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ABSTRACT

Oils and lipids are used as carbon sources and media supplements in a number of industrial 
antibiotic fermentations. This is both for economic reasons and because higher cell 
biomass and improved antibiotic titres often occur. This research aims to elucidate fatty 
acid metabolism in antibiotic-producing Streptomyces, using Streptomyces lividans as a 
model.

S. lividans was grown on defined media with lipids as sole carbon sources or as co
substrates with other, simpler, carbohydrate compounds. Free fatty acids were toxic in 
many cases but triacylglycerols (TAG) aided growth if provided in conjunction with 
glucose or dextrin. TAG produced lower growth rates than cells grown solely with 
glucose. TAG and other fatty acid-containing substrates promoted actinorhodin 
production, an antibiotic-related pigment S. lividans repressed fatty acid synthesis in the 
presence of TAG and incorporated externally provided fatty acids into cellular lipids. 
Lipids also affected cell morphology. The addition of TAG to defined media in a 20 L 
fermentation caused a decrease in size of the filamentous aggregates usually formed.

The enzymes involved in hpid metabolism were also studied. Lipase production was 
investigated in shake flask and 20 L fermentations; activity reached a peak in the rapid 
growth phase, followed by a decline in stationary phase. This pattern of activity was 
mirrored by that of the p-oxidation enzymes, which are responsible for internal fatty acid 
metabolism. Expression of the p-oxidation enzymes only occurred in the presence of fatty 
acid-containing compounds, and was repressed in cells that were also supplied with 
glucose. The activities of the individual enzymes of the p-oxidation pathway have also 
been determined, and the assays used modified to maximise the activity seen in the S. 
lividans cell-free extract. The enzymes were subject to a small-scale protein purification, 
where a probable multienzyme complex containing enoyl-CoA hydratase, 3-hydroxyacyl- 
CoA dehydrogenase and 3-ketoacyl-CoA thiolase activities was identified. Activity of an 
acyl-CoA dehydrogenase was also isolated in the process. Fatty acid p-oxidation in cell- 
free systems of S. lividans has now been greatly clarified.
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1. INTRODUCTION

This chapter contains a literature review on the organism used in this study, the nature of 
lipids and their role in cells and fermentations, the enzymology of lipid degradation and 
metabohc systems that influence or are influenced by the fatty acid degradation system. 
This is to provide a basis for the understanding of lipid metaboHsm in streptomycetes, 
which has not previously been subject to a comprehensive investigation.

1.1 Streptomycetes.

The Streptomycetaceae comprise a distinct family within the order Actinomycetales. The 
group is characterised by the formation of a branching network of hyphal cells that is 
more or less apparent depending on the species (Williams et a l,  1984). The 
Streptomycete family, which includes the Genus Streptomyces, is typified by members that 
are Gram-positive, aerobic and highly oxidative. They are found widely in soil, compost, 
air and dust, but are generally not aquatic. Members of the genus are 
chemoorganotrophs, requiring an organic source of carbon, inorganic nitrogen and 
mineral salts. Optimum growth conditions occur at pH 6.5-8.0 and temperatures of 25-35 
°C. The relative amount of DNA in the genome is high, at 10.5 x 10"  ̂kilobase pairs and 
within this the.G.+ C content is also exceptional, at 69-78% (T^).

Streptomycetes are mainly saprophytic soil inhabitants. The moisture and oxygen content 
of the soil is critical for viability, with spores surviving conditions too dry for vegetative 
growth. Streptomycetes also take part in the decomposition process, with species able to 
decompose lignin, cellulose, lignocellulose, pectin, chitin, fungal wall material and humus 
(Williams et a l, 1984). Streptomyces species have only been identified as pathogenic in 
two circumstances, causing scab in potatoes and sugar beet {Streptomyces scabies) and as 
human pathogens {Streptomyces somaliensis and S. paraguayensis).

1.1.1 Industrial and biotechnological importance

The discovery of, and demand for, penicillin prompted interest in streptomycetes as 
alternative sources of antibiotics, since their habitats and growth patterns were 
comparable to those of filamentous fungi. Intensive screening programmes were begun, 
which resulted in the discovery of actinomycin from the newly-named Streptomyces 
antibioticus, by Waksman and Woodruff in 1940. It proved to have anti-bacterial 
properties against both Gram-positive and Gram-negative species, but was overshadowed 
soon after by the more effective streptomycin, identified by Schatz from Streptomyces 
griseus in 1944. Since then, thousands of other products with antibiotic activities have 
been isolated from Streptomyces species, along with other bioactive compounds of many 
different uses (Table 1.1.1).
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Streptomyces Species Antibiotic Product Target Organism(s)

S. griseus 
S. tenebrarius 
S. kasugaensis 
S. aureofaciens 
S. hygroscopicus 
S. nodosus 
S. clavuligerus 
S. griseochromogenes 
S. niveus

Streptomycin 
Tobramycin 
Kasugamycin 
Tetracycline 
Milbemycins 
Amphotericin B 
Clavulanic acid 
Blasticidin S 
Novobiocin

Mycobacterium tuberculosis 
Pseudomonas aeruginosa 
Rice plant fungal pathogens 
Human bacterial pathogens 
Helminths, Insects 
Human fungal pathogens 
Human bacterial pathogens 
Piricularia oryzae 
Staphylococcus spp.

Table 1.1.1 Antibiotic production by streptomycetes (Lancini and Lorenzetti, 1993).

Antimicrobial metabolites produced by Streptomyces species fall in all the families of 
secondary metabolites, which are allocated on the basis of their biosynthetic pathway. 
The families themselves include the aminocyclitols, peptide antibiotics, amino-alcohols, 
proline derivatives and benzoic acid-based compounds. One of the most important 
biosynthetic groups of compounds are those produced from acetate and malonate-derived 
polyketide chains. These are further discussed in Section 1.5.3.

In addition to naturally produced antibiotics, streptomycetes have been engineered to 
produce an increasing range of novel compounds. The rate of new natural drugs being 
introduced has declined in relation to synthetic and semi-synthetic drugs since the 1970s. 
The biosynthetic genes in antibiotic producing strains show a high degree of homology, 
since the number of available sequences are reduced due to the high GC content of 
streptomycetes. This facilitates both screening procedures and the expression of 
heterologous pathways. Hutchinson (1994) identified four ways of creating new 
metabolites by genetic engineering. The first is to introduce mutations into the structural 
genes of a single step in the biosynthetic pathway, the second to insert a gene coding for a 
single enzyme into the producing organism. This was done with Streptomyces 
ambofaciens, to produce 4'-0-isovaleryl ester rather than the naturally produced 
spiramycin (Epp et at., 1989). Production of synthetic enzymes with a loose substrate 
specificity, by a heterologous host, allows a range of novel starting compounds to be 
provided for synthesis in vivo. Finally, sub-pathways in multienzyme complexes from 
more than one host can be combined to produce novel compounds. Strains can also be 
altered so that they become overproducers of the desired secondary metabolite.

Screening programmes of streptomycetes have led to the discovery of secondary 
metabolites that have uses unconnected with antimicrobial action. A number of clinical 
applications have been found for such compounds, as anti-inflammatory agents, tumour 
suppressors and vasodilators. Enzyme inhibitors have also been isolated from 
Streptomyces species. Staurosporin inhibits the activity of protein kinases, triacsin inhibits
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acetyl-CoA synthetase and phthoxazolin prevents cellulose biosynthesis in higher plants 
(Ômura, 1992). Streptomyces olivaceus is used to produce vitamin B ^ 2  (Umezawa, 
1988). Herbicidal, insecticidal and antiparasitic uses have been found for a number of 
compounds isolated from Streptomyces species (Table 1.1.1). A product marketed as 
"Mycostop" and consisting of Streptomyces griseoviridus in powdered form has been 
used as a biofungicide. The method of action of the product is to repress pathogenic 
Fusarium species on tree stumps by competitive inhibition (Lahdenpera et a l, 1991). An 
extensive review of bioactive secondary metabolites is given by Deshpande et a l (1988). 
Streptomycetes are also used by industry in the production of enzymes. D-Xylose 
isomerase ("glucose isomerase") is used in immobilised form for the large-scale 
conversion of com liquor to high fructose syrup - a fructose/glucose mixture. It is derived 
commercially from a number of streptomycetes, including S. phaeochromogenes and S. 
griseus. The latter is also used to produce a mixture of metalloproteases and peptidases 
known as "Pronase". Streptomyces cholesterol oxidases are used in blood serum analysis 
(Peczynska-Czoch and Mordarski, 1988). Some Streptomyces species are capable of 
metabolizing lignocellulose and in some cases this includes the solubilization of lignite 
coal, a potential fuel source (Gupta et a l, 1988).

1.1.2 Growth characteristics

The filamentous nature of actinomycetes has meant that the morphology of the cells has a 
direct relevance to growth conditions in industrial fermentations. Similarly, the 
production of secondary metabolites is related to the sporulation process, so familiarity 
with the process of differentiation has proved beneficial when such products have been 
studied in the laboratory or generated at a commercial scale.

Streptomyces display the most complex life cycle of all the actinomycetes, in which the 
formation of the substrate mycelium, aerial mycelium and true spores are all identifiable 
stages. Such life cycles are also characteristic of filamentous fungi and appear to be an 
adaptation to growth in terrestrial habitats. However, industrial production of secondary 
metabolites and other products from streptomycetes relies on the ability of the organisms 
to grow in submerged culture and the effects of this on cellular physiology must be 
accounted for.

Growth begins either from a spore or from a fragment of hypha. The mycelium extends 
by the formation of hyphae, typically l|Lim in diameter, from an initial germ tube. The 
hyphae elongate by apical extension, which occurs at a constant rate, driven by internal 
hydrostatic pressure. Exponential growth is achieved by the branching mechanism, new 
hyphal tips forming in a region usually 30|im or more behind the hyphal apex, often close 
to a cell septum (Prosser et a l, 1989). Nuclear replication occurs in a zone 10-15|im 
from the branching point and the new chromosome translocated to the growing hyphal tip. 
The transport mechanism of new materials to the growth zone is not yet known.
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The internal physiology of the mycelium is dominated by a fibrillar matrix of nuclear 
material running down the length of each of the hyphae, connected up to other strands to 
form a continuous network. The discrete nucleoids seen in the hyphae are believed to 
represent a single copy of the genome (Prosser and Tough, 1991). The absence of 
discrete cells in filamentous organisms has led to the concept of the hyphal unit, defmed as 
a single copy of the chromosome contained within a section of mycelium. The size of 
individual units depends on the age and growth rate of the hyphae as a whole.

After the formation of the substrate mycelium, the colony differentiates to produce aerial 
hyphae, which are generally less branched. On solid medium this causes the colony to 
appear to have a hairy or powdery appearance. Further differentiation occurs with the 
formation of arthrospores within the aerial hyphae. Spores have walls two to three times 
thicker than vegetative cells, making them more resistant to desiccation, but otherwise 
they are relatively unspecialized. The signal for initiation of spore formation appears to be 
the accumulation of low molecular weight factors such as ppGpp (Chater, 1989). 
Karadikar et al. (1996) found that sporulation in S. coelicolor could be induced by 
nitrogen limitation, whüe high carbon or phosphate levels suppressed spore production.

Cells of Streptomyces species in colonies on solid media are categorized as being at one of 
four stages of .growth: the extending outer, mycelium,, the productive zone that secretes 
secondary metabolites, the fruiting (spore-producing) zone and the aged inner region 
(Allan and Prosser, 1985). Cells in liquid media are only classed as three basic types, 
hyphal fragments, secondarily metabolising cells and metabolically inactive cells. The 
many advantages of submerged cultures in large scale production has led to an emphasis 
on the study of cell physiology in liquid culture, despite the adaptations of the cells to 
solid media.

In submerged cultures, the morphology of the growing cells is often heterogeneous. 
Some of the cells are present as dispersed mycelial fragments of 2-3|im in length; 
however, these are rare among streptomycetes as the mycelium does not often fragment 
(Bushell, 1988). Commercially important strains can be more sensitive to shear, however, 
with fragmentation often occurring. If the hypha is cut near the growing tip, cytoplasmic 
fluid can be lost, killing the fragment. Martin and Bushell (1996) found that hyphae of 
Saccharopolyspora erythrae were only capable of producing antibiotics if they had a 
diameter greater than 88|Lim, indicating that the site of erythromycin production was 
located a fixed length behind the growing tip. A high shear rate depressed antibiotic 
production, presumably by breaking the mycelia before they grew to the appropriate 
length. Differentiation has not been particularly well studied in submerged culture, except 
in relation to the production of secondary metabolites. The final phase, spore formation, 
does not always occur, but has been seen under conditions of phosphate limitation in 
Streptomyces griseus fermentations (Daza et a l, 1989). In the same study spore
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formation was corrupted in S. lividans JI 1326 and heat-sensitive pseudospores were 
produced instead of true spores.

Both eukaryotic filamentous organisms and actinomycetes display a growth form known 
as pelleting in liquid culture. Pellets can be classified as one of three types; fluffy and 
loose, loose with a compacted centre, or compact and smooth with an autolysed core 
(Thomas, 1993). The extent of pellet formation is dependent on almost all growth 
parameters, including media composition, aeration, agitation and the growth rate of the 
species. Yang et a l (1996) showed that the number of Streptomyces virginiae mycelial 
clumps increased with a lower culture dissolved oxygen tension (DOT), but this had no 
effect on the level of virginiamycin production. The reasons for the formation of pellets 
are still the subject of speculation, but are probably a combination of interactions between 
spores, filaments and/or particulate matter in the media (Prosser and Tough, 1991). 
Pellets are more likely to be formed in a species with a high branching frequency.

Spores have a net negative charge and effective electrostatic repulsion can be induced by 
the addition of high molecular weight polyanions to the growth medium. Spore-spore 
interactions are reduced and pelleting is lessened as a result (Hobbs et a l, 1989). A 
similar effect can be achieved by keeping a basic medium pH. Glazebrook and co-workers 
(199.2) .found that a  medium pH of 5.5 caused spores to adhere to each other, leading to 
pellet formation. Pelleting can also be lessened by the introduction of glass beads into the 
culture vessel (Doull and Vining, 1989), the inclusion of fixed springs (Hodgson, 1982), 
the use of a complex growth medium (Glazebrook et a l, 1992) and the inclusion of 
particulate matter in the broth (Brabben and Edwards, 1995). A comprehensive review by 
Prosser and Tough (1991) also cites a high spore inoculum, maintenance of a low growth 
rate and high agitation as methods of reducing pelleting.

The centres of pellets are subject to diffusional limitations, such as the formation of solute 
gradients. Bader (1987) reported that theoretical diffusion distances of 260 qm for 
glucose and 40 jam for O2  were supported by experimental data from Streptomyces 
pellets. The gradients can lead to the central mycelial cells becoming nutrient deprived, 
creating non-homogeneous cultures, where the centre of the pellet is composed of dead 
cells. However, pelleted cultures can also display favourable fermentation parameters, 
such as lower viscosity and predictable Newtonian behaviour.

1.1.3 Streptomyces lividans

Actinomyces lividans was first described by Jorokina, Alferova and Bezzubenkova in 
1965 and reclassified as Streptomyces lividans in 1970 by Pridham. The taxon is probably 
a subspecies of Streptomyces violaceoruber as is the closely related Streptomyces 
coelicolor (Monson et a l, 1969). The current confusion in Streptomyces nomenclature 
and the popularity of the group for biotechnological applications, has, however, led to the
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continued use of these names in the literature. Both organisms are characterised by the 
production of diffusible pigments and secondary metabolites with S. coelicolor, in 
particular, being noted for its production of actinorhodin, undecylprodigiosin, 
methylenomycin and y-butyronlactone (Hopwood, 1988). S. lividans has gained 
recognition as a valuable tool in molecular biology, being particularly well suited as a host 
for the expression of heterologous proteins. The lack of any known hazard to humans 
from the species has led to it being approved for use in recombinant biotechnology (Gusek 
and Kinsella, 1992). It has useful growth characteristics, can be easily transformed and 
will accept a wide range of vectors (Hutchinson, 1987).

Particular attention has been paid to S. lividans in investigations into control of antibiotic 
production (Romero et a l, 1992) and microbial physiology (Magnolo et a i, 1991; Ma 
and Kendall, 1994). In addition to prokaryotic heterologous proteins, a small number of 
eukaryotic proteins have been successfully expressed. These include tumour necrosis 
factor, interferon a-1, interleukin ip  and 2p, proinsulin, soluble CD4+ receptor domain, 
the blood coagulation inhibitor hirudin and CADI, a sex pheromone peptide (Engels and 
Koller, 1992). The potential of S. lividans as an expression host for non-eukaryotic 
proteins has now been recognized and this list is likely to lengthen. The species is noted 
for the low level of protein secretion that occurs in the wild type. This enables the 
recombinant product to be more easily purified in downstream processing. Low protease 
secretion lessens the risk of heterologous proteins being denatured after release into the 
growth medium and therefore is a desirable trait. It is often said that secretion of 
proteases occurs at low levels in the TK strains of S. lividans (Engels and Koller, 1992), 
but experimental data on this subject is not easy to find. Aretz et al. (1989) showed that
S. lividans secreted proteases that had to be controlled by nickel and zinc ions and 
Fomwald et al. (1993) controlled proteases by adding Casaminoacids to the medium. 
More recently, the production of pertussis toxin from S. lividans into the culture broth 
was kept at low levels by the action of proteases (Paradis et al., 1996). Clearly S. lividans 
is not protease-free.

1.1.4 Genetics of Streptomyces lividans

Streptomycetes are genetically more complex than other prokaryotes. The chromosome 
of Streptomyces lividans was studied in a mutant of strain 6 6  that did not have double 
strand break activity when subjected to pulsed field gel electrophoresis. The genome was 
about 8000 kb in length with a majority of fragments hybridizing with those of the 
Streptomyces coelicolor genome, confirming the relatedness of the two strains (Leblond 
et a l, 1993). The DNA of the organism is present in a condensed form, with one copy of 
the genome found in each spore and hyphal unit. The S. lividans chromosome was found 
to be linear (Lin et a l,  1993). S. coelicolor was found to have a genome between 3.7-5 x 
10^ daltons, of which about 5% consisiting of 10 repeated sequences. The DNA also 
contains a very high GC ratio, at about 73%, which affects the restriction enzymes
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employed: recognition sequences high in G and C residues cut the DNA into smaller 
fragments. The high %GC is due to large amounts of these residues outside the protein 
coding regions and also a strong bias to use a G or C residue in position three of a codon 
triplet.

1.1.5 Genetic manipulation of S. lividans

Streptomyces lividans 66 and its derivatives are favoured as hosts for heterologous gene 
expression since they are easily transformed and accept a wide range of vectors and 
heterologous promoters, including those from other Streptomyces spp., E. coli and 
Bacillus spp. (Gusek and Kinsella, 1992). The TK strains have reduced restriction 
modification defence mechanisms which make them better heterologous hosts than S. 
coelicolor (Hopwood et a l, 1985a). The strain is also capable of secreting proteins into 
the culture broth (Chater and Hopwood, 1982). The number of genes cloned from and 
into S. lividans is growing weekly, due to the advanced state of knowledge of the S, 
lividans chromosome and well documented techniques available for genetic engineering in 
the species. The types of research fall into two categories, S. lividans as an expressor of 
heterologous protein and S. lividans as a laboratory subject used in the study of the 
regulation of gene expression in Streptomyces. Table 1.1.2 lists some recent uses of the 
species in both of these groups.

Original Organism Reference
Heterologous Proteins
Cellulases El and E4 
Tumor necrosis factor a  
Protease
a-aminoadipyl-cysteinyl- 
vahne synthetase 
Chloroperoxidase 
(3-1,4-Mannanase 
Pertussis toxin 
Regulatory Elements 
phosphotyrosine protein 
phosphatase
afsR2-antibiotic promoter 
Phenoxazinone synthase 
ramA,B,R-spore 
promoters______________

Thermomonosporafusca
Mouse
Thermomonosporafusca 
Nocardia lactamadurans

Serratia marscesens 
Vibrio sp. MA-138 
Bordatella pertussis

Streptomyces coelicolor

Streptomyces coelicolor 
Streptomyces antibioticus 
Streptomyces coelicolor

Jung et a l, 1993 
Van Mellaert et a l, 1994 
Lao and Wilson, 1996 
Coque et a l, 1996

Burd et a l, 1995 
Tamaru et a l, 1995 
Paradis et a l, 1996

Umeyama, et a l, 1996

Vogtli et a l, 1994 
Fawaz et a l, 1994 
Ma and Kendall, 1994

Table 1.1.2 Recent uses o f S. lividans in the expression o f heterologous proteins and 
control genes.
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Whole antibiotic pathways have been cloned into certain strains of S. lividans 6 6 . In the 
case of the S. coelicolor antibiotics, some strains of S. lividans express these naturally, 
therefore non-expressor strains were used in these cases. Ylihonko et aL (1996) 
produced hybrid anthracycline antibiotics after the cloned S. nogalater genes were 
expressed in S. lividans. As well as whole pathways, the cloning of antibiotic expression 
control factors into S. lividans by Romero et al. (1992), Carbô et al. (1995), Romero and 
MeUado (1995), Umeyama et al. (1996) and Horinouchi and Beppu, (1984) has furthered 
study into gene switching. The control of antibiotic production is reviewed in Section 
I.5.3.4.

1.1.6 Streptomyces in metabolic engineering

Metabolic engineering has been defined as “improvement of cellular activities by 
manipulation of enzymatic, transport and regulatory function of the cell with the use of 
recombinant DNA technology” (Bailey, 1991). Optimization of a particular pathway in 
the complex network of enzymic reactions in the cell is often the last resort in the 
improvement of a production process, being employed after media usage, supply of raw 
materials, strain selection and growth conditions have aU been maximised. The success of 
a particluar attempt to engineer a pathway is very much dependent on the reaction of of 
the organism to the resultant change. Even the introduction of a plasmid into a cell can 
cause physiological change and induction of stress responses and the altered pathway can 
have a profound effect on other metabolic pathways in the cell. However, such problems 
can be anticipated, or overcome when encountered and a vast number of metabolic 
engineering projects have had successful outcomes to date. The potential targets of 
metabolic engineering can be placed in four groups (Cameron and Tong, 1993):

1) Improved production of chemical already produced by the host organism
2) Extended substrate range for growth and product formation
3) Addition of catabolic activities
4) Production of chemical new to a foreign host organism

Genetic manipulation for the purposes of metabolic engineering uses all the tools available 
to molecular biologists working in other areas. However, some that are particularly useful 
have been identified (Cameron and Tong, 1993). These include the stabilization of genes 
in large scale fermentations, the use of special vectors and promoters, transformation 
systems developed specifically for industrial microorganisms, such as Corynebacterium 
and Micromomspora spp. and also the use of markers for tracing and analysis of 
metabolic pathways, such as the blue-black markers used for streptomycetes. In addition 
to this, the pathway kinetics need to be mathematically analysed and modelled to ensure 
that the most beneficial adaptations are made.
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Many considerations have to be made when deciding how to improve a metabolic process. 
The source of the genes to be used for the additional expression is a major consideration, 
even if the host organism naturally contains the required pathway. It is not always the 
case that the best genes to use are those re-inserted, in an amplified form, into the native 
organism. In making this decision, the kinetic properties, the requirements for co-factors, 
the complexity of the enzyme structure, the effect of regulatory factors and enzyme- 
enzyme interactions must all be considered. The fine tuning of any engineering carried out 
is also sometimes necessary. When phosphoglycerate kinase was expressed on a plasmid 
in Saccharomyces cerevisiae, an increased growth rate was achieved. However, the cells 
containing very high copy numbers of the plasmid displayed a depressed yield (Van der 
Aar et aL, 1990).

Chater (1990) reported an increase in methyloenomycin by the deletion of a DNA 
sequence just past the mmy gene and the insertion of a high copy number plasmid 
containing the mmy gene into S. coelicolor caused high production rates. A second 
strategy reported in the same paper was the introduction of cloned regulatory genes back 
into the host bacterium. This caused an overproduction of actinorhodin, 
undecylprodigiosin and streptomycin. The insertion of entire gene clusters into new hosts 
has led to the production of novel hybrid antibiotics. Plater and Strohl (1994) reported 
that Type II polyketide synthases have only limited potential for creating novel 
compounds by manipulation in the host organism, restricted to differences in chain length 
and starter unit. However, insertion of type II genes into other antibiotic producers has 
led to the production of novel compounds (Hopwood et aL, 1985b; McDaniel et aL, 
1993). Type I polyketide synthase genes rely on complex substrate-catalytic site 
interactions to channel the developing compound into the correct formation (Katz and 
Donadio, 1993) but, again, successful production of a hybrid antibiotic from such a 
system has been reported. The P-ketoacyl-reductase of the 5th synthase unit has been 
deleted to create a modified form of erythromycin (Donadio and Katz, 1992). In addition 
to gene transfer between related organisms, progress has also been made with fungal 
genes being expressed in streptomycetes. The multifunctional 6 -methylsalicyIic acid 
synthase gene was expressed in Streptomyces coelicolor, resulting in the production of the 
functional antibiotic (Bedford et aL, 1995).

Control of pathway flux is another method of metabolic engineering. Knowledge of the 
existing flux rates of a cell must be determined before it is known which sections of the 
pathway should be targeted to increase production, or whether the best results could be 
gained by the expression of more copies of the whole pathway. Stephanopoulos and 
Vallino (1991) produced models of flux through the central metabolic pathway of E. coli. 
This work was taken by Goel et aL (1993) and used to study the flux rates through the 
tricarboxylic acid (TCA) cycle and hexose monophosphate pathway of Bacillus subtilis. 
It was found that high growth in the bacterium led to decreased enzyme activities in the
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TCA cycle. This caused a mis-match in activity between glycolysis and the TCA cycle, 
leading to a build up of organic acids in the media.

Flux control was carried out on the p-lactam pathway in Streptomyces clavuligerus 
(Malmberg et aL, 1993). The particular step in cephamycin C biosynthesis found to be 
rate limiting was targeted for engineering. A high copy number plasmid was re
introduced into the cell, coding for the e-aminotransferase gene (lat), increasing the 
production of p-lactam antibiotics 2 to 5 fold in the recombinant strains.

1.2 Lipids

The term ‘lipid’ is used to describe a set of chemically heterogenous substances, 
characterised by immiscibility in water and solubility in non-polar solvents such as 
chloroform and alcohols. This definition is particularly loose but a more specific 
description of the term is that lipids are fatty acids and their derivatives (although this 
excludes the isoprenoid lipids). Fatty acids themselves are hydrocarbon chains terminated 
by a carboxyl group.

1.2.1 Types and compositions of fats and oils

Fats and oils differ only in their melting temperature (Tm), fats having a T^ greater than 
about 20°C and oils a T̂  ̂ less than ambient temperature. Therefore, they can be 
considered as chemically comparable and treated as a single class of compounds. In 
chemical reactions and also in mass terms, the fatty acid component of a fat or oil is the 
most significant part of the compound.

Fatty acids are synthesized in cells by the successive condensation of malonyl-CoA units 
(Section 1.3.1) on acetyl-CoA to create chains of usually 12 to 24 carbon atoms in length. 
These can be straight, even-numbered and saturated, but fatty acid chains containing 
branches, odd-numbers of carbon atoms and carbon-carbon double bounds are also found 
in nature. The terms used for fatty acids and lipids are confusing, with many trivial names 
existing and a lack of consensus as to whether or not they should be used. There are also 
different methods of writing systematic names. In general, fatty acids are named after 
their hydrocarbon chain, with the addition of "oic" in place of the terminal "e", as in 
octadecanoic acid from octadecane (18 carbon atoms). The suffix "ate", as in 
octadecanoate, is also used. The nomenclature changes with the introduction of double 
bonds, octadecanoic becoming octadecenoic, octadecadienoic and octadecatrienoic, with 
1, 2 and 3 double bonds respectively. The most common conformation of C=C double 
bonds is the cis configuration, rather than trans. The positioning and type of bond can 
also be included: cis-A^ octadecenoic acid has a cis double bond between the 9th and 10th 
carbon atoms, from the carboxyl end. The shorthand designation of the fatty acid also
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A9 A1 2 Ci3 ^ 2  andchanges to indicate the positioning of the bond 
A9 Ai2 ^ i 5 Cjg3 , where Cjg.Q designates the saturated compound and the subsequent 
designations compounds of increasing unsaturation. Alternative representations are 18:1 
(9), 18:1 (A9) and 18:1 (c9) for oleic acid. The most commonly encountered fatty acids 
are listed in Table 1.2.1.

Systematic Name Trivial Name Designation Acyl-CoA derivative

ethanoic acetic 2 : 0 acetyl-CoA
butanoic butyric 4:0 butanyl-CoA
hexanoic caproic 6:0 hexanyl-CoA
octanoic caprylic 8:0 octanyl-CoA
decanoic capric 1 0 : 0 decanoyl-CoA
dodecanoic lauiic 1 2 : 0 dodecanoyl-CoA
tetradecanoic myiistic 14:0 tetradecanoyl-CoA
hexadecanoic palmitic 16:0 hexadecanoyl-CoA
octadecanoic stearic 18:0 octadecanoyl-CoA
cA-9-octadecenoic oleic 18:l(n-9) cA-9-octadecanoyl-CoA
9,12-octadecadienoic linoleic 18:2(n-6) 9,12-octadecanoyl-Co A
9,12,15-octadecatrienoic a-linolenic 18:3(n-3) 9,12,15-octadecanoyl-Co A
cA-13-docosenoic erucic 2 2 : l (n-ll) cis-13-docosenoyl-Co A

Table 1.2.1 
derivatives

Common fatty acids, their trivial names, designations and acyl-CoA

As well as numbering, the carbon atoms in the fatty acid chain can be labelled with greek 
lettering from the carboxyl group so they can be distinguished (Figure 1.2.1). The p 
carbon atom is the one acted upon by the p-oxidation pathway.

CHs

CO a

Figure 1.2.1 Fatty acid structure, showing the designations o f the carbon atoms.

The commonest saturated fatty acid in plant and animal material is hexadecanoic acid, also 
known as palmitic acid and the commonest unsaturated fatty acid is octadeneoic, or oleic, 
acid. Long-chain fatty acids (>Cig) can be found in some plant seeds and short-chain fatty 
acids, (C2 -C4 ) are often produced by fermentative bacteria.
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Fatty acids are not often found in the free state intracellularly, instead they are linked by 
an ester bond to glycerol or cholesterol, or by an amide bond to long-chain bases or 
amines. The scarcity of free fatty acids in nature is possibly because of their low pH and 
detergent effect. Short- and medium-chain fatty acids are capable of halting growth and 
even lysing single celled-organisms (Thompson and Hinton, 1996; Stratford and Anslow, 
1996). However, the actinomycetes Nocardiae amarae and Rhodococcus spp. are able to 
utilize the fatty acid salts of chain lengths C2  to (Iwahori et aL, 1995).

Lipids can be divided into two classes; simple and complex. Simple lipids degrade to only 
two types of components on hydrolysis, whereas complex lipids produce more than three. 
Triacylglycerols (TAG), also known as triglycerides, are the archetypal simple lipids, 
containing just fatty acids esterified to the carboxyl groups of the tiihydric alcohol 
glycerol. Fatty acids contribute about 94-96% of the mass of TAG, which are composed 
of three fatty acid molecules attached to one glycerol molecule, as described in Section
1.3.1. Almost all commercially important fats and oils are triacylglycerols. Mono- and di- 
acylglycerols, with one and two fatty acids, are also found in nature, although usually in 
very small quantities. They are manufactured for use as food emulsifiers. Other simple 
lipids are cholestérols and wax esters, which are fatty acids esterified to long-chain 
alcohols. Complex lipids may contain phosphorus or carbohydrate polar subgroups, these 
are termed phospholipids and glycolipids respectively.

1.2.2 Commercially useful fats and oils

The majority of commercially used lipids are of vegetable origin, with some animal 
products - lard, fish oil and butter fat - making up the remainder. The oil industry is vast, 
in terms of both volume and economic impact and the lipids traded within it are used by 
many different industries.

About 80% of world production is destined for human food use, either directly as cooking 
or salad oil, or as margarine or food ingredients. The remainder is used in soaps, 
varnishes, paints and by the manufacturing industry. Soya oil is the largest commodity oil, 
at 2 2 % of the total, followed by palm oil, rapeseed oil and sunflower oil with about 1 0 % 
each and olive oil, cottonseed oil, peanut oil and com oil also important. Cocoa butter is 
one of the most expensive of the vegetable lipids, but imparts flavours to foodstuffs and 
also has a melting point of 35°C, making it difficult to replace with a cheaper substitute. 
Animal fats such as lard, lard oü and tallow are also solid at room temperature. They are 
favoured for use in antibiotic production processes since they are often metabolised at a 
fast rate, possibly due to a high saturated fatty acid content (Stowell, 1987). Lipids can 
also be added to fermentations as a composite part of another ingredient, for example 
soya flour or brewers spent grain, since these are often added in an unrefined state.
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1.2.3 The use of oils in industrial fermentations

The choice of carbon source for the maximisation of antibiotic production has been in 
review since the first production plants were founded. Glucose, the best growth media for 
many microorganisms, was found to be unsatisfactory in antibiotic production since it was 
metabolised too quickly and caused catabolite repression, resulting in lower antibiotic 
biosynthesis. Lactose or dextrin, slowly metabolized carbohydrates, or the slow feeding 
of glucose are now used as the standard carbon sources in penicillin production (Park et 
aL, 1994).

The potential of oils as a carbon substrate has also been studied. Bader et aL (1984) 
found that although the theoretical release of energy from a certain mass of oil was more 
than that of a carbohydrate, oil is less readily oxidised, leading to an oxygen demand 7% 
greater than that of simple sugars. This increase would considerably affect the running 
costs of large-scale fennentations, as would the greater cooling necessary in a lipid 
fermentation. Oils have a greater carbon content than glucose (0.772g C/g triolein to 0.4g 
C/g glucose) but because of their respective degradation pathways glucose is considered 
to be energy poor and carbon rich and oils energy rich but carbon poor. The liquid nature 
of oils is advantageous; sugars must be added as 50% (w/v) solutions, which requires a 
greater volume than oil on an energy basis. The non-triacylglycerol components of oils 
can influence their suitability as a feedstock. Phospholipids can make up to 1.8% of the 
total of soya bean oil and can provide an additional source of phosphate. Fat soluble 
vitamins, waxes, antioxidants, carbohydrates and proteins can all be present, especially in 
crude vegetable oils (Stowell, 1987).

Oils can cause problems in fermentations where a fraction is not metabolized, causing an 
increase in viscosity and a consequent decrease in oxygen transfer. The reasons for the 
non-usage of this oil could be the physical limitations of mass transfer, or the lack of 
metabolism of certain components of the oil by the organism. These two possibilities can 
be distinguished in each case by analysis of the remaining oil. The economic costs of 
unused oil substrates must also be considered if oil is to be added to the fermentation 
broth, as must the effect of oil on product recovery. An additional problem could arise if 
lipase and fatty acid degradation activities are not matched in the microorganism. Fatty 
acids are strong surfactants, so an excess of triacylglycerol lipolysis, leading to free fatty 
acid accumulation in the culture medium, is undesirable.

Foaming is a major problem in large scale fermentations and is caused by the dénaturation 
of proteins in the medium at the air interface, forming a skin which is not easily 
penetrated. A review of foam control in submerged culture has been produced by 
Ghildyal et aL (1988). Vegetable oils were used as antifoam agents in early antibiotic 
production processes to avoid the use of synthetic antifoams. Such chemicals would have 
to be removed in the product recovery stage, whereas the culture organisms could
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metabolise the vegetable oil, removing it from the medium before this step. Vardar-Sukan 
(1988) demonstrated that the effectiveness of an oil as an antifoam agent was dependent 
on the other components of the medium. Sukan and Güray (1985) found that the use of 
sugar beet cosette, a sugar-manufacturing by-product containing an emulsifying agent, 
greatly increased the efficacy of natural oils as antifoams in aqueous solution. Vegetable 
oils can also act as a carrier for a better antifoam agent. The hydrophobic nature of oils 
limits their dispersion in a fermentation, which makes them less effective than other 
antifoam agents. Dispersion can be improved by the addition of a surfactant but this can 
affect the product or the cells. Tween 80 and saponin both inhibited the production of 
cellulase by Trichioderma reesei and Sporotrichum pulverulentum (Sukan and Güray, 
1985). More recently the existance of more effective synthetic antifoams has made the 
role of vegetable oils as carbon sources more important than that of antifoams.

The addition of lipids as carbon sources, either solely or as supplements, has been shown 
to improve the production of many secondary metabolites. Other commercial production 
processes have also been found to benefit. The addition of lipids to ethanol-producing 
Kluyveromyces fragilis increased the growth rate and amount of product obtained 
(Janssens et aL, 1983). As part of investigation to sources of single cell protein, 
Acinetobacter calcoaceticus, an oil-assimilating soil bacteria, was found to grow well on 
palm oil, with Ig oil producing a cell mass of 1.02g at an initial oü concentration of 3% 
(Koh et aL, 1985). Vegetable oü was also beneficial to the production of recombinant 
proteins. A strain of S. lividans, LAF18, was engmeered to express xylanase from a 
multicopy plasmid (Bertrand et aL, 1989). A culture grown on complex media produced 
a higher level of recombinant enzyme after the addition of 2g olive oil/L.

