

B-galactosidase gene has also been shown via immunoprecipitation and
hybridization to be dissimilar to E. coli B-galactosidase (lacZ) gene (Dickson and
Markin, 1978). Gilbert and Hall (1987), however, found that there was strong
homology between the operator region and the 5’ end of the S. bovis lacZ gene
and the equivalent E. coli gene. The other B-galactosidase genes cloned from

various organisms have not been compared to the E. coli B-galactosidase gene.

The G +C content of the Gram-positive bacteria (S. thermophilus, 37-40%; S.
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lactis ,35.5%; L. helviticus, 37-40%; L. bulgaricus, 49-51%) and E. coli (48-52%)
are more similar to themselves than to C. acetobutylicam which is reported to
have a G+C content of only 26-28% (Cato et al., 1986; Hardie, 1986; Kandler

and Weiss, 1986; Orshov, 1986). However, from a taxonomic viewpoint, C.

acetobutylicum is much closer related to the Gram-positive bacteria than to the
Gram-negative E. coli.

54 SUMMARY

Complementation of the E. coli auxotrophic mutations (proA2, leuB6 and thi) was

achieved, showing that C. acetobutylicum genes are expressed in E. coli.

The C. acetobutylicum pbg gene was not isolated, although detection and
hybridization using ONPG-6-P were attempted. The lacY mutation of HB101
could not be complemented by the genomic library. Recombinant clones coding for
the B-galactosidase of NCIB2951 were isolated from the genomic library using the
chromogenic substance X-gal. The cbg gene was shown to be located on a 5.2
kb EcoRI fragment. This fragment possessed few restriction sites. Expression of
the gene occurred in E. coli when the 5.2 kb fragment was cloned in either
orientation, showing that the cbg gene was expressed from its own promoter. The
cbg gene was not induced by IPTG, in contrast to the E. coli gene. The cbg gene
was expressed in E. coli in the presence of glucose, in contrast to the gene in C.

acetobutylicum where no B-galactosidase activity was measured in cells grown in the

presence of glucose. Six strains of C. acetobutylicum were shown to possess a

sequence sharing high homology to the c¢bg containing fragment, including
ATCC824 which has no detectable levels of B-galactosidase activity. The cbg gene
region of NCIB2951 shared only low homology to the Gram-positive bacteria (S.
lactis ATCC7962, S. thermophilus DRI1424, L. bulgaricus DRI20056, and L.
helviticus DRO20064) but no detectable homology to E. coli DC272 or R. loti
PN2231.



CHAPTER 6: TRANSPOSON TNS SITE-DIRECTED MUTAGENESIS OF C.
ACETOBUTYLICUM NCIB2951 38-GALACTOSIDASE GENE REGION

6.1 INTRODUCTION

Chapter S5 describes how the cbg gene from the C. acetobutylicum NCIB2951
genomic library was isolated and subcloned into pSUP202 (pKH107) on a 5.2 kb
EcoRI fragment. Restriction analysis of this fragment revealed too few sites to
enable identification of a smaller region carrying the cbg gene and therefore
site-directed mutagenesis was chosen as the method to physically map the exact
location of the gene.

6.1.1 Transposons

Transposons have been used to introduce mutations into bacterial genomes and
for site-specific mutagenesis of cloned DNA fragments (Kleckner et al., 1977; de
Bruijn and Lupski, 1984). A commonly used transposon is the well characterized
TnS (Kleckner et al,, 1977; Jorgenson et al., 1979). TnS (5.7 kb) is a composite
transposable element, composed of inverted repeats of the 1533 bp transposable
sequence IS50 (Auserswald et al., 1981; Berg et al., 1982) surrounding a central
2650 bp unique segment. TnS encodes resistance to a number of aminoglycoside
antibiotics, such as kanamycin, upon its host and thus is suitable for direct

selection in the isolation of mutants (Kleckner et al., 1977).

Transposition of TnS appears to be a singular (and relatively non-specific) event,
hence multiple mutations are avoided. If TnS insertion occurs within an operon
it has a polar effect on genes downstream of the insertion (Kleckner et al., 1977).
The absence of certain restriction sites, such as EcoRI, in TnS facilitates
identification and molecular characterization of the TnS-mutagenised genes

(Jorgensen et al., 1979).
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Site-directed mutagenesis, first described by Berg et al. (1975) is a method for
introducing TnS into plasmids containing cloned DNA fragments, by using the
suicide bacteriophage vector lambda 467

(b221 rex::TnS cI857, Oam29, Pam80). This system of site-specific mutagenesis
has been used successfully in the characterization of TnS-cloned DNA in the
Klebsiella pneumoniae ginALG (glnAR) operon (de Bruijn and Ausubel, 1981);
K. pneumoniae hisDGO region (de Bruijn and Ausubel., 1983); K. pneumoniae
glnF (ntrA) gene (de Bruijn et al.,, 1983); E. coli dnaG region (Lupski et al.,
1982); Salmonella typhimurium genomic DNA (Palva et al, 1981) and
Streptococcus conjugative transposon Tn916 (Yamamoto et al., 1987).

This system involves infection of a suitable strain of bacterium (E. coli HB101)
carrying a recombinant plasmid with bacteriophage lambda 467 which, due to the
b221 deletion and amber mutations in the O and P genes, is incapable of
integration or replication at 30°C. This causes TnS to transpose into the host cell
genomic or plasmid DNA. Isolation of plasmid DNA and transformation allows

selection of plasmids containing TnS insertions (de Bruijn and Lupski, 1984).

6.12 Aim

The aim of this phase of the project is to use the lambda 467 system to isolate
site-specific mutants of plasmid pKH107 (containing the cbg gene of C.
acetobutylicum NCIB2951) and to subsequently identify the position of the cbg

gene. Secondly, the aim is to identify the protein products coded for by the 5.2
kb fragment.
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6.2 RESULTS

6.2.1 Site-specific mutagenesis of plasmid pKH107

To enable location of the C. acetobutylicum NCIB2951 cbg gene on the 5.2 kb

EcoRI fragment, TnS mutagenesis was carried out using the bacteriophage
lambda 467 (Berg et al,, 1975). Since the b221 deletion in lambda 467 prevents
lysogenation by this bacteriophage, Km" colonies represent TnS transposition into
either chromosomal or plasmid DNA. E. coli HB101 was transformed with
pKH107 (section 2.21), mutagenised (section 2.26), and selection was carried out
on LB plates containing tetracycline and kanamycin. The total number of cells
was 1.05 x10°/ml. The frequency of transfer of Km® was 6.3 x10° since the
number of Km"® cells was 1.0 x10° per plate or 6.6 x10°/ml of cells. The plasmid
DNA isolated from the resultant colonies was used to transform E. coli HB101
and selection was made on LB plates containing tetracycline and kanamycin.
From these colonies, plasmid DNA was prepared (section 2.7.3) and the isolated
DNA was digested with restriction enzyme EcoRI (section 2.9) to determine
whether the TnS had inserted in the 5.2 kb EcoRI fragment or within the vector
pSUP202 itself (Fig. 6.1). Essentially all derivatives examined had TnS inserted
into the plasmid. Since EcoRI does not cleave TnS, the presence of TnS in any
of the two EcoRI bands of pKH107 leads to the disappearance of one of the two
expected fragments on the gel and the appearance of a new higher molecular
weight fragment corresponding to a DNA size of the missing fragment plus 5.7
kb (the size of TnS). Of the 118 recombinant plasmids tested 65 (56%) were
shown to have TnS inserts in the 5.2 kb EcoRI fragment (demonstrated by the
presence of a 10.9 kb band), plus an 8 kb band corresponding to the vector
pSUP202 alone (Fig. 6.1, lane 3). These 65 pKH107::TnS derivatives were then
plated onto LB plates containing tetracycline and kanamycin and designated a
number (Table 6.1). The remainder were shown to contain the transposon in the
vector, and possessed the 5.2 kb EcoRI insert band and a 13.7 kb band
corresponding to pSUP202 containing TnS (Fig. 6.1, lane 2).
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Agarose gel electrophoresis of EcoRI digests of
TnS-mutagenized pKH107 derivatives.

Lane 1 Lambda HindIII size standards
Lane 2 Plasmid with Tn$ in vector (pSUP202)
Lane 3 Plasmid with TnS in 5.2 kb insert
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6.2.2 Physical analysis of plasmid derivatives

For precise mapping, the restriction enzymes that cleave within the inverted
repeats of TnS are most useful, as they allow orientation-independent localisation
of TnS. A restriction enzyme from this group which cleaves the plasmid pKH107
once or twice provides a reference point relative to the TnS insertions, and thus
allows exact positioning of the inserted TnS. The location of TnS in the plasmid
was therefore accurately mapped using the restriction enzyme HindIII. TnS has

two HindIII sites, equidistant from the ends of the inverted repeats, giving three

fragments; the internal 3.4 kb plus two outside 1.2 kb fragments. HindIII cuts
the vector pSUP202 once, 3.2 kb from the EcoRI site of pSUP202. There are

no HindIII sites in the insert.

Thus, HindIII digestion of a TnS-mutagenised plasmid would free the internal
TnS fragment and result in attachment of each outer TnS HindIII fragment to

the remaining two insert and vector fragments (Fig. 6.2). To determine the
position of the TnS in each of the recombinant plasmids (pKH108-pKH172),
HindIII digests of the plasmid DNA (section 2.9) from each derivative were
Southern blotted (section 2.19) and hybridised with the [*P]-labelled 3.2 kb
HindIII/EcoRI fragment of pSUP202 (see Figs. 6.3 - 6.7). The lower band
corresponds to the internal HindIII fragment of TnS (3.4 kb) while each of the
two remaining fragments contains one end of the inverted repeat (1.2 kb) plus
a portion of the 5.2 kb EcoRI insert. Therefore, the value of 1.2 kb has to be
subtracted from the measured size of the two larger fragments. This allowed
identification of the right hand arm of the 5.2 kb fragment joined to the 3.2 kb
HindIII fragment of pSUP202. The subsequent location of each TnS insert along
the 5.2 kb EcoRI fragment was determined using the HindIII fragment sizes for
each clone coupled with the hybridisation results. By measuring from the
HindIII site of the vector, the exact position of each TnS was determined. These

results are summarized in Fig. 6.7.
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Diagram of a generalized pKH107 derivative
containing a TnS insertion within the 5.2 kb
EcoRI fragment, showing the area used as probe (see arrow).

EcoRI (E)
HindIII (H)




pSUP202

5.7 kb




(a)

(b)
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Hybridization of the 3.2 kb EcoRI/HindIII
fragment from pSUP202 to plasmids carrying the

mutagenized 5.2 kb EcoRI B-galactosidase fragment of
NCIB2951.

Agarose gel of HindIIl digests of pKH107::TnS plasmid
derivatives.
Size markers are in kilobases.

Lane 1 Lambda HindIII size standards
Lane 2 pSUP202 EcoRI/HindIII
Lane 3 pKH107 EcoRI

Lane 4 3/3 (pKH133)

Lane 5 Al (pKH108)

Lane 6 A2 (pKH109)

Lane 7 A3 (pKH110)

Lane 8 A4 (pKH111)

Lane 9 A6 (pKH112)

Lane 10 B1 (pKH113)

Lane 11 B4 (pKH114)

Lane 12  C3 (pKH115)

Lane 13 C4 (pKH116)

Lane 14 D1 (pKH117)

Lane 1S D2 (pKH118)

Autoradiograph of the same gel hybridized with the [*P]-
labelled 3.2 kb EcoRI/HindIII fragment from pSUP202. Size
markers are in kilobases. [?P]-labelled lambda DNA was
included to identify the positions of the lambda standards.
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Hybridization of the 3.2 kb EcoRI/HindIII

fragment from pSUP202 to plasmids carrying the
mutagenized 5.2 kb EcoRI B-galactosidase fragment of
NCIB2951.

Agarose gel of HindIIl digests of pKH107::TnS plasmid
derivatives.
Size markers are in kilobases.

Lane 1 D2 (pKH118)
Lane 2 Lambda HindIII size standards
Lane 3 D3 (pKH118)
Lane 4 DS (pKH120)
Lane S El (pKH121)
Lane 6 E4 (pKH122)
Lane 7 F1 (pKH123)
Lane 8 F3 (pKH124)
Lane 9 FS (pKH125)
Lane 10 G1 (pKHI126)
Lane 11 G2 (pKH127)
Lane 12  G3 (pKH128)
Lane 13 G4 (pKH129)
Lane 14  H1 (pKH130)
Lane 1S H2 (pKH131)
Lane 16 HS (pKH132)

Autoradiograph of the same gel hybridized with the [*P]-
labelled 3.2 kb EcoRI/HindIII fragment from pSUP202.
Size markers are in kilobases. [*P]-labelled lambda DNA was
included to identify the position of the lambda standards.
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Hybridization of the 3.2 kb EcoRI/HindIII

fragment from pSUP202 to plasmids carrying

the mutagenized 5.2 kb EcoRI B-galactosidase fragment of
NCIB2951.

Agarose gel of HindIIl digests of pKH107::TnS plasmid
derivatives.
Size markers are in kilobases.

Lane 1 12 (pKH134)
Lane 2 I3 (pKH135)
Lane 3 Lambda HindIII size standards
Lane 4 I6 (pPKH136)
Lane 5 J4 (pKH137)
Lane 6 J5 (pKH138)
Lane 7 K4 (pKH139)
Lane 8 K5 (pKH140)
Lane 9 L1 (pKH141)
Lane 10 L2 (pKH142)
Lane 11 L3 (pKH143)
Lane 12 LS (pKH144)
Lane 13 M1 (pKH145)
Lane 14 N1 (pKH146)
Lane 15 N2 (pKH147)
Lane 16 NS (pKH148)
Lane 17 O1 (pKH149)
Lane 18 O2 (pKH150)
Lane 19 O3 (pKH151)
Lane 20 O4 (pKH152)

Autoradiograph of the same gel hybridized with the [*P}-
labelled 3.2 kb EcoRI/HindIII fragment from pSUP202.
Size markers are in kilobases. [*P]-labelled lambda DNA was
included to identify the position of the lambda standards.
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Hybridization of the 3.2 kb EcoRI/HindIII fragment
from pSUP202 to plasmids carrying the mutagenized
5.2 kb EcoRI B-galactosidase fragment of NCIB2951.

Agarose gel of HindIIl digests of pKH107::TnS plasmid

derivatives.

Size markers are in kilobases.

Lane 1
Lane 2
Lane 3
Lane 4
Lane S
Lane 6
Lane 7
Lane 8
Lane 9
Lane 10
Lane 11
Lane 12
Lane 13
Lane 14
Lane 15
Lane 16
Lane 17
Lane 18
Lane 19
Lane 20

OS5 (pKH153)
06 (pKH154)
P6 (pKH155)
T6 (pKH172) (Lambda HindIII size standards)
Q1 (pKH156)
Q2 nil

Q3 (pKH158)
Q3 (pKH159)
R2 (pKH160)
R3 (pKH161)
R4 (pKH162)
R6 (pKH163)
S1 (pKH164)
S3 (pKH165)
S4 (pKH166)
S6 (pKH167)
T1 (pKH168)
T2 (pKH169)
T3 (pKH170)
T4 (pKH171)

Autoradiograph of the same gel hybridized with the [*P]-
labelled 3.2 kb EcoRI/HindIII fragment from pSUP202.
Size markers are in kilobases. [*P}-labelled lambda DNA was
included to identify the position of the lambda standards.
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Map of pKH107 containing the 5.2 kb EcoRI B-galactosidase
fragment of NCIB2951 with the positions of the TnS

inserts shown.

Those TnS inserts which did not inactivate the function of the
cbg gene are shown above the line (+). Those TnS insertions
which did inactivate the function of the cbg gene are shown
below the line (-).

EcoRI (E)
HindIII (H)

The two genetic loci identified are shown as Locus I and IIL
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Table 6.1: B-galactosidase activity in TnS mutagenized derivatives of pKH107

Activity of B-galactosidase was detected on plates using X-gal. Blue colonies,
resulting from the hydrolysis of X-gal were scored as positive (+). White
colonies, with no evident hydrolysis of X-gal, were scored as negative (-).