The yield of polyene antibiotics increases when hpid substrates are added to the 
fermentation media. One of the first reports produced on the effect of oü on a 
fermentation, by Jarvis and Johnson (1947), noted that the addition of oü for its antifoam 
properties also led to an increase in growth rate of Pénicillium chrysogenum. 
Goldschmidt and Koffler (1950) studied the same organism and found that both natural 
vegetable oüs and methyl oleate could result in an increase in penicillin titre. Addition of 
saturated fatty acids and glycerol showed no rise, so it was concluded that the unsaturated 
fatty acid fraction was causmg the effect. The advantages of usmg oü in antibiotic 
fermentations were also investigated by Pan et aL (1959). Sole use of lard oü led to 
autolysis in some cases during Pénicillium chrysogenum growth, but a supplement of lard 
0 Ü led to a faster rate of production and higher titre of penicillin. Antibiotic titres have 
been reported to increase with oü supplements in many fermentation processes 
subsequently (Table 1.2.3).
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Antibiotic Producing Organism Lijgid Supplement Reference
Fungichromin S cinnamoneus Oleic acid McCarthy

S. roseoluteus et al., 1955
S. cellulosae

Sistomycosin S. viridosporus Soybean meal Ehrlich et al., 1955
Filipin S. filipensis Palmitic acid Brock, 1956
Lagosin S. cinnmomeus Palm oil Bessel

S. roseoluteus Maize oü et al., 1961
S. cellulosae Lard oil.

Palmitic acid
DJ 400 series S. Surinam Olive 0 Ü, Siewert and
DJ 400B,&2 Coconut oil Kielich, 1971
Neomycin S. fradiae Palmitic acid. Okazaki

Oleic acid et al., 1974
Monensin S. cinnamonensis Rape seed oil Rezanka. et al., 1984
Cephamycin C Streptomyces sp. 6221 Soybean oil Park et al., 1994
Neomycin S. fradiae Soybean oil Ohta et al., 1995
Rapamycin S. hygroscopicus Soybean oil Box et al., 1995
Tylosin S. fradiae Palm 0 Ü, Lee et al., 1997

Palmitic acid
Avermectin S. avermitillis Lard oil British Patent 572056

Table 1.2.3 Reported increases in antibiotic titre after addition o f lipids to 
fermentations.

The consumption of oils during fermentations has been studied to determine the most 
beneficial conditions for growth and antibiotic production. Tan and Gill (1984; 1985) 
produced batch cultures of Saccharomyces lipolytica and Pseudomonas fluorescens with 
olive-oil supplemented media. The yeast cultures grew soon after inoculation with just a 
short lag phase. Increasing amounts of fatty acids, monoacylglycerols and diacylglycerols 
were produced as the fermentation continued (Tan and Gill, 1984). The fermentations 
also underlined the need for good aeration and maintenance of a neutral pH. The 
Pseudomonas fermentations (Tan and Gill, 1985) showed that pre-adapted (oil-grown) 
inocula displayed no lag phase. The lag phase was though to be due to the need for the 
induction of importation mechanisms or internal degradation enzymes, since cells showing 
lag-phases had existing high levels of lipase. The temperature of growth was found to be 
critical and the pH had to be maintained at between pH 6  to 7. The actinomycete 
Nocardia lactamadurans produces efrotomycin, a polyketide antibiotic used to improve 
pig productivity. Complex growth medium in a 40,000 L fermentation was supplemented 
with 40g soya oil/L (Chartrain et a l, 1991). Triacylglycerol consumption began only after 
the glucose concentration had fallen below lOg/L and continued after growth had ceased. 
Lipolytic activity was measured during the fermentation and reached a maximum at 100 h.
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declining to 10% of this value by 150 h. Fatty acid consumption also occurred 
throughout the efrotomysin biosynthetic period, but glycerol and fatty acid levels never 
built up, possibly indicating that the lipase step was rate limiting.

Although most processes rely on unrefined lipid sources, such as vegetable oils, some 
studies have been carried out to determine the effect of lipid components on antibiotic 
production. Brock (1956) examined the production of filipin by Streptomyces filipiensis. 
It was found that fatty acids and fatty acid methyl esters (FAME) were just as effective as 
TAG at promoting antibiotic production; instead effectiveness depended on the chain- 
length of the fatty acids. Similar results were also obtained by Park et al. (1994), who 
investigated the production of cephamycin C, a (3-lactam antibiotic from Streptomyces 
sp.6621. Methyl oleate and oils from cottonseed, rapeseed, soybean, olive, peanut and 
com were provided as the sole carbon source in the fermentations. The cephamycin C 
production occurred at similar levels with all the lipids tested, producing up to 4.7 times 
greater yield than starch. The oüs became inhibitory in concentrations above 7g/L, 
although octadecenoic (C^g. )̂, octadecadienoic (Cig.2 ) and octadecatrienoic (C^g. )̂ acids 
depressed cell growth at concentrations of 0.5g/L, 0.25g/L and 0.25g/L respectively.

Choice of producer strain can influence the effectiveness of oü addition. Palm oü (20g/L) 
was used for the cultivation of Pénicillium chrysogenum. Tan and Ho (1991) found that 
it produced a greater ceU mass and had a higher specific penicülin concentration than 
when grown on 50g lactose/L. However, another strain of the same organism did not 
produce penicillin when grown on lipids and ceU lysis occurred more readüy in a hpid 
medium. It was speculated that poor lipase expression in the latter strain may have been 
responsible for the differences.

Post-synthesis decomposition of penicillin appears to be lessened by the introduction of 
O Ü S  to the fermentation broth. In penicillin production, lard oil-supplemented complex 
media gave faster growth rates and production time was shorter by 40 h than a 
fermentation provided with just lactose (MoUer et a l, 1992). The amount of denatured 
compounds was higher in the lactose medium at a mole fraction of 0.282, whereas the 
degraded fraction in the lard oü supplemented media was 0.0747.

Feeding stategies have been important to many fermentations. Gradual feeding of 
glucose, rather than batch addition, was suggested by WaUace et al. (1992) to overcome 
problems of rapid consumption but, more usuaUy, a combination of simple sugars and 
more complex carbon sources is used. The simple sugar is provided to induce rapid 
growth at the beginning of the fermentation, whüe the second substrate is more difficult to 
metabolise, slowing growth and creating the right conditions for secondary metabolism. 
The controlled addition of soybean oü was used by Huber and Tietz (1983) to obtain a 
30% greater yield of Cephalosporin B from Cephalosporium acremonium. The oü was 
added to complex media to maintain a concentration of 2g/L and proved more effective
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than the controlled addition of glucose. Other experiments with feed addition have 
concentrated on more refined forms of lipid. Acetate was used as a co-substrate by 
Jensen et a l (1981) in Pénicillium chrysogenum fermentations. The fed-batch cultures 
were provided with glucose and acetic acid, in a ratio of 4:1. This improved the 
production of penicillin by 25% over a slow-feed of glucose. Streptomyces ambofaciens 
produces the macrolide antibiotic spiramycin. Khaoua et a l  (1992) found that induction 
of antibiotic biosynthesis enzymes could be achieved by the addition of short-chain fatty 
acids to a dextrin growth medium. Acetate, propionic acid and butyric acid added at the 
start of incubations produced enhanced biosynthetic enzyme activity in exponential phase, 
while addition at the beginning of stationary phase resulted in increased specific activities 
after this time. The concentration of antibiotic increased in both situations, but addition 
during the antibiotic production phase resulted in higher spiramycin titres.

The efficiency of oil utilization is dependent on the mass transfer of the oil to the cells 
within the fermenter. The nature of the culture broth and the properties of the 
fermentation vessel can effect the way the oil is emulsified and mixed with the rest of the 
media components. A higher concentration than 20% (w/v) of oil in a fermentation was 
found to increase oxygen demand in the culture (Rezanka et a l, 1984), but Rols and 
Goma (1989) found that the oxygen transfer capacity was improved by the addition of 
19% (w/v) soybean oil, since oxygen solubility is higher in oil than in water. It seems that 
the oxygen-limiting effect of oü is more likely to be due to the metabolic demand for 
oxygen of oü consumption over glucose (for example), than to an effect on mass transfer. 
A high rate of shear can improve the dispersion of oil, but if it is too high, the ceU mycelia 
can be affected. Choi and co-workers (1996) studied tylosin titres in cultures of 
Streptomyces fradiae. Rape seed oü was consumed in lesser volumes than other types of 
vegetable oü but also produced the highest tylosin titre. The amount of oü consumed 
remained the same no matter how much oü was added at the beginning of the 
fermentation. The rate of oü consumption could be increased by the use of higher stirrer 
speeds, either improving the dispersion of the oü or the aeration of the culture, but the 
cells were damaged by the high shear. The different mixing patterns within air-lift and 
stirred tank fermentations were found to cause differences in antibiotic production (Ohta 
et a l, 1995). Oü consumption was much decreased in the air-lift reactor, leading to 
decrease in neomycin production: this was speculated to be due to problems with efficient 
mixing.

The addition of oüs is not always beneficial. The problem of autolysis of the cells has 
been noted by a number of researchers. Ishida and Isono (1952) found that the addition 
of soybean or castor oü stimulated penicülin production in young cultures, but caused lysis 
in older ceUs. Yasuda and co-workers (1952) found that in older cultur&s Pénicillium 
chrysogenum was liable to lyse on additions of soybean, rapeseed, sesame, cottonseed, 
peanut, olive and rice bran oils, lard and oleic acid. However, earlier in growth their 
addition caused an increase in penicillin production. Pan et a l  (1959) also reported
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autolysis in lard oil-grown cultures of Pénicillium. Another fermentation that did not 
benefit by the addition of lipids, specifically methyl oleate and oleate, was that producing 
the immunosuppressant rapamycin. Kojima et al. (1995) found that these lipids were able 
to support growth but not production of the secondary metabolite when they were 
provided as the sole carbon source.

The reasons for increases in antibiotic titre in the presence of oils have been speculated 
upon. The antifoam action of the oil was given as an explanation by Stefaniak et al. 
(1946). The effect of lipids and fatty acids on the cell membrane has also been proposed 
as a mechanism. The production of fumaric acid by Rhizopus arrhizus was found to 
increase after the addition of vegetable oils and Tweens, probably because the fatty acids 
were incorporated into the ceU membrane or caused interfacial tension to the outside of 
the membrane. The result was a greater efflux of fumaric acid (Goldberg and Steightz,
1985). Supplements of octadecenoic, hexadecanoic and L-glutamic acid were found to be 
essential for the production of a p-lysine streptothricin by Streptomyces 362 (Okazaki et 
a i, 1974). The fatty acids altered the membrane structure of the cell, allowing greater 
exchange of amino acids with the medium. The final suggestion for the cause of the 
increase is that the breakdown products of the lipids are used more readüy in antibiotic 
production than the metabolites obtained from other carbon sources (Verma and KhuHer, 
1983). The most obvious of these are acetyl-CoA and propionyl-CoA, obtained via the 13- 
oxidation pathway from fatty acids (Figure 1.2.2). The compounds are precursors for 
polyketide antibiotics, so it seems likely that increased ceUular concentrations could 
encourage antibiotic biosynthesis. Jensen et al. (1981) used acetic acid feed to increase 
peniciUin production. Although this is not a polyketide antibiotic, the acetate was thought 
to be feeding into the TCA cycle, freeing pyruvate which would otherwise be the source 
of acetyl-CoA. The pyruvate could then be used to synthesize valine, which is a precursor 
in penicülin production.
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LIPIDS
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FATTY ACIDS
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Figure 1.2.2 Acetyl-CoA and propionyl-CoA from media lipids as precursors for 
polyketide synthesis.
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1,3 Lipid Synthesis and Accumulation

1.3.1 Lipid synthesis

The main focus of study of lipid synthesis in microorganisms has been the production of 
membranes, since they comprise the main lipidic components of the cells and are involved 
in immunological reactions. However, many species of microorganisms can be described 
as oleaginous, that is they produce lipids as storage bodies as well as structural 
components of the cell envelope. This process is being seen as increasingly important, 
due to recent discoveries that have found storage lipids to be more involved in key 
metabolic pathways than had been previously thought. Studies on cellular lipid 
metabolism has therefore widened to look at the metabolism of both simple and complex 
lipids.

Lipid synthesis begins with the production of fatty acids. The principle enzyme complexes 
involved in the biosynthetic pathway are acetyl-CoA carboxylase and fatty acid synthase. 
The fatty acid synthetic pathway is highly conserved between species, with differences in 
the pathway arising in the structure of the enzymes rather than the steps occurring. The 
overall reaction is shown below:

acetyl-CoA + 7 malonyl-CoA +14 NADPH —>
palmitoyl-CoA + 7 CO2  + 6  H2 O + 14 NADP+ + 7 Co A

The acetyl-CoA carboxylase complex catalyses the reaction between acetyl-CoA and CO2  

to form malonyl-CoA. The enzymic reaction requires the co-factors biotin and CO2  and 
occurs in two steps, each catalysed by a separate protein or active site. The first reaction 
is biotin carboxylase, which binds biotin and CO2 , with the conversion of ATP to ADP. 
The second is mediated by a carboxyltransferase, which converts acetyl-CoA to malonyl- 
CoA, in an acetyl-CoA:C0 2  ligase reaction. Bramwell et a l (1996) found that propionyl- 
CoA carboxylase activity was present in S. coelicolor, although no trace of acetyl-CoA 
carboxylase activity could be found. Mycobacterium spp. were found to possess both 
activities which were thought to be catalysed by a single enzyme complex (Wheeler et a l, 
1992a).

For both acetyl-CoA carboxylase and fatty acid synthase, two forms of enzyme are found. 
Type I fatty acid synthase is found in animals, yeasts and a number of bacteria, including 
Mycobacterium smegmatis and Corynebacterium diptheriae and consists of a 
multifunctional enzyme with separate activities on different sites. Type II, found in plants 
and most bacteria, is a system where each reaction is catalysed by a separate enzyme. 
Evidence was obtained that S. coelicolor had a type I synthase (Flatman and Packter, 
1983) but Wallace et a l  (1995) showed with Streptomyces collinus, S. cinnamonensis
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and S. erythrea that introduced synthetic intermediates could be metabolised by the 
pathway, indicating that the enzyme sites are not tightly linked and therefore of type II.

Synthesis proceeds by the sequential addition of malonyl units on a growing acy 1-chain 
until such time as it reaches a chain length of or C^g. The chain is then terminated by 
an acyl-ACP thioesterase. The growing chain is linked to a separate acyl-carrier protein 
(ACP) in type II systems, the levels of which appears to control fatty acid synthesis in E. 
coli. The ACP binds to a primer which supplies the first two carbon units, usually acetyl- 
CoA but also butyryl-CoA in Streptomyces spp. for the production of straight-chain fatty 
acids (Wallace et a l, 1995). The S. coelicolor synthetase preferentially accepts longer 
chain acyl-CoAs as primers, rather than acetyl-CoA or other short chain derivatives 
(Packter et a l, 1985). Odd-numbered chains are created from propionyl-CoA starter 
units and branched acyl-CoAs such as isobutyryl-CoA are used to construct branched- 
chain fatty acids. The synthetase reaction occurs in six steps:

acetyl transacylation

CH3CO-S CoA + HS-enzyme —> CHaCO-S-enzyme + CoA 

malonyl transacylation

COOH.CH2CO-S CoA + HS-enzyme —> COOH.CH2 CO-S-enzyme + CoA 

^-ketoacyl synthetase (condensing enzyme)

CHsCO-S-enzyme + C0 0 H.CH2C0 -S-enzyme —> CH3CO.CH2.CO-S-enzyme + CO2 

+ HS-enzyme 

^-ketoacyl reductase

CH3.CO.CH2.CO-S-enzyme 4- NADPH -> CH3.CHOH,CH2.CO-S-enzyme 4- NAD?"*" 

D-^-hydroxyacyl dehydrase

CH3 CH0H.CH2.C0-S-enzyme —> CHa.CHiCH.CO-S-enzyme 4- H2O 

2,3 trans-enoyl reductase

CHaCHiCH.CO-S-enzyme 4-  NADPH -> CH3.CH2.CH2 CO-S-enzyme 4-  NADP+

The last product then re-enters the pathway at the (3-ketoacyl synthetase step. In E. coli 
synthesis appears to continue until the chain contains 16 carbon units. It is removed from 
the fatty acid synthetase complex by hydrolysis, or by the action of palmitoyl transferase, 
using H2 O or CoA as co-factors respectively. The chain can be further lengthened by re- 
introduction to the fatty acid synthase system, or can be acted on by a third type of fatty 
acid synthase (FAS III), also known as an elongase. These are found in animal, bacterial 
and plant systems and use malonyl-CoA as the 2 carbon unit donor (Ratledge, 1988). 
Research in plants has generated conflicting data as to whether the activated (acyl-CoA) 
form of fatty acids or fatty acids themselves are acted upon by the elongase (Cassagne et 
a l, 1994).

The synthesis of unsaturated fatty acids occurs by two mechanisms, which appear to be 
mutually exclusive. The anaerobic mechanism is so called because it occurs without the
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need for oxygen as a co-factor and is found in some species of eubacteria. After the 
synthesis of D-p-hydroxydecanoyl-ACP, the saturated fatty acid is converted to a cis-A^ 
monounsaturated form. The chain is then lengthened by distinct enzymes, which mirror 
the reactions occuring in the saturated fatty acid synthesis pathway. The end-products are 
cw-A^-palmitoleic acid or cw-A^i-vaccenic acid (Cig.j). The alternative system is found 
almost universally and is catalysed by desaturases. The double bond is introduced directly 
into the chain, usually at the Â  position. Bacteria appear to be unable to produce 
polyunsaturated fatty acids, unlike yeasts and other higher organisms.

Streptomycetes have a high level of branched-chain fatty acids and the S. coelicolor fatty 
acid synthase was found to have a 1 0 -fold preference for branched-chain primers over 
acetyl-CoA (Packter et a l, 1985). Most effective were isovaleryl-CoA and isobutyryl- 
CoA, the former responsible for generating Iso-C^ .̂q and the latter Iso-C^ .̂q.
Primers are derived in the ceU from branched chain amino acids and similar preferences in 
vivo would lead to the high concentrations of these fatty acids seen in normal cells 
(Section 1.3.2.1). Wallace and co-workers (1995) found similar results with three more 
Streptomyces species. Other branched chain fatty acids are the product of methyl groups 
introduced into unsaturated fatty acid chains. Hydroxy fatty acids are the products of a- 
or cû-oxidation.

The acyl-ACPs, the final, water-soluble products of fatty acid synthesis, are used for 
simple and complex lipid biosynthesis. Triacylglycerols and phospholipids are synthesized 
from a common precursor, l , 2 -5 «-diacylglycerol 3-phosphate (phosphotidic acid), which 
is in turn a glycerol product of the glycolytic pathway by the reduction of 
dihyhroxyacetone phosphate. The synthetic pathway adds acyl moieties (fatty acids) to 
the 3 -5 «-glycerol phosphate, losing a phophate group with each attachment. The three 
acylation reactions are catalysed by acyltransferases, which can be specific for each 
position on the glycerol moiety. In the plants, moulds and yeasts that have been studied, 
the sn-2 position is occupied by an unsaturated fatty acid, unlike in animals where the 
central fatty acid is predominantly a saturated fatty acid (Ratledge, 1982). In Yarrowia 
lipolytica the level of control of triacylglycerol production operates with the availability of 
long-chain acyl Co As (Kamiryo, 1983). As weU as fatty acids synthesized de novo, 
externally imported fatty acids can be used in the manufacture of triacylglycerols 
(Ratledge, 1988).

1.3.2 Lipid accumulation

1.3.2.1 Lipids of Streptomyces

Bacterial lipids can be found in three locations; as hpid droplets in the cytoplasm (Section 
1.3.2.2), as functional constituents of the cytoplasmic membrane and as structural 
elements of the cell wall (Biacs and Gruiz, 1985). The study of lipids in these three
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locations has concentrated on the structure and type of lipid and on the types of fatty acids 
that the lipid contains. Surface lipids can be waxes, hydrocarbons and complex lipids, 
structural lipids phospholipids, glycolipids and sterols and storage lipids tracylglycerols, 
partial glycerides and fatty acids. The storage compound poly- p-hydroxybutyrate is also, 
strictly speaking, a lipid.

The different types of lipids found in streptomycetes have been extensively reviewed by 
Verma and KhuUer (1983) and the more unusual Streptomyces lipids having special 
interest are detailed by Batrakov and Bergelson (1978). In comparison with the 
pathogenic Mycobacterium, Streptomyces have been somewhat neglected in terms of 
detailed lipid study. They were first examined for lipid composition by BaUio et a l 
(1965). A crystalline body of triacyglycerols was extracted from a streptomycete and 
found to be composed of fatty acids with a number of different forms. Chain lengths of 
Ci2 :o to C 2̂ :o Were isolated in saturated, straight chain forms, as well as in the branched 
chain iso- and anteiso-forms. A small quantity of unsaturated acids were also identified. 
Similar patterns of fatty acid composition were obtained from the total lipids of 
Streptomyces griseus, S. aureofaciens, S. coelicolor, S, flavovirens, S. gelaticus and S. 
viridochromo genes.

The complete fatty acid composition of lipids from S. coelicolor was found by Ballio and 
Barcellona in 1968 (Figure 3.3.10, Chapter 3). Since then, many other researchers have 
found similar patterns of fatty acid composition in the various lipid types of streptomycete 
cells. Packter et a l (1985) isolated neutral lipids, composed mainly of triacylglycerols, 
from Streptomyces coelicolor. The fatty acid composition of these lipids was comparable 
to that obtained by Ballio and Barcellona (1968).

1.3.2.2 Storage lipids

Oleaginous microorganisms have become increasingly important over the past few years 
as their potential for producing lipids of existing or new compositions has been noted. In 
addition to membrane phospholipids, microorganisms of this type produce large quantities 
of neutral lipids which accumulate in storage bodies in the cytoplasm. This stored lipid 
has potential to be used for commercial fat production, with the advantage that 
microorganisms can be more easily engineered to produce a particular fatty acid profile 
than plants. The consequence of industrial interest in oleaginous organisms has meant that 
most research in lipid production has concentrated on these organisms. The number 
known to be oleaginous is small and most of these are eukaryotic yeasts and moulds. It 
had often been stated that prokaryotic organisms have only small quantities of 
triacylglycerols (Goldfine, 1982) and are incapable of producing storage lipids, so bacteria 
were neglected in this area. However, as well as the storage compounds more frequently 
found in prokaryotes, including poly- p-hydroxybutyrate and glycogen, Hpid globules were 
first noted in a streptomycete by Ballio et al. (1965). Since then, inclusions have also
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been detected in a number of other actinomycetes. Dipersio and Deal (1974) observed 
large vacuoles in Nocardia asteroides which were identified as containing lipid material. 
These were distinguishable from glycogen storage granules, which were smaller. When 
grown under nitrogen-limiting conditions the cells accumulated up to 40% of dry weight 
as neutral lipids. Cells of M. avium, M. kansasii, M. rubrum, M. tuberculosis, M. 
marinum were investigated by Barksdale and Kim (1977) and found to produce lipid 
storage bodies. M. kansasii, grown on detoxified oleic acid and its ester polyoxyethylene 
sorbitan mono-oleate, acquired globules of lipid after 4 to 7 h, developing 6  or 7 per cell.

Studies by Verma and Khuller (1983) on Nocardia polychromogenes and Streptomyces 
griseus showed that 50% of cell lipid mass was contained in the cytoplasm and these 
cytosolic lipids were mainly triacylglycerols. The presence of membranes surrounding the 
lipids to form micelles was also considered a possibility, agreeing with previous 
observations by Barksdale and Kim (1977). This membrane was identified in S. coelicolor 
and S. lividans by Packter and Olukoshi (1995) as being of a single layer, with no visible 
synthesis enzymes associated with it. The latter report also followed the accumulation of 
the storage lipids over the course of the cell cycle. No bodies are seen early in 
exponential phase, but by the beginning of stationary they comprise 50mg/L of culture 
medium, which rises to 125mg/L late in stationary phase, comprising 80% of cell volume.

1.3.2.3 Uses of storage lipids

Holdsworth and Ratledge (1988) investigated the use of accumulated triacylglycerols as a 
source of carbon and energy during starvation of oleaginous yeast cells. The transfer o»f 
cells from a nitrogen-depleted medium to a carbon-limited medium led to utilisation of 
stored lipid in Candida cuvata, Rhodosporidium toruloides and Trichosporon cutaneunt. 
The C  curvatum cells were found to start converting stored lipids to cell biomass within 
2 h of the carbon source being withdrawn, allowing 1.7g of biomass to be creating from 
each gram of stored lipid. M^^Cammon and Parks (1982) found that turnover of fatty 
acids occurred between phospholipids and triacylglycerols contained as storage products 
by Saccharomyces cerevisiae. The stored triacylglycerols may have formed a lipid "sink"', 
allowing the envelope to turnover at a different rate to the synthesis of other cell 
constituents.

Research recently conducted by Olukoshi and Packter (1994) was concerned with storecd 
triacylglycerols in four Streptomyces species. The cells were grown on a glucose medium 
and analysis carried out as to the quantities of neutral lipids produced and to their fatty 
acid composition. Triacylglycerols were detected only in small amounts in early 
exponential growth, but at stationary phase accounted for 20% of total cell lipids. After 
28 h in stationary phase, this rose to 60%, or 50mg for each gram of cells. No free fatty 
acids, monoacylglycerols or diacylglycerols were detected at any stage of growth. In the 
same series of experiments, the production of secondary metabolites and their relation t ( 0
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the storage of lipids was examined. Actinorhodin was only produced by S,coelicolor 
during late stationary phase when the glucose had been exhausted. It was suggested that 
the accumulated lipids provided the C2  units needed to produce actinorhodin. Activities 
of enzymes were also dependent on the stage of growth; levels of diacylglycerol acyl 
transferase activity to synthesize triacylglycerols followed the amount of stored lipid 
present and declined in late stationary. At this point, triacylglycerol hydrolase (lipase) 
activity appeared, indicating that the stores were then broken down.

1.3.2.4 The effect of culture conditions on lipid composition

Lipid synthesis can be influenced by growth conditions. Choi et a l (1982) investigated 
the effect of culture conditions and oxygen levels on lipid production in the oleaginous 
yeast Rhodotorula gracilis. With an increased dilution rate in a chemostat system, the 
protein content increased and the lipid content decreased, although the specific lipid 
production rate remained the same. A rise in oxygen concentration caused the total 
amount of lipid in the cells to increase. Olukoshi and Packter (1994) looked at the effect 
of media components on storage lipids in S. lividans. The C:N ratio was also 
investigated, with cells transferred to nitrogen-limited or nitrogen-free media. Levels of 
triacylglycerol increased fourfold in the nitrogen limited cells and fivefold in the cells with 
no nitrogen source. Biacs and Gruiz (1985) reported that low temperatures led to the 
formation of more unsaturated lipids; both phospholipids and lipids containing unsaturated 
fatty acids increased. However, this may have been due to the slow growth rates caused 
by the low temperatures rather than a direct effect.

The fatty acid composition of cells is also affected by cell cycle changes and growth 
conditions. Drici-Cachon et a l (1996) studied the lipids of Leuconostoc oenos and found 
that the fatty acid composition changed with differing medium pH and cell age, most 
noticeably with a cyclic C^g fatty acid. Strains better adapted to low pHs underwent more 
changes to their fatty acid profile than less acidotolerant strains. Chen et a l (1995) 
studied the effect of alkanes, namely octane, on Pseudomonas oleovorans. The ratios of 
Cjg.i to Ci6 :o and unsaturated to saturated fatty acids, increased when octane rather than 
citrate was added to the culture. The mean chain length of lipid fatty acids also increased. 
Certik and Sajbidor (1996) studied the fatty acid content of Rhizopus and Mucor when 
grown either in surface or submerged cultures. The submerged cell lipids contained a 
higher proportion of unsaturated fatty acids, with the level of proving the most 
subject to change. The yeast species Rhodotorula gracilis was examined by Choi et a l 
(1982) and was found to increase the amount of polyunsaturated fatty acids in cellular 
lipid (compared to Cig.o and Cjg.j levels) when growth rates were faster. Medium 
additives can also have an effect. Ameborg et a l  (1995) found that the amount of Ĉ g.̂  
fatty acids in total phospholipid in Saccharomyces cerevisiae was increased at the expense 
of Ci6 :o when the cells were grown in the presence of high levels of ethanol.
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The largest influence on fatty acid composition of cell lipids is from the addition of other 
fatty acids to the growth medium (Verma and Khuller, 1983). Initial research on yeasts in 
this area studied the effect of alkane incorporation. Thorpe and Ratledge (1972) 
demonstrated that the chain lengths of fatty acids in yeast lipids is directly related to the 
chain length of the alkane substrate supplied. Kendrick and Ratledge (1996) found that 
four species of fungi developed fatty acid profiles that resembled those of the vegetables 
oils supplied in the growth medium and fatty acid synthetic enzymes were found to have a 
greatly reduced activity when oils were included in the culture. Incorporation of 
exogenous fatty acids has also been noted in actinomycetes. The lipids of a number of 
Streptomyces were analysed after the cells had been cultured on media containing a range 
of complex hpid sources (Konova et a i, 1986). These included soya flour, sperm whale 
oil, sunflower seed oil, palm oil and chicken droppings. The fatty acids were found to 
have been incorporated to some extent from the medium, but de novo fatty acid synthesis 
had also occurred. Okazaki and co-workers (1974) also found that Streptomyces spp.no. 
362 ceUular fatty acids were changed by the addition of oil. The addition of palmitic or 
stearic acid to the medium changed the main fatty acid component of the ceUular Upids 
from anteiso Ci5 ;o to straight-chain Ci6 :o and Cis:o, respectively. Despite these findings, 
Verma and KhuUer (1983) reported that the fatty acid composition of Nocardia 
polychromogenes did not change when an unsaturated fatty acid was added to the 
medium. The total amount of Upids and phospholipids did rise, however.

1.4 Lipid Degradation in Microorganisms.

1.4.1. Lipases.

The initial steps in the metaboUsm of triacylglycerols by a microorganism occur outside 
the ceU membrane. The Upids are hydrolysed to give free fatty acids and glycerol, in a 
reaction known as Upolysis. Such reactions are catalysed by Upases, which have been 
isolated from many animal, plant and microorganism sources. A review of microbial 
Upases has been produced by Godtfredsen (1989).

Microbial Upases have been studied in a wide range of species. Several projects have been 
completed which aimed to increase the number of known Upolytic microorganisms (Rapp 
and Backhaus, 1992; Sztajer et a l, 1988). Not aU organisms have been found to produce 
significant amounts of Upase; yeast species that do include Saccharomyces lipolytica (Ota 
et a l, 1982) and C. cylindraceae (Linfield et a l, 1984). Lipolytic fungal species include 
Mucor, Pénicillium and Phycomyces species, Rhizopus delamar and Aspergillus niger 
(Tahoun et a l, 1987). Amongst prokaryotes, pseudomonads have formed the main area 
of interest in Gram-negative bacteria; Pseudomonas species Upases have been reviewed by 
Gilbert (1993) and Soberôn-Châvez and Palmeros (1994). Gram-positive bacteria have 
also been studied, with the Lactobacillus, Propionibacterium, Streptomyces genera and
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Staphylococcus aureus and Bacillus cereus species found to be lipase producers (Tahoun 
et a l, 1986).

A lipase is a glycerol ester hydrolase (EC 3.1.1.3), a subgroup of the esterases. The 
reaction catalysed by the enzyme is the hydrolysis of the triacylglycerol to its component 
fatty acids and glycerol, as in the reaction given below (Figure 1.4.1).

F FA

FA r - F A

I - F A

+ 3 FA

D i a c y l g l y c e r o l  M o n o a c y l g l y c e r o l  G l y c e r o l

T r i a c y l g l y c e r o l  - >  +  - »  +  - »  +

F r e e  f a t t y  a c i d  F r e e  f a t t y  a c i d  F r e e  f a t t y  a c i d

Figure 1.4.1 Lipolytic catabolism

The lipolytic activity of individual enzymes varies widely, however, some general features 
are often seen. After a fatty acid chain has been removed, subsequent hydrolysis of the 
diacylglycerols and monoacylglycerols occurs at a slower rate. The first attempt to 
categorize the action of microbial lipases was made by Alford et al. (1964), where 
differences in substrate specificity were observed and classified. The system is still in use 
although modifications have subsequently been introduced. The first of the three basic 
classes comprises non-specific lipases. These hydrolyse the fatty acids from all three sites 
on the glycerol moiety without showing any positional or fatty acid specificity. Lipases of 
this nature have been isolated from Geotrichum candidum and Pénicillium cyclopium 
(Okamura et a l, 1976). The second category of lipolytic activity accounts for lipases that 
specifically hydrolyse fatty acids at the outer, sn-\- and jM-3-positions of the 
triacylglycerol. Stereoselectivity is generally not displayed even though the two sites can 
be distinguished. The triacylglycerols are initially incompletely broken down, producing 
sn-l,2- or 5 n-2 ,3 -diacylglycerols and 5 «-2 -monoacylglycerols, however the latter are 
unstable and if incubated the fatty acids racemize to position 1 , allowing further 
catabolism to occur. Lipases of this type have been isolated from Rhizopus delamar 
(Okamura et a l, 1976) and Pseudomonas aeruginosa (Gilbert et al., 1991). The third 
group of lipases do not show positional specificity but instead hydrolyse triacylglycerols 
according to the species of fatty acid present, depending on growth conditions and
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calcium ion concentrations. Alford and co-workers (1964) initially identified a lipase from 
Geotrichum candidum that preferentially hydrolysed oleic acid, whether it was in the 1 (3)- 
or 2-position and Baillargeon and Sonnet (1991) found that the enzyme was specific for 
any unsaturated fatty acids. Palmitic acid was hydrolysed less frequently and
stearic acid very rarely. Sahani et a l (1976) found ihdit Achromobacter lipolyticum and 
Aspergillus niger lipases were specific for linoleic acid and stearic acid respectively.

Structurally, lipases are acidic polypeptides of 15-60 kDa. Intracellular lipases are found 
in many organisms but the majority of lipases isolated are extracellular, either membrane 
associated or released into the medium. Most of the reported lipases are fully secreted, 
but Yarrowia lipolytica, (Novotny and Dolezalova, 1993), Lactobacillus reuteri and L. 
fermentum DT41 (Gobbetti et a l, 1996) and Pseudomonas aeruginosa (Misset et a l, 
1994) were found to have cell-bound lipases. In terms of protein structure, an active site 
has been found that contains features common to all lipases and also other hydrolases such 
as esterase and cutinase. The catalytic activity is provided by a serine residue, contained 
within an amino acid sequence of Gly-Xi-Ser-Asp/Glu/Met-Gly. In Pseudomonas species 
the histidine residue is always in the position (Soberôn-Châvez and Palmeros, 1994). 
A gene encoding an extracellular lipase isolated from Streptomyces sp. M il was cloned 
into a plasmid vector and expressed in Streptomyces lividans 6 6 . The nucleotide 
sequence showed an active site motif of Gly-His-Ser-Met-Gly (Pérez et a l,  1993).

A lipase activator was also provisionally identified in Streptomyces sp. M il by Pérez et 
al (1993) that was found to increase lipase expression 6-10 fold. The gene for this 
second protein was located in the same region of DNA as the lipase gene. A possible 
regulatory binding site for the activator was identified upstream of the -35 region of the 
promoter, indicating that it functions at a transcriptional level. In Pseudomonas species, 
activator proteins with a similar genetic motif have been identified, however the proteins 
appear to be connected with the correct folding of the lipase in the periplasmic space, 
rather than the regulation of expression (Gilbert, 1993). Extracellular enzyme activators 
and inhibitors were sought from the culture medium of Streptomyces sp.BR-1381 (Uyeda 
et a l, 1983). The lipase activator LAV was found to be protective towards a 
Phycomyces nitens lipase in systems containing poly(vinyl alcohol) and conferred heat 
stability for up to 10 mins at 100°C. LAV was also found to activate lipases from 
Chromobacterium viscosum, Rhizopus delamar and Geotrichum candidum. Pancreatic 
and rice bran lipases were not affected. Oleic acid was found to inhibit P. nitens lipase by 
exerting a negative feedback effect as a product of the lipolytic reaction. The LAV was 
found to adsorb the oleic acid, removing it from the medium, suggesting a possible lipase 
activation mechanism.

Induction of lipase expression has been investigated on a number of occasions. Gilbert et 
a l (1991) found that weak induction occurred with energy or carbon source limitations 
and strong induction with a wide range of fatty acyl esters including triacylglycerols and
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Tweens. Shimada et a l (1992) found that lipases I and II in Geotrichum candidum were 
induced by long chain fatty acids, the level of induction increasing with increasing chain 
lengths. Incorporation of oleate, methyl palmitate or palmitic acid accompanied 
induction. The levels of mRNA for the respective enzymes were found to differ 
depending on the levels of fatty acids, indicating that control operates at the level of 
transcription. Similarities can be seen between induction of the lipases and the fad  
regulon of Escherichia coli (Section 1.4.2.6).

The preferred substrates of lipases are insoluble triacylglycerols although other long chain 
fatty acid esters wül also be hydrolysed. The substrate is most readily catabolised in the 
form of micelles or microdroplets, when an interface is present between the hydrophobic 
fatty acid chain and the aqueous phase that the enzyme is dissolved in. The enzyme 
occupies a space at the interface of the oü and water. This property, known as interfacial 
activation, is unique to lipolytic enzymes, which include true lipases and phospholipases. 
The enzyme kinetics of lipolysis have been reviewed by Verger (1976).

The causes of interfacial activation have been subject to much conjecture. Contradictory 
reports concerning the level of hydrophobic amino acid residues in lipases caused 
uncertainty as to the relationship between structure and function. Enzyme-substrate 
binding was found to be reversible, with the enzyme refolding on contact with the lipid. 
CrystaUographic studies have been carried out on fungal l,3-^«-specific lipases that 
suggest that the active sites are buried beneath one or more surface loops. After 
adsorption to the lipid these are moved back to expose large hydrophobic regions, 
aUowing close contact between the active site and the ester bonds (Derewenda and Sharp, 
1993). A lipase isolated from Fusarium solani does not exhibit this mode of action, 
despite being able to hydrolyse triacylglycerols (Martinez et a l, 1992), so other 
mechanisms must also exist.

Maximization of the production and activity of a lipase has also been considered. Gilbert 
et a l (1991) examined the differences in lipase activity in batch, fed-batch and continuous 
culture. Lipase production depends on a number of factors, including oxygen levels, salt 
concentrations, pH, temperature and nitrogen, carbon and lipid sources. The greatest 
activity was found with Tweens as substrates, with oüs at lower concentrations promoting 
activity, but having an mhibitory effect at higher concentrations. Long chain fatty acids 
repressed production. Lipase action also increased with decreasingly complex nitrogen 
sources and potassium and sodium salts at less than ImM. Lipase production occurs 
earlier and with greater stability on solid media than in submerged culture, but activity is 
higher in the latter. The effect of shear forces on Lipolytic action has also been 
investigated, with the lipase of Candida cylindracae found to be sensitive to mcreasmg 
shear rate but not to shear stress (Lee and Choo, 1989).
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The industrial use of lipases has increased over the past few years as their potential 
usefulness has been recognised. The importance of lipases in dairy processing has been 
well established; lipases naturally present in milk and others from Lactobacillus species 
can affect flavour in dairy products by hydrolysing fats (Fox and Stepniak, 1983; Stead,
1986). Other industrial uses include the splitting of triacylglycerols into fatty acids and 
glycerol, both of which have important industrial applications. This was traditionally done 
by a continuous high pressure uncatalysed counter current method, but now an 
immobilized Pseudomonas fluorescens lipase system has been devised. The same 
immobilized enzyme system has been used in the production of low molecular weight 
esters used in flavouring and the production of long chain fatty acids by alcoholysis. Most 
lipases show very high selectivity in esteiifying or transesterifying when in anhydrous 
water immiscible organic solvent conditions. The reaction to resolve racemized mixtures 
of alcohols and carboxylic acids has been used in the production of Atenolol, a 
hypertension drug. A Pseudomonas cepacia lipase was used to produce separately the 
enantiomers of an intermediate molecule, so that only the safer S-isomer was produced. 
The creation of L-glucose, by lipase catalysis, as a potential non-caloiific sweetener is 
being investigated. Aspergillus oryzae and Pseudomonas aeruginosa lipases have been 
used as fat-removing agents for use in washing powders. Lipases have also been used in 
leather de-fatting, in digestive aids and diagnostic tests. A review of the uses of lipases in 
industrial process was produced by Macrae and Hammond (1985).

1.4.1.2 Lipases of Streptomyces

Lipases have been isolated from a small number of Streptomyces species. Sztajer et a l 
(1988) investigated lipase production in a range of streptomycetes and found lipolytic 
activity only in Streptomyces spp. PCM27 and PCM33 and Streptomyces fradiae. The 
most active of these was Streptomyces sp. PCM27 where olive oil and tributyrin were 
used as enzyme substrates. Forty-seven strains from 39 species of Streptomyces were 
tested for lipase activity by Rapp and Backhaus (1992). Of these, only S. caelestis, S. 
lavendulae and S. lipmani showed any appreciable extracellular lipase activity towards 
triolein. Daza et a l (1990) reported that lipase production in Streptomyces lividans could 
be increased with the expression of a protein from the cloned ^a/gene, but no details were 
given as to levels in the wild type. Pérez et a l (1993) could not detect lipolytic activity in 
Streptomyces lividans 6 6  with tributyrin as the carbon source.

1.4.2 Fatty Acid Degradation

The breakdown of fatty acids can occur by a number of oxidation pathways. The 
principal of these is the p-oxidation pathway, but a-oxidation and co-oxidation also occur 
in cells. The latter two are not involved with energy formation, but an initial co-oxidation 
reaction allows alkane compounds to be degraded by the p-oxidation pathway. The 
oxidative breakdown of fatty acids at the P carbon was first recognised in rats by Knoop
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in 1904. This was later found to occur in the mitochondria and until the mid-seventies 
was thought to be the only type of mammalian p-oxidation. The discovery by Lazarow 
and de Duve (1976) of the peroxisomal p-oxidation system intensified the study of the 
enzymology involved in the two systems and also in P-oxidation from other types of 
organism. The discovery of many diseases caused by inherited genetic defects in the p- 
oxidation systems of humans has also led to a great deal of research. A review of human 
mitochondrial system defects has been produced by Bennett (1994).

The p-oxidation cycle is the principle degradative pathway of fatty acids. The fatty acids 
are activated by acyl-CoA synthetase (EC 6.2.1.3) to make acyl-CoA esters, which are 
degraded by an initial oxidation reaction catalysed by acyl-CoA oxidase (EC 1.1.3.6) or 
acyl-CoA dehydrogenase (EC 1.3.99.-). The product is then catalysed by an enoyl-CoA 
hydratase (EC 4.2.1.17), a hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) and a 
ketoacyl-CoA thiolase (EC 2.3.1.16), creating acetyl-CoA and a fatty acyl-CoA chain 
shortened by 2 carbon atoms. Three additional enzymes are needed for the degradation of 
branched-chain and unsaturated fatty acids. These are D-3-hydroxyacyl-CoA epimerase 
(EC 5.1.2.3), A^-cw-A^-fra«5 -enoyl-CoA isomerase (EC 5.3.3.8 ) and 2,4,-dienoyl-CoA 
reductase (EC 1.3.1.34). As well as energy generation, p-oxidation has been found to be 
important in resistance to the toxic effects of medium chain fatty acids. Both E. coli (Fay 
and Farias, 1981) and Lactobacillus leichmanii (Nunez de Kairuz et a l, 1983) were 
found to be more resistant to decanoate if the p-oxidation pathway had been induced. 
The saturated fatty acid p-oxidation pathway is shown in Figure 1.4.2.
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Figure 1.4.2 The saturated fatty acid ^-oxidation pathway

The range of organisms in which a (3-oxidation degradative system has been found is vast. 
In eukaryotes, mammals have been found to express both the mitochondrial and 
peroxisomal systems. Plants have been found to have p-oxidation degradative pathways
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in both glyoxysomes (peroxisomes) (Cooper and Bee vers, 1969) and mitochondria (Wood 
et al., 1986), although the latter finding is disputed (Kunau et a l, 1995). Maize root tips 
were found to use a mitochondrial (3-oxidation pathway when subjected to glucose 
starvation (Dieuaide et a l, 1993) and activities have also been found in rice (PisteUi et at., 
1996) and barley (Holtman et a i, 1994). Fatty acid degradation in plants has been 
reviewed by Gerhardt (1992). Acyl-CoA oxidase activity was found with octanoyl-, 
palmitoyl- and oleoyl-CoAs in scallop and lobster hepatopancreas (Stewart et a l, 1994). 
The microscopic ciliate Paramecium also has fatty acid oxidation activity (Reuter et a l, 
1993). The pathways of the algae Mougeotia (Stabenau et a l, 1984), Cyanidium 
caldarium (Gross et a l, 1984) and Eremospaera viridis (Winkler et a l,  1988) have been 
studied; these organisms have peroxisomal, mitochondrial and dually-located (3-oxidation 
systems respectively.

Fungi and yeasts have also been subject to research into the p-oxidation pathway. 
Candida tropicalis was identified as containing a peroxisomal P-oxidation system by 
Kawamoto and co-workers (1978), as was Candida lipolytica (Yamada et a l, 1980) and 
Saccharomyces cerevisiae (Veenhuis et a l, 1987; Evers et a l, 1991). Neurospora crassa 
(Kionka and Kunau, 1985), Aspergillus nidulans (Valenciano et a l  1996) and Aspergillus 
tamri (Kunau et a l, 1988) were found to have a p-oxidation system in catalase-free 
microbodies, where the first step was carried out by an acyl-CoA dehydrogenase rather 
than the expected acyl-CoA oxidase (Section 1.4.2.4). Pichia guilliermodii has a 
carnitine-dependent peroxisomal p-oxidation system (Fagot and Belin, 1996).

The first prokaryote identified as possessing a p-oxidation system was Escherichia coli, 
by Overath et a l (1967). Other prokaryotes expressing p-oxidation enzymes are 
Leptospira (Henneberry and Cox, 1970), Pseudomonas (Kunau et a l, 1988), Yersinia 
pestis (Moncla et a l, 1983) Acinetobacter calcoaceticus (Kunau et a l, 1988) and 
Caulobacter crescentus (O'Connell et a l, 1986). The Gram-positive bacteria Nocardia 
asteroides (McKenna and Kallio, 1965), Corynebacterium 7E1C (Broadway et a l, 1992) 
and Rhodococcus Ruber (Pouilly and Mitchell, 1994) have also displayed p-oxidation 
activity. Fatty acid oxidation has been identified as occurring in the pathogens 
Mycobacterium leprae, M. avium and M. microti (Wheeler et a l, 1991; 1992). A number 
of fermentative bacteria have also been found to carry out p-oxidation in anaerobic 
conditions (Kunau e ta l,  1995).

1.4.2.1 Transport of fatty acids into the cell

Lipase breakdown of triacylglycerols leads to the creation of glycerol and fatty acids. In 
order that these components be metabolised further, they must be transported into the cell 
where the remaining degradative enzymes are located. The uptake system in mammalian 
cells has been identified as using two mechanisms - a saturable, high-affinity, carrier 
protein-mediated process that is employed in low external fatty acid concentrations and
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the diffusion of fatty acids through the plasma membrane at high concentrations (Abumrad 
et al., 1981; Berk, 1996). A membrane-bound protein of 40 kDa has been identified as 
binding to fatty acids and may mediate the uptake of fatty acids in the saturable process 
(Stremmel et at., 1986). However, more recently it has been suggested that this protein is 
located in the mitochondria and therefore would not be involved in cytoplasmic transport 
(Berk et a i,  1990). A number of cytoplasmic fatty acid binding proteins have also been 
identified that are postulated to deliver the fatty acids to the degradative enzymes 
(Sweetser et a l, 1987). Fatty acids enter the mitochondrial matrix in a carnitine- 
dependent reaction. Carnitine acyltransferase (CPT) has been found on both the inner and 
outer membranes of the mitochondrial envelope, the inner (CPT II) has been purified and 
found to be 70 kDa (Clark and Bieber, 1981; Miyazawa et a i, 1983), but the outer CPT 
(CPT I) has not yet been isolated from the membrane without significant loss of activity 
(Declercq etal., 1987).

Candida tropicalis was investigated for a fatty acid uptake mechanism by Trigatti and co
workers (1991). Again, a "saturable" fatty acid uptake process was identified; it appeared 
to be enzyme-mediated in low concentrations of oleic acid. The process was induced by 
the presence of fatty acids and was not dependent on the levels of acyl-CoA synthetase 
present in the ceU. A non-saturable process, at high oleic acid concentrations, was also 
identified. The ciliate Paramecium tetraurelia displays a carrier-mediated, facilitated fatty 
acid uptake system and another non-saturable, unidentified process (Reuter et a l, 1993).

Induction of a fatty acid transport mechanism occurs in E. coli in the presence of free fatty 
acids. Two gene products have been shown to be necessary for the process, the FadL 
protein and acyl-CoA synthetase, the product of the fadD  gene. Two separate processes 
have been identified involving the transport of firstly short-chain and secondly long-chain 
fatty acids (Black et a l, 1987). The product of the/a^iL gene is located on the outer 
membrane where it binds to long-chain fatty acids. There may also be an inner membrane 
fatty acid/H+ co-transporter protein, but this has not yet been proved. Transport across 
the inner membrane appears to be dependent on the presence of acyl-CoA synthetase. 
The enzyme has been identified as being asociated with the cell membrane (O'Brien and 
Frerman, 1977), but the extent of this association is still disputed (Kunau et al., 1995). 
Starved E. coli cells, which are inhibited in fatty acid uptake, can be re-induced by the 
addition of lactate (Mangroo and Gerber, 1993). The effect appears to be due to the 
lactate assisting acyl-CoA synthetase to function at the plasma membrane, without 
affecting its activity directly. This E. coli fatty acid uptake system is chain-length 
dependent; fatty acids shorter than octanoate are not imported into the cell (Klein et al., 
1971).

34



C hapter 1. Introduction

1.4.2.2 Fatty acid activation

As well as its apparent function in the transport of fatty acids, acyl-CoA synthetase is 
necessary for the activation of free fatty acids to their CoA esters. Where such coupling 
of transport and activation occurs, it causes internal conditions in the cell where nearly all 
the fatty acids present are in their activated form. Fatty acids are required to be activated 
before they can be degraded by the p-oxidation cycle and also before they can be 
incorporated into complex lipids via the action of 5 w-glycerol-3 -phosphate acyltransferase. 
The enzymatic reaction attaches the cofactor coenzyme A on to the carboxyl residue of 
the fatty acid, by an ATP dependent step:

fatty acid+ATP —> acyl-AMP+PPi —> acyl-AMP+CoA —> acyl-CoA-kAMP

Acyl-CoA synthetases have been studied in a number of systems. In the mammalian cell, 
medium chain synthetases are found in the mitochondrial matrix, their specifities 
dependent on the type of tissue. Long chain synthetases, with specificities towards chain 
lengths of C 1 0 -C2 0 , have also been isolated and are associated with mitochondria, 
microsomes and peroxisomes. It appears that all have structural conformity and a 
molecular weight of 76 kDa (Miyazawa et a i, 1985). Other long chain synthetases in 
brain microsomes have higher specifities towards C2 2  and C2 4  acids (Singh et a i, 1988). 
Two types of long chain fatty acid synthetases have been isolated from Candida lipolytica 
(Mishina et a l, 1978a; Hosaka et a l, 1981). The first, acyl-CoA synthetase I, is 
expressed constitutively in microbodies, mitochondria and peroxisomes and incorporates 
exogenous fatty acids into ceUular lipid (Mishina et a l, 1978b). Subsequent work by 
Johnson et a l  (1994) indicated that four separate acyl-CoA synthetases (from the/aalp- 
faa4p genes) fulfil this role. Acyl-CoA synthetase II provides activated fatty acids for p- 
oxidation (Mishina et a l, 1978a). It is induced by growth on oleate and found only in the 
peroxisomal fraction of the yeast.

Acinetobacter calcoaceticus has a dicarboxyl-CoA synthetase (Modrzakowski and 
Finnerty, 1990), as has Mycobacterium avium (Kimura and Sasakawa, 1956). A number 
of other bacteria were found to have constitutive, or part-constitutive acyl-CoA 
synthetase activity. Clostridium butyricum (Samuel and Ailhaud, 1969), Bacillus 
megaterium (Massaro and Lennarz, 1965), Nocardia asteroides (Calmes and Deal, 1973) 
and Caulobacter crescentus (O'Connell et a l, 1986) all had high levels of synthetase when 
grown on glucose; in the case of the latter the level was found to rise when the cells were 
grown on oleate. Long-chain and medium-chain specific synthetases were isolated from 
strains of Pseudomonas (Trust and Millis, 1971).

The best studied prokaryotic acyl-CoA synthetase is that of E. coll The enzyme is 
induced by growth on fatty acids of a chain length greater than 12 carbon atoms (Overath 
et a l,  1969). The number of acyl-CoA synthetases expressed by this organism is still
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unclear. On the basis of genetic evidence of Overath et al. (1969), there is only one, with 
a broad substrate specificity and this was confirmed by Kameda and Nunn (1981), who 
isolated a single enzyme, present as a dimer or trimer with a subunit molecular weight of 
47kDa and a substrate specifity of Q  to Ĉ g. This was identified as the fadD  gene 
product. However, the latter study also noted changes in the specific activity of the 
enzyme towards decanoic and oleic acid during purification, indicating that possibly a 
second enzyme had been lost in the purification process. Samuel et al. (1970) reported 
the existence of a complex containing long- and medium-chain specific enzymes. Hill and 
Angelmeier (1972) successfully isolated E. coli mutants with low acyl-CoA synthetase 
activity which were also deficient in fatty acid incorporation. These cells also had 
repressed levels of other (3-oxidation enzymes.

1.4.2.3 The first p-oxidation step - dehydrogenation

The acyl-CoA ester is transported, or diffuses to, the site of p-oxidation. The first 
enzyme that is required is either an acyl-CoA dehydrogenase (EC 1.3.99.-), or an acyl- 
CoA oxidase (EC 1.1.3.-), depending on the system. This introduces a C=C double bond 
into the fatty acyl-CoA with FAD+ acting as the proton acceptor, producing 2-trans- 
enoyl-CoA. A review of comparative enzymology of acyl-CoA oxidases and acyl-CoA 
dehydrogenases isolated thus far has been produced by Tanaka and Indo (1992).

p-Oxidation in mitochondria and bacteria begins with an acyl-CoA dehydrogenase. Five 
different types have been isolated from rat liver, of which 3, with different chain length 
specificities, are involved in P-oxidation (Ikeda et al., 1983). The molecular weights of aU 
the dehydrogenases are between 170 kDa and 180 kDa and all are suspected to be present 
as homotetramers, with one FAD+ molecule non-covalently bound per subunit (Schulz,
1991). The reduction of the enzyme in the reaction process means that another FAD+- 
bound enzyme, an electron-transferring flavoprotein (FTF), is necessary to remove 
electrons from the dehydrogenase. The FTF itself is re-oxidised by FTFrubiquinone 
oxidoreductase, which is part of the electron transport chain (Frerman and TumbuU,
1990). The disassociation of the product from the medium-chain acyl-CoA 
dehydrogenase occurs in two ways, facile and restricted and the speed of this step in this 
pathway is controlled by the levels of each kind of dissociation occurring (Kumar and 
Srivastava, 1995).

The peroxisomal system utilises an acyl-CoA oxidase which produces H2 O2  from O2  by 
the transfer of electrons via FAD+ (Hashimoto, 1990). Catalase present in the 
peroxisomes then converts the H2 O2  to H2 O. The first rat liver oxidase to be isolated was 
a 150 kDa homodimer, however further research has identified a total of three oxidases 
present in rat liver peroxisomes (Van Veldhoven et al., 1992). These oxidases are specific 
for different substrates: palmitoyl-CoA oxidase oxidizes straight chain acyl-CoAs, 
pristanoyl-CoA oxidase oxidizes 2-methyl-branched acyl-CoAs and trihydroxy-
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coprostanoyl-CoA oxidase oxidizes the CoA esters of bile acid intermediates. The acyl- 
CoA oxidases from mammalian tissues are almost inactive towards short-chain acyl-CoA 
esters (Osumi and Hashimoto, 1979). This first step in the p-oxidation pathway is 
believed to be rate-limiting in peroxisomes (Hashimoto, 1992; Bronfman et a l, 1984). 
Aoyama and co-workers cloned human acyl-CoA oxidase cDNA into rat hepatoma cells 
and increased the p-oxidation activity on very-long-chain fatty acyl-CoAs within them 2-3 
fold, therefore lending support to this view (Aoyama et a l, 1994b). Plant and yeast 
peroxisomes have also been found to contain acyl-CoA oxidases (Gerhardt, 1992).

E. coli uses an acyl-CoA dehydrogenase system, with evidence that there are two distinct 
enzymes present in the cell. The first, FadG, is specific for long- to medium-chain fatty 
acyl-CoAs and the second, FadF, for short-chain esters. The two genes, fadF  and fadG, 
are thought to form an operon on the E. coli chromosome (Black and DiRusso, 1994). A 
third enzyme, FadE, acts as an electron transferring flavoprotein, which couples the acyl- 
CoA dehydrogenases to the electron transport chain in a similar way to that found in 
mitochondria (Klein et a l, 1971). Acyl-CoA dehydrogenases have been was purified 
from Caulobacter crescentus (O'Connell et a l, 1990) and Neurospora crassa (Thieringer 
and Kunau, 1991b). N. crassa contains a p-oxidation system localised in a microbody 
that also contains the key enzymes of the glyoxylate cycle. It contains an acyl-CoA 
dehydrogenase, but in other respects the system resembles that of fungal peroxisomes

.4.2.4 Subsequent steps in the p-oxidation system - multifunctional proteins

The next steps in the cycle are catalysed by an enoyl-CoA hydratase (ECH) followed by a 
3-hydroxyacyl-CoA dehydrogenase (HOADH) and finally a 3-ketoacyl-CoA thiolase 
(KAT). The enoyl-CoA hydratase mediates the addition of a water molecule to the trans 
double bond, creating L-3-hydroxyacyl-CoAs. These are then dehydrogenated by the 
HOADH reaction, coupled to the reduction of NAD" ,̂ forming 3-ketoacyl-CoAs. The 
final enzyme in the p-oxidation spiral is 3-ketoacyl-CoA thiolase, which occurs with CoA 
as a co-factor. This produces the C^ molecule acetyl-CoA and a fatty acyl-Co A chain- 
shortened by two carbon atoms. The equilibrium of the reaction is far to the side of the 
products and therefore the thiolytic cleavage step drives the p-oxidation process to 
completion (Schulz, 1991). These enzymes show the greatest structural diversity between 
species and systems, since the catalytic sites can be on separate proteins or form part of a 
multifunctional enzyme.

Ironically, the first p-oxidation enzyme system to be discovered was one of only two so 
far found that are exclusively catalysed by separate enzymes. This is the short- and 
medium-chain-specific system located in the mitochondrial matrix. The first enzyme of 
the pathway to be purified was bovine liver enoyl-CoA hydratase. It is composed of six 
identical subunits of a combined weight of 160 kDa and had high activity towards C4  

compounds which decreased with increasing chain length (Fong and Schulz, 1981). A
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similar enzyme was found in pig heart (Schulz, 1974) and rat liver (Furuta et a i, 1980). 
Gross (1989) found that the alga Cyanidium caldarium had separate HOADH and ECH 
activities in the mitochondrial matrix. In mammalian mitochondria, an actoacetyl-CoA 
thiolase (thiolase II), which only chain-shortens acetoacetyl-CoA, is found alongside the 
3-ketoacyl-CoA thiolase (thiolase I), which has a substrate range similar those of the other 
enzymes in the pathway. Both thiolases are present as 170 kDa homotetramers. The 
thiolases contain an essential sulphydryl group which acts as an acyl acceptor (Schulz,
1991). It is possible that the thiolase II has a role only in the synthesis of ketone bodies 
(Staack et a l,  1978). The L-3-hydroxyacyl-CoA dehydrogenases have also been 
investigated in these tissues (Bradshaw and Noyes, 1975; Osumi and Hashimoto, 1980). 
A heterodimer of a molecular weight of 65 kDa with an NAD+ binding site at the N- 
terminal end was identified and found to be specific for medium-chain substrates (He et 
aA, 1989).

The second system consisting of separate enzymes was found in Caulobacter crescentus 
(O'ConneU et a l,  1990). The L-3-H0ADH and crotonase enzymes co-purified, but 
showed different yields and were on separate polypepetides. The crotonase protein was 
estimated to be of 45 kDa, with the L-3-H0ADH enzyme slightly larger (O'ConneU et a l, 
1990). There also also two distinct thiolases, a p-ketoacyl-CoA thiolase and an 
acetoacetyl-CoA thiolase. The latter was purified by O'ConneU et a l  (1990) and found to 
be more heat stable than the former. Neither thiolase co-purified with any of the other p- 
oxidation enzymes, indicating that they exist as single un-associated proteins. Although 
on separate proteins, it is possible that in Caulobacter crescentus and the mitochondrial 
system the acetoacetyl-CoA thiolase, enoyl-CoA reductase and 3-hydroxyacyl-CoA 
dehydrogenase aggregate to form multenzyme complexes.

A mitochondrial multifunctional enzyme has been isolated from rat Uver (Uchida et a l,
1992), human liver (Carpenter et a l, 1992) and pig heart (Luo et a l, 1993). It was found 
to contain the long-chain enoyl-CoA hydratase activity that had previously been viewed as 
a single enzyme, as weU as HOADH and 3-oxoacyl-CoA activity (KAT). It is associated 
with the mitochondial membranes and is comprised of two non-identical subunits of 
molecular weight of between 71 and 81 kDa and 45 and 49 kDa, depending on the species 
and tissue (Middleton, 1994). The exact conformation of the holoenzyme in any system 
has not yet been identified. The hydratase and HOADH activities have been located on 
the larger subunit in rat liver trifunctional enzyme (Kamijo et a l, 1993) and in human liver 
mitochondria the 3-oxoacyl-CoA activity has been mapped to the N-terminal of the 
smaUer subunit. The substrate specificity was greatest for Cjq compounds and showed no 
activity for acetoacetyl-CoA in the three systems. It appears that this long-chain system 
does not contain D-3-hydroxyacyl-CoA epimerase activity, but this would not be 
necessary if the substrate was passed on to the matrix short- and medium-chain fatty acyl- 
Co A enzymes (Middleton, 1994).
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Peroxisomes contain a core multifuctional polypepetide within the main degradative 
enzyme pathway, thought initially to catalyze only the ECH and HOADH reactions 
(Osumi and Hashimoto, 1979). However, more recent research assigned an additional, 
isomerase, reaction site (Palosaari and Hiltunen, 1990). Another four 3-hydroxyacyl-CoA 
dehydrogenases have been isolated from rat liver peroxisomes, in addition to the active 
site on the multifunctional protein. Three of the enzymes are monomeric protein of 35 
kDa, 56 kDa ,and 79 kDa, while the fourth is a dimer of 40 kDa subunits. The roles of 
these have not yet been examined, but it is suspected that they are analogous to the 
multiple oxidases which degrade different types of substrates (Novikov et a l, 1994).

In plants, the cucumber seedling glyoxysome (peroxisome) multifunctional protein (MFP), 
initially thought to contain only ECH and HOADH functions (Frevert and Kindi, 1980), 
were later found to have D-3-hydroxyacyl-CoA epimerase (MFP I) and also A^-cis-A^- 
trans-&noy\-CoA isomerase (MFP H) activities (Guhnemann-Schaffer et a l, 1994, Preisig- 
Müller et a l, 1994). All four activities were also found on proteins from leaf peroxisomes 
(MFP IV) (Guhnemann-Schaffer and Kindi, 1995b).

Fungal and yeast (3-oxidation systems appear to form a distinct group. Initially, the 
peroxisomal polypeptide in Candida tropicalis, a homodimer of 190 kDa, was thought to 
catalyse three reactions, enoyl-CoA hydratase, L-3-HOADH and 3-hydroxyacyl-CoA 
epimerase (Moreno de la Garza et a l, 1985). The same activities were identified on a 
trifunctional protein isolated from microbodies in Neurospora crassa. The protein was 
found to have a subunit weight of 93 kDa (Thieringer and Kunau, 1991b). Recent 
research has indicated that the activities on the fungal multifunctional proteins (MFP) 
differ to those of other systems and instead use the reverse stereochemistry. The 2-trans- 
enoyl-CoA esters are converted to D-3-hydroxyacyl-CoA esters, then to 3-oxo-acyl-CoA 
esters, by a 2-enoyl-CoA hydratase and a D-3-HOADH activity respectively (Hiltunen et 
a l, 1992). This use of the D-form is usually seen in fatty acid biosynthesis, so was 
unexpected in a degradative system. The stereochemistry of the system was not found to 
be important; Filppula et a l (1995) created a hybrid yeast containing the rat liver 
peroxisomal MFP interacting with the rest of the (3-oxidation system that was fully viable. 
Thiolase and isomerase activities may be located on the same enzyme, since they eluted 
together during a purification of C. tropicalis proteins (Moreno de la Garza et a l, 1985).

The E. coli multienzyme complex was first identified by Binstock et a l  (1977) and 
O'Brien and Frerman (1977). It has a structure composed of a heterotetramer, consisting 
of two a-subunits and two (3-subunits. This has a collective molecular weight of 170 
kDa, but can be found in aggregates of two or three in the cytoplasm. The a  subunit, at 
78 kDa, is larger and contains the catalytic sites for enoyl-CoA hydratase, HOADH and 
two additional sites for reactions occurring outside the saturated fatty acid degradation 
pathway, 3-hydroxyacyl-CoA epimerase and a Is -cis-l^-trans-tnoy\-CoA isomerase 
(Binstock et a l, 1977). The second subunit type, the p polypeptide, contains just a single
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catalytic function, that of 3-ketoacyl-CoA thiolase and has a molecular weight of 42 kDa 
(Pawar and Schulz, 1981). The multienzyme complex ECH has a higher specific activity 
towards short-chain fatty acids (Pawar and Schulz, 1981). The 3-hydroxyacyl-CoA 
epimerase can convert D-form stereoisomers of fatty compounds to L-form and is 
contained within a unique crotonase site (Yang and Elzinga, 1993) that also contains the 
ECH activity. This means that D-stereoisomers can be converted to L-3-hydroxyacyl- 
CoAs at a single site. The isomerase is located at the amino terminal domain of the a  
subunit (Yang and Elzinga, 1993) and enables the cell to degrade unsaturated fatty acyl- 
CoA residues. There is a second enoyl-CoA hydratase in E. coli cells, which is membrane 
associated and shows specificity for long-chain fatty acids. This hydratase may also 
interact with the |3-oxidation, especially since its activity is much higher than that of the 
multienzyme complex hydratase towards long chain esters (Pawar and Schulz, 1981). The 
3-ketoacyl-CoA thiolase shows a substrate specificity from C4  to C^ ,̂ however, with 
short-chain fatty acyl-CoAs there appeared to be a decrease in activity, leading to 
speculation that the thiolase step could be rate-limiting in E.coli at the level of acetoactyl- 
CoA. A second thiolase was isolated by Feigenbaum and Schulz (1975), which proved to 
be an acetoacetyl-CoA thiolase that was not induced in cells grown on fatty acids. 
Conformational activation of the thiolase P subunit possibly occurs by binding with the a  
subunit, since thiolytic cleavage was found to be much reduced when the tetrameric 
complex was dissociated (Spratt et a l, 1984).

The bacteria Pseudomonas fragi was identified as containing a multienzyme complex by 
Imamura et at. (1990). The complex displayed a similar structure to that of the E. coli 
complex, containing two types of subunit in a heterodimer. The subunit sizes were found 
to be 73 and 42 kDa and contained the following active sites: enoyl-CoA hydratase, 3- 
hydroxyacyl-CoA dehydrogenase, 3-oxoacyl-CoA thiolase, cw-A^-zraw^-A^-enoyl-CoA 
isomerase and 3-hydroxyacyl-CoA epimerase. The complex was found to degrade 
saturated fatty acyl-Co As with chain lengths of C4  to Ĉ g.

Overall, the enzymes of p-oxidation show significant homology between species in 
substrate specificities, organelle sites and tissue types. The first comparative study was 
carried out by Kunau et al. (1988) but subsequent studies taking primary structure as well 
as subunit size have found areas of similarity between the E. coli multienzyme complex 
and the individual enzymes of the mammalian mitochondrial system (Kunau et a i, 1995). 
It would appear that the trifunctional enzyme of mitochondria is more closely related to 
the E. coli a  subunit than to the trifunctional peroxisomal enzyme complex and the closer 
two diverged after the appearance of eukaryotic cells. The evolutionary relatedness of the 
mitochondrial monofunctional enzymes and the membrane-bound enzyme complex are 
even more remote (Yang, 1994). As already discussed, the fungal enzymes form an 
entirely separate group.
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1 .4.2.5 Genetic structure of P-oxidation

The mitochondrial trifunctional protein from humans was cloned by Kamijo et al. (1993) 
into mammalian cells. The cDNA had a 2,690 bp ORF, encoding the a  subunit of 79 kDa 
and a second with a 1,422 bp ORF coded for the 47kDa p subunit. The cells expressing 
the former produced polypepetides with long-chain enoyl-CoA hydratase and 3- 
hydroxyacyl-CoA dehydrogenase activities, the latter, proteins with 3-ketoacyl-CoA 
thiolase acivity. The cDNA coding the a  subunit had regions similar to those seen in rat 
mitochondrial a  polypeptide, with hydratase and isomerase sequences at the N-terminal 
side and a region similar to the pig HOADH sequence at the C-terminus. The p subunit 
contained a sequence with high homolgy with 3-ketoacyl-CoA thiolases and acetoacetyl- 
CoA thiolases from various sources. The peroxisomal system has also been studied; 
Osumi (1993) reported that the gene of the mulifunctional protein has a enzyme site order 
of ECH, HOADH and isomerase, reading from the amino end.

Peroxisomes in Saccharomyces cerevisiae contain a multifunctional polypeptide 96 kDa in 
size, expressed from the/ox genes (Hiltunen et a i,  1992). The amino acid sequence was 
examined and found to be similar to those of other fungi but not to mammalian 
peroxisomes or the E. coli pentafunctional enzyme. The Neurospora crassa p-oxidation 
operon was also named fox, with fox-2 containing the DNA for the expression of the 
multifunctional polypeptide. It has 45 to 47% sequence identity with Candida tropicalis 
and Saccaromyces cerevisae (Fossa et al., 1995).

The genetic structure of the plant peroxisome multifunctional enzyme has been elucidated. 
The cDNA from cucumber cotyledons was cloned into bacteria and produced a 79kDa 
monomeric protein with catalytic sites for L-3-hydroxyacyl-CoA hydrolase (enoyl-CoA 
hydratase), L-3-hydroxyacyl-CoA dehydrogenase, D-3-hydroxyacyl-CoA epimerase and 

-cis-A^-trans-tnoyl-CoA isomerase. The latter two functions were found to be located 
on the N-terminal end of the protein and the dehydrogenase activity at the C-terminal of 
the protein (Preisig-MiiUer et al., 1994).

The genetic structure of the E. coli p-oxidation system was first reported on by Overath et 
al. (1967). The use of long-chain fatty acids by the bacteria as the sole carbon and energy 
source has allowed a selection scheme based on mutations to be devised (Black and 
DiRusso, 1994). The genes coding for the enzyme polypepides are located at various 
points on the circular genome and comprise the fatty acid degradation (fad) regulon 
(Figure 1.4.3).
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Figure 1.4.3. The E. coli chromosome showing genes involved in fatty acid degradation 
and the glyoxylate shunt. The positions are given in minutes.

As well as the fad  regulon, a number of other opérons are important in fatty acid 
degradation. Short-chain fatty acids are broken down by enzymes of the ato (acetoacetate 
degradation) system (Section 1.5.1) and the enzymes of the glyoxylate shunt are coded for 
by the ace (acetate degradation) system (Section 1.5.2). An outer membrane fatty acid 
transport protein is coded for by fadL, with the functionally coupled acyl-Co A synthetase 
coded for by fadD  (Overath et a l, 1969) A short chain acyl-CoA dehydrogenase is coded 
by fadG  while the long chain acyl-CoA dehydrogenase gene has been assigned fadF  
(Klein et a l, 1971). These associate with an electron transport flavoprotein (fadE). The 
two subunits of the pentafunctional enzyme, a  and P, are expressed from the fadB and 
fadA genes respectively. These map as an operon at 85 min (later adjusted to 80) over a 
52kb stretch (Yang and Schulz, 1983), the genes being read as in the fadBA direction 
(Yang et a l, 1991). The genetic sequence of the catalytic sites on the a  subunit is 
epimerase/hydratase (in a shared crotonase site), dehydrogenase and isomerase (Yang et 
a l, 1991; Yang and Elzinga, 1993). Short chain fatty acids are degraded by two enzymes 
distinct from those required for long- or medium-chain fatty acids. These are acetoacyl- 
CoA thiolase (thiolase II) and acetoacetyl-CoA thiolase, which are encoded by the 
atoDAB operon (Pauli and Overath, 1972). The degradation of polyunsaturated fatty 
acids requires the expression of a further gene, fadH, that codes for 2,4-dienoyl-CoA 
reductase (You et a l, 1989). The final gene of the sytem is fadR, which exerts overall 
control of the regulon (Section 1.4.2.6). TbtfadD  product, which codes for E. coli acyl- 
CoA synthetase, was identified as having a region near the C-terminus (residues 353-455) 
that shared a consensus amino acid sequence with rat and yeast acyl-CoA synthetases 
(Black g/ a/., 1992).