No. Strain No. Plasmid No. Activity

(a) Controls

PB2959 - -

DC272 - +

DRIS014 pKH107 4
(b) TnS derivatives

DRI
Al (5020) pKH108 +
A2 (5021) pKH109 -
A3 (5022) pKH110 -
A4 (5023) pKH111 ;
A6 (5024) pKH112 -
Bl  (5025) pKH113 :
B4  (5026) pKH114 +
C3  (5027) pKH115 +
C4 (5028) pKH116 -
D1 (5029) pKH117 -
D2 (5030) pKH118 -
D3 (5031) pKH119 +
DS  (5032) pKH120 -
El  (5033) pKH121 .
E4  (5034) pKH122 :
F1  (5035) pKH123 -
F3  (5036) pKH124 -
FS  (5037) pKH125 :
G1 (5038) pKH126 -
G2  (5039) pKH127 ,
G3  (5040) pKH128 -
G4  (5041) pKH129 -
H1 (5042) pKH130 -
H2  (5043) pKH131 :
HS  (5044) pKH132 ;

Table 6.1 cont’d




No. Strain No. Plasmid No. Activity
12 (5060) pKH134 -
I3 (5061) pKH135 .
I6 (5062) pKH136 -
J4 (5063) pKH137 -
J5  (5064) pKH138 -
K4  (5065) pKH139 -
KS  (5066) pKH140 +
3/3  (5046) pKH133 -
L1 (5067) pKH141 +
L2 (5068) pKH142 +
L3  (5069) pKH143 -
LS (5070) pKH144 -
M1 (5049) pKH145 -
N1  (5050) pKH146 -
N2  (5051) pKH147 +
N5  (5052) pKH148 +
O1  (5053) pKH149 +
02  (5054) pKH150 +
O3  (5055) pKH151 -
04  (5056) pKH152 -
OS5  (5057) pKH153 -
06  (5058) pKH154 -
P6 (5059) pKHI155 +
Q1  (8503) pKH156 -
Q2  (8504) pKH157 -
Q3  (8505) pKH158 -
Q6  (8506) pKH159 -
R2  (8507) pKH159 -
R3  (8508) pKH160 -
R4  (8509) pKH162 +
R6  (8510) pKH163 +
S1 (8511) pKH164 +
S3 (8512) pKH165 +
S4 (8513) pKH166 +
S6 (8514) pKH167 +
T1  (8515) pKH168 -
T2  (8516) pKH169 +
T3  (8517) pKH170 +
T4  (8518) pKH171 -
T6  (8519) pKH172 +

164.
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6.2.3 B-galactosidase activity in tnS mutagenized derivatives of pKH107

In order to characterise whether the TnS insertions within the 5.2 kb EcoRI
fragment had interrupted the ability of the cbg gene to function, each of the
pKH107::TnS derivative plasmids were directly screened for their ability to
metabolise X-gal. The derivative plasmids in E. coli strain HB101 were therefore
crossed into E. coli PB2959 using the helper plasmid pRK2013 (section 2.22),
and, after overnight incubation at 37°C, a loopful was plated for single colonies
on supplemented minimal medium agar plates containing kanamycin, tetracycline
and X-gal, and incubated overnight at 37°C. The various recombinant clones
were then scored for activity upon the presence or absence of the blue indigo dye
on single colonies. These results demonstrated that 20 (31%) still possessed
normal gene function while 45 (69%) had no apparent B-galactosidase activity
and were thus scored negative (Table 6.1). Summary of these results and map
positions are shown in Fig. 6.7. Two genetic loci (I and II) were identified as
necessary for expression of B-galactosidase in E. coli. Locus I is approximately
400 bp long and lies within the small EcoRI/Haelll fragment. Locus II is
approximately 3.2 kb long and lies within the large Haelll/EcoRI fragment.

6.24 Maxi-cell analysis

In order to investigate the protein products encoded by genes on the 5.2 kb
fragment of NCIB2951, various inserts containing the NCIB2951 5.2 kb EcoRI
region were cloned into the vector pAD10 and analyzed in E. coli maxi-cells as
described in Section 2.27. The plasmid pAD10 is an expression vector derivative
of pAD7 containing the S. typhimurium trp promoter and the E. coli rpoC
terminator in pUC8 (Egelhoff and Long, 1985). The plasmid pKH107 was
digested with EcoRI (section 2.9) and ligated into EcoRI digested pAD10 as
described in section 2.27. The ligated DNA was transformed into E. coli HB101
(section 2.21), plated onto LB plates containing Ap and X-gal, and incubated

overnight at 37°C. To enable isolation of those transformants which carried the
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5.2 kb insert in the vector pAD10, 50 of the blue colonies were then
replica-plated onto LB plates (containing Ap and Tcrespectively), and incubated
overnight at 37°C. Colonies containing plasmids resistant to Ap but sensitive to
Tc should contain inserts in pAD10. Therefore, six of these colonies were
selected, plasmid DNA was isolated from the colonies (section 2.7.3), digested
with EcoRI (section 2.9), and analyzed by gel electrophoresis as described in
section 2.12. All of the six clones contained the 5.2 kb EcoRlI insert carrying the
B-galactosidase gene region plus the 3.2 kb expression vector pAD10. To
determine the orientation of the insert these clones were digested with Pvull and
examined by electrophoresis. The results established that three of the six
transformants had the insert in one orientation, and three in the opposite
orientation. Two transformants, (DRI8533 and DRI8534), one representing each
orientation, were chosen for maxi-cell analysis, and the plasmids were designated
pKH184 and pKH185.

Four pKH107::TnS plasmid derivatives (pKH112, pKH127, pKH124 and
pKH153) (from the B-galactosidase locus I and locus II respectively; Fig. 6.7)
were also digested with EcoRI (section 2.9) and the resulting fragments were
ligated into EcoRI digested pAD10 as described in section 2.20. The resulting
ligated DNA was transformed into E. coli HB101 (section 2.21), plated onto LB
plates containing Ap and Km, and incubated overnight at 37°C. Only those
transformants carrying a vector containing the insert with the TnS would be able
to grow in the presence of Km. Fifty of the resulting colonies from each ligation
were replica-plated onto LB plates (containing Ap, Km and Ap, Km and Tc
respectively) and incubated overnight at 37°C. Six Tc sensitive colonies were
chosen from each plate, and plasmid DNA was isolated (section 2.7.3), digested
with EcoRI (section 2.9) and examined by gel electrophoresis as described in
section 2.12. The digests showed that all four groups of six plasmid profiles
consisted of a 3.2 kb vector fragment (pAD10) plus a large 10.9 kb fragment

corresponding to the 5.2kb::TnS insert. The transformants were then digested
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Autoradiograph of a 6% SDS-PAGE gel showing the
plasmid-encoded proteins produced by in vivo
[*S]-methionine labelling of maxi-cells.

Migration of protein standards (left) and positions of plasmid
encoded proteins (right) are indicated in kilodaltons (kDa).
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with Pvull to determine the orientation of the insert within the vector and to
confirm the identity of the insert. Four transformants (DRI8535 to DRI8538),
one representing each TnS:insert derivative, were chosen for maxi-cell analysis.

The plasmids within these strain were designated (pKH186-pKH189).

Maxi-cells were then prepared from these E. coli strains as described in section
2.27, and analyzed as described in section 2.28. The results obtained are shown
in Figure 6.8. The major non-plasmid encoded protein is the 100 kDa protein,
presumably corresponding to the B-galactosidase (lanes 3 and 4). This protein
is absent in the TnS inserts in both Locus I and II (lanes 5 to 8). With the
exception of a protein band at 54 kDa (lanes 3 and 4) all other major protein
bands observed correspond to known plasmid (pAD10) and transposon (TnS)
gene products. These include the 29 kDa processed B-lactamase and 31 kDa
unprocessed B-lactamase gene products from pAD10 (lanes 3 to 8; Egelhoff and
Long, 1985). The 26 kDa neomycin phospho-transferase (NPT II) gene product
plus a group of proteins (in the range of 52 to 66 kDa) corresponding to the
transposase gene product from TnS are also evident (lanes 5 to 8: Fuhrmann and
Hennecke, 1982). The identity of the 54 kDa protein visible in lanes 3 and 4
is not known. In the experimental results shown in Figure 6.8, no B-lactamase
proteins were observed in the plasmid control (lane 2). However, in other
experiments these were shown to be synthesised. The reason for the absence of
these proteins in lane 2 in this experiment could be due to the poor growth

observed with the cells used in this sample.

6.3 DISCUSSION

6.3.1 TnS insertion specificity

By using the TnS carrying vector lambda 467 (De Bruijn and Lupski, 1984) the
transposon TnS was successfully introduced into the bacterial host DRI5014

containing pKH107 at a high frequency. Upon isolation and transformation of
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plasmid DNA, 106 TnS5-mutagenised derivatives of pKH107 were isolated.
Analysis of the plasmid profiles via EcoRI digests of plasmid DNA confirmed
that all these mutants had TnS inserted into either the insert or the vector of
pKH107. Of the 106 plasmid derivatives studied (65) S6% had transposed into
the 5.2 kb EcoRI fragment known to carry the C. acetobutylicum NCIB2951
B-galactosidase gene. The pKH107::TnS derivatives known to have the
transposon positioned into the 5.2 kb EcoRI fragment were characterized further
via HindIII restriction enzyme digestion, followed by Southern blotting and
hybridization using [**P]-labelled 3.2 kb HindIII/EcoRI fragment of the vector
pSUP202 as probe.

TnS has been ranked among the transposon elements with relatively low
insertional specificity, (de Bruijn et al, 1983), and is classified as essentially
random in transposition. TnS has been shown to be capable of inserting into
numerous alternative sites in target DNA, but does show some degree of
preferential target regulation selection (Shaw and Berg, 1979; Miller et al., 1980;
Berg et al, 1980; Bossi and Ciampi, 1981). Theoretically, if transposition of TnS
insertions within pKH107 were totally random, one would expect percentages
of 39% and 61% into the 5.2 kb EcoRI insert and the 8 kb pSUP202 vector
respectively. However, the results obtained were not as expected, showing a far
greater number of TnS transposons (56%) inserted into the smaller fragment
(5.2kb EcoRI insert). Of these 65, the map positions in Fig. 6.7 show that the
distribution of targets for TnS insertions within the insert of pKH107 was also
non-random. There was an over-representation of insertions into the left of the
fragment and very few insertions, in the right hand side of the fragment. Also,
in some areas, "hot spots" occurred with a high number of insertions, whereas
in other places no insertions occurred at all (Fig. 6.7). A possible explanation
is the A+ T richness of C. acetobutylicum DNA, which has a G+ C content of
only 28% (Cummins and Johnson, 1971).

Miller et al. (1980), using TnS mutagenesis of the E. coli lac operon, noted that
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TnS insertions followed a similar pattern to that observed with Tn9 (though with
less preference), and identified moderate correlation between A + T richness and
regions of preferential integration, especially the region extending from the end
of the lacZ through the entire lacY gene. These results suggest that, under the
conditions used here, there are preferred areas of transposition. This has also
been reported by McKlinnon et al. (1985), who found non-random distribution

of insertion sites within the 5.9 kb fragment of human adenovirus DNA.

Several types of evidence have raised the possibility of a role for transcription
in the regulation of TnS transposition. Berg et al. (1983) showed that there is
existence of "hot spots" immediately downstream from the promoter of the
tetracycline gene on pBR322. McKlinnon et al. (1985) also reported that
transcriptional activity may have influenced TnS transposition, as the majority
of insertions mapped downstream of a fortuitous promoter sequence. Removal
of this promoter sequence enabled Tn5 transposition into previously unused
upstream target sequences. However, identification of any promoter sequences
and their positions on the insert has not as yet been investigated. Similar results
have been reported by Miller et al. (1980) in the E. coli lacZYA genes.
Distribution of TnS insertions showed that TnS inserted at a higher frequency
than the other transposons that they used. Insertions were more uniformly
distributed in the lac operon, with integration being preferred in the entire lacY

gene, and at the very end of the lacZ gene (Berg et al,, 1980).

6.3.2 Identification of two gene loci for 3-galactosidase expression

Herman and McKay (1986), upon cloning and characterizing the B-galactosidase
of S. thermophilus ATCC19258, reported that the B-galactosidase gene was
located on a portion of the 3.4 kb HindIIl fragment and that the 0.45 kb
Pstl/HindIII fragment which adjoins it on the left was required for stable
expression of the B-galactosidase gene. This would suggest two loci responsible

for the B-galactosidase function in S. thermophilus. This is similar to the findings
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in the present study, which also show evidence for two gene loci, separated by
approximately 500 bp. Since region Il is totally on the large Haelll/EcoRI gene
region, yet is unable to function in E. coli, there must be some regulatory or
structural gene product encoded by smaller fragment which is required for

expression of the B-galactosidase.

Tn1000 mutagenesis was used by Gilbert and Hall (1987) to analyze the lac

genes of S. bovis. The lac genes in this organism are organized as a single operon

as found in E. coli. They reported that Tn1000 insertions which had inserted in
the region where the repressor resided resulted in constitutive synthesis of all the
lac gene products (lacZYA). Tn 1000 insertions were also shown to have a polar
effect on the other lac genes downstream in the operon. However, no TnS
insertions in the cbg of NCIB2951 caused an increase in B-galactosidase activity,
nor gave a "leaky" mutation or constitutive synthesis. Since the expression of the
C. acetobutylicum cbg gene is not repressed by glucose in E. coli, it is difficult

to identify the isolation of any constitutive mutations.

The identification by TnS transposon mutagenesis of two cbg loci on the
NCIB2951 5.2 kb EcoRI fragment raises the possibility that locus I,
corresponding to a DNA region of less than 400 bp is a positive regulatory
element. There is no report to date for a positive regulatory element associated

with bacterial lac genes. However, the yeast Kluyveromyces lactis has been

shown to be positively regulated (Ruzzi et al., 1987). Another possibility is that
locus I is a structural sub-unit of the C. acetobutylicum B-galactosidase enzyme.
While E. coli (Campbell et al., 1973), Klebsiella (Hall and Reeve, 1977) and B.
stearothermophilus (Hirata et al., 1984) may contain two different B-galactosidase

genes, there is no evidence to date for a bacterial B-galactosidase being
composed of two non-identical sub-units. The E. coli o-complementation
selection system demonstrates that the E. coli B-galactosidase can be spatially
separated into two genetic components (Ullman and Perri, 1970). However,
neither the 1.2 kb nor the 4.2 kb Haelll/EcoRI fragments, when cloned into E.
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coli JM101, were able to complement the defected E. coli B-galactosidase and
produce a hybrid, functional B-galactosidase. The cbg locus II region is of a size,
3.2 kb, that would suggest that it encodes for the B-galactosidase structural gene.

6.3.3 Gene products of the B-galactosidase gene region

Cloning of the insert in either orientation in pAD10 did not affect the expression
of the B-galactosidase, providing further evidence that a native clostridial
promoter is responsible for initiating transcription of the B-galactosidase on the
5.2 kb fragment. The observed Mr (100 kDa) for the presumed B-galactosidase
structural gene is similar to those reported by other groups (105 kDa from S.
thermophilus (Somk uti and Steinberg, 1979; Herman and McKay, 1987); 135
kDa from K. lactis (Dickson and Markin, 1978); 135 kDa from E. coli (Craven
et al.,, 1965); (B-gal I) 135 kDa, (B8-gal IT) 120 kDa and (8-gal III) 68 kDa from
Klebsiella strain RE1544 (Hall and Reeve, 1977); (bgaA) 120 kDa, (bgaB) 70
kDa from B. stearothermophilus (Hirata et al., 1984).

6.4 SUMMARY

Using TnS mutagenesis of the 5.2kb B-galactosidase gene region, two loci were
identified that are necessary for B-galactosidase expression in E. coli. The first
locus (I) was 400 bp long and situated approximately S00 bp from the second locus
(IT), which was 3.2 kb long. There was preferential insertion of TnS towards the
left of the cloned 5.2 kb insert. Maxi-cell analysis of the gene products encoded by
the 5.2 kb EcoRI fragment identified a 100 kDa protein being coded for by the
cbg gene. TnS insertion mutants of B-galactosidase failed to produce this protein.
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CHAPTER 7: NUCLEOTIDE SEQUENCE AND GENETIC
ORGANIZATION OF THE 5.2 KB ECORI FRAGMENT

7.1 INTRODUCTION

7.1.1 M13 biology

M13 is a male specific filamentous bacteriophage which can adsorb to strains of
E. coli containing the F sex plasmid (Fig. 7.1). The bacteriophage particles
contain one circular single-stranded (SS) DNA molecule, called the (+) strand.
Following infection via the F pilus, synthesis of a complementary (-) strand
occurs, converting the SS DNA into the double-stranded (DS) circular replicative
form (RF). The RF molecules are replicated throughout the life cycle to reach
approximately 200 M13 per cell. Replication of the RF form then ceases, and
progeny (+) strands are produced via the ’rolling ball’ method, packaged in the
bacteriophage coat, and extruded from the cell by a non-lytic mechanism.
Hence, M13 allows simple and efficient generation of SS DNA templates
(Yanisch-Perron et al., 1985). Even though cell lysis does not occur, the host
cell growth rate is reduced by the presence of M13. This results in the

production of detectable turbid plaques.

1.1.2 Modification of M13 for production of templates

This M13 system has been modified to offer several advantageous features for
the generation of DNA templates for sequencing (Messing et al., 1977; Schreier
and Cortese, 1979; Sanger et al., 1980). These are the insertion of the a-peptide
of the E. coli lacZ gene to enable easy detection of insertions within M13, and

the addition of multiple cloning plus universal primer sites (Fig. 7.2).
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Fig.7.1: Diagram of the M13 life cycle.

(1) The bacteriophage enters the bacterial host cell via the F pilus.

(2) Single-stranded (SS) DNA is converted to double-stranded
replicative form (RF).

(3) Replication of the RF DNA occurs to give progeny RF (200 per
cell).

(4) Progeny (+) strand synthesis occurs via the ’rolling ball’ method.

(5) The (+) SS DNA is packaged into the bacteriophage coat, and
extruded from the cell via a non-lytic mechanism.
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Diagram of modified M13 for use in the production of SS
templates for sequencing.

The lacZ o-peptide is shown, with the pair of polylinkers used
in the project (mp18 and mp19). The primer sites are found
to the left and the right of the polylinker position (Boehringer
Mannheim, 1987).



Accl
Smal
AspT18 yoo Hindil
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Accl

I
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The a-peptide of the E. coli lacZ gene was inserted into an intergenic region of
M13. A mutated form of the lacZ gene lacking the a-peptide was introduced on
a F plasmid into a lac deletion strain, JM101 (Messing et al., 1977). Parental
M 13 plaques on JM101 therefore allow production of an active B-galactosidase
via e-complementation, which is detectable by the cleavage of X-gal. Hence,

parental M13 plaques turn blue.

A number of different polylinker sites have been engineered into the lacZ a-
peptide with the M13 genome in such a way as not to interfere with o-
complementation. These polylinkers, engineered in pairs with respect to the
primer site, permit easy cloning of insert DNA within M13 (Messing and Vieira,
1982; Vieira and Messing , 1982; Messing, 1983; Norrander et al, 1983).
Recombinant clones containing insert DNA in the polylinker site interfere with
the open reading frame (ORF) of the a-peptide. This results in no o-
complementation, nor production of an active B-galactosidase. = Hence,
recombinant M13 plaques remain white. Universal primers were established
upstream of the polylinker site, the primers being independent of the insert
DNA. This allows easy S’ to 3’ extension into insert DNA (Heidecker et al.,
1980; Anderson et al., 1980; Norrander et al., 1983).

Due to the filamentous nature of M13 packaging, there are no constraints on the
size of DNA that can be packaged. Although very large inserts can be cloned,
their presence can cause deletions. This disadvantage has been overcome by the
construction of new E.coli strains (JM105, JM109) which give improved stability
to large DNA inserts or to those containing repetitive sequences (Yanisch-Perron
et al., 1985).

7.1.3. Generation of insert templates

Several strategies have been developed for the generation of templates which

allow sequencing of DNA. These include random (shotgun cloning, DNase
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treatment, and sonication), and non-random (Bal31 and exonuclease III
digestion) methods (Smith, 1979; Poncz et al., 1982; Deininger, 1983). The
random methods provide an array of fragments representing the entire DNA
fragment to be cloned. This random generation of clones suffers from a number
of problems. There may be regions which are totally devoid of sites, and small
fragments clone much more readily into M13 and therefore get sequenced more

often.

The generation of clones via a non-random method overcomes these
disadvantages. Nuclease Bal31 possesses a double-stranded exonuclease activity
which removes base pairs from both ends of linear DNA (Poncz et al, 1982).

Successive deletions of a linear fragment of DNA can therefore be achieved.
7.1.4 Aim

The aim of this phase of the project was to sequence the 5.2 kb EcoRI fragment
in order to obtain more insight into the genetic organisation of the cloned 8-
galactosidase region.

72  RESULTS

7.2.1 Preparation of plasmid DNA

In order to isolate successive deletions of the 5.2 kb EcoRI fragment, a series of
Bal-31 digests was performed. Four separate plasmids were used which provided
entire coverage of the 52 kb fragment (Fig. 7.3). The construction of pKH173
(containing the large Haelll/EcoRI fragment in pUCI18), and pKH174
(containing the small EcoRI/Haelll fragment in pUC18) have been described
in section 5.2.7. The 1.8 kb Pvull internal fragment, and the 3.2 kb Pvull/EcoRI
end fragment were also cloned (Table 7.1). Plasmid pKH107 was digested with
Pvull and Pvull/EcoRI, separated by gel electrophoresis (section 2.12), and the
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Sequencing strategy for the 5.2 kb EcoRI fragment containing
the cbg gene of C. acetobutylicum NCIB2951. A restriction
map is also shown.

(E) EcoRI
(H) HindIII
(P) Pvull

The arrows indicate origin, direction and extent of the
individual sequencing reactions.
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Table 7.1

Table describing the plasmids used for the preparation of Bal31 deletion
derivatives of the 5.2 kb EcoRI fragment.

Length DNA Enzyme Cloning
Plasmid  Insert (kb) lot I 1I M13  site

pKH173

e

aelll/EcoRI 42 A EcoRI HindIlImp19 Smal/HindIII
B HindIIT EcoRI mp18 Smal/EcoRI

coRI/Haelll 1.0 C EcoRI HindIlImp19 Smal/HindIII
D Hindlll EcoRI mpl8 Smal/EcoRI
IT 1.8 E EcoRI Hindlllmp19 Smal/HindIII
F HindIll EcoRI mpl8 Smal/EcoRI

pKH182  Pwull/EcoRI 32 G EcoRI HindllImpl9 Smal/HindIII
H HindIll EcoRI mp18 Smal/EcoRI

t

pKH174

g |

pKH183

required fragments were eluted by the phenol-freeze method (section 2.16), and
ligated into Smal digested pUC18 as described in section 2.20. The ligation
mixes were transformed into HB101 (section 2.21), plated on LB plates
supplemented with Ap, X-gal and IPTG, and incubated overnight at 37°C. Six
white colonies from each plate were chosen, and plasmid DNA was isolated
using the rapid boiling method (section 2.7.3). The DNA isolated from the Pvull
ligation clones were digested with EcoRI and EcoRI/HindIII (section 2.9) to
confirm the presence of the 1.8 kb Pvull band. All EcoRI/HindIII digests gave
two bands, a 3.2 kb band corresponding to pUCI1S8, plus a 1.8 kb band
corresponding to the internal Pvull fragment. All EcoRI digests gave a single
band corresponding to the 1.8 kb plus 3.2 kb bands together. One such plasmid
was chosen and designated pKH183.

Since the large Pvull/EcoRI insert is the same size as the pUC18 vector (3.2 kb),
only EcoRI digests of the EcoRI/Pwull ligation clones were carried out. All
digests resulted in the production of a single 6.4 kb band corresponding to
pUCI18 (3.2 kb) plus the 3.2 kb EcoRI/Pvull fragment. One such plasmid was
chosen and designated pKH182.
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7.2.2 Nuclease Bal-31 digestion

Since enzyme proportionality exists over a narrow DNA concentration range,
activity was carefully tested with each DNA preparation using suitable DNA
markers (Table 7.1).

For each of the four plasmids used, 40 ug of DN A was digested with EcoRI or
HindIII separately to open the plasmids on the right or the left of the insert.

The enzyme activity necessary for each experiment was determined by varying
the enzyme quantity as described in section 2.29. A series of digests were set up
for each of the 8 lots of DNA (A to H: Table 7.1) using different dilutions of
Bal31 (1/2 to 1/32). These were incubated at 37°C for 30 min, stop dye added
(section 2.9), and the DNA was examined by gel electrophoresis as described
in section 2.12. From these results, the amount of enzyme required to give
complete digestion of each linear plasmid was determined. The time steps

required to give 200 to 400 bp deletion steps were then calculated.

Each of the DN A lots was then subjected to a large (30xg) Bal31 digest (section
2.29) under the same conditions, and sampled at the determined time intervals
as described above. Samples from each of these time intervals was digested with
a second enzyme to release the insert DNA (HindIIl or EcoRI).  These
fragments were ligated into M13 prepared vector (section 2.21), transformed into
JM101 or JIM109 (section 2.31), plated out, and incubated overnight at 37°C. The
plates containing the recombinant plaques were replica-plated onto nitrocellulose
filters, dried under vacuum for 2h at 80°C, and hybridised overnight to the [**P]-
labelled 5.2 kb EcoRI fragment as described in section 2.32. Positive plaques
were identified, and SS template DNA prepared as described in section 2.33.
These templates were then sequenced using the chain termination method
described in sections 2.34 to 2.38.
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Several TnS:pKH107 derivatives from both B-galactosidase loci, as well as some
from the borders of each locus, were also cloned into M13 for sequencing.
These derivatives were digested with EcoRI/HindIII, cloned into M13mp18, and
treated as described above. When sequenced, the TnS primer was used which
extends from 15 to 31 bases from the ends of TnS (see section 2.37). This
enabled sequencing from the TnS-DNA junction into the insert DNA. The TnS

inserts were sequenced in only one direction.

7.2.3 Sequence results

M13 SS templates containing DNA homologous to the 5.2 kb EcoRI fragment
were sequenced by the dideoxy sequencing approach as described in section 2.37.
The restriction map and sequencing strategy for the 5.2 kb EcoRI fragment are
shown in Fig. 7.3. Both strands were totally sequenced in both directions from
the overlapping clones. The cloned TnS:pKH107 derivatives were also
sequenced. Preliminary sequence data obtained for the 5.2 kb EcoRI fragment
was assembled using the computer program GEL ASSEMBLE (UWGCG;
Staden, 1980). The resultant complete DNA sequence showing the main

restriction enzyme sites is presented in Fig. 7.4.

In order to help identify potential coding regions, the sequence data was analyzed
using FRAMES (Devereux et al, 1984) and TESTCODE (Fickett, 1982).
Because of the high dA+dT content (and hence, low dC+dG bias) otherwise
useful programmes available on UWGCG which utilized the high dC+dG bias
(such as CODON PREFERENCE and THIRD POSITION GC BIAS) were
uninformative. From these results and those presented below (i.e. presence of
Shine-Dalgarno sequences and positions of TnS insertions) three separate ORF’s
(ORF1, ORF2, ORF3) are predicted to be coding (Fig. 7.5).
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The complete DNA sequence of the 5.2 kb EcoRI
fragment from C. acetobutylicum. The various restriction
enzymes used for subcloning are as indicated.

Note: This is in reverse orientation from that used in all
other chapters.
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61

121

181

241

301

361

421

481

541

601

661

721

EcoRI

GAATTCCTTTTCATATATATCTTTAATATTTCTACTGGAATAGAAGAGGTTGCTCAATAC
CTTAAGGAAAAGTATATATAGAAATTATAAAGATGACCTTATCTTCTCCAACGAGTTATG

AAAAAATGCTTCTTTAAAACTATTTGAAACTACTTCTGAAATATTTTCTAGCTTACTAAA
TTTTTTACGAAGAAATTTTGATAAACTTTGATGAAGACTTTATAAAAGATCGAATGATTT

TAGAGAATTATAATTTTTATCATCAAAATTTAGAATTACAACTATGATTTCGTTTTCAAT
ATCTCTTAATATTAAAAATAGTAGTTTTAAATCTTAATGTTGATACTAAAGCAAAAGTTA

ATTAGCAATTTGTATATTATAATTGCTATTTAATCCGTCTAAAGAAAATTCTTTGCCGAT
TAATCGTTAAACATATAATATTAACGATAAATTAGGCAGATTTCTTTTAAGAAACGGCTA

TTCTGAAATTGTAAAATCAATAATTTCATGGCGTTTGCTATAATTATCATATATTTCTTT
AAGACTTTAACATTTTAGTTATTAAAGTACCGCAAACGATATTAATAGTATATAAAGAAA

GCGTTTAAACCAAATAAGCAAAATGATTGAAAAGTAAATATGTATCAAAGTAGTTAAAGT
CGCAAATTTGGTTTATTCGTTTTACTAACTTTTCATTTATACATAGTTTCATCAATTTCA

CAGGATCATGTCAAAACCTGATATAAGGCGATTTAAGGCGCTATTAGTGAGACTTAAAGA
GTCCTAGTACAGTTTTGGACTATATTCCGCTAAATTCCGCGATAATCACTCTGAATTTCT

GTTTCCTTCTAAAGTATTTCTTTTCATTTTTATTGAAATCTTTTTTAGAGTACTTAATAA
CAAAGGAAGATTTCATAAAGAAAAGTAAAAATAACTTTAGAAAAAATCTCATGAATTATT

CTCAGAAGGATTTAGAGAAGGTTTTAAAATATAATCAACAGCACCATTTTGAAAAGATGA
GAGTCTTCCTAAATCTCTTCCAAAATTTTATATTAGTTGTCGTGGTAAAACTTTTCTACT

TTTAACATATTCAAAATCGCTATAACTACTTAAGATGATAATTCTTATCTTAGGATATTT
AAATTGTATAAGTTTTAGCGATATTGATGAATTCTACTATTAAGAATAGAATCCTATAAA

GTCCTGCACAAATTTAGCTAATTCAACCCCATTTATTTGGGGCATTACAACATCAGAAAT
CAGGACGTGTTTAAATCGATTAAGTTGGGGTAAATAAACCCCGTAATGTTGTAGTCTTTA

TATAATGTCAGGAATATCCTTTTTTATCATTTCCAGAGCTTCTTGACCATTAGAAGCCTG
ATATTACAGTCCTTATAGGAAAAAATAGTAAAGGTCTCGAAGAACTGGTAATCTTCGGAC

TCCTATAATTTGAAAGCCTTCTTTTTCCCAATCAATCATATGAGTTATGCCTTGCCGCAT
AGGATATTAAACTTTCGGAAGAAAAAGGGTTAGTTAGTATACTCAATACGGAACGGCGTA
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841

901

961

1021

1081

1141

1201

1261

1321

1381

1441

1501

AATAAATTCATCATCAACAACTAAATTTTTACTATATTCGTTCAATAGTATAGCACCCCT
TTATTTAAGTAGTAGTTGTTGATTTAAAAATGATATAAGCAAGTTATCATATCGTGGGGA

TATTCTAAAATTACCACAACATAGATAAATATTGCTTAATACTATTATACCTTATAGATT
ATAAGATTTTAATGGTGTTGTATCTATTTATAACGAATTATGATAATATGGAATATCTAA

TATTGTATGTATCTGTATACGTTACGTTAATTCATCTACAAATTTATATGAGTTTTGGTT
ATAACATACATAGACATATGCAATGCAATTAAGTAGATGTTTAAATATACTCAAAACCAA

GCACTTTTAGAGAAAATCTTTTTGTCTATGGTCTTATTGTCCTATAATGGTCAAATCATC
CGTGAAAATCTCTTTTAGAAAAACAGATACCAGAATAACAGGATATTACCAGTTTAGTAG