The other prokaryotic organism that has been subjected to study of the p-oxidation 
pathway at the genetic level is Pseudomonas fragi. The genes coding for the multienzyme
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complex, faoA and faoB, have been found to comprise an operon and are arranged 
together on the genome (Sato et a l, 1992a) and are transcribed polycistronically to form 
an mRNA 3.6kb in size (Sato et a i, 1994).

1.4.2. 6  Control of P-oxidation

The regulation of p-oxidation in mitochondria probably occurs at the level of carnitine 
acyltranferase I (CPT I) which transports the fatty acids to the catalytic site of the acyl- 
Co A synthetase. This step is assumed to be rate-limiting (Hale et a l, 1990) The enzyme 
has a binding site for malonyl-CoA, which appears to inhibit the activity of the enzyme. 
This inhibition can be countered by an increase in palmitoyl-CoA concentration. Malonyl- 
CoA is formed under the control of glucagon and is used as a precursor for de novo fatty 
acid synthesis. Therefore, a high level of malonyl-CoA production by acetyl-CoA 
carboxylase supresses p-oxidation activity. It is possible that the activity of the CPT I is 
increased by cAMP-dependent phosphorylation (Sheratt, 1994). The interaction of these 
factors to influence the activity level of the CPT I has not yet been fuUy established. 
Further down the fatty acid degradative pathway, the activities of various component 
enzymes may also be influenced. Product inhibition occurs; acetyl-CoA is a powerful 
inhibitor of 3-ketoacyl-CoA thiolase (Kunau et a l, 1995).

Peroxisomal control has not been studied in as greater detail as the mitochondrial system. 
The peroxisome proliferator-activated receptor system (PPAR) regulates the co-ordinate 
transcription of genes by the activation of transcription factors (Berge and Aarsland, 
1985). There is a PPAR on the acyl-Co A oxidase gene, but activation can also happen 
independently of the PPAR mechanism (Krey et a l, 1995). In vitro experiments 
determined that the hepatic rat enzyme can be inhibited by CoASH and acetyl-CoA 
(Hovik and Osmundsen, 1989). A^-Enoyl-CoA esters are also powerful product 
inhibitors. Substrate inhibition also occurs, with saturated fatty-acyl esters proving less 
potent than unsaturates at preventing enzyme function (Hovik and Osmundsen, 1987). 
The PPARs are activated by polyunsaturated fatty acids (Dreyer et a l, 1993) and other 
specific substances known as peroxisome proliferators. The levels of mRNA for the P- 
oxidation enzymes in peroxisomes were found to increase on addition of and 
dexamethone, but the mechanism for the alteration of mRNA levels is not yet known 
(Sorensen et a l, 1992).

In single celled organisms, non-constitutively expressed p-oxidation pathways show 
regulation by the addition of substrate to the growth medium. The presence of substrate 
induces the expression of the relevent pathway proteins. Even Caulobacter crescentus, 
which has high constitutive levels of the enzymes, shows a doubling of enzyme activity 
when fatty acids were introduced to the growth medium (O'Connell et a l, 1986). E. coli 
showed induction of activity with fatty acids (Overath et a l, 1967), as did Saccharomyces 
cerevisae (Mishina et a l, 1978b). Pseudomonas fragi cells grown on saturated fatty
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acids longer than showed induction of the enzymes of p-oxidation. The level of 
activity of the three enzymic sites on the HDT multifunctional enzyme did not however 
remair. the same over the growth cycle; activity was maximal at the beginning of 
stationary phase (Sato et a i, 1992b).

In E.coli, control is exerted at the transcriptional level. T he/aJ, ato, ace and fatty acid 
sythetase {fas) opérons are all under the control of a single transcriptional factor, known 
as FadR. It has long been recognised that a visible lag phase in the growth of E .coli cells 
on long-chain fatty acids is due to the need of the cells to induce the production of the 
fatty acid degradation enzymes (Weeks et a l, 1969). Mutants were found that were able 
to grow when only provided with medium-chain fatty acids; they were postulated to be 
missing a regulatory factor since usually, although medium-chain fatty acids can support 
growth, induction of p-oxidation by long-chain fatty acids must occur first (Overath et a l, 
1969). The regulatory factor was found to be expressed from the 25 min region on the 
chromosome from a gene termed/a JR. The protein expressed from it, FadR, can repress 
the aceBAK operon and the components of the fad  operon, fadL, fadD, fadE, fadF, 
fadG, fadBA dtnd fadH, despite the fact that the genes within these opérons are distributed 
over the whole E. coli chromosome. The FadR protein has a molecular weight of 27 kDa 
and contains a 20 amino acid sequence thought to be important for DNA recognition and 
binding (DiRusso, 1988). The purified protein was found to bind strongly to the 
promoters of iht fadB, fadL, fadD  and fabA genes, probably after recogntion of a 17 bp 
consensus sequence (Black and DiRusso, 1994). fadB appears to have the most 
symmetric of these and therefore has the highest affinity for FadR binding. The addition 
of the E.coli RNA polymerase holoenzyme to the system caused expression of fabA and 
repression of fadL, independent of any other factor (DiRusso et a l, 1993).

FadR itself is induced or repressed by the presence or absence of long-chain fatty acids in 
the cell and the most likely direct inducer is a long-chain fatty acyl-CoA thioester, since 
induction of FadR does not occur in cells with mutations in the fadD  (acyl-CoA 
synthetase) gene (Hill and Angelmeier, 1972). The thioester binds to the protein, 
changing its conformation so it can no longer bind to the DNA, but this cannot happen 
with medium- or short-chain fatty acids (DiRusso et a l, 1992). FadR has also been found 
to be an activator of tho fas genes, causing the level of fatty acid synthesis enzymes in the 
cell to increase (Henry and Cronan, 1991). fadR  mutants display unusual phospholipid 
patterns and control is believed to occur on the structural gene for (3-hydroxydecanoyl 
ACP-thioiester dehydrase (DiRusso et a l, 1993). Other physiological effects have been 
seen in fadR  mutants and it is possible that the factor controls other genes at the 
transcriptional level as well as those already identified. The expression of the faoAB 
operon in Pseudomonas fragi is controlled by an unknown promoter sequence. However, 
an expres;sicn repressor similar to FadR has been postulated, since when the fadR  operon 
was cloned into E. coli cells, the enzymes were expressed constitutively (Sato et a l, 
1994). The final type of transcriptional control seen for the fadBA gene occurs under
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anaerobic growth conditions. Transcription is repressed by the arcA gene product, a 
DNA-binding protein affected by levels of O2 , although it is the only gene in the fad  
operon that has been identified as being subject to this control (luchi and Lin, 1988).

1.4.2.7 Metabolic flux and intermediate channelling through the |3-oxidation pathway

Rate-limiting steps have been identified in many systems. Control of rates in peroxisomes 
is possibly exerted at the level of the acyl-CoA oxidase step and specifically palmitoyl- 
CoA oxidase, which is inducible (Hashimoto, 1992). The level of control of the 
palmitoyl-CoA oxidase could be increased by the addition of free CoA, acetyl-CoA, or D- 
2-enoyl-CoA, which reduced enzyme activity (Hovik and Osmundsen, 1987). The long- 
chain acyl-CoA oxidase was found to be rate-limiting in the degradation of palmitoyl-CoA 
by rat liver peroxisomes (Aoyama et a i, 1994a). O'Brien and Frerman (1977) found acyl- 
CoA dehydrogenase to be the rate-limiting step with both long-chain (palmitic acid) or 
short-chain (acetoacetate) substrates in E. coli and this is also the case in Caulobacter 
crescentus (O'Connell et a l, 1986). In rat mitochondria, the rate limiting step has been 
identified as acyl-CoA dehydrogenase (Lazarow, 1978). These enzymes are located at the 
beginning of their respective pathways, but the other enzymes may also exert control. A 
build-up of substrates for the L-3-H0ADH activity in human skeletal muscle mitochondria 
indicated that the enzyme had low activity (Bartlett and Eaton, 1994). 3-ketoacyl-CoA 
thiolase was implicated as a rate-limiting step in peroxisomes (Hovik et a l,  1992; Kunau 
et a l, 1995), although in the human skeletal muscle, analysis of intermediates of the 13- 
oxidation system failed to detect 3-oxoacyl-CoA esters, indicating that CoA recycling at 
the thiolase step does not cause a problem (Bartlett and Eaton, 1994).

Interactions with the related metabolite systems can also lead to flux control. The 
electron transfer flavoprotein (ETE) system and NAD+/NADH cycling systems can affect 
the rate of particular steps in the pathway if they become limiting. Intermediate build-up 
occurs in rat peroxisomes in vitro in the absence of an NAD recycling system. The site of 
NADH oxidation for the peroxisomal pathway is not known, but the appearance of 3- 
hydroxyacyl-CoA esters and subsequently D-2-enoyl-CoA esters, indicates that NADH 
levels could have a significant effect on the system (Osmundsen et a l, 1994). Flux in rat 
liver mitochondria was found to be subject to osmolaiity changes, with increases in the 
amount of 3-hydroxyacyl-CoA esters and 2-enoyl-CoA esters due to control by the 
electron-transfer flavoprotein-ubiquinone segment. However, this is not the only level of 
control since both types of esters are still seen at permissive osmolalities (Eaton et a l, 
1994).

Top-down control analysis has been applied to the mitochondrial |3-oxidation system 
(Quant and Makins, 1994). This involves flux control, regulatory and elasticity 
coefficients. The system was divided into two blocks; that of CPT I (carnitine palmitoyl- 
CoA transferase I) and that of the internal system components - CPT II, p-oxidation
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enzymes and the electron transport chain. Control was found to be shared between the 
two blocks, but at low fluxes the p-oxidation block exerted more than 50% of the control. 
When NAD+/NADH became limiting, the CPT I had very little control, although at high 
malonyl-CoA concentrations CPT I had much greater influence if p-oxidation was not 
limited. In another study, theoretical models for steady-state flux control were applied to 
the p-oxidation pathway during the metabolism of palmitoyl-CoA in rat Hver 
mitochondria. Control can be exerted by substrate supply, recycling of co-factors, the 
disposal of acetyl-CoA and the enzymes in the pathway. Reduced electron carriers, such 
as FAD and NAD are recycled by the electron transport chain. Therefore, 3-hydroxyacyl- 
CoA dehydrogenases rely on the ETF/ubiquinone pool to re-oxidise NADH. At low flux 
rates, control was mainly exerted by acyl-CoA dehydrogenase and p-hydroxyacyl-CoA 
dehydrogenase (C(i) = 0.89) and therefore by the redox state of NAD. At maximum flux, 
CPT II (C(i) = 0.35) and 3-ketoacyl thiolase (C(i) = 0.13) also contributed to control 
(Kunz, 1991).

A related topic to metabolic flux is intermediate channelling. This is a process where the 
product of an enzymic site is passed directly to a second without equilibrating with the 
surrounding medium. It can either be dynamic or static, the former needing the enzyme to 
bind the substrate to form a complex, with the product then passed on to the next enzyme 
and the latter where two enzymes form a loose association before the binding of the 
substrate. p-Oxidation systems have been subject to a great deal of study into the 
incidence of channelling, since the process has long been thought to proceed without the 
formation of intermediates before the acetyl-CoA product formation step. However, 
improved detection systems have allowed short-chain intermediates to be identified from 
intact enzyme pathways, so the degree or looseness', of channelling can be determined. 
The degree of channelling is also known as the processivity of the system, with a highly 
processive pathway being one where its intermediates never reach equilibrium with the 
cell cytoplasm. The effect of channelling on the kinetics of an enzyme pathway is also in 
debate and a recent analysis of its implications was produced by Comish-Bowden (1994).

Mitochondrial systems were investigated for intermediate production and palmitate 
substrates allowed the detection of fatty acyl-CoA residues of to Cg in length, out of 
27 possible intermediates. At the time it was proposed that these compounds were not 
part of the main kinetic pathway and led to the 'leaky hosepipe model' to account for their 
production (Stanley and Tubbs, 1974). This was supported by HPLC analysis, where only 
Ci4  and Ci2  intermediates were detected from a palmitate starting substrate (Watmough et 
a l,  1989). The pig heart trifunctional enzyme was shown to have high levels of 
channelling, preventing intermediate build-up. This was thought to preclude the 
unnecessary usage of CoA (Yao and Schulz, 1996). Nada et a l  (1995) investigated 
intermediate channelling in human fibroblast mitochondria. It appeared that, given linoleic 
acid as the starting substrate, the only acyl-CoA compounds detectable were Cjq, Cg and 

saturated fatty acids. The results suggested that the only step showing incomplete
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channelling is that at the turn of the cycle: between thiolase and acyl-CoA dehydrogenase. 
Since there is only one thiolase enzymic site and several types of dehydrogenases, close 
interactions between them would be expected to be difficult. Studies by Srere and Sumegi
(1994) identified a number of points of interaction within the mitochondrial system. The 
p-oxidation enzymes have been shown to be in close association with TCA cycle enzymes 
and the CPT, which is bound to the inner mitochondrial membrane (Forster and Staib, 
1992). A similar, membrane associated link was discovered between L-3-hydroxyacyl- 
CoA dehydrogenase and the EFT/respiratory chain pathway. These physical associations 
could account for the processive system seen in mitochondrial short- and medium-chain 
fatty acid oxidation. The idea that the mitochondrial p-oxidation enzymes might be 
associated in a loose multienzyme cluster would concur with studies on the enzymes of 
the citric acid cycle. Barnes and Weitzman (1986) identified the enzymes as being part of 
a loose cluster in E. coli, Acinetobacter calcoaceticus. Pseudomonas aeruginosa. 
Bacillus subtilis and rat liver mitochondria. The production of intermediates from 
palmitate by rat liver peroxisomes was studied and all the saturated acyl-CoA 
intermediates of chain lengths from C 1 5  to C2  were detectable (Bartlett et al. 1990), 
indicating that enzyme-enzyme interaction was not particularly high. Broadway et al. 
(1992) found that no channelling at all was occurring in the p-oxidation system of 
Corynebacterium, with intermediates equilibrating with the cyctoplasm concentrations.

Intermediate channelling can most easily occur if the sites are located adjacently on the 
same polypeptide, as is the case with the enoyl-CoA hydratase and L-3-hydroxyacyl-CoA 
dehydrogenase on the E. coli pentafunctional enzyme (Yang et al., 1991). Channelling 
occurs with greater than 90% of the saturated decanoyl-CoA between the hydratase and 
HOADH sites on the a subunit (Yang et al., 1985). The unsaturated substrate 2, trans-A, 
fra«5 -decandienoyl-CoA, which is an intermediate product in the breakdown of a longer 
chain unsaturated fatty acyl-CoA, was also investigated for channelling between the 
hydratase and HOADH sites on the E. coli and peroxisomal multifunctional enzymes 
(Yang et al., 1986). The hydration equilibrium for this compound lies far over to the 
substrate side (0.003) and in mitochondria the rate of oxidation of unsaturated fatty acids 
is much lower than of the equivalent saturates (Tsering et al., 1995). In the 
multifunctional protein systems, the complete reaction occurs at the same as that of 
the hydratase reaction, even though the and for the degradation of 3-hydroxy-4- 
trans-decenoyl-CoA is much larger than the and for its dehydrogenation. The 
direct transfer of the hydration product to the HOADH site prevents the reverse reaction 
occurring and catabolism occurs at a much faster rate than is seen in an enzyme pathway 
composed in vitro of enzymes from different sources.
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1.4.2.6 Metabolism of odd-numbered, branched-chain and unsaturated fatty acids

Fatty acid chains with an odd number of carbon atoms are degraded by the conventional 
p-oxidation pathway with end products of acetyl-CoA and propionyl-CoA. In addition to 
this, branched chain fatty acids yield propionate when of an even chain length.

The original hypothesis for unsaturated fatty acid metabolism was that catalysis occurred 
by cis-A^-trans-A^-tnoy\-CoA isomerase and 3-hydroxyacyl-CoA epimerase activity. The 
discovery of a 2,4-dienoyl-CoA reductase (Kunau and Dommes, 1978) has led to a 
revised pathway (Schulz and Kunau, 1987) involving the new enzyme, the conventional p- 
oxidation pathway, A^,cis-A^,trans-tmy\-Cok isomerase and acyl-Co A dehydrogenase 
activities. This pathway was found to be essential for the degradation of fatty acyl chains 
with a double bond on an even-numbered carbon atom (Osmundsen and Hovik, 1988). 
2,4-dienoyl-CoA reductase has been isolated from mitochondria, peroxisomes and E. coli 
(Kunau et a l,  1995) and acts on 2 -/ra«.y,4 -d 5 -decadienoyl-CoA and 2-trans,4-trans 
decadienoyl-CoA, intermediate products of cis- and trans-fziXy acids repectively. Higher 
plant peroxisomes are capable of utilizing both the reductase and the D-3-hydroxyacyl- 
CoA dehydrogenase pathways in the degradation of substrates with cis double bonds on 
even-numbered carbon atoms. P-oxidation of polyunsaturated fatty acids in higher plants 
appears to employ the dehydratase route of degradation more often than the reductase 
pathway (Engeland and Kindi, 1991). This is in contrast to yeast and mammalian 
peroxisomes (Gerherdt, 1992), which do not appear to use the reductase pathway despite 
having the appropriate enzymes. Mammalian mitochondria do not express the enzymes of 
the reductase pathway. The Pseudomonas fragi system was also found to exclusively use 
reductase degradation, but it appears that this was due to the lack of 3-hydroxyacyl-CoA 
epimerase activity in the cell (Imamura et a l, 1990). Research on the E. coli and rat 
peroxisomal multifunctional enzymes found that the 2-trans, 4-cis-decadienoyl-CoA 
intermediates are passed directly from the ECH site to the HOADH site, thus lessening 
the unfavourable kinetics associated with unsaturated substrate (Yang et a l  1986). 
Despite this, unsaturated substrates were metabolised at only 25% of the rate of saturated 
fatty acids of an equivalent chain length in peroxisomes (Tsering et a l, 1995)

1,5 Metabolic systems linked with fattv acid oxidation

The p-oxidation pathway interacts with a number of different enzyme systems, allowing 
the ceU to obtain energy and raw materials for biosynthesis. These systems depend very 
much on the organism involved; in particular if there is a division of labour between 
various organelles. In mammalian systems, the interactions between peroxisomes and 
mitochondria provide alternatives to the mechanisms detailed here, which are mainly 
based on those seen in E. coli and other microorganisms.
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1.5.1 The ato system

As well as the end products of p-oxidation, acetyl-CoA and propionyl-CoA, short-chain 
fatty acids may also be produced that have not been degraded completely to C2 -C0 A and 
C3 -C0 A esters. These short-chain acylthioesters may be generated due to incompatible 
enzyme specificities preventing complete degradation. The precise chain length to which 
the various p-oxidation cycles can process down to is in dispute, but may be as much as 8  

carbon atoms in the case of peroxisomes (Hashimoto, 1990). The E. coli system also 
seems unable to process fatty acids of a chain length less than 6  carbon atoms long. 
Below this level, the acyl-CoA substrate must enter a new degradative system (Pauli and 
Overath, 1972), coded by the atoDAB operon. The genes are located at 47 min on the 
E.coli chromosome (Figure 1.4.4) and controlled by the positive regulatory atoC and 
fadR  gene products (Black and DiRusso, 1994). The short-chain fatty acids degraded by 
this pathway include the p-keto short-chain fatty acid, acetoacetate, butyrate and 
pentanoate. The substrates can be taken up from the surrounding media or generated 
internally and their degradation gives acetyl-CoA as the final product. The substrates are 
metabolised in the acyl-CoA form, so must first be activated. This can be carried out by 
the acyl-Co A synthetase activity detailed in Section 1.4.2.2, or by acetyl-CoA:acetoacetyl- 
CoA transferase, which is made up of two non-identical subunits coded for by atoA and 
atoD (Nunn, 1986). The acyl-CoA esters are degraded by both dehydrogenases and the 
hydratase of the p-oxidation system and the final step in the production of acetyl-CoA is 
catalysed by a different thiolase to that used with longer chain fatty acids. In E. coli, the 
role is filled by thiolase II (Feigenbaum and Schulz, 1975), the product of the atoB gene, 
which is specific for short-chain fatty acids. When acetoacetate is used as the sole carbon 
source, there is a 200-300 fold increase in the expression of thiolase II and acetoacteyl- 
CoA transferase (Pauli and Overath, 1972). In addition to these enzymes, ihQ fadE  gene 
product, an electron transferring flavoprotein, is necessary for the process. An unusual 
aspect of this operon is that it is only expressed when the E. coli cells are grown on 
longer-chain fatty acids than Ce, so when a butyrate or acetoacteate substrate is supplied 
as the sole carbon source, no growth occurs unless the cells have been mutated for 
constitutive expression of the ato genes (Nunn, 1986).

The main product of both p-oxidation and the ato operon system, is acetyl-CoA, of which 
1 mol is produced at every turn of the cycle. This acyl-CoA thioester is generally 
channelled into the tricarboxylic acid (TCA, citric acid) cycle. The TCA cycle itself 
produces CO2  and energy in the form of I mol ATP with one turn of the cycle as shown in 
Figure 1.5.1. In prokaryotes, in addition to ATP/energy generation, the most important 
biosynthetic function of acetyl-CoA is the production of secondary metabolites, fatty acids 
and phospholipids.
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Figure 1.5.1 Abridged version o f the tricarboxylic acid cycle, showing the glyoxylate 
shunt between isocitrate and malate, employing an additional two enzymes.

1.5.2 The glyoxylate shunt

The glyoxylate shunt is a metabolic pathway that must be induced in organisms if they are 
provided with acetate or fatty acids of any chain length as a sole carbon source. The TCA 
cycle is the usual method of acetyl-CoA metabolism, producing energy in the form of 
ATP. The problem of acetyl-CoA occurs when it is the sole carbon and energy source. 
When it enters the TCA cycle, ATP and energy are the only products, since with each turn 
of the cycle two carbon atoms are lost as C0%, preventing any net gain in the 
incorporation of carbon from the 2-carbon acetate. Cellular biosynthesis in cells growing 
on substrates where acetyl-CoA is the only product require an additional system, the 
glyoxylate shunt (Figure 1.5.1) (HiUier and Chametzky, 1981). The pathway allows the 
formation of 1 mol of dicarboxylic acids from 2 mol acetyl-CoA, replenishing the supplies 
drained from the TCA cycle by bypassing the CO2  producing steps.

There are three enzymes exclusive to the glyoxylate shunt. In E. coli, they are coded for 
by the aceBAK gene cluster, located at 91' on the chromosome (Figure 1.4.3) and are 
coordinately induced when the cells are grown on fatty acids or acetate. The enzymes are
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malate synthase (aceB), isocitrate lyase (aceA) and isocitrate dehydrogenase 
kinase/phosphatase (aceK). The first enzyme, isocitrate lyase, converts isocitrate to 
glyoxylate. The malate synthase then catalyses the condensation of acetyl-CoA and 
oxaloacetate to produce a dicarboxylic acid, an important precursor in many biosynthetic 
pathways. The CO2  production step is therefore replaced by a catabolic step. The third 
enzyme, isocitrate dehydrogenase kinase/phosphatase (ICDH), inactivates the isocitrate 
dehydrogenase of the TCA cycle by phosphorylation. Flux through the TCA cycle is 
reduced, increasing the amount of isocitrate passing through the glyoxylate shunt (Walsh 
and Koshland, 1985). The isocitrate lyase and isocitrate dehydrogenase therefore 
compete for substrate to supply the two pathways, with the flux through each equivalent 
in acetate-grown Saccharomyces cerevisae (Trandinh et a i, 1996). The expression of 
individual genes in the operon is kept in the correct ratio by an inefficient ribosome 
binding site on the aceK gene (Chung et a l, 1993). In this way, only low levels of ICDH 
repressor is produced, allowing the TCA cycle to operate at a partly reduced level. 
Where the sole carbon source was acetate, 70% of the isocitrate dehydrogenase enzymes 
in the ceU were found to be phosphorylated and therefore unable to produce a- 
ketoglutarate (Sunnarborg et a l, 1990). Repression of the aceBAK operon is under the 
control of iht fadR (Maloy and Nunn, 1982) and the iclR (Black and DiRusso, 1994) 
gene products, at the level of transcription. The operon is repressed by simple sugars and 
induced by growth on fatty acids or acetate. Cortay et a l  (1991) found that only 
phospho(enol) pyruvate could prevent the binding of iclR and acetyl-CoA had no effect.

The glyoxylate shunt is essential for the utilisation of any substrate that breaks down 
solely to acetyl-CoA. The enzymes were reported in Yersinia pestis (HiUier and 
Chametzky, 1981), Cyanobacterium anacystis-nidulans (Eley, 1988), Corynebacterium 
lactofermentum (Kim and Lee, 1996), Candida lipolytica (Fausek et a l, 1991), 
Rhizobium (Mandai and Chakrabartty, 1992) and Euglena gracilis (Ono et a l, 1994). 
The fate of acetyl-CoA in plants depends on the nature of the organelle in which it was 
generated. Plants are able to convert acetyl-CoA to oxaloacetate via citrate synthase in 
standard peroxisomes, or via malate synthase in glyoxysomes. The net result of the latter 
is the formation of succinate (Gerhardt, 1992). Glyoxylate shunt activity was found in 
pumpkin cells kept in darkness (PisteUi et a l, 1996). Zea mays was found to metaboUse 
the majority of fed ^"^C-acetate through the system (Igamberdiev and Rionova, 1991). The 
malate synthase and isocitrate lyase activities were found to be induced by starvation in 
cucumber cotyledons (Graham et a l, 1994).

1.5.3 Antibiotic synthesis

1.5.3.1 Antibiotics produced by Streptomyces

The main product of p-oxidation, acetyl-CoA, is a precursor for antibiotic production in a 
number of different antibiotic classes. Such classes are divided up according to their
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biosynthetic pathway and those using acetyl-CoA (or acetate) as the basic structural unit 
of the antibiotic compound are particularly widespread in Streptomyces species (Vining, 
1985). Polyketide chains form the basic structure of a number of antibiotic types and are 
composed of alternating carbonyl and methylene units. These are usually formed by the 
condensation of malonate and acetate units, both of which can be synthesised from acetyl- 
CoA. In addition, the chains are sometimes composed of propionate and methyl- or ethyl- 
malonate, which can be manufactured from propionyl-CoA, one of the products of the 13- 
oxidation of odd-numbered-chain fatty acids. Antibiotics deriving from substituted, 
reduced, polyketide chains include the macrocyclic lactone (lactam) antibiotics - the 
macrolides, polyenes, polyethers, elfamycins and ansamycins (macrolactams). About 100 
of these compounds have so far been identified, mainly from actinomycetes, lower fungi 
and plants, the latter having provided a number of antitumour cytotoxins (Yu et a l, 
1992). Structural features of clinically important antibiotics are given in Table 1.5.1. A 
full review of polyketide biosynthesis in Streptomyces has been published by Plater and 
Strohl (1994).

Antibiotic Basic Carbonyl/ Starter Unit Features
Class Structure Methylene

Groups
Polyether linear 4 m, 7 Mm, acetate pyran & furan rings
antibiotics 1 Em
Antibacterial macro m. Mm acetate, propionate Highly reduced
macrolides lactones chain
Avermectins macrolides m. Mm isobutyrate, 2 - 

methyl-butyrate
pyran & furan rings

Anttfungal macrolides m. Mm isobutyric, 2 -methyl- lactone rings
polyenes isobutyric para- 

aminobenzoic acids
Ansamycins macro 2 m, 8  Mm 3-amino-5-hydroxy- napthalene aromatic

lactams benzoic acid rings
Actinorhodin linear 7m dihydrogranaticin

m : malonate Mm : methylmalonate Em : ethylmalonate

Table 1.5.1 Structures o f therapeutically important polyketide antibiotics

The polyketide molecule is made from a starter unit of a short-chain carbon molecule, 
typically acetate and extended by the addition of other units, usually malonate, by 
processes of addition-reduction-dehydration-reduction (Lancini and Lorenzetti, 1993). 
The resemblence of this polyketide synthase system (PKS) to fatty acid synthase (FAS) 
function (Section 1.3.1) has been demonstrated at both a synthetic and genetic level 
across a number of species and has been reviewed by O'Hagan (1995). Summers et a l
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(1995) found that Streptomyces glaucescens tetracenomycin C production and fatty acid 
synthesis could share the malonyl-CoA:ACP synthase I (from the PKS pathway) in vitro, 
indicating that the pathways are closely structurally related. Revill et al. (1995) indicated 
that the PKS and FAS systems in S. coelicolor may share a malonyl transferase. The 
synthetic process differs from that of the FAS in three areas: the range of possible starting 
units is extremely wide, the types of extender units accepted slightly less so and finally the 
polyketide synthetic process can be halted before full saturation of the moieties occurs. 
This last difference allows a huge variety of differently structured compounds to be 
produced from the basic pathway. After condensation of the unit, leaving a keto group, a 
further step (p-ketoacyIreduction) produces a hydroxy group, dehydration leads to an 
enoyl group and finally an alkyl group results if this is followed by an enoyl reduction 
reaction (Plater and Strohl, 1994). This variability in processing causes the chains to 
contain hydroxy or keto groups, or double bonds, rather than a saturated butyrate moiety. 
These and the alkyl groups present in the chain through the incorporation of ethyl- and 
methyl-malonate, prevent the compounds from forming aromatic rings and instead linear 
polyketide chains result. The chains fold easily and are highly reactive, sometimes 
realigning into cyclic rings joined by an amide bond (macrolactams) or ester bond 
(macrolactones) (Lancini and Lorezetti, 1993).

1.5.3.2 Antibiotics of Streptomyces coelicolor and Streptomyces lividans

Actinorhodin (Figure 1.5.2) is important in the study of antibiotic synthesis and regulation, 
since it is produced by the model organism Streptomyces coelicolor (Malpartida and 
Hopwood, 1984).

OH OH

OHCOOH OH COOH

Figure 1.5.2 The structure o f the polyketide actinorhodin, produced by S. coelicolor and 
S. lividans.

The compound is an iso-chromanequinone produced by the polyketide synthetic pathway 
(Kirby, 1992). The organism also produces undecylprodigiosin (a tipyrolle) and 
methylenomycin. Actinorhodin and undecylprodigiosin are pigmented, which makes them 
favoured for research purposes because their production is easy to detect. Actinorhodin 
comes in a number of forms. Of these, y-actinorhodin was found to be the most 
significant form of actinorhodin secreted from S. coelicolor and S. lividans (Bystrykh et 
a/., 1996).
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Undecylprodigiosin is produced by S. coelicolor in a growth related manner (Hobbs et a l,
1990), the expression of actinorhodin, was, however, associated with a particular stage of 
growth, first occurring at the start of stationary phase (Doull and Vining 1989). This 
latter finding was rejected by Ozergin-Ulgen and Mavituna, (1993), who calculated that 
the actinorhodin production was also growth associated, but Demain et a l, (1983) Chater 
(1989), Gramajo et a l (1993), amongst others have agreed that actinorhodin production 
is co-ordinately induced with morphological differentiation at the beginning of stationary 
phase. Production is confined to the substrate mycelium rather than the aerial mycelium 
and is halted before spores are produced. In liquid culture, spore production is delayed so 
the pigment secretion phase continues for longer (Bibb, 1996).

1.5.3.3 Polyketide synthesis genes

The genes of polyketide synthesis tend to be tightly clustered, with resistance and 
regulatory genes included as part of these linkage groups (Bibb, 1996). Three types of 
polyketide synthases have been isolated, those of a single multifunctional polypeptide 
(type I), those in a multienzyme cluster (type II) and a third type, PKS III, found in plants, 
that lacks an acyl carrier protein function, acting directly on carboxylic acid-CoA esters 
(Hahlbrock, 1981). The first type of PKS includes the eryA gene product, which 
synthesises erythromycin in Saccharopolyspora erythrea. This contains all the functions 
needed to produce the final structure, 6 -deoxyerythronolide B, which so far have been 
identified as acyltransferase, p-ketoacyl carrier protein synthase, acyl carrier protein, p- 
ketoreductase, dehydratase, enoylreductase and thioesterase (Donadio and Katz, 1992). 
The operon of the first type II polyketide synthase to be identified was that of 
actinorhodin {act), produced by Streptomyces coelicolor (Malpartida and Hopwood, 
1984). This knowledge led to the production of hybrid antibiotics from Streptomyces 
AM-7161, after the introduction of the S. coelicolor act genes into the strain. Hybrids of 
actinorhodin and the native antibiotics medermycin and granaticin were produced 
(Hopwood et a l, 1985b). The act operon comprise a 26Kb segment and contains seven 
separate genes that have been identified as being required for the production of the 
actinorhodin molecule, which consists of 8  acetate-malonate units. Two of these genes, 
act\ and actW, have been cloned and found to code for p-ketoacyl synthase and P-keto- 
reductase (Femdndez-Moreno et a l, 1992). The red genes, coding for 
undecylprodigiosin production in S. coelicolor also code for a type II PKS. 
Methylenomycin genes are contained on a 17Kb fragment of an endogenous plasmid in S. 
coelicolor (Doull and Vining, 1990b).

1 .5.3.4 Control of antibiotic production in S. lividans

Although S. lividans contains the correct biosynthetic pathways for actinorhodin and 
undecylprodigiosin and occasionally produces these compounds, it only does so under 
stressful conditions, in either liquid (Horinouchi et a l, 1989) or solid (Horinouchi and
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Beppu, 1984) cultures. This lack of expression in an organism so closely related to S. 
coelicolor has meant that the two organisms have formed a useful system for determining 
the control mechanisms for the expression of the antibiotics, from both the act and red 
opérons. There have been many control mechanisms identified so far and these are 
detailed below. What is not so clear is how these interact, although a review by Bibb
(1996) descibes the rather complicated evidence obtained so far.

The expression systems for red and act genes were found to be subject to the control of 
afsR and afs^, separate control proteins that complement one another in a pleiotropic 
regulation system (Stein and Cohen, 1989). afsR has control as a transcriptional activator 
and its insertion into S. lividans TK21 caused the production of high levels of pigments, 
both actinorhodin and undecylprodigiosin. Hourinouchi et al. (1983) concluded that the 
gene positively controlled the silent genes. The protein had DNA binding sites, indicating 
that it functioned at a transcriptional level and mRNA of the act genes was indeed found 
to increase when q/îjR was heterologously expressed (Hourinouchi et a l, 1986). 
Phosphotyrosine protein phosphatase (ptpA) from S. coelicolor was found to induce 
expression of actinorhodin in S. lividans, but when it was deleted from the host strain, 
expression was not affected. It was speculated to stimulate afsK production (Umeyama et 
a l, 1996). The reason for the low levels of chromosomal asfR. produced by S. lividans 
TK21 under normal growth conditions has not been explained.

The hid A  gene is a central control system in the process of differentiation in Streptomyces. 
It codes for a tRNA for leucine, specific for the UUA codon. This codon is extremely 
rare and is only found in genes produced in the idiophase (differentiation and production), 
rather than the trophophase (growth) of the cells. The UUA codon is found in the actll- 
0RF4 gene, which is located in the middle of the act gene cluster and is responsible for 
some of the control of expression. The red operon does not contain a UUA codon (Narva 
and Feitelson, 1990), which is consistent with it being produced in a growth-related 
manner. Some control on undecylprodigiosin production is exerted by the bldA gene 
product in later stages of growth, this is thought to be via a putative redZ gene (Bibb, 
1996). The cutRS gene of S. lividans comprises a 2 component signal transduction 
operon, expressed during the transitionary and stationary phases of growth. Mutants in 
the genes were able to produce actinorhodin, but réintroduction of the genes on a plasmid 
into both S. lividans and S. coelicolor prevented pigment production (Chang et al, 1996). 
The <3 ttII-ORF4  activator gene causes very high levels of transcription at the end of 
exponential phase. Levels of pigment can be increased by adding more copies of actll- 
0RF4 on a plasmid (Gramajo et a l, 1993). As weU as the asjR and cutRS systems, 
actinorhodin production in S. lividans was found to depend on different gene expression 
between various strains (Shima et a l, 1996). Strain TK24 was able to produce the 
pigments, unlike TK21 that must be grown under stressful conditions or with high 
concentration of sucrose before production occurs. Shima et al. (1996) attributed the 
expression to the presence of a str-6 mutation in TK24, which induces resistance to
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Streptomycin. The ribosomal protein S12 (from rspL) is affected and its conformational 
change was assumed to increase the affinity of the ribosome for the act gene mRNAs. A 
point mutation in TK21 causing streptomycin resistance was able to convert the strain into 
an actinorhodin-producer.