TTTACCAAAGTCTCTTGATTTAAAGAGATAAAAACACCACTGATCCATTATTCCTCATTT
AAATGGTTTCAGAGAACTAAATTTCTCTATTTTTGTGGTGACTAGGTAATAAGGAGTAAA

TGGTAATGAACCTATGCGGTTGAAGATATTAATCAGATGTCTAAATACTTTAGAAAAAAA
ACCATTACTTGGATACGCCAACTTCTATAATTAGTCTACAGATTTATGAAATCTTTTTTT

GACCTTTACTAATATCTTCAATATTTACACCCCTATTCTAAAATTACCACAAGATAGATA
CTGGAAATGATTATAGAAGTTATAAATGTGGGGATAAGATTTTAATGGTGTTCTATCTAT

AATATTGCTTAATACTGATTATACCTTATAGATTAAAGGTTTTCAATTAAACAATAAATT
TTATAACGAATTATGACTAATATGGAATATCTAATTTCCAAAAGTTAATTTGTTATTTAA

ACTTTAGTAAAGTTTAGTAAAATATAATTGATTTTTTACTAAAAAGATAATAAAATGAAA
TGAAATCATTTCAAATCATTTTATATTAACTAAAAAATGATTTTTCTATTATTTTACTTT

CTATAAATTTAGTTAATAGCATAAATCTAACATCAGAAGATAGGATAAATTAAAGAAGTA
GATATTTAAATCAATTATCGTATTTAGATTGTAGTCTTCTATCCTATTTAATTTCTTCAT

ATGTAATTGATTACGAAACAAAATCTCATATTAATATTAGCCCATAATTTTTTTATTCTC
TACATTAACTAATGCTTTGTTTTAGAGTATAATTATAATCGGGTATTAAAAAAATAAGAG

ATATATGTTTAAGTATTAATTAAATGTGACTTTATAAAAAGGTTGCATTTAGTTAATACG
TATATACAAATTCATAATTAATTTACACTGAAATATTTTTCCAACGTAAATCAATTATGC

ATTAACAACTTTAATTTAAAAAAGCAATAACTCTACAAAGTGAAAGTGAGGGGGTAAGTA
TAATTGTTGAAATTAAATTTTTTCGTTATTGAGATGTTTCACTTTCACTCCCCCATTCAT
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1861

1921

1981

2041
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2161
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TGATTAATAATAAACCGTCATTAGATTGGCTAGAAAATCCGGAAATATTTAGAGTTAATA
ACTAATTATTATTTGGCAGTAATCTAACCGATCTTTTAGGCCTTTATAAATCTCAATTAT

GAATAGATGCTCATTCTGATACTTGGTTTTATGAAAAATTTGAGGATGTTAAATTAGAAG
CTTATCTACGAGTAAGACTATGAACCAAAATACTTTTTAAACTCCTACAATTTAATCTTC

ACACCATGCCTCTTAAGCAAAATTTAAATGGAAAATGGAGATTTTCATATAGTGAAAATT
TGTGGTACGGAGAATTCGTTTTAAATTTACCTTTTACCTCTAAAAGTATATCACTTTTAA

CATCATTAAGAATTAAAGAGTTTTATAAGGATGAGTTTGACGTAAGTTGGATTGATTATA
GTAGTAATTCTTAATTTCTCAAAATATTCCTACTCAAACTGCATTCAACCTAACTAATAT

TTGAAGTTCCAGGTCATATTCAGCTTCAAGGATATGATAAATGTCAATATATTAATACTA
AACTTCAAGGTCCAGTATAAGTCGAAGTTCCTATACTATTTACAGTTATATAATTATGAT

TGTATCCTTGGGAAGGTCACGATGAATTAAGACCACCTCATATTTCAAAAACATATAATC
ACATAGGAACCCTTCCAGTGCTACTTAATTCTGGTGGAGTATAAAGTTTTTGTATATTAG

CGGTGGGAAGCTATGTAACATTTTTTGAAGTTAAAGATGAACTCAAAAATAAGCAGACTT
GCCACCCTTCGATACATTGTAAAAAACTTCAATTTCTACTTGAGTTTTTATTCGTCTGAA

TTATTTCTTTTCAAGGTGTTGAAACAGCATTTTACGTATGGGTAAATGGAGAATTTGTAG
AATAAAGAAAAGTTCCACAACTTTGTCGTAAAATGCATACCCATTTACCTCTTAAACATC

GATATAGCGAAGATACATTTACACCATCAGAATTTGATATTACTGATTATTTAAGAGAGG
CTATATCGCTTCTATGTAAATGTGGTAGTCTTAAACTATAATGACTAATAAATTCTCTCC

GAGAAAATAAACTTGCAGTTGAGGTTTATAAAAGGAGTAGCGCAAGTTGGATAGAAGATC
CTCTTTTATTTGAACGTCAACTCCAAATATTTTCCTCATCGCGTTCAACCTATCTTCTAG

AAGATTTCTGGAGATTTTCAGGCATCTTTAGAGATGTATATTTATATGCAGTTCCAGAAA
TTCTAAAGACCTCTAAAAGTCCGTAGAAATCTCTACATATAAATATACGTCAAGGTCTTT

CTCATGTAAATGATATATTTATAAAAACAGATTTATATGACGATTTCAAAAACGCAAAGT
GAGTACATTTACTATATAAATATTTTTGTCTAAATATACTGCTAAAGTTTTTGCGTTTCA

TAAATGCTGAACTTAAAATGATTGGAAATTCAGAAACAACAGTTGAAACATATTTAGAAG
ATTTACGACTTGAATTTTACTAACCTTTAAGTCTTTGTTGTCAACTTTGTATAAATCTTC
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2341

2401

2461
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2581

2641

2701

2761

2821

2881
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3001

3061

ATAAAGAAGGAAATAAAATAGCTATATCTGAAAAGATTCCGTTCTCTGATGAGTTGACTT
TATTTCTTCCTTTATTTTATCGATATAGACTTTTCTAAGGCAAGAGACTACTCAACTGAA

TATATTTAGATGCGCAAAATATAAACCTATGGAGTGCAGAAGAGCCTAACTTATATACAC
ATATAAATCTACGCGTTTTATATTTGGATACCTCACGTCTTCTCGGATTGAATATATGTG

TTTATATTTTAGTGAATAAAAAAGATGGTAATTTAATTGAGGTTGTAACTCAAAAGATAG
AAATATAAAATCACTTATTTTTTCTACCATTAAATTAACTCCAACATTGAGTTTTCTATC

L 4

GGTTTAGGCACTTTGAAATGAAGGATAAAATTATGTGTCTAAAATGGAAACGTATTATCT
CCAAATCCGTGAAACTTTACTTCCTATTTTAATACACAGATTTTACCTTTGCATAATAGA

TTAAAGGCGTAAACCGTCACGAATTTAGCGCAAGACGTGGACGCTCAATTACGAAAGAGG
AATTTCCGCATTTGGCAGTGCTTAAATCGCGTTCTGCACCTGCGAGTTAATGCTTTCTCC

ACATGTTGTGGGATATTAAGTTCTTGAAACAACACAATATTAATGCTGTTAGAACATCAC
TGTACAACACCCTATAATTCAAGAACTTTGTTGTGTTATAATTACGACAATCTTGTAGTG

ATTATCCAAATCAAAGTTTATGGTACAGACTTTGCGATGAATACGGGATTTATTTAATAG
TAATAGGTTTAGTTTCAAATACCATGTCTGAAACGCTACTTATGCCCTAAATAAATTATC

ATGAAACAAATTTAGAAAGCCATGGTTCATGGCAAAAGATGGGGCAGATTGAACCATCAT
TACTTTGTTTAAATCTTTCGGTACCAAGTACCGTTTTCTACCCCGTCTAACTTGGTAGTA

GGAATGTGCCAGGAAGTCTTCCACAGTGGCAGGCAGCAGTTTTAGATCGAGCATCATCAA
CCTTACACGGTCCTTCAGAAGGTGTCACCGTCCGTCGTCAAAATCTAGCTCGTAGTAGTT

TGGTTGAAAGAGATAAAAATCATCCATCTGTACTTATTTGGTCATGTGGTAATGAATCCT
ACCAACTTTCTCTATTTTTAGTAGGTAGACATGAATAAACCAGTACACCATTACTTAGGA

ATGCGGGTGAAGATATTTATCAGATGTCTAAATACTTTAGAAAAAAAGATCCTTCACGTT
TACGCCCACTTCTATAAATAGTCTACAGATTTATGAAATCTTTTTTTCTAGGAAGTGCAA

TAGTGCACTATGAAGGGGTAACTAGATGCAGAGAATTTATGACACGACGACATGAAAGTA
ATCACGTGATACTTCCCCATTGATCTACGTCTCTTAAATACTGTGCTGCTGTACTTTCAT

GAATGTATGCAAAGGCAGCAGAAATAGAAGAATATCTTAATGATAATCCGAAGAAACCTT
CTTACATACGTTTCCGTCGTCTTTATCTTCTTATAGAATTACTATTAGGCTTCTTTGGAA
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3121

3181

3241

3301

3361

3421

3481

3541

3601

3661

37721

3781

3841

ATATACAGCTGCGATACATGCACTCAATGGGTAACTCAACTGGTGGAATGATGAAATACA
TATATGTCGACGCTATGTACGTGAGTTACCCATTGAGTTGACCACCTTACTACTTTATGT
Pvull

CAGAACTTGAAGATAAATATTTGATGTATCAAGGTGGATTCATTTGGGATTACGGCGATC
GTCTTGAACTTCTATTTATAAACTACATAGTTCCACCTAAGTAAACCCTAATGCCGCTAG

AGGCGTTGTATAGAAAACTTCCAGATGGAAAAGAAGTTCTAGCTTATGGAGGAGACTTTA
TCCGCAACATATCTTTTGAAGGTCTACCTTTTCTTCAAGATCGAATACCTCCTCTGAAAT

CAGATCGTCCAACAGACTATAATTTCTCTGGAAATGGTTTGATTTATGCAGATAGAACTA
GTCTAGCAGGTTGTCTGATATTAAAGAGACCTTTACCAAACTAAATACGTCTATCTTGAT

TATCACCTAAAGCACAGGAAGTTAAGTATCTATATCAAAACGTAAAATTAGAACCAGATG
ATAGTGGATTTCGTGTCCTTCAATTCATAGATATAGTTTTGCATTTTAATCTTGGTCTAC

AAAAAGGGGTGACTATTAAGAATCAAAATCTTTTTGTTAATACTGATAAATATGATTTAT
TTTTTCCCCACTGATAATTCTTAGTTTTAGAAAAACAATTATGACTATTTATACTAAATA

ACTATATCGTTGAAAGAGATGGAAAACTAATAAAAGATGGTTATCTAAATGTATCTGTAG
TGATATAGCAACTTTCTCTACCTTTTGATTATTTTCTACCAATAGATTTACATAGACATC

CTCCAGATGAAGAAAAATATATAGAACTTCCAATAGGAAATTACAATTTTCCTGAAGAAA
GAGGTCTACTTCTTTTTATATATCTTGAAGGTTATCCTTTAATGTTAAAAGGACTTCTTT

TTGTACTTACAACCTCATTAAGATTAGCACAAGCTACACTTTGGGCAGAAAAAGGATATG
AACATGAATGTTGGAGTAATTCTAATCGTGTTCGATGTGAAACCCGTCTTTTTCCTATAC

AAATAGCATTTGGACAAAAGGTTATTAAAGAAAAATCAGATATGAATAATCATAATTCAG
TTTATCGTAAACCTGTTTTCCAATAATTTCTTTTTAGTCTATACTTATTAGTATTAAGTC

AGTCTAAAATGAAGATCATTCATGGAGATGTAAACATAGGGGTTCACGGAAAAGATTTCA
TCAGATTTTACTTCTAGTAAGTACCTCTACATTTGTATCCCCAAGTGCCTTTTCTAAAGT

AGGCTATATTCTCTAAACAAGAGGGAGGAATCGTATCCTTGAGATATAATAATAAGGAGT
TCCGATATAAGAGATTTGTTCTCCCTCCTTAGCATAGGAACTCTATATTATTATTCCTCA

TTATAACGAGAACGCCAAAAACTTTCTATTGGAGAGCAACAACAGATAATGATAGAGGAA
AATATTGCTCTTGCGGTTTTTGAAAGATAACCTCTCGTTGTTGTCTATTACTATCTCCTT
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3901

3961

4021

4081

4141

4201

4261

4321

4381

4441

4501

4561

4621

ATAGACATGAATTTAGATGCAGTCAATGGCTGGCTGCTACTATGGGGCAGAAGTATGTGG
TATCTGTACTTAAATCTACGTCAGTTACCGACCGACGATGATACCCCGTCTTCATACACC

ATTTTTCAGTTGAGGAATTTGATGAGAAGATTACATTATATTATACTTATCAATTGCCAA
TAAAAAGTCAACTCCTTAAACTACTCTTCTAATGTAATATAATATGAATAGTTAACGGTT

CAGTGCCATCTACTAATGTTAAGATAACTTATGAAGTATCTGGAGAAGGAATAATTAAAG
GTCACGGTAGATGATTACAATTCTATTGAATACTTCATAGACCTCTTCCTTATTAATTTC

TAAATGTTAAGTATAAAGGAGTTAGCGGATTACCTGAATTGCCTGTACTAGGAATGGATT
ATTTACAATTCATATTTCCTCAATCGCCTAATGGACTTAACGGACATGATCCTTACCTAA

TTAAATTATTAGCCGAATTTAATTCATTTAGCTGGTATGGAATGGGGCCAGAAGAAAACT
AATTTAATAATCGGCTTAAATTAAGTAAATCGACCATACCTTACCCCGGTCTTCTTTTGA
HaeIIll

ATATAGACAGATGTGAAGGTGCAAAACTTGGAATATATGAGAGTACACAATAGAAAATCT
TATATCTGTCTACACTTCCACGTTTTGAACCTTATATACTCTCATGTGTTATCTTTTAGA

ATCAAGGTATTTAGTACCACAAGAATGTGGTAACAGGATAGGAACTAGATGGGTAGTAGT
TAGTTCCATAAATCATGGTGTTCTTACACCATTGTCCTATCCTTGATCTACCCATCATCA

TAAAAATCATAAGAATGAAGGTCTTAAATTTACTTATGTTAAAGTTCCATTTGAATTTAG
ATTTTTAGTATTCTTACTTCCAGAATTTAAATGAATACAATTTCAAGGTAAACTTAAATC

TGTTTTACCATACAGCAGCATGGAATTAGAAAATTCACTTCATATAGAAGAATTACCATC
ACAAAATGGTATGTCGTCGTACCTTAATCTTTTAAGTGAAGTATATCTTCTTAATGGTAG

TGTTAATTTTACACATTGTGAATATAATAGGTAAACAAATGGGTGTTGGCGGAGATGCAA
ACAATTAAAATGTGTAACACTTATATTATCCATTTGTTTACCCACAACCGCCTCTACGTT

TGCTGGGGAGCACCATGATACCTAAATTCTGTATAGATTCAAGTAAGGATTTAGAATATA
ACGACCCCTCGTGGTACTATGGATTTAAGACATATCTAAGTTCATTCCTAAATCTTATAT

GTTTTATAATTTCTAAAATTATACTACGCACATATGGGAACTATAGATATCCAAAACAAA
CAAAATATTAAAGATTTTAATATGATGCGTGTATACCCTTGATATCTATAGGTTTTGTTT

ACTTAGACTTATGCAATAATTTACGAAAGGACAGGTACTCTGTTGTTTCGGTTACTAAGA
TGAATCTGAATACGTTATTAAATGCTTTCCTGTCCATGAGACAACAAAGCCAATGATTCT
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4681

4741

4801

4861

4921

4981

5041

5101

ATAAGTTGAGGCTTTCTAACATCATAAGTTGCACCATTTCAGCATGCTCCCGAGACAAGC
TATTCAACTCCGAAAGATTGTAGTATTCAACGTGGTAAAGTCGTACGAGGGCTCTGTTCG

TCGTGACAAGCAAAAATGGAACAACTTATGATGAAGAAATGCCTGCAACATATTCTTTAA
AGCACTGTTCGTTTTTACCTTGTTGAATACTACTTCTTTACGGACGTTGTATAAGAAATT

TGTAACACTGCACAAAAGAGTACCTGTCCTTTCTGATATAGCAGATTTTTCAAGCTATAA
ACATTGTGACGTGTTTTCTCATGGACAGGAAAGACTATATCGTCTAAAAAGTTCGATATT

GTATATCTCACGAAATCATAAATATTTTGATTCCGAAAAGCTATGAAAATATCGCTGAAG
CATATAGAGTGCTTTAGTATTTATAAAACTAAGGCTTTTCGATACTTTTATAGCGACTTC

GTTCTAAGCAGCTGGTTGTGTGCACCTTAGCATGCTCCAACTTTCAGTTTGACAAGCTAA
CAAGATTCGTCGACCAACACACGTGGAATCGTACGAGGTTGAAAGTCAAACTGTTCGATT
Pvull

AATGGAACAATCTACAGCTCAAGAAACTTTAACAGCTCATTTTCAAATGTTTTCTACACA
TTACCTTGTTAGATGTCGAGTTCTTTGAAATTGTCGAGTAAAAGTTTACAAAAGATGTGT

AATATATTTATATTTCTAGTGAAGATATGAAATTAAATTTTTAGCGACTTTGTAAATATG
TTATATAAATATAAAGATCACTTCTATACTTTAATTTAAAAATCGCTGAAACATTTATAC

TTAATCTAATATACGAATTC 5120
AATTAGATTATATGCTTAAG
EcoRI
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Fig. 7.5:
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Analysis of the sequence presented in Fig. 7.4, showing the
inferred ORF’s for the six possible frames from the
sequence of the 5.2 kb EcoRI fragment (FRAMES:
Devereux et al., 1984).