The use of non-6 .̂ coelicolor genes to induce actinorhodin expression in S. lividans has 
been tried a number of times. Romero et al. (1992) found that a gene from Streptomyces 
fradiae allows pigment production in S. lividans, even though it had no homology with 
any S. coelicolor or S. lividans genes. A gene fragment from Mycobacterium bovis 
induced actinorhodin production in S. lividans (Carbô et al., 1995).

Other control factors on antibiotic production are the choice of carbon source (Section 
1.2.3) and also other medium components such as phosphate and nitrate (Doull and 
Vining, 1990a). Hobbs et al. (1990), showed that cultures of S.ceolicolor produced 
actinorhodin only when all the glucose in the medium had been metabolised. The levels of 
ppGpp and a-factors (Bibb, 1996) contribute to control of cellular expression systems. 
The level of oxygenation of the cultures was found to make a difference to actinorhodin 
growth by Magnolo et al. (1991). A heterologous bacterial haemoglobin was expressed 
in S. coelicolor raising internal oxygen levels and increasing the production of pigment. 
Sânchez and Brana (1996) found that Streptomyces clavuligerus cells released a mixture 
of peptides and amino acids that acted as conditioning factors, encouraging cephamycin C 
and clavulanic acid production. A higher density of cells increased the effect.

1.5.3.5 Supply of precursors for polyketide synthesis

The de novo formation of triacylglycerols in Streptomyces coelicolor appears to provide a 
source of acetate for the subsequent synthesis of antibiotics (Packter et a l, 1985). Other 
storage granules such a^polyhydroxybutyrate and glycogen could not be detected in the 
cells (Olukoshi and Padter, 1994), despite speculation from Kannan and Rehacek (1970) 
that PHB is the storage medium for the 2-carbon units required in antibiotic biosynthesis. 
The glycerol component of triacylglycerols may also be important as a precursor of 
antibiotic production in Streptomyces coelicolor, via the Emden-Meyerhoff pathway. The 
genetics of glycerol utilization by this organism have been investigated by Smith and 
Chater (1988).

The production of the polyether antibiotic spiramycin by Streptomyces ambofaciens was 
stimulated by the addition of €%, C3  and C4  short-chain fatty acids, which increased the 
pool of acylthioesters for aglycone synthesis. The acylkinase and acylphosphotransferase 
systems are believed to be responsible for the incorporation of the short-chain fatty acids 
into spiramycin (Khaoua et a l, 1992). Erythromycin production in Streptomyces 
erythreus was also increased by the addition of short-chain fatty acids (Raczynska- 
Bojanowska et a l, 1983). Streptomyces fradiae was found to employ methyl oleate as a
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precursor of tylosin, which is incorporated over the growth stage at which antibiotic 
production occurs (Vu-Trong and Gray, 1982).

1.5.4 Catabolite Repression

Catabolite repression, or regulation, occurs when a carbon source affects the expression 
of enzymes or their activity. The processes most affected by this are those connected with 
secondary metabolism, but primary metabolic functions can also be controlled in this way. 
The carbon sources capable of causing catabolite repression are readily metabolised 
sugars, such as glucose, but even the less-easily utilized lactose has been found to act to 
repress kanamycin production (Demain, 1989). The list of enzymes involved in carbon 
source assimilation that are subject to catabolite repression includes a-ketoglutarate 
dehydrogenase (Ahmed et al, 1984), p-gatactosidase (Chatteijee and Vining, 1982), a- 
amylase (ViroUe et al, 1988), agarase (Hodgson, 1982) and the glycerol utilization operon 
(Hodgson, 1982). Catabolite repression is also seen consistently in the expression of p- 
oxidation enzymes. In the presence of glucose, the number of peroxisomes was seen to 
decrease in Saccharomyces cerevisiae (Evers et a l, 1991) while the level of p-oxidation 
was completely depressed in Lactobacillus leichmanii (Nunez de Kairuz et a l, 1983) and 
Caulobacter crescentus (O'Connell et al., 1986). p-oxidation in E. coll is also affected 
(Weeks et al., 1969). The mechanism in E. coll involves adenylate cyclase, which 
produces cAMP in the absence of glucose. The cAMP binds to the catabolite activator 
protein (CAP) forming a complex that binds to a 29bp consensus sequence 61 bp upstream 
from the start codon of fadB, activating expression of the fadBA operon (Yang et al.,
1991). fadE  and fadD  also display catabolite repression by this mechanism, but the 
expression offadL and fabA is unaffected (DiRusso et al., 1993).

Catabolite repression of antibiotic production has been extensively reviewed (Vining and 
DouU, 1989, Demain, 1989). A summary of the processes affected is shown in Table 
1.5.2. Hodgson (1982) reported that actinorhodin production by S. coelicolor was not 
repressed by the presence of glucose; in fact when glucose was removed from the 
medium, it had to be replaced by acetate before actinorhodin production was restored.
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Antibiotic Microorganism Repressing
substrate

Synthetases affected

Actinomycin S. parvulus glucose, glycerol tryptophan pyrrolase, 
hydroxykynureninase

Cephamycin Nocardia
lactamdurans

glucose deacetoxycephalo- 
sporin C synthetase

Bacitracin Bacillus
licheniformis

glucose

Kanamycin S. kanamyceticus glucose, mannose, 
fructose, maltose, 
lactose

N-acetylkanamycin
amidohydrolase

Erythromycin Saccharopolyspora
erythreae

glucose -

Hygromycin B S. hygroscopicus glucose -
Penicillin Pénicillium

chrysogenum
glucose

Neomycin S. fradiae glucose phosphotase
Streptomycin S. griseus glucose, mannose, 

dextrin galactose
mannosido-
streptomycinase

Prodigiosin Serratia marcescens glucose -
Tetracycline S. ambofaciens glucose anhydrotetracycline

oxygenase
Tylosin S. fradiae glucose -
Mitomycin S. verticillatus glucose -

Table 1.5.2 Antibiotic production affected by sugar carbon sources (after Demain, 
7989).

In Streptomyces, the central metabolic pathways have not been particularly weU defined, 
but some attempts have been made to elucidate the catabolite repression system. cAMP 
levels appear to be completely unrelated to the process, since in S. venezeulae the cAMP 
levels did not change significantly before and after glucose was exhausted and lactose 
assimilation began (Chatteijee and Vining, 1982). The growth of Streptomyes 
granaticolor on repressive sugars raised cAMP levels and the addition of cAMP could not 
reverse the repression (Dobrova et al., 1984). The possibility that raised cAMP levels 
were causing the effect was also discounted. The phosphorylation of glucose, catabolised 
by the enzyme glucose kinase, is however implicated in the catabolite repression process. 
Hodgson (1982) found that a glucose analogue, 2-deoxyglucose, was not phosphorylated 
by glucose kinase and could not repress other assimilation enzymes. A different analogue 
that also could not be metabolised but could be phosphorylated was still able to repress 
the glycerol degradative operon, amongst others. Angell et al. (1992) also found 
evidence that glucose kinase was involved in the effect. The glk gene product has
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homology with other regulatory proteins, but the interaction with the opérons was not 
likely to be direct, since the protein had no obvious DNA binding sites. More recent work 
by Ingram et al. (1995) has shown that the control of assimilatory enzymes is more 
complicated than a single mechanism in Streptomyces. Mutants in a second gene product, 
from ccrAl, showed increased expression of galactose-utilizing enzymes in the presence 
of glucose, but not all repressed genes had the same response. ccrAl is thought to have a 
general role in carbon catabolite metabolism, but the mechanisms of glucose kinase are 
also necessary. It is almost certain that more regulatory factors will be discovered.

1.5.5 Fatty acyl-CoA hydrolases

The fatty acyl-CoA esters, including acetyl-CoA, produced by the p-oxidation system can 
be subject to hydrolysis by acyl-CoA hydrolases (B.C. 3.1.2.20). The enzyme removes 
the CoA moiety from the fatty acid by hydrolytic action, leaving a free fatty acid and CoA.

Acyl-CoA ------------► Free Fatty Add + CoA

Acyl-CoA hydrolase

Acyl-CoA 4 ------------- Free Fatty Add + CoA

Acyl-CoA synthetase

This action is a direct reversal of that by acyl-CoA synthetase and the two activities can 
potentially form a futile cycle. Acyl-CoA hydrolases are common in both mitochondrial 
and peroxisomal mammalian systems (Kunau et a l, 1995). Short-chain acyl-CoA 
thioesterases, hydrolysing propionyl-CoA and acetyl-CoA, have been identified in rat 
tissue (Garras et a l, 1995). Two separate thioesterases were found in E. coli; one 
specific for long-chain substrates, the other (thioesterase II) with a broader range (Samuel 
and Ailhaud, 1969). The first of these was found to be inducible, but constitutive levels 
were already high. The physiological role of hydrolases in peroxisomes is believed to be 
as a protector of the fatty acid oxidation system, since this system is believed to chain- 
shorten fatty acids through only two or three cycles of p-oxidation (Waku, 1992). Other 
suggestions as to the function of acyl-CoA hydrolases include the prevention of the build
up of product, thereby precluding the inhibition of the thiolase step of the pathway. Seay 
and Lueking (1986) suggested that thioesterase has a role in the incorporation of 
exogenous lipids, whereas a control on the chain-lengths of the products of acyl-CoA 
synthetase was suggested by Libertini and Smith (1978) and de Renobales et a l (1980). 
Another suggestion is that thioesterase activity exists to maintain the balance of free 
Co ASH (Matsanuga et al. 1985) and acyl-CoA esters (Berge and Aarsland, 1985) in the 
cells. It is always possible that different acyl-CoA hydrolases exist for these different 
functions. Berge and Aarsland (1985) found that acyl-CoA hydrolases and the
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P-oxidation system were co-ordinately induced in rat liver peroxisimes by the presence of 
acyl-CoA esters.

1.6 Summary

The literature review presented in this chapter illustrates the range of different factors that 
must be considered when investigating lipid metabolism in Streptomyces lividans.

S. lividans TK24 has been extensively characterised in terms of genetic manipulation. The 
species is in the same genus as many industrially important microorganisms and produces 
a useful antibiotic, actinorhodin, that can be detected by spectrophotometric methods. 
Information on the actinorhodin production in 5. coelicolor is fairly extensive and can be 
applied to some extent to production in S. lividans TK24. The species has also been 
found to produce lipid storage bodies that may be a source of acetyl-CoA for actinorhodin 
production, making it an ideal model for investigations into the enzymology of lipid 
metabolism in a streptomycete.

The biosynthesis and degradation of lipids in streptomycetes is almost completely 
unknown. The lack of direct experimentation on the p-oxidation system in actinomycetes 
means that systems form other organisms must be used as the model for this part of the 
investigation. The extent to which comparisons can be made between the S. lividans 
system and pathways from other sources is important but homology in enzyme structure 
and function is high between species.

The use of oils as co-carbon sources in industrial fermentations is very widespread and 
reports detailing its utilisation have been produced for the last 50 years. However, little 
investigation has been carried out into cultures grown on defined media containing oils. 
Catabolite repression occurs in cultures containing simple sugars.

The fatty acid degradation system cannot be studied without consideration of interactions 
with other primary and secondary metabolic pathways. Acyl-CoA hydrolase activity, the 
glyoxylate shunt and the ato system have the potential to interact with P-oxidation in any 
in vitro enzymological studies.
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1.7 Aims and Objectives of the Research Project

Despite the amount of data indicating a direct link between the addition of oils to 
fermentations and an increase in antibiotic production, the enzymes involved 

in this process have never been investigated. The use of metabolic engineering techniques 
to improve the rate of antibiotic synthesis could prove useful to industry, but as yet the 
level of basic research into the link stands at a very low level. If a more strategic 
approach is to be taken in the improvement of flux through the lipid degradation pathway, 
then the enzymes involved in the system must be studied, enabling DNA recombinant 
technology to be informatively applied.

Therefore, this project aims to:

i) Find the range of oils that can be used successfully to boost growth and antibiotic 
biosynthesis in speciGcally the production of actinorhodin in

ii) Investigate the uses that the externally supplied lipid is put to within the cells.

iii) Study the external expression of TAG breakdown enzymes by cells grown on 
different substrates. Devise and assay an m virro system of p-oxidation enzyme 
function to better understand the production of acetyl-CoA, a precursor in 
actinorhodin synthesis, by the pathway.

iv) Apply these preliminary investigations to pilot-scale fermentations, which will in 
addition allow the effect of lipid on cell morphology to be quantified.
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2. MATERIALS AND METHODS 

2.1. Bacteria and Maintenance

The bacterium used was Streptomyces lividans 6 6 , strain TK24. It was obtained from 
departmental stocks and originated from the John Innes Institute, Norfolk.

The bacterium was maintained at -70°C, as spores suspended in a 20% (v/v) glycerol 
preparation. This was produced by inoculation of the master stock onto minimal medium 
agar plates (Section 2.2.1) which were incubated at 30°C for 9 days. After this time the 
spores on the resultant colonies were removed from each plate by agitation with a pipette 
tip into 3 ml of 20% (v/v) glycerol solution. The solution taken from all the plates was 
combined, mixed and dispensed into lots of 2 ml for storage at -70°C. Enough was made 
in two batches to last for the whole of the experimental period. The number of colony- 
forming units in the aliquots was 1 x 1 0 .̂

2.2 Media

2.2.1 Solid media

R2YE agar for the growth of colonies was based on that described by Hopwood et al. 
(1985a) and contained, per litre of distüled water, 0.25g K2 SO4 , 0.12g MgCl2 .6 H2 0 , lOg 
starch, O.lg Casamino acids, 5g yeast extract, 5.73g TES buffer (N-tris [Hydroxy methyl] 
methyl-2-aminoethanesulfonic acid; 2-([2-Hydroxy-l,l-bis(hydroxymethyl)-ethyl] amino) 
ethanesulphonic acid) and 2  ml of trace element solution, which in turn contained per litre: 
40 mg ZnCl2 , 200 mg FeCl3 .6 H2 0 , CUCI2 .2 H2 O, 10 mg MnCl2 .4 H2 0 , 10 mg 
Na2 B4 O7 . 1 0 H2 O and 10 mg of (NH4 )6 Mo7 0 2 4 .4 H2 0 . 4.4g of Bactoagar was added to 
each bottle of 2 0 0  ml and after autoclaving, the following were also added: 2  ml KH2 PO4  

(0.5% w/v), 0.8 ml CaCl2 .2 H2 0  (5M), 3 ml L-proline (20% w/v), 1.4 ml NaOH (IM) and 
0.2 ml cyclohexamide (5% w/v).

2.2.2 Defined liquid media

Bacteria grown in liquid culture were supplied with a minimal medium supplemented with 
a number of different carbon sources. The medium contained, per litre of distüled water: 
2.0g (NH4 )2 S0 4 , 0.6g MgS0 4 . 7 H2 O, 5.0g Casamino acids, 5.0g carbon source, 150 ml 
O.IM NaH2 P0 4  / O.IM K2 HPO4 , pH 6 . 8  and 1 ml of minor elements solution, which in 
turn was composed of l.Og ZnS0 4 .7 H2 0 , l.Og FeS0 4 .7 H2 0 , l.Og MnCl2 .4 H2 0  and l.Og 
of CaCl in 1 L of distilled water. Carbon sources were supplied as a total of 0.5% (w/v) 
of the media, either individually, or in combination. The carbon sources used were: L- 
alanine, triolein, methyl oleate, sodium acetate, sodium succinate, glucose, palmitic acid, 
oleic acid, methyl hexanoate, triundecanin, trioctanoin and rape seed oil. The only change
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to Other medium components was the use of 30mM sodium nitrate as the nitrogen source, 
replacing the Casamino acids in one of the 20 L fermentations.

2.2.3 Complex media

2.2.3.1 MBPS medium

This medium was composed of, per litre of distilled water, 20g glycerol, 5g yeast extract 
and 5g bacterial peptone.

2.2.3.2 YEME medium

Yeast extract/malt extract (YEME) medium was prepared with the following constituents: 
3g yeast extract, 5g bacterial peptone, 3g malt extract, 5g starch and 2 ml 2.5M 
MgCl2 .6 H2 0 , made up to 1 L with distilled water.

2.2.33 Seed medium

The specification of this medium was adapted from Cavanagh (1996). It contained, per 
litre of distilled water: 20g soya flour, lOg dextrin, 5g rape seed oil, 5g Casamino acids, 
2g (NH4 )2 S0 4 , 0.6g MgS0 4 , 150 ml O.IM K2 HPO4 /O.IM NaH2 P0 4 , pH 6 . 8  and 1 ml 
minor elements (Section 2.2.2). A variant of the medium used triolein as a replacement of 
the rape seed oil.

2.2.4 Sterilization

All media was sterilised by autoclaving at 121 °C for 20 minutes. If the media contained 
glucose, this was autoclaved separately, in a 2 0 % (w/v) solution and aseptically added to 
the main media after sterilisation. This prevented a reaction with the ammonium ions 
present in the defined media.

2.3 Growth of Bacteria - Shake Flasks

2.3.1 Growth conditions

1  ml of 20% glycerol-spore preparation was used to inoculate a 500 ml flask containing 
100 ml of liquid medium. The flask was aerated and agitated by the inclusion of a 
stainless steel spring as an internal baffle, forming a collar round the inside of the base of 
the flask. The cultures were incubated at 30°C for 24 h, in an orbital incubator rotating at 
250 rpm. After this time, the contents of the flask were transferred to one of two types of 
vessel. 2 L flasks, baffled with stainless steel springs and containing a total of 450 ml 
media, were incubated in the orbital shaker, rotating at 275 rpm. The second type were
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1 L vortex aerated bottles, which were used with a final volume 800 ml. The medium was 
agitated with a magnetic stirrer bar at a rate such that the vortex extended to the bottom 
of the bottle. All three types of flask were incubated at 30°C and the cells harvested in aU 
stages of growth as appropriate. CeU broth was centrifuged in 200 ml lots at 20,000g for 
30 minutes, at 4°C, in a Sorvall RC-5B centrifuge. The pelleted cells were washed first 
with 0.05% Triton X-100 solution and then with HEPES buffer (20mM, pH 7.4). The 
cells were frozen at -20°C before being prepared for enzyme assays.

2.3.2 Monitoring of growth

Growth of bacterial cultures was monitored by the dry weight of cells and total protein 
concentrations. Optical density could not be used as a measure of growth since the cells 
grew in pellets rather than in dispersed form. Duplicate aliquots of 10 ml were removed 
from the culture medium, which was agitated to ensure that the pellets were evenly 
suspended in the broth. These were then filtered through pre-dried and weighed AP25 
MiUipore pre-füters, under vacuum and washed with successive 20 ml volumes of 50% 
(v/v) ethanol;5% (w/v) Tween-80 solution, 50% (v/v) ethanol solution and distilled water. 
The filters were then dried to constant weight at 80°C. Where non-soluble substrates 
were used as the carbon source, the mass of a sample filtered at the time of inoculation 
was used to provide a zero point, which was taken into account in all subsequent samples.

Total cellular protein was obtained to provide a separate method of determining cell 
quantity. 1 0  ml aliquots of fermentation broth were sampled as above, spun down in a 
bench-top centrifuge (MSE centaur 2) and the cell pellets resuspended in 1 ml of distilled 
water. To these was added 1 ml of IM NaOH, the mixture vortexed and heated to 100°C 
for 20 mins. The samples were microfuged and Bradford assays performed (Section 
2.7.1).

2.3.3 Monitoring of actinorhodin production

Actinorhodin synthesis and secretion was followed by the appearance of the coloured 
pigment in the liquid media. 1  ml samples were removed from the broth and centrifuged 
for 5 min in a Microfuge II to remove cells and debris. Since the lipid caused the broth to 
appear cloudy, a few of drops of chloroform/methanol (2 :1 , v/v) were added and the 
mixture vortexed, allowing the lipid to enter the solvent phase. The absorbance of the 
lower, aqueous layer could then be determined spectorphotometrically at 640 nm. A 
sample of media taken before inoculation was used as a blank.

Internal pigmentation was released from cells that had been washed with O.IM HCl by 
sonication, in 10 s bursts with 20 s intervals, a total of 6  times. The debris was then 
removed by microfugation and the supernatant treated as above.
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2.3.4 Media lipid content - vanillin assay

This assay is based on the Boehringer Mannheim (Lewes, UK) test kit (no. 124 303) 
which is no longer produced. The reaction of the lipid with sulphuric acid and vanillin 
creates a pink complex which can be quantitated spectrophotometrically.

The samples of media were heated to 40°C and mixed vigorously. A 1 ml Gilson pipette 
tip was cut to produce a bore of 3mm; it was then used to extract triplicate samples of 250 
|il of the supernatant, which were placed in Pyrex tubes. 2 ml of 18.3M H2 SO4  was then 
added, the tubes vortexed, covered with a glass teardrop and heated in a boiling water 
bath for 10 min. The tubes were allowed to cool, after which 100 |li1 samples were 
transferred to clean tubes and mixed with 2.5 ml of vanillin reagent. This consisted of 
1.98g of vanillin dissolved in 40 ml of ethanol, made up to 100 ml with distilled water, the 
volume then increased to 1 L with 14.7M orthophosphoric acid. The tubes were allowed 
to stand at room temperature for 30 min, with occasional mixing. The samples were 
transferred to cuvettes and read spectrophotometrically at 536 nm. A blank of 2 ml 18M 
sulphuric acid and a standard of known lipid concentration were also assayed. The 
amount of lipid present in each sample was determined as follows:

Lipid concentration = absorbance of sample
absorbance of standard

The vanillin reagent was photoreactive and stored in a light-proof container.

2.4 Growth of Bacteria - 20 L Fermentations

2.4.1 Fermenter spécifications

The fermentation vessel used was a 20 L LH fermenter. The top plate of the vessel 
contained ports for air supply and exhaust, pH and Dissolved Oxygen Tension (DOT) 
probes and also for acid and alkali additions, antifoam addition, inoculation and sampling. 
The central shaft was fitted with 3 Rushton turbines and the vessel had 4 fitted baffles. 
Fermentation conditions were monitored using an RT-DAS (real-time data acquisition 
system) computer programme. Data on the composition of the exhaust gas was also 
logged using mass spectrometer analysis, measuring oxygen, carbon dioxide, nitrogen and 
argon levels. This provided data for the oxygen uptake rate (OUR) in mmol 0% L'̂  h '\  
carbon dioxide emission rate (CER) in mmol CO2  L^ h'̂  and thereby respiratory quotient 
(RQ) estimates.

2.4.2 Operating conditions

All fermentations were carried out at 30°C and pH 7.0, with control of the latter being 
provided by automatic addition of 4M orthophosphoric acid or 4M sodium hydroxide.
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The antifoam agent polypropylene glycol was also under automatic control. The stirrer 
speed was maintained at 500 rpm and the air flow at 10 L min'\ The starting volume was 
16 L and the volume kept to at least 9 L whilst the fermentation was running. Each 
fermentation was run for 70 to 96 h. The media used in all cases was defined minimal 
medium (Section 2.2.2), containing an appropriate carbon source. The majority of media 
components were sterilized in situ apart from the phosphate buffer and glucose, which 
were sterilized separately and added through the inoculation port.

2.4.3 Inoculation

Since growth in liquid culture occurred more readily if the spores used were harvested 
directly from an agar plate, this method was used for all the 20 L fermentations. An 
R2YE plate (Section 2.2.1) was inoculated with 5 |Ltl of spore stock (Section 2.1) and 
grown for 7 days. The plate was then flooded with 5 ml of sterile distilled water and the 
spores suspended in the liquid with a sterile pipette. The liquid was then tranferred in 
equal aliquots to three 2 L flasks containing 450 ml medium of the same composition as 
the final fermentation. The exceptions to this were the mixed substrate fermentations, 
which were inoculated with cells grown on a glucose carbon source medium. These flasks 
were then incubated for 24 h as described in Section 2.3.1. This relatively short time was 
used to prevent the formation of large pellets before transferral to the fermenter. 1.35 L 
of cell culture was then added to the pre-sterilized medium in the 20 L fermentation 
vessel.

2.4.4 Sampling

Duplicate samples of 20 ml were taken at intervals appropriate to the stage of the growth 
of the culture. These were then used to determine dry cell weight, lipid content of the 
media, actinorhodin levels and glucose concentration. A microscope slide was also 
prepared for image analysis. In addition to these samples, larger volumes, of 0.5, 1 or 
2 L, were removed to provide cell mass for homogenisation in preparation for enzyme 
assays. The cell broth was centrifuged in 500 ml lots at 10,000g for 40 mins, in a Sorvall 
RC-5B. The supernatant was retained to determine lipid levels and the cells washed with 
ice-cold 0.05% Triton X-100, followed by 20mM HEPES buffer (pH 7.4) before being 
frozen at -20°C.

2.4.5 Media lipid content - solvent extraction

At low lipid concentrations (<2g/L) the vanillin assay (Section 2.3.4) becomes less 
reliable, so solvent extraction of the media lipids was used as an alternative method of 
determining the mass of lipid remaining in the media. This was used with the large volume 
samples taken during the 20 L fermentations. After the cells had been harvested by 
centrifugation (Section 2.4.4) the supernatant was retained. 20 ml of
chloroform/methanol (2:1 v/v) was added to the supernatant and mixed. The two layers
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were allowed to separate, the lower layer removed and washed with 20 ml distilled water 
and separated again. The solvent was then evaporated in a Rotavapor RUG washed with 
10 ml ethanol and evaporated again. The lipid residue was transferred to a pre-weighed 
vial using diethyl ether, dried under vacuum for 24 h and the mass of lipid determined.

2.4.6 Image analysis of cell pellets

Image analysis systems take images from a video camera, in this case connected to a 
microscope and digitise them according to the darkness contrast of the image, therefore 
allowing computational analysis of the parameters of the objects visible.

The samples taken from the fermenter at each time point were applied to microscope 
slides so image analysis could be carried out. The pellets that had fallen to the bottom of 
the sample tube were removed with a Pasteur pipette and spread over a glass slide, 
forming a reasonably heavy coating. Since dry cell weights were to be used to monitor 
the growth of the cells, it was more important to get a high number of pellets on the slide 
rather than a representation of their density in the culture. The slides were left to air-dry 
for 24 h, after which they were stained by submersion for 2 min in methylene blue solution 
(5% w/v). The slides were allowed to air dry for another 24 h, after which they were 
analysed.

Image analysis was carried out using a Polyvar microscope (Reichert Jung, Vienna, 
Austria) with a xlO objective controlled by a Joyce Loebl Magiscan 2A system and 
operated via the Genias software system run on a DX 486 personal computer. The image 
was captured and digitised to a representation consisting of 512 x 512 pixels and 256 
shades of grey, 0 being black and 255 being white. The pixels above a certain designated 
threshold are ignored, so analysis is carried out only on dark objects, that is, the cell 
pellets and any debris also within the image. The darkness threshold was changed 
manually for each slide, depending on the degree of staining and the amount of debris 
present. The Genias software allowed a number of actions to be carried out on the grey 
image to enable the dimensions of the pellets to be calculated. The study suffered from 
the problem of clumping of pellets on the slides and also from pellets being attached to oil 
droplets and other debris that distorted the apparent size and shape of the pellets. 
Therefore, before any measurements could be made on the objects, they had to be 
separated from one another to allow the sizing to be accurate. The best way to separate 
the pellets would have been on the basis of threshold level, since the centre of the peUets 
would be more dense and highly stained, while at the edges the staining would be less 
intense. Unfortunately, a programme for this function was not available, so instead the 
pellet disconnection was carried out by an automatic procedure known as separation. 
This divided the pellets from one another on the basis of the circularity of the object, so 
clusters of pellets were separated before measurement.
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Circularity was defined as (Perimeter)^
area

After the objects had been separated, those of a size less than 50 |am in diameter were 
erased, as were any objects touching the edge of the screen, to prevent truncated pellets 
from being measured. The dimensions of the remaining pellets were then obtained and 
stored. The process was automated so 99 different fields were analysed from each slide.

2.5 Enzyme Assays - In vitro Studies 

All assays were performed at 25°C.

2.5.1 Preparation of cell free extracts

The frozen cells were thawed and suspended in an appropriate volume of 20mM HEPES 
buffer, pH 7.4, usually 1 ml buffer for each gram of wet cells. They were then disrupted 
by two passages through a French-pressure cell, at a pressure of 35MPa. After the first 
passage, a few crystals of DNase I were added to the suspension. Whole cells and cell 
debris were removed by centrifugation at 30,000g for 20 minutes (Sorvall RC-5B) and the 
membrane fraction of the remaining supernatant by centrifugation at 100 OOOg for 90 
minutes, in an L8 -M Ultracentrifuge . The cell free extract (CEE) obtained was dialysed 
in HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid]) buffer (50mM, pH 
7.4) for a total of 1 h at 4°C. The dialysis tubing was pre-treated before use by boiling for 
3 min in 20mM ethylene-diaminetetraacetic acid (EOTA) and then rinsed. After dialysis 
the cell free extract was then kept on ice and used immediately for enzyme assays.

2.5.2 Acyl-CoA synthetase time-course assay

Activity was measured by the method described by Broadway et a i (1993). The assay 
follows the disappearance of free CoASH as it is incorporated into acyl-CoA esters, by the 
reaction between CoASH and 5',5'-Dithiobis (2-nitrobenzoic acid) (DTNB). The assays 
were carried out as time courses, with five samples of 190 pi being withdrawn from the 
assay cuvette. The assay mix contained, in a total of 1 ml, 27.5mM KH2 PO4  pH 8.0, 
0.68mM LigCoASH, 3.95mM MgCl2 .6 H2 0 , 3.95mM NazATP, 100 pi of CEE and a start 
reagent of 450nmol lauric acid introduced in 6  pi dimethyl sulphoxide (DMSO). Each 
aliquot removed was quenched with 60 pi of trichloroacetic acid (TCA) (15%, w/v) and 
the resulting precipitated protein removed by centrifugation in a microfuge for 5 min. 200 
pi of supernatant was removed and added to 0.8M Tris-HCl (pH 8.0), containing 250nmol 
DTNB and incubated for 5 min. Thiol groups on free CoASH react with the DTNB, 
forming thionitrobenzoate anions that absorb light at 412 nm. The rate of CoASH usage 
was therefore determined by the molar extinction coefficient of thionitrobenzoate of
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13,600 M'  ̂ cm '\ Blanks were obtained for each time point using an assay mixture with 
the fatty acid omitted.

2.5.3 Acyl-CoA synthetase fluorimetric assay

This assay is based on that of Lageweg et a i  (1991) and links the activity of acyl-CoA 
synthetase to that of acyl-CoA oxidase (Section 2.5.9). The assay was carried out in a 
Luminescence Spectrometer LS-5B with an excitation of 315 and emission at 425, in a 
fluorimeter microcuvette. Buffer strength was increased from that reported to O.IM Tris- 
HCl pH 8.15 and other assay components were 20mM NazATP, 20mM MgCl2 , lOOjuM 
CoASH, ImM homovanillic acid, 10 Units of horseradish peroxidase (Sigma), 1.25 Units 
of acyl-CoA oxidase (Sigma) and 10-200 |il of CFE, to make a total of 0.5 ml. The 
reaction was initiated by the addition of 50fiM fatty acid, either dissolved in DMSO or 
from stocks of 1.2 mM palmitate:BSA (Section 2.10.2). Specific activity was derived 
from comparison with the rate of activity obtained from 0.25 Units of acyl-CoA 
synthetase (Boehringer Mannheim) on 50|LtM palmitate.

2.5.4 Linked, NAD+-dependent p-oxidation activity

This assay was carried out as described by Broadway et al. (1993). The assay mixture 
was monitored over time at a wavelength of 340 nm, with an extinction coefficient of 
6220 M'* cm"\ to derive a specific activity of NAD+ to NADH conversion per mg of 
protein in the CFE. The conditions were: 27.5mM KH2 PO4  (pH 8.0) 4mM Na2 ATP, 
4mM MgCl2 , 2mM NAD+ and 0.8mM Li^CoASH. Between 50 and 500 pi of CFE was 
also added and the reaction initiated with 0.68|imol of lauric (or other) acid in DMSO. 
The background rate was taken before the addition of substrate. The assay measures the 
rate of activity through the whole pathway, including that of acyl-CoA synthetase, by 
measuring the rate of NADH production by the 3-hydroxyacyl-CoA dehydrogenase site.

2.5.5 Direct NAD+-dependent p-oxidation activity

Again taken from Broadway et at. (1993), this assay is carried out under similar 
conditions to that of the linked assay, but measures only the rate of activity from the P- 
oxidation cycle enzymes and excludes acyl-CoA synthetase. The substrate is provided in 
activated form with the CoA already ester bonded. The cuvette contained 27.5mM 
KH2 PO4  (pH 8.0), 2mM NAD+ and 0.8mM LigCoASH. The background rate was 
monitored after the addition of 50-200 pi of CFE and the reaction started with 0.8mM 
palmitoyl-CoA (or CoA esters of other fatty acid chain lengths). The catalysis of NAD+ 
to NADH was monitored at 340 nm and an extinction coefficient of 6220 M'  ̂ cm'  ̂ used to 
determine the molar conversion rate.
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2.5.6 Acyl-CoA dehydrogenase assay - phenazine ethyl sulphate

The assay was carried out in a total of 1 ml and monitored at a wavelength of 600 nm. 
The cuvette contained lOOmM KH2 PO4  (pH 8.0), 0.001% (w/v) Dichlorophenol- 
indophenol (DICPIP), 50|llM palmitoyl-CoA and 100-500 pi of CFE. The background 
rate was determined for two minutes before 3mM Phenazine Ethyl Sulphate (PES) was 
added. The control reaction was carried out omitting the acyl-CoA. For medium chain- 
length fatty acyl-CoAs, 6 mM PES was added; for short chain-length fatty acyl-CoAs, 
0.6mM PES was used.

2.5.7 Acyl-CoA dehydrogenase assay - ferricinium hexafluorophosphate

The assay was carried out in a quartz cuvette containing 1 ml of assay mix, following the 
method of Lehman et al. (1990) and Lehman and Thorpe (1990). Final conditions were: 
lOOmM KH2 PO4  (pH 7.2), ImM EDTA, 50pM palmitoyl-CoA and 200pM ferricinium 
hexafluorophosphate Fc^PF6  (Section 2.10.3). The concentration of a freshly made up 
stock solution of Fc^PF6  dissolved in lOmM HCl was determined spectrophotometrically 
at 617 nm, using an extinction coefficient of 410 M'  ̂cm '\ to enable the correct amount of 
the solution to be added. The assay itself was carried out at 300 nm with an extinction 
coefficient of 4300 cm '\ Enzyme activity was seen as a decrease in absorbance 
compared to a blank containing no CoA ester.

2.5.8 Acyl-CoA oxidase spectrophotometric assay

The control for the activity present in S. lividans CFE was 2.5 units of acyl-CoA oxidase 
from Candida spp., obtained from Sigma. The assays were monitored at 515 nm and the 
specific activity determined with a molar extinction coefficiant of 22,800 M'  ̂ cm '\ The 
cuvette contained lOOmM KH2 PO4 , (pH 7.1), 0.02% (w/v) sulphated dichlorophenol, 
45mM aminoantipyrene, 25pg of horseradish peroxidase (Sigma) and 50-500 pi of CFE. 
The reaction was initiated by the addition of 50pM of palmitoyl-CoA.

2.5.9 Acyl-CoA oxidase fluorometric assay

The Sigma Candida acyl-CoA oxidase (2.5 Units) was used to obtain a quantitative rate 
for comparison with activity in the CFE. The assay was carried out in a Luminescence 
Spectrometer LS-5B with an excitation of 315 and emission at 425, in a fluorimeter 
microcuvette with a working volume of 500 pi. The other components were O.IM Tris- 
HCl (pH 8.0), ImM homovanillic acid, 4.5 Units horseradish peroxidase, 20-200 pi CFE 
and O.lmM palmitoyl-CoA. The latter was used as a start reagent. The assay was based 
on the method of Guilbault et al. (1968).
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2.5.10 Enoyl-CoA hydratase assay

This reaction is adapted from that of Binstock and Schulz (1981). The activity is 
observed at 263 nm, in a quartz cuvette containing 0.2M KH2 PO4  (pH 7.5). The assay is 
carried out at a very low wavelength in order to follow the hydration of the A ’̂̂ -double 
bond present in crotonyl-CoA. The background rate was obtained by the addition of 10- 
50 |al of cell-free extract and the reaction initiated by the addition of 30|aM crotonoyl- 
CoA. A parallel assay of buffer and crotonyl-CoA alone was not found to react at 
detectable levels within the timescale used. A molar extinction coefficient of 6,700 M'  ̂
cm'  ̂was used to calculate activity.

2.5.11 L-3-hydroxyacyl-CoA dehydrogenase assay

This assay monitors L-3-hydroxyacyl-CoA dehydrogenase levels by following activity of 
the enzyme towards acetoacetyl-CoA, which occurs in the reverse direction to cellular 
p-oxidation activity. The decrease in NADH is followed spectrophotometrically at 340 
nm, with the initial rate of reaction used to determine specific activity. A 1 ml assay 
volume contained O.IM KH2 PO4  (pH 7.0) and O.lmM NADH. An appropriate amount of 
CFE ( 1 0 - 5 0 |li1) was added to obtain a background rate and 30 |iM acetoacetyl-CoA used 
to initiate the reaction. The assay was adapted from that of Binstock and Schulz (1981).

2.5.12 3-Ketoacyl-CoA thiolase assay

The reaction was based on the method given by Binstock and Schulz (1981), following a 
decrease in absorbance at 303 nm spectrophotometrically. This is caused by the 
disappearance of the Mg^^-enolate complex formed by the substrate and magnesium ions 
added to the assay. O.IM HEPES (pH 8.1), 25mM MgCl2 , 2mM mercaptoethanol, 5% 
(v/v) glycerol, O.lmM LigCoASH and 30|LiM acetoacetyl-CoA were made up to a total of 
1 ml with the addition of cell free extract (50-500 |il), which began the reaction. The 
relatively large, negative background rate was measured before the enzyme was added. 
Rates were calculated from a molar extinction coefficient of 16,900 M'  ̂cm '\

2.5.13 Assay of the production of acyl-CoA and acetyl-CoA

Production of acyl-CoA by acyl-CoA synthetase and acetyl-CoA by the p-oxidation 
pathway were measured in a single time-course assay. Both acyl-CoA and acetyl-CoA 
levels were determined using the reaction of free CoASH with DTNB. Total acyl-CoA 
production can be measured at each time-point by the reduction in CoASH that has 
occurred, using the initial concentration as a blank. Acetyl-CoA production was then 
found by reacting the ester with citrate synthase in the presence of oxaloacetate. The CoA 
is liberated during the condensation reaction catalysed by the citrate synthase. Five 190 pi 
aliquots were removed from the assay mix in a similar way to that of the acyl-CoA 
synthetase assay (Section 2.5.2). The assay was carried out with a free fatty acid
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substrate, in a total of 1 ml, containing 27.5mM KH2 PO4  (pH 8.0), 2mM NAD^, O.SmM 
CoASH, 3.95mM MgCl2 .6 H2 0 , 3.95mM NazATP, 100-300 pi CFE and O.SmM lauric 
acid as a start reagent.

The 190 pi aliquots were quenched by 60 pi of 15% (w/v) TCA and precipitated protein 
removed by microfugation for 5 mins. 200 pi of supemantant was extracted and added to 
0.8 ml of 0.8M Tris-HCl buffer (pH 8.0), containing 2mg of oxaloacetic acid and 250nmol 
DTNB. After a 5 min incubation, the absorbance was read at 412 nm (Aj) against a blank 
- the aliquot taken at t=0 (Aq) which contained the initial amount of free CoASH. The 
decrease in absorbance of Â  indicated the amount of CoASH consumed by acyl-CoA 
synthetase activity to produce acyl-CoA. 1 unit of citrate synthase was then added and 
the increase in absorbance at 412 nm taken after 5 min (A2 ). The action of citrate 
synthase released CoASH from acetyl-CoA, causing the increase in absorbance.

The amount of both acetyl-CoA and acyl-CoA produced was then determined:

[acyl-CoA] at time x = Aq - A^
[acetyl-CoA] at time x = A2  - A^

2.5.14 Production of acid-soluble compounds from [U-̂ '̂ C] palmitateiBSA

This method allows radioactivity from acid soluble compounds to be determined 
separately from the radiolabelled substrate and therefore measures the amount of labelled 
acetate, acetyl-CoA and citrate produced by the p-oxidation pathway. The incubation 
conditions were obtained from S. Eaton (personal communication) and carried out with 
the following conditions: 27.5mM KH2 PO4  (pH 8.0), 5mM ATP, 5mM MgCl2  and 60pM 
[U-^'^C]-palmitate:BSA (5pCi/pmol) (Section 2.10.2). To this was added 200 pi of CFE 
to make a total of 1  ml. 190 pi samples were transferred to microfuge tubes at intervals 
and quenched with 100 pi of 5M perchloric acid. 200 pi of cold (non-labelled) 
palmitate:BSA was then added and the microfuge tubes mixed and left on ice for lOmin. 
After this the samples were centrifuged for 5 min and 400 pi transferred to scintillation 
vials containing 5ml of Ecoscint A (National Diagnostics, Atlanta, USA). The samples 
were counted for 15 minutes in a 1600 TR Liquid Scintilant Analyzer to obtain dpm 
values. Dpm is a measure of radioactive disintegrations per minute and was calculated 
from the cpm (counts per minute) obtained by the detection device.

2.5.15 Acyl-CoA hydrolase assay

In order to determine the extent of acyl-CoA-specific esterase activity present in various 
cell free extracts, the method of Broadway (1990) was used. To a 1 ml cuvette containing 
30mM Tris-HCl (pH 7.8) and ImM DTNB, 50-100 pi of CFE was added and the activity 
monitored at 412 nm to obtain a background rate. After this, 40mM palmitoyl-CoA (or
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Other chain length CoA ester) was added. The molar extinction coefficent of DTNB,
13,600 M'  ̂cm '\ was used to monitor the absorbance change occurring at 412 nm.

2.5.16 Non-specific esterase assay

This assay was used to monitor non-specific esterase activity and was used in particular on 
the fractions obtained during the small-scale protein purification (Section 2.9.1), where an 
instant reaction between mercaptoethanol and DTNB prevented the use of the acyl-CoA 
hydrolase assay. The assay was carried out with a Tris-HCL buffer (30mM, pH 7.8) and a 
substrate of 4-nitrophenol acetate (1.6mM). To this 5-20 pi of CFE was added, to make a 
total of 1 ml. The reaction was monitored at 405 nm, with an increase in absorbance due 
to 4-nitrophenol production related to a molar extinction coefficient of 16,240 M'  ̂ cm '\ 
The procedure was taken from Mukheijee et al. (1993).

2.5.17 NADH depletion assay

This assay was used to determine the rate of loss of NADH from the cuvette in the 
presence of cell-free extract, so that the effect of this activity on other assays measuring 
the NAD+ NADH reaction could be gauged. A low apparent activity could be the 
result of an increased rate of NADH "oxidation" in the cuvette. The amount of NADH 
added to the cuvette in this assay was calculated to be approximately that present halfway 
through the Direct assay (Section 2.5.5), using a typical triolein-grown CFE reaction rate. 
The activity was monitored at 340 nm, with conditions similar to those of the main assays. 
The cuvette contained 27.5mM KH2 PO4 , pH 8.0 and 20 pi of cell free extract. The 
background rate was determined and the decrease in absorbance monitored after the 
addition of lOmM NADH.

2.5.18 Acetyl-CoA carboxylase assay - radiolabelled sodium bicarbonate

ATP + HCO3" + biotin-enzyme <-> carboxy-biotin-enzyme + ADP + Pi
4

carboxy-biotin-enzyme + acetyl-CoA malonyl-CoA + biotin-enzyme

This assay was based on the reaction shown above, as detailed by Kaziro (1969) with 
some modifications. The CFEs used in these assays were prepared in a slightly different 
way to those for the other assays. The cell pellets (2g) were thawed and suspended in a 
solution (3 ml) containing Tris-HCl buffer (20mM, pH 7.5), ImM EDTA and 0.5mM 
reduced glutathione (GSH). The cells were French-pressed twice and centrifuged at 
30,000g for 15 mins, in a Sorvall RC-5B centrifuge. The cell free extracts were then kept 
on ice. The Ĥ ^̂ COg fixation assay was carried out in bijoux bottles sealed with plastic 
bungs that could be pierced with a syringe needle. The basic stock reaction mixture 
contained Tris-HCl (IM, pH 8.0), 60mM MgCl%, 20mM GSH (pH 7.5) and 30mM ATP. 
600 pi of stock was placed in each bottle, with 100 pi of lOOmM acetyl-CoA and 100 pi
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of CFE. The mixture was then bubbled with N% that had passed through IM CaOH, the 
lids sealed and the bijoux incubated at 30°C for 5 min. The reaction was initiated with 
200 |Ltl of 50mM of Na2 C0 3 , containing 0.27 |iCi ^^C-Na2 C0 3 , which was injected in 
through the lid after also being heated to 30°C. The incubation was left to procédé for 30 
min, after which the seals were removed and the reactions quenched by the addition of 
200 |il TCA (60% w/v). A 250 p.1 aliquot was then removed from each bottle and 
microfuged for 5 min. 200 pi of supernatant was then transferred to scintillation vials, 
where the liquid was blown off by bubbling with compressed air. The dry residue was 
dissolved in lOOpl of distilled water followed by 5 ml Ecoscint A (National Diagnostics, 
Atlanta, USA). The samples were counted for 15 minutes in a 1600 TR Liquid Scintilant 
Analyzer (Packard, Pangboume, UK) to obtain dpm values. Dpm is a measure of 
radioactive disintegrations per minute and was calculated from the cpm (counts per 
minute) obtained by the detection device.

2.5.19 Acetyl-CoA carboxylase assay - spectrophotometric

The assay couples the activity of acetyl-CoA carboxylase to the reactions produced by 
PK/LDH to oxidise NADH, so it can be monitored at 340 nm (Figure 2.5.1). The assay 
was based on that devised to monitor propionyl-CoA carboxylase by Kaziro (1969).

Acetyl-CoA Phospho(enol)pyruvate 

CO2 . ADP
ATP

Acetyl-CoA Carboxylase
ATP

Malonyl-CoA

Lactate f
Dehydrogenase y

Pyruvate kinase

Pyruvate 

NADH

V
NAD+

Lactate

Figure. 2.5.1 Coupling o f the acetyl-Co A carboxylase reaction with pyruvate kinase (PK) 
and lactate dehydrogenase (LDH) activities.

This assay requires the following components: IM Tris-HCl (pH 8.0), 40mM MgCl2 , 
20mM reduced glutathione (pH 7.5), 20mM ATP, IM KHCO3 , IM KCl, 20mM 
Phospho(enol) pyruvate, 5mM NADH, lOmM acetyl-CoA and 5 pi pyruvate 
kinase/lactate dehydrogenase (PK/LDH) mix. The assay cuvette contained a total volume 
of 1 ml, including 200-400 pi of CFE. The PK/LDH was added, causing some activity (a 
decrease in absorbance), then the CFE, when a further rate decrease, probably caused by 
the presence of an ATPase, occurred. After the background rate was obtained, the acetyl- 
CoA was added to give the actual rate.
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2.6 Enzyme Assays - Whole Cells

2.6.1 Lipase assays

The methods used to determine lipase activity of S. lividans was closely based on a 
titration assay developed for Streptomyces clavuligerus by Cavanagh (1996). The assay 
follows the release of free fatty acids from tributyrin by the hydrolysis of the ester bonds, 
quantified by the volume of dilute sodium hydroxide needed to maintain a constant pH. 
Since the assay depends on the formation of an oil/water interface, the substrate was 
emulsified in the assay mix using gum arabic as the colloidal agent. The equipment used 
was a Titrilab pH stat with a VIT 90Video titrator, ABU 93 titraburette and SAM90 
sample station. A jacket connected to a water bath was used for the temperature- 
controlled experiments.

Whole cells were separated from 50 ml samples of growth medium by centrifugation at 
5000 rpm in a bench-top centrifuge (MSE centaur 2). The cells were washed with 50 ml 
distilled water then resuspended in 15 ml of distilled water held at 30°C. The lipase assay 
mixture contained émulsification reagent, which, once made up, was kept for up to 4 
weeks. It was composed of 17.9g NaCl, 0.41g KH2PO4, 400 ml distilled water, 540 ml 
glycerol and, under vigorous stirring, 6.0g of gum arabic. Assay mix was made up fresh 
each day with tributyrin, distilled water and émulsification reagent in the proportions 
5:16:81. 1 ml of the cell suspension was added to 20 ml of lipase assay mix and the pH 
adjusted to 7.8 using IM KOH. The assay was allowed to autotitrate with 0.0IM NaOH 
for 1 0  min.

The consumption of 1 ml of 0.0IM NaOH is equivalent to the liberation of lOjimol fatty 
acid: moles NaOH = M x volume/1000

= 0.01 X 1/1000
= 1 X 10-̂  mol =10 jLtmol NaOH

Therefore lipase activity by volume can be determined from the volume of NaOH 
consumed, where Unit mf^ is defined as jiimol min W-^:

Activity = volume of NaOH consumed (ql) x 10  ̂(Units ml'O 
time of assay

2.6.2 Incorporation of [U-'^^CJ-glucose into cellular lipid

These experiments were carried out in order to investigate the effect of media lipid on 
triacylglycerol synthesis. S lividans was grown in three 500 ml baffled shake flasks 
containing 100 ml of defined minimal medium with 0.5% (w/v) carbon source. Each 
flask was inoculated with 0.5 ml of spore preparation and incubated at 30°C for 26 h at
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275 rpm. The cells were harvested in a benchtop centrifuge (MSE centaur 2) at 4000 rpm 
for 5 min. The supernatant was discarded and 0.15g of wet cells obtained. These were 
transferred to universals containing 4 ml of defined minimal medium with the same carbon 
source as before. 0.5|aCi of [U-^'^CJ-glucose was added to each universal. The cell 
cultures were then shaken on a reciprocal incubator for 2 h at 30°C. The content of each 
universal was then tipped into 10 ml of Dole’s mixture, containing propan-2- 
ol/hexane/0.5M H2 SO4  in the proportions 100:25:2.5. 6  ml of hexane was added,
followed by 3 ml of distilled water. The mixtures were vortexed and the phases allowed to 
separate. The top hexane layer was then removed and washed in 10 ml of distilled water, 
after which the hexane was allowed to settle. Different volumes of hexane were then 
removed, mixed with scintillation liquid to make a total of 5 ml and used to obtain the 
dpm over 15 min. Controls were obtained with incubations of cells without [U- '̂^C]- 
glucose and with cells that had been boiled at 100°C for 5 min.

2.7 Analytical Procedures 

2.7.1 Determination of protein concentrations

The amount of protein present in cell-free extracts and enzyme purification fractions was 
determined by the method of Bradford (1976), using a kit from Bio-Rad (Munich, 
Germany) and a 1 mg. ml‘‘ solution of bovine serum albumin (BSA) as a standard. 0.8 ml 
of sample was mixed with 0 . 2  ml of dye reagent concentrate and left at room temperature 
for 10 min. The optical density of the solution was then obtained at 595 nm. The reading 
obtained was compared with a standard curve determined using the BSA standard 
solution.

2.7.2 Gas chromatography of fatty acids

Gas chromatographic (GC) analysis of fatty acid methyl esters (FAME) was carried out 
on a 10% (w/w) diethylene glycol succinate (DEGS) polar column, run on a PYE Unicam 
PU4500 Chromatograph, with a 35 ml min'^ N2  flow rate at 200°C and also on a SGE 
BPl non-polar column in a Carlo Erba Strumentazione MFC 500, at 170-180°C, with the 
H2  carrier gas at 0.2 ml m in '\ The peaks were identified by comparison of their relative 
retention times with standard mixtures. Quantitative data on the proportion of each fatty 
acid in the initial sample could be obtained by comparisons of integrated peak sizes. The 
polar column provided complete resolution of the branched-chain fatty acids.

2.7.3 Thin layer chromatography of lipids

Thin layer chromatography (TLC) was carried out on lipid samples obtained from 
chloroform/methanol extraction. The lipid samples were dissolved in an equal quantity 
(w/v) of chloroform and were applied to silica gel plates using glass capillary tubes. The
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lipid fractions were then separated by a solvent mixture of petroleum spirit (bp 60-80°C)/ 
diethyl ether/formic acid (85:15:1 by volume). After the solvent front had run to the top 
of the plate, the lipids were visualised.

2.7.4 Identification of separated lipids

All lipids could be developed by the immersion of the plate in a saturated atmosphere of 
gaseous iodine. Glycolipids were identified by spraying the dried plate with 0.5% a- 
naphthol (in a solution of methanol/water 1 : 1  [v/v]), followed by light spraying with a 
95% (v/v) solution of 18.3M sulphuric acid. The plate was then left at 121 °C for 5 min, 
whereupon glycolipids turned purple. The standard used was lipopolysaccharide (Serratia 
marcescens) obtained from Sigma.

2.7.5 Concentration of protein in solution

This method was used to concentrate the assay fractions obtained during the small-scale 
protein purification (Section 2.9.1). 500 pi protein solution was added to 25 pi of 10% 
(w/v) trichloroacetic acid. The sample was mixed and left for 10 min at 4°C. It was then 
spun down in a Microfuge II at the same temperature for 5 min and the supernatant 
removed. 500 pi of ice-cold acetone was added and the mixture vortexed, left to stand at 
4°C for 10 min then re-centrifuged. The supernatant was removed and the pellet left to 
dry at 60°C. It was then resuspended in 20 pi of loading buffer in order to be run on a 
sodium dodecyl sulphate (SDS) gel.

2.7.6 Sodium dodecyl sulphate gel electrophoresis

The method used was that described by Sambrook et a i (1989). A 10% running gel, 
containing 5.9 ml H2 O, 5 ml 30% acrylamide mix, 3.8 ml Tris-HCl (1.5M, pH 8 .8 ), 
0.15 ml 10% sodium dodecyl sulphate (SDS), 0.15 ml 10% ammonium persulphate and 6  

pi N,N,N’,N’-tetramethy 1-ethylene diamine (TEMED) (which causes the gel to set) was 
used to create a 5cm^ gel. A 10% stacking gel was then prepared, which contained 3.4 ml 
H2 O, 0.38 ml 30% acrylamide mix, 0.63 ml Tris-HCl (1.5M, pH 8 .8 ), 0.05 ml 10% 
ammonium persulphate and 5 pi TEMED. The stacking gel was layered onto the set 
running gel and wells created for the protein samples. This concentration of acrylamide 
allowed the resolution of proteins between 16 and 75 kDa. The electrophoresis buffer 
contained Tris-HCl (25mM, pH 8.3), 250mM glycine and 0.1% SDS.

Samples of protein solution were prepared by dilution 1:1 with Tris-HCl (50mM, pH 6 .8 ), 
2% SDS, 0.1% bromophenol blue, 10% glycerol and lOOmM dithiothreitol. The mixture 
was heated to 100°C for 3 min, after which the samples were applied to the gel, each with 
an appropriate volume to supply 80pg of protein to each well. The gel was run by the 
application of 180 volts for 150 min, after which it was transferred to a bath of Coomassie 
blue stain (0.25g Coomassie blue, in 90 ml H2 0 /methanol [1:1 v/v] and 10 ml glacial
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acetic acid) and left under gentle agitation for 1 h. It was then transferred to a bath of 
destain, which contained 10% (v/v) glacial acetic acid/50% (v/v) methanol. The 
molecular weights of protein bands were determined with reference to Promega (Madison, 
USA) mid-range molecular weight markers, with bands at 97.4, 66.2, 55.0, 42.7, 40.0, 
31.0,21.5 and 14.1 kDa.

2.7.7 Determination of glucose concentration

The concentration of D-glucose remaining in liquid media during the course of a bacterial 
fermentation was determined from an assay which uses the action of hexokinase and 
glucose-6 -phosphate dehydrogenase to link glucose concentration to the production of 
NADPH. This was done with a diagnostic kit (139 106) produced by Boehinger 
Mannheim (Lewes, UK). The samples were assayed at a concentration of 1% of the assay 
total and the concentration of each determined by comparison with a supplied standard. 
The samples were diluted so they contained between 0.04 and 0.5g glucose/L before 
assaying. The absorbance change was monitored at 340 nm.

2.7.8 Thin layer chromatography of actinorhodin

Both intracellular and extracellular pigments produced by S. lividans were analysed by 
thin layer chromatography (TLC). The supernatants (Section 2.3.3) were heated in a 
boiling water bath until most of the liquid had evaporated, leaving a purple solid. This 
was spotted onto a silica plate and placed in a tank containing benzene/acetic acid (9:1 
v/v). After the solvent front had reached the top of the plate it was removed and allowed 
to dry. The Rf values could then be determined. The spots separated by TLC were also 
held above fuming ammonia to observe any colour change.

2.7.9 Wavelength scan of actinorhodin

The samples obtained accoring to the methods in Section 2.3.3 were adjusted to 3 pH 
values, 7.0, 10.0 and 14.0, using IM KOH. These were scanned spectrophotometrically 
between 400 and 700 nm.

2.8 Extraction and Fractionation of Lipids

2.8.1 Preparation of cells

Cells were grown as described previously, on minimal liquid media containing appropriate 
carbon sources. Residual oü was removed by washing the cells in 5 ml/g wet cell weight 
of ethanol/Tween 80 solution (95:2 v/v), rinsing in a similar volume of distilled water, 
followed by washing in 10 ml/g of wet cell weight of 95% ethanol and finally a repeat of 
the water rinse. After this procedure, no oü was seen on the surface of the water after a
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further rinse and microscope slides of the cells showed no oil around the cells. A control 
for this process was carried out by washing cells grown in glucose in a similar way and 
vacuum-drying the washings to detect any lipids removed from the surface of the cells. 
The residue obtained was not soluble in diethyl ether, indicating that the washing 
procedure did not remove lipids from the cell envelope. 30g wet weight of washed cells 
was suspended in 40 ml distilled water. The cell suspension was then evenly distributed 
around the inside of a round bottomed flask, by rotating the flask in a bath of liquid 
nitrogen. The cells were then freeze-dried overnight.

2.8.2 Extraction of lipids

The freeze-dried cells (Section 2.8.1) were broken up with a glass rod and transferred to a 
conical flask containing 300 ml of chloroform/methanol (2:1 v/v). The flask was agitated 
at intervals for 24 h, after which 40 ml of distilled water was added. The layers were 
allowed to separate, after which the solvent layer was removed and again mixed with 40 
ml of distilled water. The solvent layer was again removed and rotary evaporated to 
dryness. The Hpid residue was washed with 10 ml distilled water, then 10 ml ethanol 
which were also evaporated and finally dissolved in diethyl ether to allow transfer to a pre
weighed vial. The diethyl ether was evaporated m a fume cupboard and the lipid dried 
under vacuum for 24 h.

2.8.3 Fractionation of lipids

100 ml of metasüicic acid was activated by heating to 110°C overnight, after which it was 
suspended in chloroform and used to pour a 30 x 2 cm column. 500 mg of extracted lipid 
was applied to the top of the column dissolved in 2 ml of chloroform. It was followed by 
the addition of 100 ml of 1,1,1 -trichloroethane, 100 ml of acetone and 50 ml of methanol. 
Each fraction was collected separately and rotary evaporated to dryness, with washings of 
10 ml distilled water and 10 ml ethanol. Again the fractions were transferred to pre
weighed vials by diethyl ether, which was evaporated at room temperature and the lipid 
residue dried under vacuum for 24 h.

2.8.4 Méthylation of fatty acids

Free fatty acids were methylated by the addition of trimethylsulphonium hydroxide 
(TMSH) (Butte, 1983). This reagent also breaks the ester bond between glycerol and 
fatty acids in triacylglycerols, so can also be used to analyse TAG fatty acid content. The 
fatty acid methyl esters (FAME) were then subjected to gas chomatographic (GC) analysis 
(Section 2.7.2).
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2.9 Small-Scale Protein Purification

2.9.1 Enzymes of the p-oxidation pathway

The method employed for a small-scale, partial purification of the p-oxidation enzymes of 
S. lividans was based on that of Binstock and Schulz (1981). A pellet of cells harvested 
from a 20 L triolein carbon source fermentation at 25 h, with a mass of lOg wet weight, 
was thawed and suspended in 7 ml of “sonication buffef’, comprising KH2 PO4  (lOmM, 
pH 7.0), 25% (v/v) glycerol, 10 mM mercaptoethanol and 1 mM phenylmethylsulphonyl 
fluoride (PMSF) dissolved as a 100 mM solution in isopropanol. The cells were put 
though the French pressure apparatus twice, centrifuged (Sorvall RC-5B centiifuge) at 
20,OOOg for 20 min and ultracentrifuged (L8 -M ultracentrifuge) at 100,000g for 65 min. 
The 8  ml of supernatant was removed and placed in dialysis tubing that had been treated 
with EDTA (Section 2.5.1). The dialysis buffer used contained KH2 PO4  (50mM, pH 6 .6 ), 
lOmM mercaptoethanol and 25% (v/v) glycerol. The supernatant was dialysed in 200 ml 
volume, with two replacements, over 1.5h at 4°C. The, 6  ml of cell extract obtained after 
this step was applied to a phosphocellulose column.

The small column was obtained from Pierce and Warriner (Illinois, USA) and was packed 
with P ll  phosphocellulose material (Whatman, Maidstone, UK). Ig of phosphocellulose 
had been pre-treated by mixing with 50 ml of 0.5M NaOH for 5 mins, which was removed 
by filtration though double Whatman No. 1 paper, followed by extensive washing with 
distilled water until the pH of the filtered water was 8.0. 50 ml of 0.5M HCl was then 
mixed with the phosphocellulose for 5 min and the material again washed with distilled 
water until the pH of filtrate was 6.0. Water was then replaced with KH2 PO4  buffer 
(50mM, pH 6 .6 ) and the phosphocellulose poured into the column and allowed to settle. 
The final column had a total volume of 3 ml packing material.

The cell free extract was applied to the column and washed with 5 column volumes of 
buffer (50mM KH2 PO4 , pH 6 .6 , 25% (v/v) glycerol and lOmM mercaptoethanol). During 
this step the absorbance of the eluant at 280 nm (indicating the presence of unbound 
protein) was reduced from 4.50 to 0.03. The column was then developed by the addition 
of successive column volumes of lOOmM, 150mM, 200mM, 350mM and 500mM of 
KH2 PO4  buffer of the same composition as before. These were all collected separately 
and stored at -20°C. At all stages in the process various (3-oxidation assays were carried 
out to monitor the purification procedure.

2.10 Synthesis of Assay Components

2.10.1 Acetyl-CoA

For a 12mM solution of acetyl-CoA the following components were vortexed in a 
microfuge tube and left for 10-15 min on ice: 5 mg CoASH, 0.125 ml KH CO 3 (0.4M),
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0.375 ml of distilled water and 7 |li1 of acetic anhydride. The reaction was tested for the 
presence of free-thiol groups to determine completion: a small amount of the solution was 
added to lOmM DTNB (in O.IM Tris-HCl, pH 8.0), a yellow colour indicating the 
presence of unreacted CoASH. The solution was stored at -20°C.

2.10.2 Palmitate:BSA (hexadecanoate:BSA)

A 1.2mM solution of palmitate:BSA (palmitate covalently bonded to bovine serum 
albumin) was synthesized with the ratio of components of 5:1. 5 ml of a 2.4mM solution 
of sodium palmitate was heated to 60-70°C for 5 min, followed by 5 min at 37°C. To it 
was added 0.48mM bovine serum albumin (0.155g in 5 ml of distilled H2 O) that had also 
been incubated at 37°C. The two solutions were then mixed and kept at 37°C for a 
further 10 min, after which the solution was frozen and stored at -20°C. The procedure 
was also carried out with [U- '̂^C] palmitate.

2.10.3 Ferricinium hexafluorophosphate

This reagent was used as the substrate in acyl-CoA dehydrogenase assays. The synthetic 
method was taken from that of Lehman et a l (1990). 0.5g of ferrocene was dissolved in 
10ml of 18M H2 SO4  and left for 1 h at room temperature. The blue solution was then 
diluted into 150 ml of distilled water and filtered though 2 layers of Whatman No. 1 filter 
paper. The filtrate was mixed with 5 ml of NaPF^ and incubated on ice for 30 min. The 
resulting crystals were removed by filtration, washed with ice-cold water and allowed to 
dry. They were then re-dissolved in boiling distilled water, allowed to crystallise and dried 
under vacuum.
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2.11 MATERIALS

Enzymes:
Citrate synthase (pigeon breast muscle) and Acyl-CoA oxidase were obtained from Sigma 
Chemical Company Ltd., Poole, Dorset, UK. Acyl-CoA synthetase was from Boehringer- 
Mannheim, Lewes, UK.

Lipids:
Fatty acyl-CoA esters were obtained from Sigma Chemical Company Ltd, as were the 
majority of the fatty acids. Methyl oleate, Undecanoic acid and propionic acid were 
obtained from Aldrich Chemical Company Ltd., Gillingham, Dorset, UK and Oleic acid 
was obtained from BDH, Poole, UK.

Medium Components:
Trace elements were obtained individually from BDH. "Arkasoy" soya flour and rape 
seed oil were obtained from SmithKline Beecham. Orthophosphoric acid and sodium 
hydroxide were purchased from BDH. Potato starch and TES buffer was obtained from 
Sigma. Casamino acids used in the growth media were purchased from Difco, Surrey, 
UK. Bactoagar (bacteriological agar) and yeast extract were purchased from Unipath 
Ltd., Basingstoke, UK.

Assay Components:
Oxaloacetate, 5,5, DTNB and co-factors in the p-oxidation assays were obtained from 
Sigma. Acetic anhydride was also purchased from Sigma.

Analytical testing kits:
The glucose/fructose concentration kit was obtained from Boehringer-Mannheim UK., 
Lewes, East Sussex (glucose/fructose) and Bio-Rad, Hemel Hempstead, UK (protein). 
Lipid standards and vanillin, used in the total lipid assay, were obtained from Sigma.

Radiolabelled substrates:
'̂^C-Sodium bicarbonate,

Amersham, Little Chalfont, Bucks., UK.
'̂^C-Sodium bicarbonate, [U-^^q  palmitate and [U-̂ ^̂ C] glucose were obtained from

Separation materials:
P ll  fibrous cation exchange resin and filter papers were obtained from Whatman, 
Maidstone, UK. The 3 ml chromatography columns were supplied by Pierce and Wamier, 
Illinois, USA. Silicic acid was purchased from BDH. AP25 Prefilters were obtained from 
Millipore, Watford, UK.

Shake flask springs:
1.3cm diameter stainless steel springs were obtained from the Alliance Spring Company, 
44-46 Queensland Road, London N7
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20 L LH fermenter 
DU 7500 Spectrometer 
Sorvall RC-5B Centrifuge 
Microfuge II
MSE Centaur 2 centrifuge 
French Press

Rotary Evaporator

Luminescence Spectrometer LS-5B 
Liquid Scintillation Analyser 1600 TR 
L8 -M Ultracentrifuge 
Orbital Incubator

Magiscan 2A system 
Titrilab pH stat 
VIT 90Video titrator 
ABU 93 titraburette 
SAM90 sample station

Inceltech, Reading, UK.
Beckman, High Wycombe, UK 
Du Pont Instruments, Newtown, CT, USA 
Beckman, High Wycombe, UK 
Fisons, Loughborough, UK 
American Instrument Company, Silver 
Spring, USA
Buchi Laboratoriums-Technik AG., Flawil, 
Switzerland
Perkin-Elmer, Branchberg, USA
Packard, Pangboume, UK
Beckman, High Wycombe, UK
New Brunswick Scientific Company Ltd.,
Hatfield, UK
Loebl, Gateshead, UK
Radiometer, Copenhagen, Denmark
V.A. Howe & Co. Ltd., London
V.A. Howe & Co. Ltd., London
V.A. Howe & Co. Ltd., London.
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RESULTS AND DISCUSSION

3. EFFECTS OF LIPIDS ON THE GROWTH AND METABOLISM OF 
STREPTOMYCES UVIDANS.

These experiments aim to determine the effects of lipids on the growth of S. lividans in 
defmed culture media. Much research has been completed by companies and academic 
researchers into the effects of oil addition to complex media, but little work has been 
carried out with the growth of streptomycetes in simple media with an oil supplement 
Such work is important to determine the contribution of the lipids to the growth of the 
organism, which would be difficult in a complex medium. The effect of different types of 
lipid on growth parameters of S. lividans on both solid and liquid media were 
investigated. The production of pigmented compounds by the organism provides a model 
for antibiotic production in related species, so the effects of Hpid addition on this process 
were examined. The third area of study was the incorporation of lipids into the cells. The 
primary research area of the project was the use of lipids for energy and acetyl-CoA 
production via the (^-oxidation pathway. However, in this section investigations into 
other uses of the exogenous lipids by the cells are detailed. Media lipids were found to 
affect cellular lipid composition and the level of de novo hpid synthesis occurring in S. 
lividans.

3.1. Lipids in the Growth Medium

3.1.1. Growth on solid media

A basic R2YE media (Section 2.2.1), supplemented with 1% (w/v) soluble starch, was 
used to obtain a model of normal growth of S. lividans. The colonies were found to take 
2  days before becoming large enough to be visible and turned white and grey at the onset 
of sporulation, which occurred 6 - 8  days after inoculation. S. lividans was then grown on 
the same medium supplemented with 1% (w/v) of various different lipids. Lipid substrates 
were inclined to rise to the surface of the agar medium before it set, rather than dispersing 
properly; however, this did not appear to adversely affect growth. Colonies formed were 
no different in appearance or morphology to the cells grown with the starch medium and 
all were able to sporulate. The range of lipids used were free fatty acids (FFA), 
triacylglycerols (TAG) and fatty acid methyl esters (FAME) and were composed of fatty 
acids of various chain lengths. The FFA were also supplied as a co-carbon source with 
glycerol, where each substrate had a concentration of 1% (w/v) in the medium. The 
growth of & lividans on these substrates is shown in Table 3.1.1.
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Fatty Acid Fatty acid Fatty acid and Fatty acid Triacyl-
Chain Length glycerol methyl ester glycerol

^ 3 : 0 + + nd nd

^ 4 : 0 - - nd +

^ 6 : 0 - + + nd

^ 8 : 0 - + nd nd

( -1 0 :0 - - nd nd

( - 1 1 :0 - - + +

(-1 2 :0 - - nd nd

^ 1 3 : 0 - - nd nd

^ 1 4 : 0 + + nd nd

^ 1 5 : 0 + + nd nd

C l6 : 0 + + + +

( -1 7 :0 + + nd +

(-1 8 :1 + + + +

( - 2 2 :0 + + nd nd

Table 3.1.1 Growth o f S. lividans on solid media with lipid (1% w/v), or free fatty acid 
and glycerol (2% wA, 1:1), as the carbon source: + indicates that growth occurred, - no 
growth after 14 days, nd indicates that the experiment was not done.

Triacylglycerols and methyl esters are better carbon sources for the growth of S. lividans 
than free fatty acids, since at all fatty acid carbon chain lengths they supported viable 
colony formation. There also seems to be no difference between odd- and even-chain 
fatty acids and their derivatives as growth substrates. Since glycerol is able to support 
growth when provided as the sole carbon source, it was added to the free fatty acid media 
to determine if the FFA that could not support growth were toxic, or simply not suitable 
as carbon sources for S. lividans. In the case of Q-g and Cg.g FFA, the glycerol produced 
viable cultures, but for Ĉ .g and Ĉ g.ĝ ^̂ .g FFA no growth was evident even when glycerol 
was included. The toxicity of the FFA of these chain lengths was not reflected in the 
other types of lipid. The FAME and TAG of undecanoic acid (Cn.g) and the TAG of 
butyric acid (Ĉ ĝ) all produced normal development of the cell colonies.

The low pH of the free fatty acids may have been responsible for the lack of cell growth, 
so the lipid-supplemented agar was prepared with the pH in the range 7.0-7.5 before 
inoculation. At the end of 14 days, no colonies had grown, even though the pH of the 
medium had remained at near-neutral. The toxic effect of the free fatty acids is probably 
not based on acidity.

The toxic effect of medium-chain fatty acids and their salts to both prokaryotic and 
eukaryotic cells has been noted previously (Stratford and Anslow, 1996). Medium-chain
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fatty acids are fungitoxic compounds and can only be metabolised by the few genera of 
fungi that are capable of producing methyl ketones (Hatton and Kinderlerer, 1991). Fay 
and Farias (1981) discovered that E. coli mutants deficient in lipopolysaccaride in the cell 
membrane are more susceptible to damage by short- and medium-chain (C4 .J1 ) fatty acids, 
but the effect is reversed if the mutants are also constitutive for ^-oxidation activity. 
Lactobacillus leichmanii is inhibited by the presence of ImM FFA of chain length Cg.Q_̂ 2 :o 
in a 1% glucose medium (Nunez de Kairuz et a l, 1983). Shimada et a l (1992) 
investigated lipase activity in the fungus Geotricum candidum and found that Cg.g, C]o.Q, 
Cl2 : 0  f&tty acids, Cg.Q TAG and methyl octanoate all produce very poor growth compared 
with other chain-length FFA when provided as a 1% addition to com steep liquor. The 
mechanism of toxicity of decanoic acid (Cio:o) to Saccharomyces cerevisiae was 
investigated by Stratford and Anslow (1996). Starting with the premise that medium- 
chain fatty acids acted either as weak acid inhibitors or as respiratory uncouplers, 
disengaging oxidative phosphorylation from respiration, their research showed that the 
mechanism is different to both these effects. The decanoic acid causes leakage of amino 
acids and protons through the membrane and very rapid cell lysis occurs when a critical 
concentration is exceeded. Growth is inhibited with sub-lethal amounts of decanoate and 
the effects are magnified when the yeast is grown in media with a low pH. Lamas et a l
(1995) found that in mammalian neuroglioma cells, octanoic acid reduces the inward flow 
of the Na+ membrane channel, causing a proton and ion imbalance. The short-chain fatty 
acid butyrate is stimulatory to the growth of Nocardia amarae and Rhodococcus spp., 
when supplied as an additive to complex media and is used preferentially over long chain 
fatty acids (Iwahora et a l, 1995). However, Thompson and Hinton (1996) found that 
butyric and propionic acid are toxic to Salmonella enteriditis and Escherichia coli, 
affecting the physiology of the cell. DNA synthesis is also inhibited.