The bars represent the possible ORF’s. The three ORF’s
that potentially code (labelled ORF1, ORF2, ORF3) were
chosen of the basis of the analysis presented here as well
as by an analysis using TESTCODE (Fickett, 1982)
together with other information in this chapter.
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Table 7.2

Location of the ORF’s on the 5.2 kb EcoRI fragment, putative promoter

sequences plus potential translation initiation signals.

ORF Gene Location -35 -10

I Promoter sequences

C. pasteurianum consensus TTGACA--16/19 bp--TATAAT"
E. coli consensus TTGACA--17 bp --TATATT®

1 cbgA 1559-4253 (-173)TTGATT----19-----TAATAT(-143)
(-58) TTAACA-----19-----TAACTCT(-26)

2 cbgR 4500-4805 (-81)TTCATA-----18--—--TTAATT(-52)
(-59) TGTTAA----10-----TATAAT(-32)

3 ORF3 796-1 (-54)TAAGCA---19-—--TAATTT(-23)
(-87)GATACA-----18-----TATAAT(-59)

I1 Translation initiation signals

3’ end of B. subtilis 16S rRNA 3’-OH.UCUUUCCUCCACUAG-5*
3’ end of E. coli 16S rRNA  3-OH.AUUCCUCC-5"

1 ¢bgA ORF1 GAAAGTGAGGGGGTAAGTATG

2 cbgR ORF2 TTGGCGGAGATGCAATG
ATGCTGGGGAGCACCATG

3 ORF3 AGAATAGGGGTGCTAACTATTG

* Graves and Rabinowitz (1986) ° Moran et al. (1982)
®* Hawley and McClure (1983) ¢ Shine and Dalgarno (1974)
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The main ORF identified, ORF], is assumed to be the structural gene for the
Clostridium B-galactosidase (designated cbgA: clostridial 8-galactosidase) gene.
The sequence of this ORF together with the 5’ upstream sequences and the
deduced amino acid sequence is shown in Fig. 7.6. Sequencing of the TnS
derivatives in Locus II which inactivated the synthesis of B-galactosidase mapped
into this large ORF1 with no other ORF of significant length present in this
region. The position of ORF1 is also consistent with the TnS insertional
inactivation data presented in Chapter 6. This ORF consisted of a coding
sequence of 2691 bp, starting with an ATG codon at position 1560 and ending
with a TAG (stop) codon at position 4253 (Fig. 7.5).

The nucleotide sequences upstream of the 5’ end of ORF1 were screened for
sequences complementary to the 3’ end of the 16S rRNA of B. subtilis and E.
coli (Shine and Dalgarno, 1974; Moran et al., 1982; Stormo et al, 1982). A
strong Shine-Dalgarno (SD) sequence (GAGGGG) containing S C/G’s was
located at position -12 to -6, S bp upstream of the ATG initiation codon (Table
7.2). The region upstream of this presumptive translational start site was
analyzed for potential promoter sequences homologous to E. coli and C.
pasteurianum consensus sequences (Hawley and McClure, 1983; Graves and
Rabinowitz, 1986) using BESTFIT (Smith and Waterman, 1981) and GAP
(Needleman and Wunsch, 1970). The two potential Clostridium promoter
sequences identified are shown in Table 7.2. Several inverted repeat sequences
that have the potential to form stem-loop structures were identified downstream
of the stop codon. The nucleotide sequence of the ORF contained 67% dA+dT.
The resulting DNA sequence of the ORF was analyzed using
CODONFREQUENCY (Devereux et al., 1984) revealing a strong bias towards
codons containing dA+dT (Discussion; Table 7.4, 7.5).

The ORF was sufficient in size to code for an unmodified protein of 897 amino
acid residues with a calculated Mr of 105 kDa (Fig. 7.6). This predicted

molecular weight of the translated protein is in agreement with the size (100
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The complete DNA sequence and deduced amino acid
sequence of the region of the 5.2 kb EcoRI fragment
containing the B-galactosidase structural gene (cbgA). The
-10 and -35 promoter regions are underlined. The Shine-
Dalgarno (SD) sequence is boxed.

The positions of a number of TnS inserts shown by v (B-
galactosidase + ) and v(B-galactosidase-) are as indicated.
The number given in brackets above the symbol
corresponds to the number assigned to the TnS insertion
in Chapter 6.

Possible stem-loop structures in the terminal region are
indicated by arrows. The amino acids are identified by the
following single letter code.

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys
Leu
Met
Asn
Pro
GIn
Arg
Ser
Thr
Val
Trp
Tyr

“E<HN POV ZZE AT IQTEUO»>



1345

1405

1465

1525

1585

1645

1705

1765

1825

1885

1945

-210 -190 -170
ATCTAACATCAGAAGATAGGATAAATTAAAGAAGTAATGTAATTGATTACGAAACAAAAT
-5
-150 -130 -110
CTCATATTAATATTAGCCCATAATTTTTTTATTCTCATATATGTTTAAGTATTAATTAAA
-10
-90 -70 -50

TGTGACTTTATAAAAAGGTTGCATTTAGTTAATACGATTAACAACTTTAATTTAAAAAAG

=35
-30 -10 10
CAATAACTCTACAAAGTGAAAGTIGAGGGGGTAAGTATGATTAATAATAAACCGTCATTAG
-10 M I NNKUPS LD
30 50 70

ATTGGCTAGAAAATCCGGAAATATTTAGAGTTAATAGAATAGATGCTCATTCTGATACTT
W L E NP E I FR VNI RTIUDAIHSIDTW
ML
90 110 130
. . . « AW . .
GGTTTTATGAAAAATTTGAGGATGTTAAATTAGAAGACACCATGCCTCTTAAGCAAAATT
F Y E K F E D VvV K L E D TMUPUL K Q N L

150 170 190

TAAATGGAAAATGGAGATTTTCATATAGTGAAAATTCATCATTAAGAATTAAAGAGTTTT
N G K WRPF S Y S ENS S LRTIIKETFY

210 230 250

ATAAGGATGAGTTTGACGTAAGTTGGATTGATTATATTGAAGTTCCAGGTCATATTCAGC
K D E F D VS W IDYTIEUVZPGHTIAO QL

270 290 310

TTCAAGGATATGATAAATGTCAATATATTAATACTATGTATCCTTGGGAAGGTCACGATG
Q G Y DK CQ Y I NTMYPUVWE G H D E

330 350 370

AATTAAGACCACCTCATATTTCAAAAACATATAATCCGGTGGGAAGCTATGTAACATTTT
L R P P HTISKTY YNU®PUV G S Y V TTFF

390 410 430

TTGAAGTTAAAGATGAACTCAAAAATAAGCAGACTTTTATTTCTTTTCAAGGTGTTGAAA
E vV K D ELKNIKWOQTFTISF QG V ET
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2065
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2245

2305
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2485

2545
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CAGCATTTTACGTATGGGTAAATGGAGAATTTGTAGGATATAGCGAAGATACATTTACAC
A F Y VW VNGUETFV GY S EDTTFTP

510 530 550

CATCAGAATTTGATATTACTGATTATTTAAGAGAGGGAGAAAATAAACTTGCAGTTGAGG
S E F D ITUDYULUZRETGENDNIKILAUVEV

570 590 610

TTTATAAAAGGAGTAGCGCAAGTTGGATAGAAGATCAAGATTTCTGGAGATTTTCAGGCA
Y K R S S A S wiI EDAQDVFWRF S G I

630 650 670

TCTTTAGAGATGTATATTTATATGCAGTTCCAGAAACTCATGTAAATGATATATTTATAA
F R D VY LY AV P ETHVNDTIT FIK

690 710 730

AAACAGATTTATATGACGATTTCAAAAACGCAAAGTTAAATGCTGAACTTAAAATGATTG
T D LY D DVF KNAIKIULNAETLIKMTIG

750 770 790

GAAATTCAGAAACAACAGTTGAAACATATTTAGAAGATAAAGAAGGAAATAAAATAGCTA
N S E T TV ET Y L E D KEGNIKTIATI

810 830 850

TATCTGAAAAGATTCCGTTCTCTGATGAGTTGACTTTATATTTAGATGCGCAAAATATAA
S E XK I P F s D EULTULYULUDAOQNTIN

870 890 910

ACCTATGGAGTGCAGAAGAGCCTAACTTATATACACTTTATATTTTAGTGAATAAAAAAG
L W S A E E PNULYTULYTIU LV NI KIKD
J5

930 950 970
: . = . . : WV
ATGGTAATTTAATTGAGGTTGTAACTCAAAAGATAGGGTTTAGGCACTTTGAAATGAAGG
G N L I EV VTQIXKTIGT FIRHTFEMTI KD

990 1010 1030

ATAAAATTATGTGTCTAAAATGGAAACGTATTATCTTTAAAGGCGTAAACCGTCACGAAT
K I M ¢ L K WIKURTITIUFI KS GV NIRUHEF
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2605

2665

2725

2785

2845

2905

2965

3025

3085

3145

1050 1070 1090

TTAGCGCAAGACGTGGACGCTCAATTACGAAAGAGGACATGTTGTGGGATATTAAGTTCT
S AARRGR S ITIKEDMTLUWDTIIKF L

1110 1130 1150

TGAAACAACACAATATTAATGCTGTTAGAACATCACATTATCCAAATCAAAGTTTATGGT
K Q H N I NAVRTSHYPNGQS UL W Y

1170 1190 1210

ACAGACTTTGCGATGAATACGGGATTTATTTAATAGATGAAACAAATTTAGAAAGCCATG
R L ¢ D EY G I YL IDETNIULE S H G

1230 1250 1270

GTTCATGGCAAAAGATGGGGCAGATTGAACCATCATGGAATGTGCCAGGAAGTCTTCCAC
S W Q KMGQIZETPS ST WNUVTEPGSTLP Q

1290 1310 1330

AGTGGCAGGCAGCAGTTTTAGATCGAGCATCATCAATGGTTGAAAGAGATAAAAATCATC
W Q AA VL DI RAS S MV EIRDIKNHP

1350 1370 1390

CATCTGTACTTATTTGGTCATGTGGTAATGAATCCTATGCGGGTGAAGATATTTATCAGA
S VL I wWs CGNJESYAGETUDTIYQNM

1410 1430 1450

TGTCTAAATACTTTAGAAAAAAAGATCCTTCACGTTTAGTGCACTATGAAGGGGTAACTA
S K'Y F R K KD P S RU LV HYE GV TR

1470 1490 1510

GATGCAGAGAATTTATGACACGACGACATGAAAGTAGAATGTATGCAAAGGCAGCAGAAA
C R E F M TURURHE SR RMYAIKAAEI

1580 1550 1570

TAGAAGAATATCTTAATGATAATCCGAAGAAACCTTATATACAGCTGCGATACATGCACT
E E Y L NDNUPKIKP Y I QLI RYMUH S

1590 1610 1630

CAATGGGTAACTCAACTGGTGGAATGATGAAATACACAGAACTTGAAGATAAATATTTGA
M G N S TG G MMIKYTETLETDI K YL M
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3265
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3385

3445
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3565
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3685

3745

1650 1670 1690

TGTATCAAGGTGGATTCATTTGGGATTACGGCGATCAGGCGTTGTATAGAAAACTTCCAG
Y e GG F I WD YGDOAQATLTYURIKTIULU®PD

1710 1730 1750
ATGGAAAAGAAGTTCTAGCTTATGGAGGAGACTTTACAGATCGTCCAACAGACTATAATT
G K E VL A Y G G D FTUDURUPTUD YN F

N1
1770 1790 1810

. . v . . . .

TCTCTGGAAATGGTTTGATTTATGCAGATAGAACTATATCACCTAAAGCACAGGAAGTTA
S G NGL I Y ADU RTTIS P KAA QE VK
1830 1850 1870

AGTATCTATATCAAAACGTAAAATTAGAACCAGATGAAAAAGGGGTGACTATTAAGAATC
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AAAATCTTTTTGTTAATACTGATAAATATGATTTATACTATATCGTTGAAAGAGATGGAA
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AACTAATAAAAGATGGTTATCTAAATGTATCTGTAGCTCCAGATGAAGAAAAATATATAG
L I KD G Y L NV S V A P D EZEIK Y I E
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L P I GN YNV FUPEETIUVLTTS LR L

2070 2090 2110

TAGCACAAGCTACACTTTGGGCAGAAAAAGGATATGAAATAGCATTTGGACAAAAGGTTA
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TTAAAGAAAAATCAGATATGAATAATCATAATTCAGAGTCTAAAATGAAGATCATTCATG
K E XK S DM NNUHNSESIKMIKTITIH HG
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GAGATGTAAACATAGGGGTTCACGGAAAAGATTTCAAGGCTATATTCTCTAAACAAGAGG
DV NIGVHGI KUDTFIKATITFSKQEG
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G L P EL P VLGMUDT FI KT LT LAETFNS

2610 2630 2650

CATTTAGCTGGTATGGAATGGGGCCAGAAGAAAACTATATAGACAGATGTGAAGGTGCAA
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Fig. 7.7: A Alignment of the amino acid sequence of the B-
galactosidase gene of C. acetobutylicum cbgA (CacbgA)
with the amino acid sequences of E. coli ebgA (EcebgA:
Stokes et al., 1985); E. coli lacZ (EclacZ: Kalnins et al.,
1983); K. pneumoniae lacZ (KplacZ: Buvinger and Riley,
1985); and B. stearothermophilus bgaB (BsbgaB: Hirata
et al, 1986). Sequences have been aligned using the
programmes WORDSEARCH and SEGMENTS
(Devereux et al., 1984).

The amino acids are identified by the single letter code
(see Fig. 7.6) and the regions of identical homology to one
or more of the sequences are underlined.

B Alignment of the amino acid sequence of the region
surrounding the E. coli LacZ active site as identified by
Lerrchen and Legler (1983) with the regions of highest
homology of the above sequences plus E. coli 8-
glucuronidase (EcuidA: Jefferson et al., 1986). The active
site is indicated by an arrow.
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Alignment of the amino acid sequence of the B-galactosidase
gene of C. acetobutylicum cbgA (CacbgA)with the amino acid
sequences of E. coli ebgA (EcebgA: Stokes et al., 1985); E.
coli lacZ (EclacZ: Kalnins et al., 1983); K. pneumoniae lacZ
(KplacZ: Buvinger and Riley, 1985); and B.
stearothermophilus bgaB (BsbgaB: Hirata et al., 1986).