Given the effect on other species, it is unsurprising that the growth of S. lividans is 
inhibited by certain short- and medium-chain fatty acids. However, the ability of the strain 
to grow on the methyl esters and triacylglycerols of the same fatty acids is more 
unexpected. This indicates that the cell is capable of processing the TAG without the 
release of large quantities of free fatty acids, which would otherwise prove toxic. The 
cells must also be able to import medium-chain free fatty acids after they have been 
hydrolysed from the glycerol backbone by extracellular lipase activity.

3.1.2 Liquid cultures

3.1.2.1 Choice of growth vessel.

A number of different vessels were used for the growth of S. lividans in liquid media in 
order to determine the conditions needed to produce a maximal growth rate and biomass 
production. Previous work showed that the strain grew in pellets rather than a loose 
hyphal network (Whitaker, 1992) and this tendency could have been lessened by using a 
more complex medium (Doull and Vining, 1989) or the inclusion of a dispersant material
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such as polyethylene glycol (PEG) or Junlon, a synthetic anionic polymer (Hobbs et a i, 
1989). However, the desire to keep media as simple as possible, coupled with the finding 
that PEG is soluble in chloroform and would therefore interfere with hpid extraction 
processes, led to their exclusion.

The broth used consisted of defined media containing glucose as the carbon source and 
the vessels used were i) 5L flasks containing 500ml media, reciprocally shaken, ii) 2L 
flasks containing 450ml media, also reciprocally shaken, hi) 2L flasks containing coiled 
springs (Section 2.3.1) and orbitally incubated and finally, iv) IL bottles agitated by a 
vortex produced by a magnetic stirrer. Growth in the three types of shake flask differed 
very little (Figure 3.1.1), but the springs in the 2L flasks produced the most dispersed 
growth, so this method was chosen for all subsequent experiments. The IL stirred bottles 
produced exceptionally dispersed growth, but the growth rate and final biomass were 
inferior to those of the flasks.

3.5 —I

5L

3 .0 - 2L-spring baffled /

2 .5 -

2L

O) 2 .0  -

-▼

Vortex mixed

/■

0.5 -

0.0
0 10 20 30 40 50 60 70

Time (h)

Figure 3.1.1 Effect on growth o f various types o f vessel. Duplicate samples were taken 
and the mean dry cell weight given for each time point.
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Due to the filamentous nature of the organism it was impossible to estimate the level of 
growth using the optical density of the broth. Dry cell weights (DCW) were therefore 
used instead, using the method described in Section 2.3.2. The biomass sampling of the 
broth was carefully carried out. The medium had to be very well mixed before a sample 
was extracted, since the nature of the 5. lividans pellets caused them to fall to the bottom 
of the growth vessels as soon as agitation has ceased. The use of dry ceU weights and 
total protein levels in extracted samples (Section 2.7.1) were both used as methods of 
obtaining a measure of growth, as shown for cells grown on defined medium containing 
5g glucose/L ("glucose-grown cells") in Figure 3.1.2.
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Figure 3.1.2 Dry cell weight against total broth protein: glucose-grown cells. Duplicate 
dry cell weight samples were taken, each protein assay was reproduced in triplicate.

When the results of the two methods were compared, the protein content was consistently 
between 42-48% of biomass. However, the accuracy of both techniques depends on the
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success of the initial sampling to give a representative measure of cells in the sample. 
Direct determination of dry cell weights was favoured during the majority of the study, 
except when this proved impractical.

3.1.2.2 Growth of S. lividans on complex media

The cells were grown on complex media, defined media and defined media with oil. The 
complex media (Figure 3.1.3) provided better growth than defmed media (Figure 3.1.4). 
YEME medium (Section 2.2.3.2) provided very good growth rates, higher than the MEPS 
medium (Section 2.2.3.1) which had a glycerol carbon source rather than starch. A rape 
seed oil supplemented medium (Seed medium - 2.2.3.3) was less effective than YEME, 
but the consequence of adding triacylglycerols to YEME was not investigated since the 
effect of oil addition to complex media was beyond the scope of this project.
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Figure 3.1.3 Graph to show the growth rate o f S. lividans on various complex media. 
Duplicate samples were taken and the mean dry cell weight given for each time point.
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3.1.2.3 Growth of 6 ". lividans on simple carbon sources in defined media

Cell cultures with a defined media (Section 2.2.2) and either 5g carbohydrate/L or 5g 
amino acids/L were investigated to obtain a pattern of S. lividans growth on conventional 
carbon sources.
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Figure 3.1.4 Graph to show the growth rate o f  S. lividans on defined media with 
carbohydrate and amino acid carbon sources. The mean o f duplicate samples is given.

The cultures had a longer rapid growth phase and a lower final biomass than with the cells 
provided with YEME or MEPS complex media. Within the group, glucose produced a 
better growth rate than either dextrin or alanine, although the amount of carbon atoms in 
the three substrates is similar. 5g dextrin contains 2.22g carbon, whereas glucose has 
2.00g and alanine 2.02g. Metabolites of the tricarboxylic acid cycle, acetate or succinate, 
allowed only very slow growth and a low final biomass (<lg/L dry cell weight after 96 h 
growth). These substrates do have lesser amounts of carbon, 0.89g per 5g, but the 
maximal biomass on succinate or acetate is less than would be expected if the difference 
was due solely to carbon content.
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3.1.2.4 Defined media with lipid supplements
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Figure 3.1.5 Graph to show the growth rate o f  S. lividans on defined media with a 
number o f different carbon sources, supplemented with triolein (Cjg.j TAG). Duplicate 
dry cell weight samples were taken.

When triolein was added to media as 50% (w/w) of a total 5g/L carbon source with either 
glucose, dextrin or alanine, the effect on growth was very noticeable. Overall biomass 
was increased and the specific growth rates (p,) were larger in all three cases. The specific 
growth rate of cells with the glucose medium was 0.096 h '\  whereas that of the cells 
grown on the glucose plus triolein medium was 0.124 h '\  The three types of simple 
carbon source were of the same effectiveness in promoting growth as when sole 
substrates. The presence of oils proportionally increases the amount of carbon available 
to the cells, since 5g triolein contains 3.86g carbon against the 2g carbon available per 5g 
glucose. However, the substrates cannot be compared in this way since the energy 
required for the degradative pathways of the two carbon sources differs. Glucose supplies 
proportionally more carbon and less energy than an equal amount of triacylglycerol.
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An increase in growth rates in the presence of vegetable oils does not always occur in 
documented fermentations of other organisms (Ishida and Isono, 1952; Pan et a l, 1959; 
Yasuda et a l, 1952; Tan and Ho, 1991), but the number of reports that have been 
produced, both with defined and complex media, where oils have improved cell growth 
are myriad. The advantages of oil addition is an established fact in the antibiotics industry 
(Stowell, 1987) and is reviewed in Section 1.2.3.

3.1.2.5 Media with lipids as the sole carbon source

Lipids were also tested for effectiveness when supplied as the sole carbon source. Each of 
the oils was supplied as 0.5% (w/v) to the medium, rather than the amount added being 
balanced by carbon content or molarity. The results are shown in Figure 3.1.6.

The fatty acid methyl ester methyl oleate proved to give the highest final biomass, 
followed by palmitic acid. The latter is solid at room temperature and was suspended in 
the medium as flakes up to 5 mm .̂ This did not appear to affect growth in any way, since 
the cells had better growth than with the other TAG, triolein (C^g. )̂. The palmitic acid 
proved impossible to separate from the cells for dry cell weights determination, so in this 
case the figures given were obtained by total protein determination and adjusted to a 
probable dry cell weight using the graph in Figure 3.1.3. Rape seed oil was not 
particularly effective. The substrates had carbon contents between 3.75g (palmitic acid) 
and 3.86g (triolein) per 5g, differences that are probably not large enough to influence the 
final biomass of the cells and do not match the relative effectiveness of each lipid as a 
carbon source.
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Figure 3.1.6 Graph to show the growth rate o f S. lividans on defined media containing 
lipids as the sole carbon source. Cells grown on palmitic acid medium were monitored 
using total protein content o f the broth - these results were converted to dry cell weights 
using Figure 3.1.3. Otherwise dry cell weights are reported as means o f duplicate 
samples.

The results were used to select a lipid to be used routinely in subsequent experiments. 
The ideal susbstrate would have been a fatty acid, since this would remove the possibility 
of growth being affected by the glycerol in TAG. However, palmitic acid, despite 
producing good growth rates and yields, was solid and the cells could not be separated 
from it after centrifugation, which made its use impractical. Oleic acid (Cjg.i) could not 
support the growth of S. lividans in liquid medium, unless another carbon source (such as 
glucose) or the surfactant Triton X-100 was added to the medium. A 0.5% (w/v) oleic 
acid: 0.1% (w/v) Triton X-100 medium produced a maximum biomass of 2.1 g DCW/L, 
but since this introduced another component into the medium oleic acid was not used. 
Therefore, triolein or methyl oleate were utilized routinely as the substrates in the defmed 
hpid-containing medium. Methyl oleate has been used as co-substrate in a number of
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Other studies (Vu-Trong and Gray, 1982; Kojima et a l, 1995; and Huber and Tietz, 
1983), while triolein was useful to quantify the effect of a TAG on the cultures, since most 
commercially-used vegetable oils consist of mixtures of TAG.

As well as the substrates shown in Figure 3.1.6, a number of other lipids were tested for 
their ability to support growth in liquid media. The range of substrates on which growth 
was seen was greatly reduced from that of the solid media tests. Tricaprylin (Cg.p), 
triundecanin (Cu.o) and methyl hexanoate (C -̂o), were added to media as sole carbon 
sources and all produced poor growth. The maximum DCW with these medium-chain 
derivatives was between 0.4-1.0 g/L, the cultures requiring 4-7 days growth for this to be 
achieved. All fatty acids of a chain-length below in length were ineffective as carbon 
sources and no growth occurred. In some cases, S. lividans cells were grown to mid
rapid growth phase with a 5g alanine/L medium, then transferred to a broth with a fatty 
acid carbon source. After transfer, the biomass of cells did not increase, indicating that 
the cells had ceased to grow but had not lysed. This is a similar situation as that reported 
for S. cerevisiae (Stratford and Anslow, 1996) where cells transferred to a decanoic acid 
medium stop budding, but do not lyse.

Poorer growth on lipid sources than on a glucose medium was noted in the case of 
Caulobacter crescentus, where the growth rate on oleic acid was less than half that seen 
with a glucose carbon source (O'Connell et a l, 1986). The only extensive study carried 
out with a large number of purified, homogenous lipids, including those of medium chain- 
length, was that by Brock (1956). A range of fatty acids, ethyl and methyl esters and 
TAG were added to a soya flour medium in fermentations of Streptomyces filipinensis. 
Myristic (Ĉ .̂Q) and lauric acids (€ 1 2 =0 ) are toxic to S. filipiensis, as are Ĉ .Q, Ĉ .q, Cg.g and 
Cio;o fatty acids, calcium propionate and acetate. This pattern is broadly similar to that 
seen with S. lividans, although the latter has a greater tolerance towards the shorter-chain 
fatty acids on solid medium. Brock also found that octadecanin and hexadecanin are 
capable of supporting growth, when the component free fatty acids are not.

The reasons for the apparent satisfactory growth with solid media and the failure of the 
same substrates to allow growth in liquid culture are not immediately apparent. It is 
possible that the failure to thrive on medium-chain fatty acid triacylglycerols was due to 
the hydrolysis of FFA from the TAG into the media at a high enough concentration to 
inhibit growth. Since S. lividans is adapted for growth on solid media, it is feasible that 
lipase production and FFA uptake systems are adapted for terrestrial growth and do not 
function as effectively in liquid media. Most commercially employed vegetable oils are 
blends of TAG, but the growth depressing effects of the medium-chain fatty acids could 
have implications for fermentations containing TAG with a high medium-chain fatty acid 
composition. Chartrain et a l (1991) monitored the use of TAG in an efrotomycin 
production broth and found the levels of diacylglycerols and free fatty acids did not reach 
high levels, indicating that in Nocardia lactamadurans lipase activity is the rate limiting 
step. This may not always be the case, especially if the lipase is freely released into the

94



C hapter 3. Effects o f  lip ids on grow th  and  m etabolism  o f  S. lividans

media and could be a problem since medium-chain fatty acids can depress growth without 
causing any visible sign of what the cause of the inhibition to the growth of the cells was 
(Nunez de Kairuz et a l, 1983).

3.2 Production of Antibiotic-Related Pigments

3.2.1 Solid media

A range of Hpid and non-lipid substrates, similar to those used in Section 3.1.1, were used 
as carbon sources in solid media to determine if pigment was produced by S. lividans over 
14 days of incubation. The pigments were either internal, turning the cells red or orange, 
or exported, where they formed a blue aura in the solid medium surrounding the colony. 
The lipids, starch and glucose were provided in the medium as 1 % (w/v) solutions. FFA 
were additionally supplied as a co-carbon source with glycerol, where each substrate had 
a concentration of 1% (w/v) in the medium. Pigment production is shown in Table 3.2.1.

Fatty Acid 
Chain Length

Fatty acid Fatty acid 
& glycerol

Fatty acid methyl 
ester

Triacylglycerol

+, - + , - nd nd

( - 4 : 0 ng ng nd +, +

( - 6 : 0 nd +, + * + , - nd

( -1 1 :0 ng ng +, + + , +

( - 1 4 :0 +, + + , + nd nd

( -1 5 :0 +, + + , + nd nd

( -1 6 :0 + , + + , + + , + + , +

( -1 7 :0 +, - + , + nd + , +

(-1 8 :1 +, + + , + + , + + , +

(-2 2 :1 +, + + , + nd nd

Starch

Glycerol
+ , +  

+ , +

Table 3.2.1 Production o f coloured pigments by S. lividans grown on solid media. The 
first plus/minus indicates the presence/absence o f pigment within the cell colonies, the 
second indicates the presence/absence o f pigment leached into the media. Fatty acids 
unable to support growth are indicated by ng. nd indicates that the experiment was not 
done. * indicates that the medium consisted o f methyl hexanoate and glycerol

Internal pigment production only became evident after the colonies had reached fuU size. 
This occurred before any external blue pigment, which was visible only when the aerial 
mycelium had formed. Internal and external pigments were seen with starch and glycerol
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as carbon sources and also with most of the lipid substrates. In the case of three lipids, 
heptadecanoic acid (C1 7 .0 ), methyl hexanoate (C5 .0 ) and propionic acid (Cgio), no external 
pigments appeared to be secreted. In these cases, the colonies grew and sporulated 
normally and the pigmentation integral to the colonies were similar to those that also 
secreted blue pigment. External pigments were expressed from colonies growing on 
either heptadecanoic acid or methyl hexanoate and glycerol, indicating that glycerol can 
supply whatever these lipids cannot to produce blue pigments. With propionic acid, blue 
pigment production could not be initiated by the addition of glycerol. Bystrykh et a l 
(1996) reported that acidic media suppressed blue pigment production in Streptomyces 
coelicolor and the propionic acid solid medium had a pH of 3.0, weU below the reported 
tolerance level which was 5.5. In this case it was presumably the low pH that prevented 
the glycerol from compensating for the deficiency. Bystrykh et a l  (1996) found that a pH 
lower than 6.0 prevents the production of blue pigment in S. coelicolor, but synthesis of 
red pigment continues in acidic pHs. A similar mechanism may be operating in 5. lividans 
when a propionate carbon source is provided.

The internal colouration of the colonies was probably the result of undecylprodigiosin, 
known as a "red" pigment which can vary in colour from pink, to orange, to red. It may 
also have been due to actinorhodin, which can be red or blue. That of the secreted 
pigment was probably due to a blue form of actinorhodin. These substances are two of 
four antibiotic related compounds produced by S. coelicolor and its close relative S. 
lividans and are the only ones that are coloured (Hobbs et a l, 1990).

Although S. lividans produces actinorhodin, previous reports have stated that it secreted 
the compound only under "stressful" conditions. As such, it was chosen by Romero et a l 
(1992) to show that an activator gene from S. fradiae could be used to induce the 
actinorhodin pathway that is present but not usually expressed. Carbô et a l (1995), 
Romero and Mellado (1995) and Umeyama et a l (1996) also used heterologous 
expression systems cloned into S. lividans to induce actinorhodin production in the strain. 
This could be due to the strain of S. lividans used, since in the reported cases the strains 
were TK21 (Umeyama et a l, 1996; Romero and Mellado, 1995), TK64 (Magnolo et a l, 
1991; Chang et a l,  1996) and TK54 (Carbô et al, 1995). Experiments by Shima et a l 
(1996) showed TK21 does not naturally produce actinorhodin on R2YE medium. Strain 
TK24, however, produces large quantities of actinorhodin on solid medium, the 
expression being attributed to the TK24 streptomycin resistance gene allowing expression 
of the actinorhodin synthetic pathway. Certainly in this study, blue pigment was produced 
under almost all circumstances by strain TK24 on solid media. Research by Shahab et a l 
(1994) on S. coelicolor showed that blue pigment production on solid medium is steady 
over the growth cycle, rather than beginning in the idiophase. This kind of production did 
not appear to be happening in the present study, where levels of actinorhodin were only 
high enough to be visible after colonies had reached fuU size and were differentiating.
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3.2.2 Pigment production by S. lividans grown on liquid media

3.2.2.1 Blue pigment production by S. lividans

The rate of production of secreted blue pigments by S. lividans grown in 2L shake flasks 
was followed for a total of 10 days. The cells were cultivated in minimal medium 
containing 5g carbon source/L, except for one culture provided with YEME complex 
medium (Section 2.2.3.2). Before analysis, the broth was treated as described in Section
2.3.3 and the absorbance of the supernatant determined at A^o-

2.5 n

Methyl oleate & 
glucose

•  -  -  •

cC — #" 
 ■ -

Palmitic
acid

2.0 - Triolein & 
glucose

X
5  1.5- 

E

i  ■

/  Methyl 
/ oleate

0 )
g 1.0-

0

1 ■

•  Triolein

0.5 -

/ /

0.0-p  
1 2 3 4 6 8 9 105 7

Time (day)

Figure 3.2.1 The absorbance o f culture broth at 640nm after treatment with chloroform 
/methanol and KOH, indicating the presence o f blue pigment (actinorhodin). S. lividans 
was grown in shake flasks with defined media with 0.5% (w/v) carbon source.

All the cultures produced blue pigment only after reaching stationary phase. Colouration 
of the cell pellets themselves, to pink, occurred about 24 h before the external pigment
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was seen, but this changed to a blue or purple hue after pigment secretion had begun. The 
effect of the growth rate of the cell cultures has not been taken into account in the results 
shown, but the faster rates of pigment production by the cells grown with glucose and 
lipid media is indicative of the faster growth rates shown in Figure 3.3.4. The pigment 
produced by the cells appeared to be more soluble in oil than in water, since droplets of oil 
remaining on the surface of the broth were often more intensely coloured than the 
aqueous phase of the medium.

Most of the data obtained on pigment production is from Streptomyces coelicolor rather 
than S. lividans. Actinorhodin in particular has been studied in S. coelicolor in great 
detail as a model of antibiotic synthesis and genetic control. Most reports stated that 
actinorhodin production begins at the onset of stationary phase and this is the situation 
seen in the present study with S. lividans. However, a study by Ozergin-Ulgen and 
Mavituna (1993) showed that with a defmed glucose medium actinorhodin is produced by 
S. coelicolor at the same rate as cell biomass, beginning at the start of exponential growth. 
Counter to this. Demain (1989), Chater (1989) and Gramajo et al. (1993), amongst 
others, have stated that actinorhodin production is co-ordinately induced with 
morphological differentiation at the end of exponential phase in S. coelicolor. 
Undecylprodigiosin, assumed to be responsible for the initial colouration of the S. lividans 
pellets, was found by Hobbs et al. (1990) to be produced during the rapid growth phase 
of S. coelicolor. This agrees with the observation in this study that the cells became pink 
towards the end of the rapid growth phase.

In addition to the substrates shown in Figure 3.2.1, a number of other carbon sources 
were provided in defined medium to determine the effect on pigment production. Cells 
were grown with 0.5% (w/v) alanine, glycerol, glucose, acetate and sodium succinate and 
with YEME medium, for a 14 day 2 L shake flask fermentation. No pigmentation was 
detected in the supernatant and internal pigmentation was also absent. This is contrary to 
the situation with solid media, where non-lipid carbon sources were capable of producing 
both internal and external pigmentation.

The question as to whether carbon source exerts control over pigment production has 
been investigated. Doull and Vining (1990b) stated that pigment production in S. 
coelicolor is not dependent on carbon source, which is in agreement with the results from 
agar-grown cells gained here, but not with the liquid cultures. Also in S. coelicolor, 
Hobbs et al. (1992) stated that glucose and alanine cannot support actinorhodin 
production. Madden (1996) found that S. lividans TK24 produces pigment on any carbon 
source as long as other nutrients were provided in permissive concentrations. There are at 
least two possible explanations for the lack of pigment production by S. lividans on some 
carbon sources rather than others. The first is that "stressful" conditions are required for 
expression of the biosynthetic pathways, as reported by Horinouchi et al. (1989). In 
support of the theory, actinorhodin production was much higher on a defined, lipid carbon 
source medium than with YEME, which is a rich medium. In terms of stress, however,
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liquid cultures should produce more pigment, since S. lividans is adapted for growth in 
soil, but in this study the strain produced pigment with glycerol on solid but not liquid 
medium. Also, the addition of lipid to a glucose carbon source medium initiated pigment 
production in this study, which cannot be related to a "worsening" of growth conditions. 
The second possible explanation is that the presence of lipid is promoting pigment 
production in a similar way to the increase in antibiotic production seen on addition of 
vegetable oils to commercial growth media (Stowell, 1987). In support of this, Okazaki 
et al. (1974) found a species of Streptomyces that produces undecylprodigiosin and 
actinorhodin only when fatty acids (oleic and palmitic) are added to the medium. Brock 
(1956) looked at filipin production in Streptomyces filipinensis in relation to lipid 
supplements. Stearic acid (Ĉ g-o), methyl stearate or laurate (C 1 2 .0 ) produce antibiotic 
levels above those of glucose-grown cultures, while a range of other lipids from all four 
classes and chain lengths of C 1 4  to Cjg, including methyl sterate and oleic acid, produce 
high levels of antibiotics. The use of lipid "feeder" substrates to fermentations have also 
promoted antibiotic production. Acetate, propionate and butyrate additions to complex 
media result in higher levels of spiramycin production, without affecting cell growth, 
especially if added later in the fermentation (Khaoua et a i, 1992). Jensen et a l (1981) 
added acetic acid to a glucose fermentation of Pénicillium chrysogenum and obtained 
higher growth rates and penicillin levels.

3.2.2.2 Effects of medium pH on pigment production

The level of pigment production may be dependent on the pH of the liquid cultures the 
cells are grown in. Therefore, the pHs of the S. lividans cultures detailed in Section
3.2.2.1 were determined after 14 days (Table 3.2.2).

Growth Substrate pH after 14 days

Alanine 8.5
Glucose 7.5
YEME 8.5
Glycerol 7.5
Acetate 9.5
Glucose plus Triolein 7.0
Glucose and Methyl Oleate 7.5
Palmitate 7.0
Triolein 7.0
Methyl Oleate 7.0

Table 3.2.2 Final pH values o f liquid cultures o f S. lividans cells after 14 days, from an 
initial pH  o f 6.8. The defined media contained 5% (w/v) carbon source.

The non-lipid carbon sources have final pH levels higher than the starting pH than the lipid 
carbon sources. A pH of 9.5 for the culture grown on sodium acetate could explain the
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poor growth seen with this carbon source, but the smaller rises seen with alanine, YEME, 
glycerol and glucose are probably not inhibitory to the growth of S. lividans. The pH 
values indicate that the oils may confer stability to the pH of the cultures; this was further 
investigated in the 20 L fermentations and discussed in Section 5.6.3. Bystrykh et at. 
(1996) found that a culture pH of below 6.0 represses pigment production. In all the 
liquid cultures in this study the final pH was above 7.0, so a low pH cannot be the cause 
of a lack of blue pigmentation in the non-lipid-grown S. lividans.

3.2.3 Identity of red and blue pigments produced by 5. lividans.

As a number of pigmented compounds are produced by S. coelicolor and its close relative 
S. lividans (Section 5.1.3), the identity of the predominant pigment in the supernatant was 
sought. Undecylprodigiosin is associated with the cell wall (Hobbs et a l, 1990) and 
although it was probably present in the agar-grown cells, it was more difficult to identify 
in liquid cultures because cell pigment changed over time from pink to purple. Therefore 
the secreted pigment was studied since it was easy to monitor and was clearly associated 
with the stationary phase of growth. The pigmented compound (or mixture of 
compounds) was plainly a pH indicator and was assumed to be actinorhodin, since that is 
its main characteristic. There are six forms of actinorhodin produced in S. coelicolor, a, 
p, y, 0,and e and true actinorhodin (Bystrykh et a l, 1996).

3.2.3.1 Absorbance of the S. lividans secreted pigment

The wavelength scans of the secreted pigment and internal pigment of liquid culture- 
grown cells were taken. The internal pigment was extracted from cells grown on 0.5% 
(w/v) triolein medium after the pellets were washed with O.IM HCl and broken open by 
sonication (Section 2.3.3). The debris was separated by microfugation, giving a 
pigmented supernatant that was diluted with distilled water. The secreted pigment from 
the same triolein culture broth was separated from the cells by centrifugation. Both 
solutions were then adjusted to three different pHs using IM KOH and scanned (Figures
3.2.2 and 3.2.3).
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Figure 3.2.2 Absorbances o f the intracellular pigment over a wavelength range o f 400 
to VOOnm. The pigment was suspended in distilled water that was adjusted to the correct 
pH with IM  KOH.
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Figure 3.2.3 Absorbances o f the extracellular pigment over a wavelength range o f 400 
to JOOnm. The pigment was in defined medium broth and adjusted to the correct pH with 
IMKOH.
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It can be easily seen that the two types of pigment, from inside the cells and from the 
supernatant, have different absorbance patterns. The wavelength showing maximum 
absorbance at pH 14 was 642nm and 626nm for the internal and external pigment, 
respectively. The shape of the absorbance patterns for the solutions at the 3 pH values 
also differed. It is probable therefore that two different species of actinorhodin are being 
produced, although the differences could be due to other compounds present either in the 
cell cytosol (such as undecylprodigiosin) or the defined medium broth.

The studies by Bystrykh and co-workers (1996) showed that the predominant exported 
blue pigment in S. coelicolor A3 (2) is y-actinorhodin, compared with true actinorhodin as 
the main internal pigment. It was reported that the maximum absorbance of the y- 
actinorhodin is found at 645nm and that of true actinorhodin at 640nm, when isolated 
from S. coelicolor A3(2) (Bystrykh et al, 1996). This suggests that the S. lividans 
internal pigment may be true actinorhodin, but the identity of the external pigment cannot 
be confirmed.

3 .2 3 2  Thin-layer chromatographic separation of the pigments

Full purification of the pigments was not attempted since this was beyond the scope of the 
project. Instead, pigments were obtained from the cells and culture supernatants of three 
different defined media containing 0.5% (w/v) triolein, methyl oleate and glucose plus 
triolein. All were concentrated by heat and spotted onto TLC plates, which were 
developed according to the method described in Section 2.7.8. The results are shown in 
Figures 3.2.4 and 3.2.5.

Figure 3.2.4 TLC plate o f internal pigment samples, from 0.5% fwAj methyl oleate 
medium, 0.5% (wA) triolein and 0.25% (wA) triolein plus 0.25% (wA) glucose medium 
culture cells (L-R).
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Figure 3.2.5 TLC plate o f external pigment samples, from 0.5% (wA) methyl oleate 
medium, 0.5% (wA) triolein and 0.25% (wA) triolein plus 0.25% (wA) glucose medium 
supernatants (L-R).

The pigments were found to give similar Rf values despite the carbon source on which the 
cells were grown. The internal pigments run on the TLC plates had an Rf value of 0.50, 
while those obtained from the culture supernatants had an Rf value of 0.26. The 
separated spots from all the samples changed from maroon to blue on contact with 
ammonia fumes. Compared with the data obtained from S. coelicolor by Bystrykh et al.
(1996), true actinorhodin had an Rf value of 0.5 and turned blue in ammonium fumes. 
The Rf value obtained for the S. lividans exported pigment is close to that obtained for S. 
coelicolor y-actinorhodin (0.28), however the latter pigment does not undergo a colour 
change on exposure to ammonia fumes since it is already blue (Bystrykh et al., 1996).

The pigments, either internal or external, were not soluble in chloroform, in contrast to S. 
coelicolor y-actinorhodin which can be isolated in this solvent (Bystrykh et al., 1996). It 
appears therefore from all the available data that the internal pigment produced by S. 
lividans under the present growth conditions is true actinorhodin. However, the external 
pigment isolated from S. lividans cannot be confirmed as y-actinorhodin, nor authentic 
actinorhodin. It may be another species of actinorhodin, or a mixture of compounds. 
Both Shima et al. (1996) and Bystrykh et al. (1996) found that S. lividans TK24 produces 
both true actinorhodin and y-actinorhodin. Clearly further investigation is needed to 
determine which pigments are being produced by S. lividans when grown on a defined 
lipid medium.
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3.3 Assimilation and Use of Media Lipids

From these results and other studies, it seems that lipids can change the growth 
characteristics and physiological state of Streptomyces cells. As well as changes to the 
enzymes of lipid metabolism (Chapter 4), the effect of lipids on the fatty acid content of 
the cells was examined. Internalized fatty acids can be used for energy, storage, or in the 
biosynthesis of cellular Lipids and the latter two possibilities are investigated here. In 
particular, the effect of including both glucose and triolein in the media ("mixed" medium) 
is studied.

3.3.1 Lipid and glucose utilization of cells

Cells were grown on defined media of three types, 5g glucose/L, 5g triolein/L and 2.5g/L 
glucose plus 2.5g triolein/L (mixed medium). The usage by the cells of the various carbon 
sources was determined using the glucose diagnostic kit (Section 2.7.7) and the total Hpid 
assay (Section 2.3.4). The total Hpid assay was used to measure the concentration of 
TAG remaining in the media. This assay had to be adapted somewhat from its previous 
form so it could be used with the lower concentrations of Hpid that were encountered. 
The accuracy of the assay was tested by measuring a series of standards.
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Figure 3.3.1 Lipid assay standard curve
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The test becomes inaccurate below 2g triacylglycerol/L and can only be used to estimate 
lipid levels: above this concentration. Due to problems with properly mixing the samples 
at the beginning (despite heating the samples to 40°C to make the hpid more fluid and 
therefore more easily dispersed) the tests had to be carried out in triphcate to ensure that 
the results were as accurate as possible. The alternative to using the hpid assay involved 
solvent extraction and vacuum drying of the residual hpid. This suffered the same initial 
sampling problems as the assay and the overall level of accuracy was not as good as the 
vanihin assay when the samples taken were smah, as was the case when shake-flask 
cultures were assayed.

The growth profiles and corresponding substrate usage for the three ceU cultures are 
shown below (Figures 3.3.2, 3.3.3 and 3.3.4).
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Figure 3.3.2 Cell growth and glucose usage in a minimal medium containing 0.5% (w/v) 
glucose. Dry cell weights (DCW) given are means obtained from duplicate samples; the 
glucose concentration results are given from triplicate assays.
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Figure 3.3. Cell growth and triolein usage in a minimal medium containing 0.5% (w/v) 
triolein. Dry cell weights given are means obtained from duplicate samples; the triolein 
concentration results are given from triplicate assays.
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Figure 3.3.4 Cell growth with triolein and glucose usage in a minimal medium 
containing 0.25% (wA) glucose plus 0.25% (wA) triolein. Dry cell weights given are 
means obtained from duplicate samples; the glucose and triolein concentration results 
are given from triplicate assays.

The triolein growth curve indicates that not all the lipid was exhausted when the shake 
flask fermentation was halted, with about Ig/L remaining. This is an example of the 
residual oil problem, which affects many industrial fermentations (Stowell, 1987). The 
concentration remaining is about 2 0 % of the initial amount, a situation also found in the 
mixed substrate culture. The occurrence of residual lipid is discussed in Section 5.6.4. 
For the two glucose-containing cultures, the utilization of the glucose proceeded very 
quickly and continued until glucose concentrations reached undetectable levels. In the 
mixed culture the concentration of triolein remained above 90% of the initial amount 
while the glucose was being consumed. Enzyme assays conducted in cells grown with
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grown with glucose plus tiiolein show that they are not capable of producing lipase or 
p-oxidizing the fatty acids while glucose is present (Table 4.4.1, Figures 5.3.6 and 5.3.7). 
This would prevent the degradation of lipids for energetic purposes, and exphiin the low 
rate of lipid usage occun ing while glucose was present in the medium.

3.3.2 Lipid composition of cells

The cells were haiwested from the three types of fermentation during rapid growth phase 
and the fermentation broths were analysed to ensure that at least Ig glucose/L remained in 
the media at the time of harvesting. All sets of cells were subjected to the washing 
procedure described in Section 2.8.1 to remove oil adhering to the cells. Tlie glucose- 
grown cells were also washed to ensure that the cellular lipids were not being removed 
from the cell envelope by the procedure. After washing, the cell pellets were freeze-dried 
and the lipids extracted (Section 2.8.2). Thin layer chromatography (TLC) was then 
caiTied out on samples of the material to identify the main types of lipid present in the S. 
lividans cells (Figure 3.3.5).
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Figure 3.3.5 Thin layer chromatographic plate of total lipids extracted from S. lividans 
cells grown on glucose (G), glucose plus triolein (M), and triolein (T). Standards of 
triolein (Tr), oleic acid (OA) and phosphotidylcholine (P) were also applied to the plate. 
The Rf positions for triacylglycerols (TAG), sterol esters (SE) and free fatty acids (FFA) 
are also indicated. The arrow indicates the likely position of diacylglycerols.
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All the cells appeared to have quantities of triacylglycerols and sterol esters. 
Diacylglycerols could be present in the triolein- and mixed-grown cells, although the spots 
may be residues from the solvents. The phospholipids (indicated by phosphotidylcholine) 
have larger Rf values than would be expected from the solvent system employed.

The lipids obtained from the cells were then separated into two types: triacylglycerols and 
polar lipids. This was done with an activated silicic acid column developed with 1,1,1 
trichloroethane, acetone and methanol. Quantities of each lipid type extracted are shown 
in Table 3.3.1.

Cell type Glucose Mixed Triolein
Dry cell mass (g) 6.62 4.20 4.63
Total lipid (mg) applied to 496 492 496
column
Triacylglycerols (% of total lipid) 30 37 45
Polar lipids (%) 70 63 56
Total from column (mg) 455 411 484

Table 3.3.1. Masses o f  the lipids obtained from  S. lividans grown on 0.5% (w/v) triolein 
defined medium, mixed (0.25% (w/v) glucose plus 0.25% (w/v) triolein) defined medium 
and 0.5% (w/v) glucose defined medium. Polar lipids were derived from the acetone and 
methanol solvent fractions. Sizes o f the various fractions are given as percentages o f the 
total recovered from the column.

Due to the apparent effectiveness of the washing procedure at removing oil bound the 
surface of the cells, it appears that the cells grown in a triolein-containing medium had a 
higher lipid content than those grown on glucose alone. The percentage of dry cell weight 
accounted for as hpid was 7.5, 11.7 and 10.7 in the glucose, mixed and triolein-grown 
cells, respectively. These levels are low in comparison with oleaginous microorganisms 
such as Cryptococcus curvatus (Holdsworth and Ratledge, 1988), but are similar to a 
figure of 5% obtained for mid-exponential phase S. lividans cells grown on complex 
medium (Olukoshi and Packter, 1994).

The triacylglycerol fraction of the glucose-grown cells amounted to 2.2% of ceU dry 
weight. Previous research (Olukoshi and Packter, 1994) using cells grown with a glucose 
carbon source indicated that TAG comprises 20% of cell dry weight after stationary phase 
has begun, rising to a maximum of 60% 36 h later. In the same paper, DAG 
acyltransferase (which catalyses the last step in TAG synthesis) was shown to increase 
during exponential phase, reaching a maximum at the beginning of stationary phase. 
These findings indicate that some TAG synthesis is carried out in the early stages of 
growth, which also occurred in this study. No investigations were carried out as to the 
location of the TAG in the cells in this experiment, but they are assumed to be stored in 
cytoplasmic aggregates, as described by Packter and Olukoshi (1995). In the triolein and
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mixed cells, the TAG percentage was somewhat higher, comprising 4.7% and 3.6% of dry 
cell weight respectively. TAG storage granules are therefore more likely to be formed if 
exogenous lipids are supplied.