Amino acids have been placed into groups of similar function
using the programme SIMPLIFY (Devereux et al., 1984) and
aligned using WORDSEARCH and SEGMENTS (Devereux
et al., 1984). Groups are identified by the single letter codes
below. Regions of identical homology to one or more of the
sequences are underlined.

A G S T - neutral, weakly hydrophobic
N E D - hydrophobic, acid amine

K R - hydrophobic, basic

I V M - hydrophobic

Y W - hydrophobic, aromatic

- cross-link forming

OmM— TO»
@' 0T G
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kDa) estimated on the basis of SDS-PAGE in Chapter 6. An examination of the
charged residues would suggest that the protein has a net negative charge of 25
(Kyte and Doolittle, 1982).

The available nucleotide sequences of other B-galactosidase genes were
compared to the B-galactosidase nucleotide sequence from C. acetobutylicum
using the programmes WORDSEARCH and SEGMENTS (Devereux et al.,

1984). Results of this comparison showed that there was no obvious homology

to the three Gram-negative B-galactosidase sequences of E. coli (lacZ, ebgA) and
K. pneumoniae (lacZ). Since the B. stearothermophilus bgaB nucleotide and
amino acid sequences were not in the data bases, these were added separately.
No obvious homology was detected to the bgaB nucleotide sequence from the

Gram-positive B. stearothermophilus. No obvious homology was detected to any

DNA sequence in the bacterial component of Genbank (Version 56: Bilofsky and
Burks, 1988), or European Molecular Biology Laboratory (EMBL: version 15:
Cameron, 1988) DNA sequence data or to the National Biochemical Research
Foundation (NBRF) Nucleotide Sequence Data Library (Version 33: Sidman et
al., 1988).

The S. bovis lacOP nucleotide sequence (Gilbert and Hall, 1987) and the E. coli
lacOP and CAP nucleotide sequences (Manly and Matthews, 1984) were
compared to the upstream region of the ¢cbgA gene using BESTFIT (Smith and
Waterman, 1981) and GAP (Needleman and Wunsch, 1970). No significant
homology was detected between these two sequences and the upstream region,
nor was any significant homology detected throughout the 5.2 kb EcoRI

fragment.

The deduced amino acid sequence of the C. acetobutylicum B-galactosidase
protein was also compared to the amino acid sequences of the other B-
galactosidase proteins and those within the NBRF resource data base (Version
16: Sidman et al., 1988) using WORDSEARCH and SEGMENTS (Devereux et
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al., 1984). Extensive homology was detected at the amino acid level (Fig. 7.7).
Homology was observed throughout the amino acid sequences of the C.
acetobutylicuam CbgA and the B-galactosidase proteins for E. coli (LacZ, EbgA),

as well as the K. pneumoniae LacZ (Fig 7.7a).

High homology was noted between the region containing the active site of E. coli
LacZ (Glu-461: Lerrchen and Legler, 1983) and all other B-galactosidase amino
acid sequences (Fig. 7.7b). The region of homology between the CbgA and the
LacZ was between residues 441 through 461 of CbgA and residues 444 through
465 of LacZ. In addition to the B-galactosidases, homology about the active site
was also detected to a site within the E. coli glucuronidase enzyme (Fig. 7.7b;
LIARDKNHPSVVMWSIANEPDT). Comparison of the amino acid sequence
of the C. acetobutylicum CbgA to that of B. stearothermophilus BgaB showed

less homology than of the gene products of other B-galactosidase genes. The
amino acid sequences of these B-galactosidase enzymes were further compared
to the CbgA (C. acetobutylicum) using SIMPLIFY and WORDSEARCH
(Devereux et al., 1984). This increased the degree of homology (Fig. 7.8),

revealing that where the actual amino acids differed, the substitution was often
by another amino acid from the same group. To determine if the amino acid

sequence deduced from the C. acetobutylicum cbgA gene shared homology to

other amino acid sequences, a search of the NBRF protein resource data base
(Version 16: Sidman et al., 1988) was carried out. This yielded no new amino

acid sequences which shared reasonable homology to the CbgA protein.

The second ORF that was potentially coding corresponded to the locus I region
identified by Tn5 mutagenesis. Evidence that this ORF is coding is supported by
TESTCODE (Fickett, 1982), by the detection of SD sequences and promoter
sites in the appropriate position with respect to the translational start site, and
by the presence of the TnS5 insertion G2 within the ORF. The other presumptive
ORF’s identified in this region (Fig. 7.5) did not possess SD sequences, potential

promoter sites, and did not correspond to the region where the TnS mapped.
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The complete DNA sequence and deduced amino acid
sequence of the region of the 5.2 kb EcoRI fragment
containing the regulatory B-galactosidase ORF (cbgR).
The -10 and -35 promoter regions are underlined. The
Shine-Dalgarno (SD) sequences are boxed.

The positions of a number of TnS inserts shown by v (B-
galactosidase +) and v(B-galactosidase-) are as indicated.
The number given in brackets above the symbol
corresponds to the number assigned to the TnS insertion
in Chapter 6.

Possible stem-loop structures in the terminal region are
indicated by arrows. The amino acids are identified by the
single letter code (see Fig. 7.6).
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Fig. 7.10:

Fig. 7.11:

Facing page 207

Alignment of the amino acid sequence of the 8-
galactosidase regulator (cbgR) of C. acetobutylicum cbgR
(CacbgR) with the amino acid sequence of the "0.3 kb
gene" from Bacillus subtilis (Bs.3kb: Stephens et al., 1984).
Sequences have been aligned using the programmes
WORDSEARCH and SEGMENTS (Devereux et al.,
1984).

The amino acids are identified by the single letter code
(see Fig. 7.6) and the regions of identical homology are
underlined.
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Alignment of the amino acid sequence of the B-
galactosidase regulator (cbgR) of C. acetobutylicum cbgR
(CacbgR) to the amino acid sequence of the "0.3 kb gene"
from Bacillus subtilis (Stephens et al., 1984).

Amino acids have been placed into groups of similar
function using the programme SIMPLIFY (Devereux et
al.,, 1984) and aligned using WORDSEARCH and
SEGMENTS (Devereux et al., 1984).

The amino acids are identified by the single letter code
(see Fig. 7.8) and the regions of identical homology are
underlined.
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The nucleotide sequences adjacent to the 5’ end of the ORF were analyzed for
sequences complementary to the 3 end of the 16S rRNA of B. subtilis and E.
coli. Two potential start codons were identified, both possessing good SD
sequences (GGGGAG; GCGGAG: Table 7.2). It is impossible to distinguish
which is used for translation of the cbgR gene. Taking the first ATG (second
ATG) as the start site, an ORF (designated cbgR: clostridial B-galactosidase
regulator) consisting of a coding sequence of 303 bp (288 bp) was identified,
starting with an ATG codon at position 4500 (4515) and ending with a TAA
(stop) codon at position 4805 (Fig. 7.9). The region upstream of the presumptive
translational start sites was also analyzed for potential promoter sequences using
BESTFIT (Smith and Waterman, 1981) and GAP (Needleman and Wunsch,
1970). Two regions upstream of the presumptive start sites were identified as

potential Clostridium promoter sequences (Table 7.2).

A number of inverted repeats that have the potential to form stem-loop
structures were located at the end of the cbgR gene and downstream of the stop
codon. The nucleotide sequence of the ORF contained 73%dA+dT. The
resulting DNA sequence was analyzed using CODONFREQUENCY (Devereux
et al.,, 1984), revealing that this ORF possessed a codon bias towards dA +dT.
The ORF was sufficient in size to code for an unmodified protein of 101 (96)
amino acids with a calculated Mr of 11 (10.5) kDa (Fig. 7.10). An examination
of the charged residues would suggest that this protein has a net positive charge
of 6 (Kyte and Doolittle, 1982).

No significant homology was detected to any DNA sequence in the Genbank
(Version 56: Bilofsky and Burks, 1988) or EMBL (Version 15: Cameron, 1988)
DNA sequence data bases or to the NBRF Nucleotide Sequence Data Library
(Version33: Sidman et al., 1988). The deduced amino acid sequence of the cbgR
present at Locus I was also compared to other known protein sequences in the
NBRF protein resource data base (Version 16: Sidman et al., 1988) using
WORDSEARCH and SEGMENTS (Devereux et al., 1984). Moderate homology
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was detected to the amino acid sequence of the ’0.3 kb gene’ from B. subtilis
(Fig. 7.10). Analysis of these sequences using SIMPLIFY, WORDSEARCH, and
SEGMENTS Devereux et al., 1984) increased the extent of the homology (Fig
7.11).

The third potential coding sequence identified (ORF3) consisted of a coding
sequence of 796 bp, located adjacent to cbgA but transcribed divergently from
it (Fig. 7.12). Evidence that this ORF is coding is supported by the results from
TESTCODE (Fickett, 1982), and by the detection of a SD sequence and
promoter sites in the appropriate position with respect to the translational start
site. The coding sequence did not contain an in-frame ATG start codon, but
rather possessed an in-frame TTG (met) start codon. No stop codon was present

on this ORF and so presumably it terminates outside the region sequenced.

The nucleotide sequences upstream of the 5’ end of the ORF were screened for

sequences complementary to the 3’ end of the 16S rRNA of B. subtilis and E.

coli (Table 7.2). A potential SD sequence similar to that found for the other
two ORF’s (GGGGTG) was located at position -3 to -8 bp upstream of the TTG
start codon (Table 7.2). The region upstream of this presumptive translational
start site was analyzed for potential promoter sequences using BESTFIT (Smith
and Waterman, (1981) and GAP (Needleman and Wunsch, 1970). The two
potential Clostridium promoter sequences identified are shown in Table 7.2. The
nucleotide sequence of the ORF contained 73% dA+dT. The resulting DNA
sequence was analyzed using CODONFREQUENCY (Devereux et al., 1984).
This ORF also exhibited a similar bias towards codons containing dA+dT as
observed for the other two ORF’s (Table 7.4). This ORF codes for an
unmodified truncated protein (275 amino acids long) with a calculated Mr of 32
kDa.
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Facing page 210

The complete DNA sequence and deduced amino acid
sequence of the region of the 5.2 kb EcoRI fragment
containing ORF3. The -10 and -35 promoter regions are
underlined. The Shine-Dalgarno (SD) sequence is boxed.

The positions of a number of TnS inserts are as indicated.
The number given in brackets above the symbol
corresponds to the number assigned to the TnS insertions
in Chapter 6.

The amino acids are identified by the single letter code
(see Fig. 7.6).
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Fig. 7.13: Alignment of the amino acid sequence of ORF3 of C.
acetobutylicum (CaORF3) with the amino acid sequences
of spo0A (BsspoOA: Kudoh et al., 1985) and spoQF (BsspoOF:
Trach et al., 1985) from Bacillus subtilis. Sequences have been
aligned using the programmes WORDSEARCH and
SEGMENTS (Devereux et al., 1984).

The amino acids are identified by the single letter code
(see Fig. 7.6) and the regions of identical homology are
underlined.
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Fig. 7.14: The aligned simplified amino acid sequence of ORF3 of
C. acetobutylicum (CaORF3) to the amino acid sequences
of spo0A (BsspoOA: Kudoh et al, 1985) and spoOF
(BsspoOF: Trach et al., 1985) from Bacillus subtilis.

Amino acids have been placed into groups of similar
function using the programme SIMPLIFY (Devereux et
al.,, 1984) and aligned using WORDSEARCH and
SEGMENTS (Devereux et al., 1984).

The amino acids are identified by the single letter code
(see Fig. 7.8), and regions of identical homology are
underlined.
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No significant homology was detected to any DNA sequence in the Genbank
(version 56: Bilofsky and Burks, 1988), or EMBL (version 15: Cameron, 1988)
DNA sequence data bases or to the NBRF Nucleotide Sequence Data Library
(version 33: Sidman et al., 1988). The deduced amino acid sequence of ORF3

shared homology to a group of proteins belonging to the known family of

regulatory genes, including ntrB (K. pneumoniae), cheY (E. coli), and stage 0
sporulation protein A(spoQA) plus stage 0 sporulation protein F(spoOF) from B.
subtilis (Nixon et al, 1986; Ronson et al., 1987). The greatest homology was
detectable to spo0A and spoQF. Further analysis revealed that this homology was
strongest between the N-terminal regions (1-150 amino acids) of these proteins
(Fig. 7.13). When these two spoQ proteins were compared to the amino acid
sequence of ORF3 using SIMPLIFY, WORDSEARCH, and SEGMENTS

(Devereux et al., 1984) extensive homology was detected, (Fig. 7.14).

7.3 DISCUSSION

The results of this phase of the project have provided the complete sequence of a
5.2 kb EcoRI region from C. acetobutylicum known to contain a B-galactosidase
gene. Analysis of this sequence revealed three potential coding sequences; a single
large ORF for the B-galactosidase gene (cbgA), a small ORF for a regulatory gene
(cbgR), and a third ORF coding for a protein that is homologous to spoOA and

spoOF.

Several other prokaryotic B-galactosidase genes have been sequenced. These include
the E. coli lacZ gene (Kalnins et al., 1983), the E. coli ebgA gene (Stokes et al.,
1985), the K. pneumoniae lacZ gene (Buvinger and Riley, 1985), and the B.
S.

stearothermophilus bgaB gene (Hirata et al., 1986). The lacOP region from

bovis (Gilbert and Hall, 1987) has also been sequenced, and the partial sequence

of a lacZ gene from L. bulgaricus and L. casei has been reported (De Vos and
Simons, 1988).
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Table 7.3
Percentage of the dC+dG content of genomic DN A of specific bacteria plus that

obtained within the B-galactosidase genes.

Species Nucleotide content

Genomic DNA B-galactosidase sequence
%dC+dG (%dA+dT)  %dC+dG (%dA+dT)

B, stearothermophilus 43-62 (57-38) bgaB 40 (60)°
C. acetobutylicum 28 (72) cbgA 30 (70)
E.

coli 48-52 (52-48)° lacZ 56 (44)
ebgA 55 (45)
K. pneumoniae 56 (44 lacZ 64 (36)

* Claus and Berkeley (1986)  © Kalnins et al. (1983)
*Cato et al . (1986) * Stokes et al. (1985)

¢ Orshov (1986) ¢ Buvinger and Riley (1985)
¢ Hirata et al. (1986)

7.3.1. Analysis of the sequence of the 5.2 kb fragment

The nucleotide sequence of the B-galactosidase gene from C. acetobutylicum

shares little homology to the other sequenced B-galactosidase genes. This is in
agreement with the hybridization results reported in Chapter 5, where no

homology was detected between C. acetobutylicum and E. coli. Since the K

pneumoniae lacZ gene shares strong homology to the equivalent E. coli lacZ
gene, and both bacteria possess a relatively high dC+dG% content, little
homology would be expected between the K. pneumoniae and C. acetobutylicum
genes (Buvinger and Riley, 1985). B. stearothermophilus possesses a similar, if
not higher dC+dG content to the other Gram-negative bacteria (43.5-62.2%;
Table 7.3). This is much higher than that observed for C. acetobutylicum
(28%dC+dG). Hence, the lack of significant nucleotide homology to this

organism is again not surprising. In contrast, Gilbert and Hall (1987) reported
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strong homology between the S. bovis and E. coli 5’ ends of the lacZ structural
genes. Since S. bovis possesses 36%dC+dG (Hardie, 1986), this detectable
homology is unexpected. Gilbert and Hall (1987) suggested that the lacZ gene

may have been acquired relatively recently from an enteric organism.

Although no significant homology was observed between the various nucleotide
sequences, considerable amino acid homology was detected. Considerable amino
acid homology has been reported for the B-galactosidase proteins from E. coli
(LacZ and EbgA), and K. pneumoniae (LacZ) (Buvinger and Riley, 1985; Stokes

et al.,, 1985). Hence, the C. acetobutylicum CbgA amino acid sequence shares the

highest homology to the amino acid sequences from the Gram-negative bacteria.
In contrast, Hirata et al. (1986) reported no overall homology between the 8-
galactosidase sequences from the Gram-negative bacteria and the B.

stearothermophilus BgaB sequence.

The highest homology reported between the B. stearothermophilus BgaB and the
E. coli LacZ gene was in the area of the active site (Hirata et al., 1986). This
region was also strongly conserved between the E. coli LacZ and the EbgA
(Stokes et al ., 1985). When this region was compared to the CbgA amino acid

sequence of C. acetobutylicum, very high homology was also detected. The

detection of a region within the B-glucuronidase which shares high homology to
the active site of the E. coli B-galactosidase protein was not previously noted
(Jefferson et al., 1986). Hence, there is considerable conservation surrounding
the probable active-site of this enzyme. The cbgA gene product (897 amino
acids; Mr of 105 kDa) is similar in size to the E. coli lacZ gene product (1023
amino acids; Mr of 116 kDa), ebgA gene product (964 amino acids; 101 Mr of
kDa), and K. pneumoniae lacZ (1034 amino acids; Mr of 119 kDa). The B.
stearothermophilus gene product is significantly smaller (672 amino acids; Mr
of 78 kDa).

Unlike the enteric bacteria that possess the B-galactosidase as part of a
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polycistronic operon that is both positively (CAP and cAMP) and negatively
(lacl) regulated, the results here for C. acetobutylicum would suggest that the
gene is monocistronic, and controlled by a small gene product, CbgR, which

shares homology to a B. subtilis sporulation regulatory protein. There is no

evidence for homology in the 5’ region of cbgA to lac control regions, i.e. lacOP
and the CAP binding sequence. The lack of the CAP binding sequence upstream
of the C. acetobutylicum cbgA gene is similar to that reported for S. bovis by
Gilbert and Hall (1987). A complete absence of the E. coli CAP binding

sequence in the lacOP promoter region of the lac operon in S. bovis was

reported. This absence of a CAP binding sequence also associated with the C.
acetobutylicum cbgA gene could explain the apparent lack of glucose repression

observed in E. coli.

However, sequences homologous to known E. coli and C. pasteurianum ribosome
binding sites and promoters were observed in the 5’ region of these C.
acetobutylicum genes sequenced here. Further work would be required to
demonstrate that these sites are involved in transcriptional and translational
initiation. The SD sequences detected for the three ORF’s resemble those
reported for S. aureus (McLaughlin et al.,1981); C. perfringens (Garnier and
Cole, 1988); and C. acetobutylicum (Janssen et al., 1988; Zappe et al., 1988). The

position of the SD sequences are also in agreement with the previously described

positions, which have been found to vary from 4 to 14 nucleotides in distance
from the start codon in Gram-positive bacteria (McLaughlin et al., 1981; Garnier
and Cole, 1988).

The potential promoter sequences identified upstream of the three ORF’s share
strong homology to the promoter sequences identified in both Gram-positive
(Graves and Rabinowitz, 1986), and Gram-negative (Hawley and McClure, 1983)
bacteria. All three ORF’s possess extended d A+ dT-rich regions upstream of the
promoter sites. Fujita et al. (1986) have suggested that such dA+dT-rich regions

upstream from Gram-positive and Gram-negative promoters are somehow



218.

involved in the promoter function.

TnS mutagenesis had previously revealed a second region (Locus I) within the
5.2 kb EcoRI fragment that affected B-galactosidase expression in E. coli.
Sequence analysis of this region revealed an ORF downstream of cbgA. This
ORF of 303 nucleotides would appear to be transcribed in the same direction
as cbgA but is separated from the stop codon of cbgA by a 300 bp region that
has the potential to form considerable secondary structure. The presence of
these repeats together with the fact that the intergenic TnS inserts had no effect
on the expression on ¢cbgR would suggest that ¢cbgR is transcribed independently
of cbgA. The amino acid sequence of this ORF possessed moderate homology

to the amino acid sequence of the "0.3 kb gene" from B. subtilis (Stephens et al.,
1984).

In B. subtilis, the 0.3 kb gene is involved in gene activation during sporulation.
Stephens et al. (1984) investigated the regulation of this gene by lacZ fusion
analysis. They showed that the gene had an active promoter and that this
promoter was independently regulated, and under developmental control, the
activity being detectable during the early phases of sporulation. Therefore, the
activity of the B-galactosidase gene of C. acetobutylicum may be under the
developmental regulation of a gene similar to one which is known to regulate the
beginning of sporulation in B. subtilis. Previous work (Yu et al., 1987) showed
that the expression of the B-galactosidase was maximum during the switch from

acid to solvent production suggesting that it might be developmentally regulated.

The third potential coding region identified in this work (ORF3) was shown to
possess homology to spo0A and spoQF from B. subtilis (Trach et al,, 1985; Kudoh
et al.,, 1985). In B. subtilis, sporulation is divided into 6 to 7 stages (0 to VII);
(Fitz-James and Young,1969; Losick and Youngman, 1984). Growing and
vegetative cells are said to be in stage 0. At least 10 stage 0 sporulation (spo0)

genes exist, the onset of sporulation being dependent upon the products of the
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spo0 loci. Mutations in spoQ genes arrest the onset of sporulation via the
interference of a biochemical or morphological event. They exhibit high
pleiotrophy, the degree depending on the particular spo0 locus, causing a group
of effects (loss of antibiotic production and genetic competence, conference of
sensitivity to antibiotics and bacteriophage, and loss of sporulation; Brehm et al.,
1975; Linn and Losick, 1976). They have a distinct involvement at the level of
gene expression, influencing the expression of a variety of promoters whose
products are directly involved in the initiation of the sporulation process (Losick,
1981). Hence, ORF3 may be coding for a clostridial spo0O gene.

However, the homology is highest at the N-terminal region of these two genes,
and recently it has been shown that these two genes belong to a family of
proteins which comprise a two-component system that senses specific changes in
the environment and transduces that information to the transcriptional apparatus
(Nixon et al., 1986; Ronson et al., 1987). In this system, one component acts as
an environmental sensor (sensor component) that transmits a signal to the second
component (regulatory component) which then results in activation of a gene
regulon that effects a response. Spo0A and spoQF are transcriptional regulatory
components, and, like all regulators, share in common approximately 150 amino
acids at the N-terminal end of the protein. The fact that this N-terminal domain
is shared by so many other proteins makes it difficult to assign a function to
ORF3. However, its location adjacent to the B-galactosidase gene (cbgA) that
is probably regulated by cbgR, a gene homologous to a sporulation regulatory

gene from B. subtilis, would suggest that ORF3 may code for a spoQ gene.
Sporulation genes in B. subtilis are grouped together in several groups
throughout.the chromosome (Piggot and Hoch, 1985). Hence, ORF3 probably

maintains a regulatory function during the differentiation of C. acetobutylicum

through its two phases of growth.
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7.3.2 Nucleotide content and codon preference analysis

One of the striking features of the 5.2 kb EcoRI fragment, as is observed in
Clostridium in general, is the high dA+dT content (70%). This content is not
unexpected, corresponding to the general dA+ dT level seen in the genomic DNA
of members of the Genus Clostridium (Cato et al., 1986). As seen in Table 7.3,
the dA+dT% of the various B-galactosidase genes resembled closely the overall

dA+dT% of the genomic DNA of each specific species.

The differences between the dA +dT content of the coding and non-coding region
of the 5.2 kb EcoRI fragment has been reported by other groups. Chen et al.
(1986) reported high levels of dA+dT (83%) in the non-coding regions,
compared to the 64% found in the coding region of the nifH genes in C.
pasteurianum. Garnier and Cole (1988) also noted that there was a higher
dA+dT content (82.1%) in the non-coding regions of the 10 kb C. perfringens
plasmid pIP404 when compared to that observed in the 10 ORF’s identified
(72.9%). The same trend has also been reported for another gene sequenced
from C. acetobutylicum. Zappe et al. (1988) reported that the ORF of the endo-
glucanase gene contained 67.2% dA +dT while the upstream region possessed a

dA +dT content of 80.1%.

Although the genetic code provides an array of codons for each amino acid
(degenerate), all the codons of a particular amino acid are not used with equal
frequency. Rather there is a non-random usage. The codon usage observed is
characteristic of the overall base composition for any one species. Therefore, the
genes from one species often share similarities in codon usage. However, there
can be considerable differences amongst genes ranging from highly biased, to
unbiased codon usage (Bibb et al ., 1984; Sharp et al., 1988). This effect was
investigated using the different C. acetobutylicum genes available.

There is definite bias in codon usage towards those codons which contain dA+dT



221,

within the three ORF’s from C. acetobutylicum (Table 7.4). The codon bias is
similar to that reported by Zappe et al. (1988) within the ORF of the endo-
glucanase gene of C. acetobutylicum, and by Janssen et al. (1988) within the glnA

gene from C. acetobutylicum.

Similar bias in codon usage has been reported in other Clostridium species
(Table 7.4). Chen et al. (1986) reported a very biased codon usage (towards
dA +dT) within the ORF’s coding for the nifH1 and nifH2 of C. pasteurianum,

with only 38 out of the 61 possible codons being utilized. Garnier and Cole

(1988) also noted that, within the 10 ORF’s on the C. perfringens plasmid
pIP404, there was a pronounced preference for codons containing dA+dT.

The results observed here for the C. acetobutylicum genes sequenced are in

agreement with those reported for genes from other Clostridium species. This
is not surprising since Clostridium species have a very low dC+dG content (Cato
et al., 1986), which significantly influences the codons specified. The bias is,
however, totally different to that observed in E. coli which possesses a higher
dC+dG% content. There is also less bias observed in the Gram-positive B.
subtilis which has a dC+dG content of 41-48% (Table 7.4; Ogasawara, 1985).

The codon usage observed between the B-galactosidase genes from the different
species was also very different, each showing a trend towards the dC+dG content
of the species genomic DNA (Table 7.5). In E. coli, the lacZ gene possess no
major bias (Kalnins et al., 1983). The bgaB B-galactosidase gene from B.

stearothermophilus has a biased codon usage, biased towards codons containing

dA+dT in the third position. The biased codon usage observed with the 8-

galactosidase gene from C. acetobutylicum shares more similarity to that

observed in B. stearothermophilus, than that observed in E. coli or K.

pneumoniae B-galactosidase genes.
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Table 7.4
Codon usage (%) in different ORF’s of genes from various bacteria.

Amino C. acetobutylicum C. per.° C. pas.”B. sub.° E. coli
acid A B C D E F G H
cbgA GluA* glnA® ORF3

GlyGGG 14 0 3 10 i 1 14 [,
GGA 57 52 72 30 S8 S8 32 40
GGT 23 28 16 30 30 39 25 47
GGG S p.1 | 9 5 2 30 41 30

GluGAG 19 15 9 § 23 6 21 27

GAA 81 85 91 93 77 94 69 13

AspGAT 88 80 87 75 90 0 64 51
GAC 12 20 13 25 10 28 36 49

ValGTG 14 0 4 8 3 0 19 27
GTA 40 42 48 31 50 47 25 23
GTT 46 50 44 62 45 50 31 38
GTC 0 8 4 0 2 8 25 18

AlaGCG 7 0 2 0 3 0 26 31
GCA 59 g1 60 14 58 46 23 74
GCT 29 72 38 0l 33 54 28 28
GCC 3 ) 0 14 w 0 20 19

Lys AAG 29 25 22 23 19 34 25 23
AAA 71 75 78 v 80 66 75 Wi

AsnAAT 85 87 83 83 87 61 53 24
AAC 15 13 17 17 13 39 47 76

Met ATG 100 100 100 100 100 100 100 100

Ile ATA 41 66 14 33 61 59 11 1
ATT 51 29 7l 51 36 12 50 37
ATC 8 6 14 1% 3 29 39 62

ThrACG 7 0 0 0 ) 0 28 20

ACA 51 43 60 18 49 85 43 6
ACT 38 53 40 88 41 41 15 23
ACC 4 4 0 0 5] 4 14 il
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Table 7.4 (cont’d):

Amino C. acetobutylicum C. per.° C. pas.’B. sub.° E. coli
acid A B C D E F G H

cbgA GluA®* glnA® ORF3

TrpTGG 100 100 100 100 100 100 100 100

CysTGT 57 50 83 - 88 92 46 42
TGC 43 50 17 - 12 8 54 58

Tyr TAT 85 73 76 92 94 77 62 41
TAC 15 27 24 8 6 23 36 59

PheTTT 79 94 76 88 83 27 64 44
JTE 21 6 24 12 17 73 36 57

SerTCG 0 2 il 0 1 4 10 11
TCA 44 37 29 24 30 44 19 8
TCT 22 2] 43 28 18 0 25 27
TCC 4 2 0 3 3 11 L2 26
AGT 18 24 21 28 42 28 11 7
AGC 13 8 0 L7 L. 12 24 22

ArgAGG 5 0 0 0 14 0 9 1
AGA 69 60 100 43 80 100 28 1
CGG ©0 0 0 14 1 0 11 3
CGA 10 0 0 0 2 0 9 2
CGT 13 40 0 0 3 0 25 58
CGC 3 0 0 43 0 0 18 35

GInCAG 34 B85 0 25 10 29 49 73
GAA 66 65 100 /5] 90 71 54 27

His CAT 61 83 100 100 75 75 69 39

CAC 39 17 0 0 25 ps 31 61
LeuTTG 14 14 3 18 6 1 14 8
TTA 44 55 82 44 ol 47 2 6
CTG 3 ] 3 7 1 0 22 69
CTA 13 0 10 7 9 10 22 69
CIT 25 18 3 7 12 35 26 9
e 2 9 0 7 0 0 10 7
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Table 7.4 (cont’d):

Amino C. acetobutylicum C. per.® C. pas.”B. sub.°E. coli
acid A B C D E F G H
cbgA GluA® ginA® ORF3

ProCCG 15 0 0 0 ) 0 38 65
CCA 55 40 85 0 56 78 19 20
CCT 30 60 15 80 40 22 34 9
CCG 0 0 0 20 0 0 10 6

* Zappe et al. (1988) ® Janssen et al. (1988)

¢ Garnier and Cole (1988) ° Chen et al. (1986)
© Ogasawara (1985)

Table 7.5

Codon usage (%) in different ORF’s of B-galactosidase genes from various
bacteria.

Amino A B C D E
acid cbgA bgaB* lacZ’ lacZ® ebgA®

GyGGG 14 28 13 19 12
GGA 57 28 6 3 12
GGT 23 30 34 18 28
GGG 5 14 48 60 48

GluGAG 19 31 24 S8 28
GAA 81 69 76 42 72

AspGAT 88 80 66 46 32
GAC 12 20 34 54 48

ValGTG 14 18 36 47 45
GTA 40 33 16 8 3
GTT 46 38 19 9 19
GTC 0 16 30 36 33



Table 7.5 (cont’d):

Amino A B C D E
acid cbgA bgaB* lacZ® lacZ® ebgA°
AlaGCG 0 19 36 48 34
GCA 59 36 16 4 12
GCT 29 36 12 1 18
GCC 3 8 36 48 36
Lys AAG 29 47 25 45 29
AAA 71 53 75 55 71
AsnAAT 85 68 36 14 23
AAC 15 32 64 86 0/
Met ATG 100 100 100 100 100
Ile ATA 41 17 0 3 2
ATT 51 67 56 31 34
ATC 8 17 44 67 64
ThrACG 7 20 36 27 31
ACA S1 40 15 2 o)
ACT 38 36 fi 9 15
ACC 4 4 2 62 49
TrpTGG 100 100 100 100 100
CysTGT 57 90 31 25 30
TGC 43 10 69 ) 70
Tyr TAT 85 71 42 41 51
TAC 15 29 58 59 49
PheTTT 79 69 50 42 46
TIC 21 31 50 58 54
SerTCG 0 3 15 19 14
TCA 44 24 13 5 8
TCT 22 17 S 2 6
TCC 4 14 10 14 26
AGT 18 34 155 S 8
AGC 13 7 42 §5 38

225.
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Table 7.5 (cont’d):

Amino A B C D E

acid cbgA bgaB* lacZ® lacZ® ebgA°

ArgAGG § 16 0 | 2
AGA 69 38 0 1 2
CGG 0 H 11 19 i/
CGA 10 i | 5 1 4
CGT 13 27 30 13 29
CGC 3 3 55 64 57

GInCAG 34 38 74 85 84
GAA 66 62 26 15 16

His CAT 61 68 56 31 42
CAC 39 38 44 69 58

LeuTTG 14 23 11 f/ 15

TTA 44 35 g/ 1 2
CTG 3 8 56 65 62
CTA 13 17 6 4 9
Gy 28 2 9 9 8
CTC 2 6 9 14 8

ProCCG 15 19 58 56 58
CCA 55 49 10 10 16
CCT 30 22 18 10 12
CCG O 11 15 24 14

* Hirata et al. (1986)

® Kalnins et al. (1983)

¢ Buvinger and Riley (1985)
¢ Stokes et al. (1985)

This biased codon usage has important implications for gene expression in a
heterologous host. Garnier and Cole (1988) noted that only one of the ten ORF’s
on pIP404 from C. perfringens was expressed in E. coli at any significant level.

Since heterologous bacterial transcription signals are usually recognized in E.

coli, they therefore should not cause a barrier to gene expression. Garnier and



227.

Cole (1988) suggested that base composition may be influencing the expression
due to codon usage, causing a major obstacle to translation. As observed, the
codons preferably used by Clostridium species are rarely, if ever, used in E. coli
(Ikemura, 1981; Grosjean and Fiers, 1982). This provides a possible explanation
for the low B-galactosidase activity observed in E. coli (Chapter S). Similar low
levels are evident for various other Gram-positive genes when plasmid copy
number are considered (Lee et al., 1982; Efstathiou and Truffaut, 1986).

7.3.3 Amino acid content

A relationship between DNA base and protein composition has been proposed
by Elton (1973). The theoretical limits for a DNA sequence coding for a protein
were set at 27 to 71% dC+dG. At the extremes of these theoretical limits,
codons and hence amino acids often show extreme biases. In organisms rich in
dA+dT (such as Clostridium) high levels of the amino acids phe, ile, tyr, asn,
and lys are expected to be found (Table 7.6). This theory, when tested against

the amino acid content of the B-galactosidase gene of C. acetobutylicum supports

the hypothesis of Elton (1973), the above amino acids being more abundant in
this gene than that observed in the other B-galactosidase genes from the Gram-
negative bacteria (Table 7.6). This is also observed in ORF3. There is also
corresponding scarcity of those amino acids which would be expected to be
abundant in an dC+ dG-rich organism (pro, trp, gly, arg, and ala; Table 7.6).

Incorporation of these amino acids may be rate-limiting during translation. The
endo-glucanase and glnA genes of C. acetobutylicum (Zappe et al., 1988; Janssen
et al., 1988) also share higher levels of the expected amino acids. This correlates
well with the higher levels of dA+dT in the codons representing these amino
acids. Similar results have been reported by Garnier and Cole (1988) using the

complete sequences of the ten ORF’s on pIP404 from C. perfringens.
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Table 7.6. Analysis of the amino acid content of various genes.

Groupacid pIP404® glnA® gluA® c¢bgA’ ORF3‘ bgaB® lacZ' lacZ*

1 Met 138 29 25 24 21 22 19 2.2
Leu 94 8.8 4.9 2 9.8 -k Ly 9.4

*le D5/ 4.7 7.8 6.5 14.2 T2 3.8 3.8
Val S 6.1 33 5.6 4.7 7.3 6.4 6.3
Total 266 297 205 21.7 308 244 218 21.7

2 =Gly 63 7.2 6.5 6.2 3.6 6.4 g b 6.9
=Ala 47 9.0 6.5 < 2.6 5.3 7.9 755
=Pro 24 4.5 3.3 3.7 1.8 53 7.0 6.0

Ser 6.9 3.4 11.4 6.1 10.5 4.4 5.6 5.9
Thr 43 4.5 10.9 5.0 29 3.7 33 5.4
Total 246 285 386 247 214 253 329 317

3 His 0.9 1.8 1.3 2.0 1.1 28 8:8 3.3
*Lys  10.1 7.2 72 8.0 8.0 5.6 | 1:9
=Arg 3.7 4.3 1 4.3 2.5 35 8.0 6.5
Total 147 133 9.6 143 116 139 126 117

4 Asp 53 6.8 5.6 6.5 5.8 ) 6.6 6.3
Glu 71 TR 2.9 8.7 7.6 73 5.5 6.1
*Asn 75 79 6.9 6.0 8.3 5.6 3.6 5.0
Gln 26 2.5 3.8 3.3 2.9 G| 5.2 5.6
Total 225 249 192 244 246 221 209 226

S *Phe 43 4.7 4.0 4.8 6.1 4.4 3.0 3.6
*Tyr 53 3.8 4.9 6.7 4.4 2 2.6 3.0
=Trp 09 0.9 2.3 2.3 0.7 311 4.3 38
Total 105 94 112 138 112 127 99 104

6 Cys 1.0 1.4 0.9 0.9 0.0 1.6 1.9 1.6

perfringens™ Garnier and Cole (1988) K. pneumoniae": (Stokes et al. (1985)
E. coli® (Kalnins et al. (1983)

acetobutylicum”: Janssen et al. (1988)

acetobutylicum®:Zappe et al. (1988)

acetobutylicum®: this study
B. stearothermophilus®: Hirata et al. (1986)

(*) Amino acids coded for by (=)Amino acids coded for by
A+T-rich codons G+ C-rich codons

C.
(e
C.
C
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74 SUMMARY

The 5.2 kb EcoRI fragment known to contain a B-galactosidase gene from C.
acetobutylicum NCIB2951 was sequenced. Analysis of the sequence enabled
identification of three ORF’s. A long ORF (cbgA; structural B-galactosidase) was
2691 nucleotides in length (897 amino acids long) and coded for an unmodified
protein of 105 kDa. While no significant homology was detected at the DNA level,
extensive homology was detected at the amino acid level to the sequenced B-
galactosidase genes from E. coli and K. pneumoniae. The second region (Locus I)
identified by TnS mutagenesis to be involved in the expression of the B-
galactosidase gene was found to contain a small ORF (303 bp long) coding for a
protein 101 amino acids long with a predicted Mr of 11 kDa. Moderate amino acid

homology was detected to the "0.3 kb gene" from B. subtilis. The third potential

coding region identified extends beyond the region sequenced. The ORF was 825
nucleotides in length, and coded for a truncated protein of 275 amino acids long
with a calculated Mr of 32 kDa. The amino acid sequence of this ORF possessed
significant homology to the stage 0 spoOA and spoQF sporulation proteins from B.

subtilis. The classical lac operon system does not exist in C. acetobutylicum. Rather,

a single monocistronic B-galactosidase (cbgA) gene exists under the control of chgR.
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CHAPTER 8: FINAL DISCUSSION AND CONCLUSIONS

The aim of this project was to isolate and characterise genes involved in the early

steps of lactose utilization in C. acetobutylicum. Discussion and summary sections

have been reported for each chapter, so the information contained in those chapters
will not be repeated here. Instead, this discussion will examine possible models for

the induction and regulation of the two lactose utilizing systems that operate in C.

acetobutylicum.

As described in Chapter 1, there are two major lactose utilization systems known
in bacteria. In Gram-negative bacteria, such as E. coli the common system is the
lac operon which involves transport of the lactose into the cell by a lactose
permease and utilization by a B-galactosidase (Dills et al., 1980). In Gram-positive
bacteria, the major lactose utilization system identified involves the PEP:PTS system
for lactose transport into the cell, and phospho-8-galactosidase for hydrolysis of the
phosphorylated disaccharide (Postma and Lengeler, 1985). However, some Gram-
positive bacteria utilize lactose by way of the lactose permease and B-galactosidase
pathway rather than the PEP:PTS system. The presence of both phospho-8-

galactosidase and B-galactosidase in C. acetobutylicum would suggest that both

systems operate in this organism. Yu et al. (1987) have shown differential induction

of B-galactosidase and phospho-B8-galactosidase in C. acetobutylicum, with high

levels of phospho-B-galactosidase during the acidogenic phase followed by high
levels of B-galactosidase during the solventogenic phase. Conditions which bring
about the switch from phospho-8-galactosidase activity to B-galactosidase activity are
not known, and the demonstration that these two genes are induced at the

transcriptional level still needs to be confirmed.

While I failed to isolate the phospho-B-galactosidase gene I did succeed in isolating
the B-galactosidase gene. I have shown that in E. coli B-galactosidase (Locus II:
cbgA) requires Locus I (cbgR) for expression. DNA sequencing identified a small
OREF (cbgR) which shared homology to the 0.3 kb spo regulatory gene (Stephens
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et al., 1984). It would appear that this gene serves as a positive activator for the
developmental expression of the cbgA. This is in contrast to the known system of
regulation of the lacZ gene within the lac operon system of E. coli, which is both
positively and negatively regulated by lacl, CAP and cAMP (Loomis and
Magasanik, 1964; Perlman and Pastan, 1968; Goeddel et al., 1978).

During the acidogenic phase only phospho-8-galactosidase can be detected
suggesting that at this stage the other pathway is shut down. As growth proceeds,
phospho-B-galactosidase is induced, rises to a plateau, and then declines. Then as
the cell switches from acidogenic to solventogenic phase, 3-galactosidase activity

rises separately indicating that both genes are very tightly controlled during the

growth cycle of C. acetobutylicum (Yu et al, 1987).

Utilization of lactose by phospho-B-galactosidase during the acidogenic phase
presumably requires transport by way of a PEP:PTS system. In species of
Enterobacteriaceae, two methods are known whereby enzymes from several
PEP:PTS systems play a central role in the regulation of non-PTS transport systems
(e.g. lactose permease) and catabolic pathways (Postma and Lengeler, 1987).
EnzymellI**>* (EnzIII*") is the best known enzyme, inhibiting a number of non-
PTS uptake systems, including the lactose operon system. The level of EnzIII** can
also be controlled indirectly by other PEP:PTS systems. The dephosphorylation of
EnzIII*" occurs due to the utilization of P-HPr by an EnzIII**™ (such as EnzIII***,
This reverses the equilibrium between HPr and EnzIII®", resulting in high levels of
non-phosphorylated EnzIII** which inhibit other non-PTS system such as lactose
(Nelson et al., 1983; Postma and Lengeler, 1985).

The first method involves the P-EnzIII*" as a regulator of adenyl cyclase expression.
In the phosphorylated form, EnzIII** activates adenylate cyclase, which in turn
controls the level of transcription of non-PTS systems by modulating the level of
intracellular ;cAMP and CAP. The presence of non-phosphorylated EnzIII®* inhibits
the non-PTS systems by the low level of cAMP and CAP. Direct coupling between
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CAP and the PTS system can also occur, modulating transcription without the
involvement of cAMP (Saier and Feucht, 1975; Postma and Lengeler, 1985). In

C. acetobutylicum, no E. coli-like CAP consensus sequence is present upstream of

the cbgA gene, and there is no evidence to date demonstrating a role for cAMP in
catabolite repression in Gram-positive bacteria. The existence of cCAMP in Gram-
positive bacteria has also been questioned (Botsford, 1981; Lee et al., 1982;
Gilbert and Hall, 1987). Hence, this system probably does not operate in C.

acetobutylicum.

The second method, known as inducer exclusion, is mediated through non-PTS
uptake systems (including lactose permease) by the direct binding of EnzIII*" to the
permease in the cell membrane, thus preventing the transportation of lactose into
the cell and in turn preventing induction of the B-galactosidase (Nelson et al., 1983;
Postma and Lengeler, 1985). When the levels of EnzIII** drop, lactose can then
be transported by lactose permease and would then allow induction of 8-
galactosidase (Saier and Roseman, 1976; Mitchell et al., 1982). The existence of
such a regulation system has been observed for the non-PTS glycerol uptake system
in B. subtilis (Reizer et al., 1984). The possibility exists therefore, that when C.
acetobutylicum is utilizing lactose as the sole carbon source, the EnzIII*** of the
PEP:PTS lactose pathway exerts the same inhibitory effect on the non-PTS lactose
pathway (lactose permease) during the acidogenic phase, this inhibitory effect
declining as the cell proceeds into the solventogenic phase. However, the presence

of a lactose permease in C. acetobutylicum still remains to be demonstrated.

The demonstration that B-galactosidase expression requires expression of a second
gene (cbgR) suggests that induction of B-galactosidase is linked to some global
signalling as the cell switches from acid to solvent production. The identification
here of an ORF (ORF3) homologous to the regulatory component of a two-
component regulation system adjacent to cbgA is therefore interesting. However,
it still remains to be demonstrated whether there is any control exerted by this gene

on the expression of B-galactosidase in C. acetobutylicum. In E. coli it appears to
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be unnecessary. The observed pattern of protein sequence homology observed
between the amino and carboxyl ends of proteins involved in this two-component
regulation system suggest that during prokaryotic evolution, a two-component system
has continually been adapted for sensing specific changes in the environment, and
transducing that information to transcriptional apparatus (Ronson et al, 1987).
This system is responsible for the regulation of nitrogen assimilation in K.
pneumoniae, and initiation of sporulation in B. subtilis (Nixon et al., 1986).

This protein, ORF3, could serve as an environmental sensor for initiating
transcription of sporulation and solvent genes.

The switch from acidogenic to the solventogenic phase is known to be accompanied
by a corresponding shift in the levels of activities of a large number of other
enzymes involved in these pathways. Many acidogenic phase enzymes show a
coordinated decrease, while enzymes involved in solvent production show a
coordinate activation or increase in activity (Andersch et al, 1983; Hartmanis et
al., 1984; Hartmanis and Gatenbeck, 1984). These results suggest that a common
regulatory signal such as observed in the two-component systems described to date,
may be involved in the induction of groups of enzymes functioning during the
solventogenic phase (Jones and Woods, 1986). In C. acetobutylicum the two

lactose utilization systems may hence be regulated by the two-component system via
growth parameters, causing activation of the B-galactosidase system during the
solventogenic phase, with a coincident decrease in the PEP:PTS system. @ The
nature of this signal needs to be determined.

However, the protein from ORF3 is not regulating 8-galactosidase expression in E.
coli as TnS inserts in this region had no effect of B-galactosidase expression. In any
case, the incomplete ORF would produce a truncated protein which presumably

would be inactive. In contrast, regulation of B-galactosidase activity in C.

acetobutylicum is more complex, i.e. although B-galactosidase activity is detectable

in the presence of glucose in E. coli, there is no B-galactosidase activity detectable
in C. acetobutylicum (Yu et al, 1987). The complete protein from ORF3 may
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therefore play an important role during lactose utilization in C. acetobutylicum

where all the components of the regulatory control are present.

Further work needs to be carried out, such as the completion of the gene sequence
of ORF3, identification of the function of the protein from ORF3, and isolation
of the environmental sensor which activates the regulator (ORF3). Analysis of
mutations in these genes would also be useful, allowing identification of their effects
on the normal growth cycle of C. acetobutylicum. While gene transfer in C.
acetobutylicum is possible, there is no report of the reintroduction of a native

known gene back into C. acetobutylicum. Also, no technique has been developed

to carry out gene marker exchange in this species, which would greatly aid the

analysis of the role of genes in vivo.

In conclusion, this project has provided a detailed molecular and genetical analysis
of a small section of the lactose utilization pathways present in C. acetobutylicum;
namely the analysis of the B-galactosidase gene. This system is very different from
the known lac operon system previously studied in other bacteria. It has also
enabled the identification of a potential two-component regulation system in C.
acetobutylicum, similar to that observed in other Gram-positive and Gram-negative
bacteria. The existence of this system may be very important in the regulation of
the two-stage growth cycle. Further studies need to be undertaken to resolve the

molecular mechanisms which control and regulate lactose uptake, utilization and

solvent production in C. acetobutylicum. Such knowledge could allow the genetic
manipulation of these pathways enabling an increase in the efficiency of solvent

production when C. acetobutylicum is grown in the presence of lactose (whey

permeate).
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