The identity of the acetone-extracted lipids was examined using TLC. The fraction was 
spotted onto a plate and run with a lipopolysaccaride standard. After spraying with a- 
naphthol and sulphuric acid (Section 2.7.4), the hpid spots were found to turn purple, 
indicating that they were glycohpids. The TLC plate is shown in Figure 3.3.6.

Figure 3.3.6 TLC plate o f the acetone fractions o f the glucose-medium, mixed-medium 
and triolein-medium cells (L-R). The standard was Serratia marcescens lipopoly
saccaride obtained from Sigma (far left).

3,3.3 Fatty acid composition of lipids

The fatty acids of the hpid fractions were identified using polar and non-polar gas 
chromatographic (GC) analysis (Section 2.7.2). At the same time, the triolein carbon 
source was analysed, so it could be seen if the addition of the oil was having an effect on 
the fatty acid composition of the cehs. The areas beneath the FAME peaks produced by 
the polar column were integrated to obtain a qualitative measure of the proportion of each 
fatty acid methyl ester. The relative quantities of individual FAME in each hpid fraction is 
shown in Figures 3.3.7 (TAG), 3.3.8 (acetone-extracted lipids) and 3.3.9 (methanol-extracted 
lipids). In each figure the FAME composition of the triolein carbon source is
shown to provide a comparison.
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Figure 3.3.7 Fatty acid methyl esters extracted from triacylglycerols o f glucose-, mixed-
and triolein-grown cells, with those of the triolein carbon source.
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Figure 3.3.8 Fatty acid methyl esters extracted from the acetone fraction o f
glucose-, mixed- and triolein-grown cells, with those of the triolein carbon source.
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Figure 3.3.9 Fatty acid methyl esters extracted from the methanol of glucose-, mixed-
and triolein-grown cells, with those of the triolein carbon source.
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The glucose-grown cells had a profile containing 15 fatty acids present at detectable 
levels. The identities of the peaks were determined by the use of external standards rather 
than by mass spectroscopy, however it would appear that the glucose-grown cells display 
a fatty acid pattern approximating to that seen in previous studies of Streptomyces lipids. 
In these cells the predominating fatty acid types in all three types of lipid were branched 
iso forms of and anteiso and stiaight-chain with no fatty
acids longer than Cn;o apart from a trace of Ci8 :i. The identifications obtained in this 
study matched previously reported data for Streptomyces fatty acid content; a high level 
of iso- and anteiso- branched chain fatty acids and no FA longer than C^, apai't from 
some Cig.p No polyunsaturated fatty acids were detected (Ballio et al., 1965). The 
composition of S. coeiicolor total lipids (Ballio and Baicellona, 1968) is shown in Figure 
3.3.10, in compaiison with the combined data of fatty acid composition from the three 
glucose-grown cell fractions.
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Figure 3.3.10 Total lipid fatty acid profiles from  S. coeiicolor (Ballio and Barcellona., 

1968) ®  and S. lividans (this study) grown on a defined 0.5% (wA) glucose medium 

n .  The fatty acid species are all saturated (Cmo) apart from Cis.i (labelled as such).
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When the nine fatty acid profiles (Figures 3.3.7, 3.3.8 and 3.3.9) are examined against that 
of the triolein oil, distinct differences can be seen. The largest of these is the appearance 
of unsaturated fatty acids in the cells grown with triolein in the medium. In Table 3.3.2, 
the proportions of branched-chain, straight-chain and unsaturated fatty acids from the 
triacylglycerols and phospholipids from the glucose-, mixed- and triolein-grown cells are 
shown.

Cell Type branched
TAG

straight unsat d branched
PL

straight unsat d
Glucose 63 30 0 6 8 19 0

Mixed 2 2 1 2 57 72 1 0 14
Triolein 6 1 1 81 50 9 39
Triolein oil 1 1 1 87

Table 3.3.2 Proportions o f branched-, straight- and unsaturated-chain fatty acids in the 
triolein oil carbon source and the triacylglycerols (TAG) and phospholipids (PL) o f the 
glucose-, mixed- and triolein-grown cells.

The increase in the proportion of unsaturated fatty acids is assumed to be due to the fatty 
acid components of the triolein carbon source, since none were seen in the glucose-grown 
cells. The main component of the triolein was but the oil was not pure, with only 
70% of the fatty acids being Cjg.i. The triolein contained no detectable iso-C^ .̂Q or 
anteiso-C^^.Q., both of which appear in the lipids of the three types of cell.

The mixed and triolein-grown cells have a very different fatty acid pattern to that seen in 
the glucose-grown cells and are probably importing and incorporating the media fatty 
acids into their biomass. The mixed cells grown on both substrates do not use the triolein 
as a carbon source during the rapid growth phase, since the cells at this point have 
undetectable levels of p-oxidation activity (Figure 5.3.7). There does appear to be some 
incorporation of the external triolein, however, since the fatty acid pattern more closely 
matches that of the triolein-grown cells rather than those supplied with glucose. This 
conclusion is supported by work carried out by O'Connell et al. (1986). Labelled oleic 
acid is imported into Caulobacter crescentus when glucose and oleic acid are both present 
in the medium and used in biosynthesis.

S. lividans cells grown solely on triolein synthesised some fatty acids de novo, or 
elongated those supplied in the carbon source, since there are some species contained in 
the cellular lipids that were not in the triolein oil. Specifically these were iso-C^ .̂Q and 
anteiso-C^^.Q fatty acids that were present in all the S. lividans lipids, but particularly in 
the phospholipids. An alternative possibility is that these fatty acids were present in 
undetectable quantities in the feed triolein and have been incorporated selectively by the 
cells. Recent research with Frankia (Selim et a l, 1996) showed long chain fatty acids are 
used by cells for lipid biosynthesis in the presence of simpler substrates. The Frankia cells
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grown in propionate incorporate long-chain fatty acids supplied in jiiM concentrations into 
the membranes. The fatty acids that are most effective at increasing growth rates are 
those found naturally in high quantities in the Frankia lipids, namely pentadecanoic, 
palmitic and heptadecanoic acids. It was postulated that the externally supplied fatty acids 
were increasing growth rates by removing the need for de novo fatty acid biosynthesis to 
provide raw materials for the phospholipids in the cell membrane.

The effect of media supplied lipids on fatty acid composition of antibiotic-producing 
Streptomyces spp. was investigated by Konova et al. (1986). The total lipids of the cells 
were investigated and the fatty acid content found to mirror the components of the 
external lipids provided in complex media. De novo fatty acid synthesis also takes place. 
Okazaki and co-workers (1974) showed that Streptomyces spp. 362 cellular fatty acids 
resemble those of the exogenous fatty acid with a stearate and palmitate supplement. In 
this species, however, sodium oleate was not incorporated to any great extent, the fatty 
acid profile containing raised levels of iso-C\6:o and only trace amounts of Ci8 :i with that 
additive. Shimada et a l (1992) found that selective incorporation of fatty acids from the 
medium occurs in Geotricum candidum. Oleic and palmitic acid are incorporated, 
whereas stearic acid is not taken into the cell until supplied in an emulsion with ethanol. 
This was thought to be due to the specificity of the lipases secreted by the organism.

Previous studies have shown that cellular lipids can be changed by the environmental and 
physiological conditions of the microorganism (Section 1.3.2.4). The similarities between 
fatty acids isolated from S. coeiicolor (Figure 3.3.10) and S. lividans without accounting 
for how these were grown, indicates that the lipids do not change to a large extent. In a 
similar way, Verma and KhuUer (1981) found that the ratio of phospholipid straight chain 
to branched plus unsaturated fatty acids does not change with cell age in Streptomyces 
griseus and the total amounts of each fatty acid do not alter to any large degree. Since 
the cells grown in this study were harvested from identical media and grown in similar 
conditions (apart from the inclusion of triolein), these changes are not a concern, except 
to note that they do take place.

The phospholipid fraction of the cells grown in the presence of triolein appeared to be less 
influenced by the fatty acid composition of the medium triolein than the other types of 
lipid. This is possibly due to the fluidity and structure of the membranes which must be 
maintained with the correct fatty acids to retain integrity. Despite this, Letts et a l (1982) 
found that Caulobacter crescentus incorporates exogenous fatty acids intact into 
phospholipids. McCammon and Parks (1982), working with the yeast Saccharomyces 
cerevisiae, discovered that phospholipids and TAG stores undergo considerable exchange 
of fatty acids when cells approach the death stage. Phospholipids in particular were 
maintained from TAG supplies even when the cell was ceasing to function. Kamiryo 
(1983) examined the oleaginous yeast Candida lipolytica and showed that TAG and 
phospholipid synthesis are controlled by two separate mechanisms, with that of TAG 
dependent on long chain fatty acid levels. If fatty acids are present, TAG is formed,
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whereas phospholipid synthesis is maintained at all times. It is tempting to hypothesise 
that S. lividans could operate a similar system that allows the bacterium to pick up long 
chain fatty acids from the medium to be stored as TAG deposits.

3.3.4 Acetyl-CoA carboxylase assays

The fatty acid composition of the cells grown on triolein-containing media showed that 
the exogenous lipid was being incorporated into the cells. Given that the addition of lipids 
to cultures promotes growth, one of the mechanisms by which that could occur is that de 
novo lipid synthesis is repressed, since the external fatty acids can be incorporated and 
used unmodified. This would free ATP and acetyl-CoA for other purposes. Therefore, 
the level of lipid synthesis in S. lividans cells grown with and without lipids was examined 
to confirm if this was happening.

3.3.4.1 The spectrophotometric acetyl-CoA carboxylase assay

Acetyl-CoA carboxylase is the first enzyme in the fatty acid biosynthetic pathway. The 
presence or lack of activity of the enzyme in a cell-free extract is therefore an indication of 
the sythesis of fatty acids within a particular culture. Acetyl-CoA carboxylase activity was 
therefore assayed in S. lividans cells grown in Hpid and non-lipid media.

For the spectrophotometric assays (Section 2.5.19) the cells were grown as described in 
Section 3.3.1 and harvested in the rapid growth phase, when glucose in the media 
remained at a level above Ig/L (where appropriate). The assay trace had a typical profile 
as shown in Figure 3.3.11.

It is obvious from the trace that the background rate obtained before the addition of 
substrate (acetyl-CoA) constituted at least 50% of the final rate. Because of this, acetyl- 
CoA was used as the start reagent to enable the background rate to be discounted from 
the specific activity calculations.
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Figure 3.3,11. Typical trace o f the acyl-CoA carboxylase assay, using glucose-grown 
CFE. At the addition points (arrowed), Pyruvate kinase/Lactate dehydrogenase 
(PK/LDH) and acetyl-Co A were mixed with the rest o f the assay components.

33.4.2 Components of the spectrophotometric assay

A series of assays were carried out with glucose-grown cell free extract (CFE) omitting 
various components, since a large number of co-factors are needed in the assay mix. The 
figures given have had the background rate subtracted from them.

Component removed Specific activity (nmol min^mg^)

Acetyl-CoA (background rate) 58.1
None (whole assay) 23.8
PEP -55.0
KCl 79.7
GSH 24.3
sodium bicarbonate - 1 1 . 2

ATP 17.3

Table 3.3.3 Specific activities o f glucose-grown cell-free extract (CFE) with omissions 
o f assay components. Activities are given as the actual rate minus the background rate, 
the mean o f duplicates.
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The background rate, this time taken as that obtained without substrate, is in all the cases 
40-100% of the total obtained. Even in the whole assay it comprised 70% of the final rate 
and as such compromises the validity of any actual rates obtained.

3.3.4.3 Addition of avidin to the assay

When 0.25U of avidin (Sigma) was added to the 1 ml assay mix, the activity of the CFE 
was stopped completely. Avidin binds to biotin which is a co-factor in the carboxylase, so 
an inhibition of activity indicates that a biotin-requiring reaction is taking place. Therefore 
the glucose-grown CFE probably contained some acetyl-CoA carboxylase activity.

3.3.4.4 Application of the assay to triolein- and mixed-grown CFEs

Assays were carried out with glucose-, mixed- and triolein-grown CFEs to compare the 
amount of acetyl-CoA carboxylase activity in each. The specific activities of the CFEs are 
shown in Table 3.3.4.

Cell Type Blank 
(no acetyl-CoA) 

[as nmol min ^mg H

Average specific 
activity - blank 

[nmol min img^]

Percentage of actual 
activity 

of glucose CFE
Glucose 58.1 23.9 100
Mixed 51.1 2.7 11.2
Triolein 5.8 0.2 0.7

Table 3.3.4 Comparison o f acetyl-Co A carboxylase activities o f different CFEs

The spectrophotometric assay was not conclusive, but provided evidence that a difference 
did exist in acyl-CoA carboxylase activities of different cells. The glucose-grown cells 
had 1 0  and > 1 0 0  times the rate of activity of the mixed-and triolein-grown cells, 
respectively. The low background rate of the triolein-grown CFE may indicate that the 
background activity is due to a high level of endogenous substrate in the other CFEs, but 
this should have been minimzed by ultracentrifugation and dialysis carried out in the 
preparation of the CFEs (Section 4.2).

3.3.4.5 Incorporation of Na2 -[̂ "̂ C]0  ̂by acetyl-CoA carboxylase activity

A second acetyl-CoA carboxylase assay was used to see if the problems of background 
rate and sensitivity could be improved. This method used CFEs of the three types of cells 
(glucose, triolein and mixed) but the extracts were prepared without ultracentrifugation or 
dialysis since the monitoring of activity did not rely on an NAD+/NADH reaction. Using 
the method described in Section 2.5.18, the assay was run for 30 min at 30°C and labelled 
carbon assimilation was estimated using dpm values obtained after scintillation counting.
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However, the activity from all the CFEs was very low and so near to levels obtained with 
controls that they were inconclusive.

It was considered that the bicarbonate was not being used due to competition with 
dissolved C O 2 , so a second set of experiments were devised to eliminate dissolved H C O 3 ' 

ions from the assay mix. This was done by bubbling the assay components with nitrogen 
that had been passed through IM CaDH)^to remove all disolved CO2  and adding the 
substrate through a seal. However, this measure did not greatly improve the total 
radioactivity recovered after the time course.

CFE type mean dpm + (SEM) Specific activity (nmol min^mg i)
Glucose 155.5 (3.9) 0.84
Mixed 78.8 (1.53) 0.35
Triolein 72.1 (1.16) 0.28

Table 3.3.5 Specific activities affixation o f radiolabelled Na2C0^ by cell free extracts. 
Five samples were counted for each CFE, from which a mean and standard error o f the 
mean (SEM) were calculated. Specific activities were obtained using a dpm o f 87400for 
10[Lmol substrate.

The low count gave a specific activity for the glucose-grown CFE of 0.84 nmol min-^mg \  
This is 30 times less than the value obtained from the spectrophotometric assay. The 
value is, however, consistent with rates obtained for other S. lividans enzymes (e.g. the 
linked assay in Section 4.5; which was about 1.0 nmol min-^mg-^) but the disparity 
between the activities found by the two types of assays indicated that acetyl-CoA 
carboxylase activity is difficult to monitor in S. lividans.

A recently published paper indicates that acetyl-CoA carboxylase may only be present at 
very low levels, if at all, in S. coeiicolor. Bramwell et al. (1996) found the activity of 
propionyl-CoA carboxylase to be 0.8 |Limol min-^mg-\ using crude cell free extracts. 
However, no acetyl-CoA carboxylase activity could be detected, despite this enzyme 
having direct applications to the production of polyketide compounds, unlike propionyl- 
CoA carboxylase. The cells used were grown on complex media. The Mycobacterium 
spp. tested by Wheeler and co-workers (1992), possess both acetyl-CoA and propionyl- 
CoA carboxylase activities that are catalysed by a single enzyme complex. Activity was 
found to be dependent on the growth substrate. It would be interesting to investigate 
propionyl-CoA carboxylase levels in S. lividans, especially since some putative acetyl- 
CoA carboxylase activity was present in the CFEs.

3.3.5 [U-'̂ ^C] glucose assimilation by viable cells

Since the acetyl-CoA carboxylase assays were not conclusive, another assay had to be 
found that could assess the amount of Hpid synthesis occurring in the cells. The
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incorporation of labelled glucose into the membrane fraction of the S. lividans cell was a 
second possibility. Although the labelled glucose could be incorporated as glycerol or as 
fatty acids (since the assay measures [^"^C]-fixation in total lipids) it gives an indication of 
overall hpid turnover in the cehs. The S. lividans cells tested with this method (Section
2.6.2) were harvested in rapid growth phase from 0.5% (w/v) glucose minimal medium, 
0.5% (w/v) triolein minimal medium and 0.25% (w/v) glucose plus 0.25% (w/v) triolein 
minimal medium, as described in Section 3.3.1. Glucose concentrations were determined 
in the broths to ensure that the supply was not lower than Ig/L before the harvesting 
stage.

Following the method in Section 2.6.2, the ceh pellets were resuspended in similar growth 
media to that which they were grown in and [U-^^C] glucose was added. A pellet of 
0.15g wet weight was used for each ceh type, with an additional pellet of mixed cells of 
0.5g wet weight. Blanks of boiled glucose-grown cells and omitting labelled substrate had 
a dpm ml-̂  of 14.3 and 37.2, respectively.

Cell Types 0.25ml 
dpm ml 1 :

1.0 ml 
dpm ml 1

3.0 ml 
dpm ml

mean 
(dpm g-' cells)

SEM

Glucose 395.5 386.5 429.46 2962 71.2
Triolein 45.88 33.47 41.15 268 19.7
Mixed (0.15g) 33.22 41.1 24.8 2 2 0 25.6
Mixed (0.5g) 139.2 63.13 142.98 230 42.5

Table 3.3.6 Counts o f extracted cell lipids after incubation with radiolabelled glucose. 
Three different volumes o f each extracted lipid were counted, giving a mean dpm and 
standard error (SEM).

The rate of glucose carbon incorporated into the hpids did appear to be at least 10 times 
as much in the glucose cells as in the cells grown in the presence of triolein, in a similar 
way to the acetyl-CoA carboxylase activities. This would indicate that the usual level of 
fatty acid synthetic enzymes are depressed in the presence of fatty acids, even when 
glucose itself is also present, preventing the metabohsm of the hpids as an energy source. 
This result is supported by the protein content of CFEs grown on the three types of 
medium (Figure 4.16.1). In these, bands can clearly be seen in the glucose CFE that are 
not as intense in cells grown with glucose plus triolein together, indicating that some 
enzyme expression is repressed by the presence of hpids in the medium.

Kendrick and Ratledge (1996) found that in four species of fungi, elongation and 
desaturation of fatty acids in the ceh were reduced to 1 0 % of that in glucose-grown cells 
when the fungi were grown in vegetable oils. This indicated that fatty acid modification 
enzymes are repressed in oil-grown cehs. Caulobacter crescentus represses fatty acid 
synthesis when exogenous fatty acids are present (Letts et a l, 1982). Deh'Angelica and 
co-workers (1996) investigated ceh wah manufacture in Saccharomyces cerevisiae.
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finding it is inhibited by the presence of free fatty acids in the medium. Specifically, the 
enzyme (l,3)-(3-glucan synthase has greatly lowered levels in such media.

An alternative experiment to trace de novo fatty acid synthesis would be to track the 
incorporation of [*^C]-acetate into cellular lipid, as utilized by Holdsworth and Ratledge 
(1988). This would remove the possible contributions of labelled glycerol to the lipids, 
allowing the level of fatty acid synthesis to be followed exclusively, although the uptake of 
acetate may be repressed by the presence of glucose in the medium.

3.4 Summary

The effect of exogenous lipids to an S. lividans shake flask fermentation is twofold. 
Firstly, the growth of the organism is improved, with a faster rate of growth and a higher 
final biomass being seen in cultures that have a lipid supplement. This could be due to the 
lipid being a richer source of energy than simple sugars or amino acids, or because it 
causes changes in the metabolism of the ceU. The studies carried out on de novo hpid 
formation in the cell indicated that Hpid biosynthesis was restricted in cultures containing 
fatty acids. The improvement in growth could therefore be the result of the freeing of 
energy and raw materials from the fatty acid synthetic pathway into other processes in the 
cell. Since the primary raw materials used in fatty acid synthesis are acetyl-CoA 
molecules, it is possible these are simply re-routed into the biosynthetic pathway of 
antibiotics, where they are also the main constituent. An increase in the level of antibiotic 
synthesis is the second effect of Hpids on the S. lividans fermentation. The addition of 
exogenous Hpid causes the production of actinorhodin where otherwise there would be 
none. This could be from a simple relationship, where actinorhodin production increases 
with higher acetyl-CoA levels, caused by the breakdown of fatty acids. A second 
possibiHty is that the fatty acids trigger actinorhodin production by mfluencmg the 
expression of the biosynthetic genes, directly, or by interacting with an existing control 
mechanism. This is less likely, since such a mechanism would be of Httle use to the ceU. 
However, given the compHcated nature of actinorhodin expression in S. lividans (Section
1.5.3), the possibilty remains.
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4. THE ENZYMOLOGY OF LIPID DEGRADATION IN STREPTOMYCES 
U VID ANS  TK24

In order to investigate the link between exogenous lipids and the precursors of polyketide 
antibiotics, it is important to gain information on the enzymes involved in lipid catabolism. 
This allows the pathway from fatty acids to acetyl-CoA and propionyl-CoA to be 
modelled and possibly optimised by genetic manipulation. Fatty acid metabolism has 
never been studied in an actinomycete, so this study was devised to find out as much 
about the enzymes and fluxes of the pathway as possible. A number of model systems 
exist, mostly from mammalian sources, but fatty acid degradation in Escherichia coli has 
also been extensively studied (Kunau et a l, 1995). This was used as a basis for the 
investigations in S. lividans.

4.1 Lipase Activity

Lipases catalyse the first enzymic reaction in the breakdown of exogenous lipids. Their 
specific function, that of the breakdown of triacylglycerols (TAG), may be coupled with a 
role in the import of fatty acids into the cell. Since in antibiotic fermentations lipids are 
mostly introduced as TAG (as components of vegetable oils), the lipase activity of S. 
lividans was investigated. This was seen as especially important since a previous report, 
by Perez et al. (1993), stated that S. lividans 6 6  (the strain used in this study) did not 
produce any lipolytic activity on solid medium.
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Figure 4.1.1. Typical trace o f lipase activity in S. lividans cells, monitored using a 
titrimetric assay. 0.01 M NaOH is added to the assay in proportion to the amount o f fatty 
acid hydrolysed from the triacylglycerol. The activity monitored was cell associated.
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A typical lipase assay trace is shown in Figure 4.1.1. A lag phase at the beginning of the 
assay often occurred, especially if subsequent activity was low. Activity was determined 
by the addition of 0.0 IM NaOH to the titrimetric assay. The volume of NaOH consumed 
was converted to Units ml-̂  of lipase activity, defined as fxmoles of fatty acid liberated per 
min per ml of added culture broth (Section 2.6.1).

4.1.1 Location of Lipase

The location of lipase activity within the culture media was investigated. Whole broth, 
cell-free broth, separated cells resuspended in fresh broth and cells resuspended in distilled 
water were all assayed. The natural buffering capacity of the ordinary defined media, 
whatever the carbon source, was sufficient to prevent the titrimetric lipase assay from 
functioning, so that no activity could be seen in either whole broth, cell-free broth or cells 
in fresh broth. Therefore, activity could only be quantified after the cells had been 
separated from the culture medium and resuspended in 15ml distilled water of a near
neutral pH. The activity therefore had to be related back to the dry cell weight of the cells 
when they were harvested, so the mass of cells contained in 50 ml of original broth and 
resuspended in water could be incorporated into the assay rate calculation. It would have 
been preferable to resuspend the cells in the same volume of water as culture broth, but 
cell suspensions treated this way had lipase activities too low to be assayed satisfactorily. 
The alternative to this, using greater volumes of sample in the assay mix, would have 
altered the ratio of sample volume to emulsion mix volume, affecting the final calculation 
of lipase activity.

Cells resuspended in distilled water and boiled for 10 minutes showed no lipase activity 
and were used as a control for the assay. Since the lipase activity being monitored 
appeared to be cell associated, the cell suspension was sonicated for a total of 1  minute, 
disrupting the cell envelopes. Cells sonicated in this way lost the activity they had 
previously displayed, indicating that the lipase activity being measured was membrane- 
associated. With the problems associated with the buffering effect of the cell broth, it was 
not possible to say if lipases had also been secreted into the culture medium. This 
uncertainty could be resolved using a different growth medium or by dialysis of the 
supernatant before assaying.

Most previous investigations into lipase activity, especially recently, have been carried out 
with the intention of finding activity of use to industry. This means that the majority of 
lipase activities previously reported, at least in recent years, have been from enzymes 
released into the supernatant. The exceptions are Yarrowia lipolytica, (Novotny and 
Dolezalova, 1993), Lactobacillus reuteri and L. fermentum DT41 (Gobbetti et al., 1996) 
and Pseudomonas aeruginosa (Misset et a l, 1994), which have cell-bound lipases. 
Cavanagh (1996) found ceU-associated lipase activity in Streptomyces clavuligerus that 
was inactivated by disruption of the cell membranes.
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4.1.2 Enzyme stability

Cells had no detectable lipase activity after storage on ice for 20 min. The activities of 
cells held at 4°C for 5 min had very large lag phases before lipase activity became 
apparent (up to 5 min) in addition to the 2-3 min acclimatisation time when the pH of the 
assay mix was adjusted to the starting point. This is probably not due to temperature 
equilibration since that would occur relatively quickly, due the high rate of stirring of the 
assay mixture and the relatively small amount of sample added. If the cells were held at 
30°C after harvesting and resuspension in distilled water, activity rates were much 
improved and the time taken for deterioration of activity was lengthened. Even at this 
storage temperature, however, the activity decreased to undetectable levels by 3 h. Table 
4.1.1 shows the activity over time.

Time after harvesting (min) Units of activity (x 10^) SEM (x 10 3)
0 29.1 0.875
50 26.6 1.37
90 4.9 0.43
180 0 . 0 -

Table 4.1.1 Activity o f lipase on tributyrin over time at pH 7.2, given in Units ml^ 
(Section 2.6.1). The results have not been adjusted to account for cell mass since the 
same cell suspension was used for all assays.

The triplicate lipase assays were therefore carried out as soon as the cells had been 
harvested, with the resuspended cells incubated at 30°C between assays. Soberôn-Châvez 
and Palmeros (1994) found that lipase activity secreted from Pseudomonas aeruginosa 
IGB 83 could be irreversibly inactivated by freezing. In S. lividans a temperature of 4°C 
was sufficient to inhibit cell-bound lipolytic activity after less than 2 0  min.

4.1.3 pH optimum of the lipase assays

The titrimetric assay maintains a constant pH by addition of 0.0IM NaOH to a mixture 
made acidic by continual production of fatty acids by lipase action. It is therefore possible 
to change the assay set point, conducting the assays at a number of different pHs to 
determine the optimum for the S. lividans lipase.
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Figure 4.1.2 pH optimum o f S. lividans lipase with tributyrin as a substrate, given in 
Units ml^ (Section 2.6.1 ). The activity monitored was cell associated.

In this study tributyrin was used to obtain the optimum pH for the lipolytic activity, which 
was at 7.8. At the higher pHs, from 7.6 upwards, activities were roughly equivalent with 
a slight tail-off at 8.2. It was not possible to run assays at higher pHs than this due to the 
nature of the titrimetric equipment - the assay operated with a preset pH of which the 
maximum available was pH 8.2.

The pH optimum of lipases depends on the chain-length fatty acid composition of the 
triacylglycerol. Wills (1961) found that maximal activity of pancreatic lipase was at pH 
5.5-5 . 8  with tripropionin (C 3) or tributyrin (C 4) TAG, although this was increased to 7.2- 
7.9 with Cl2 : 0  and Cjg.i chain-length fatty acid TAG. Similar low optimum pHs were
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found for Bacillus {5.5-12), Aspergillus (4.5-5.5) and Candida rugosa (5.8 -6 .8 ) by 
Sugihara et al. (1991). Wang and Saha (1993) found a tributyrin esterase from a Bacillus 
spp. that had a maximal pH of 9.0, but this was specific for short chain TAG, rather than 
having a broad substrate range, as is the case with S. lividans activity. Two reports were 
found of lipases with maximal activities similar to that of S. lividans. Soberôn-Châvez 
and Palmeros (1994) found the maximal activity of the Pseudomonas aeruginosa lipase to 
be at pH 8.5 and Baillargeon and Sonnet (1991) showed that a cw-unsaturated fatty acid- 
specific lipase isolated from the fungus Geotrichum candidum is most active at pH 8.2, 
with a sharp decline in activity below pH 6 .6 .

4.1.4 Temperature optimum of the lipase assay

Lipases generally have an optimum between 30 and 40°C, although this is dependent on 
the pH of the culture. This consensus temperature optimum is seen in many source 
organisms, so the S. lividans TK24 lipase activity was assayed over a range of 
temperatures to determine if it also applied to this strain. A sod organism like S. lividans 
might be expected to produce a lipase with a relatively low temperature optimum.

The optimum temperature of the S. lividans lipase (Figure 4.1.3) agreed with those of 
other lipases, activity reaching a maximum probably between 30 and 35°C. Despite this, 
the assays in the study were carried out at 21°C since that was the most convenient 
temperature to use. Bacterial enzymes have been found to have similar temperature 
optima (Isobe et al., 1988) although thermophiUic bacteria produce lipases operating at at 
least 60°C (Wang and Saha, 1993).
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Figure 4.1.3 Lipase activity at pH 7.8 on tributyrin at a range o f temperatures, given in 
Units ml'^ (Section 2.6.1). The activity monitored was cell associated.

4.1.5 Chain length specificity of the lipase assay

Activity of the S. lividans lipase was obtained for four fatty acid chain-length TAG; 
tributyrin (C .̂g), tricaprylin (Cg.o), tiiundecanin (Cn.o) and triolein (C^g.J (Table 4.1.2). 
All were tested at the optimum pH, 7.8. The assays were carried out at room 
temperature, apart from that of tiiundecanin, which is solid at 20°C. This assay was 
carried out at 50°C to liquefy the substrate, facilitating émulsification with the assay mix.
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Chain length Units (x 10-3) SEM (x 10-3)

^4:0 29.4 0.939

^ 8 : 0 19.4 1.112

Cn:o* 21.2 3.422

(-18:1 17.1 3.989

Table 4.1.2 Chain length optimum o f the S. lividans lipase assay (at pH 7.8), given in 
Units ml^ (Section 2.6.1). The results have not been adjusted to account for cell mass 
since the same cell suspension was used. All the assays were carried out at 21°C apart 
from triundecanin f *j which was run at 50°C.

It was found that the and assays were much less reproducible than TAG 
substrates of the shorter fatty acid chain lengths. This was probably due to difficulty 
emulsifying the longer chain TAG, which have higher viscosities and show a tendency to 
form larger droplets in aqueous mixtures than short chain fatty acid TAG. The Cjg.j TAG 
assays also displayed a noticable lag period of 2 to 3 minutes that was not seen with the 
other substrates. This may be because of the added time the cells would take to associate 
with the larger lipid droplets to allow the lipases to break them down. The Cn.o substrate 
was added to an assay carried out at 50°C. At best this can only allow an estimate of 
enzyme activity on triundecanin at 21°C, but indicates that the S. lividans lipase can 
catalyse the breakdown of odd-numbered, medium chain-length fatty acid TAG at a 
similar rate to other types of TAG.

The presence of tributyrin esterases could cause an over-estimation of lipase activity 
towards short chain fatty acid TAG but the better émulsification obtained by tributyrin 
made it the preferred substrate for the standard assay. An unsaturated fatty acid-specific 
lipase was isolated from Geotrichum candidum by Shimada et al. (1992) that is inactive 
towards Cig.o, and q saturated chain-length fatty acid TAG. The S. lividans
lipase had similar rates of activity towards both saturated and unsaturated fatty acid TAG 
and did not appear to be fatty acid specific.

4.1.6 Lipase activities of cells from a triolein-medium shake-flask fermentation

The presence of residual oil at the end of fermentations (Section 5.6.4) may be due to, or 
despite, the level of lipase activity occurring in the cells. Therefore, the change in lipase 
levels in cells of progressing age was monitored, to see if activity remained in step with 
cell mass or declined. The cells were grown in 500 ml of 0.5% (w/v) triolein minimal 
medium, in a 2 L shake flask, after inoculation with a seed culture of 50 ml that had been 
growing for 24 h. 50 ml samples were removed at intervals, leaving only 100 ml of broth 
at the end of the time course. This loss of volume from the flask could have changed 
certain parameters of the cell growth conditions, particularly causing an increase in 
aeration, but the effect of this was probably small and if anything would have increased 
the viability of the culture in the later stages. The lipase activities were altered according
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to the dry cell weight (DCW) of the culture at the appropriate time point - the volume 
activity was divided by the DCW (in grams) to obtain a an estimate of Units mb^g-  ̂DCW.
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Figure 4.1.4 Lipase activity (with tributyrin, at pH  7.8) o f cells grown on 0.5% (w/v) 
triolein minimal medium over time, given as Units ml^g-^ dry cell weight. The volume 
activity o f the lipase (Units mb^) was adjusted by the dry cells weight o f each time point 
(g/L) to remove the effect o f cell mass 'on the cell-associated lipase activity.

The pattern of lipase activity changes very definitely over the growth cycle of the cells. 
The activity is already reasonably high (per g^DCW) at the first time point. Maximal 
activity occured during rapid cell growth, declined during stationary phase, but did not 
reach zero. The pattern of lipase production over the cell cycle was observed by 
Cavanagh (1996) with Streptomyces clavuligerus and Sztajer et al. (1988) with 
Streptomyces spp. PCM 27. With both species, activity reaches a maximum at the end of
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exponential growth, then declines. This obviously has implications for the use of 
vegetable oils during a typical fermentation; these are discussed in Section 5.6.4.

S. lividans appears to have a very low level of lipase compared with other bacteria. A 
large study by Sztajer et al. (1988), gave activities of 0.33 to 0.5 Units ml-̂  broth of 4 
Pénicillium spp. and 0.3 to 1.25 Units ml-̂  broth of 8  Bacillus spp. This is at least 10 
times the activity seen with S. lividans, taking the cell resuspension step into account. 
The inducible long-chain unsaturated fatty acid lipase isolated from Geotrichum candidum 
reaches levels of 86.7 Units mfi broth (Shimada et a l, 1992). Rapp and Backhaus (1992) 
screened several hundred organisms for lipase activity - the lowest recorded activity (apart 
from zero) was 0.1 Units ml-̂  broth. Cavanagh (1996) found that Streptomyces 
clavuligerus supernatant broth has an activity of 0.09 Units ml \  which is three times the 
maximum seen with S. lividans lipase. The results from S. clavuligerus are directly 
comparable to those from S. lividans since the same equipment was used in both studies. 
The apparent low activity of S. lividans lipase may be because only cell-associated activity 
was monitored. The alternative is that low values may be a true reflection of lipase 
production by the strain. Szatjer et a l (1988) found that the closely-related S. coeiicolor, 
along with a number of other streptomycete species, does not produce any lipolytic 
activity on a TAG agar medium. The only strains found to produce a lipase (both on solid 
and liquid media) are Streptomyces fradiae and Streptomyces spp. PCM 27 and PCM 33, 
so it is possible that streptomycetes as a whole are not enthusiastic lipase producers. It is 
also possible that the studies previously used cannot monitor cell associated lipase 
activity, which may be the predominant type in streptomycetes. Streptomyces lividans 6 6  

did not produce a hpase on solid medium in a study carried out by Pérez and co-workers 
(1993), but was transformed with a Streptomyces spp. M il lipase gene, the product of 
which was subsequently released into the fermentation broth. Jacobsen et a l (1989) 
found that cell-bound lipases inhibited Geotrichum candidum from releasing additional 
lipolytic enzymes into the medium. If S. lividans behaved in this fashion then a low level 
of lipase activity would be expected.

FATTY ACID METABOLISM WITHIN THE CELL

The next step in the metabolism of lipids is the uptake of fatty acids into the cell. 
Investigation of fatty acid incorporation involves detailed analysis of cell membrane 
composition and/or identification of enzymes by molecular biological methods, both of 
which were beyond the scope of this project. Therefore, this step was disregarded and 
instead investigations were made into the S. lividans mechanisms for the activation of 
fatty acids and for their subsequent degradation to acetyl-CoA. This was carried out 
using in vitro cell free extract systems, with additional information obtained from the 
purification of some of the enzymes involved.
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4.2 Optimization of Cell-Free Extract Preparation

The preparation of cell-free extracts (CFE) was optimized to provide the greatest direct 
p-oxidation activity (Sections 2.5.1 and 2.5.5), since in crude form the CFEs produced 
very low assay rates. A higher P-oxidation activity was obtained if the cell pellet was 
frozen at -20°C between harvesting and homogenisation, so this was done even if the 
harvested cells could have been assayed immediately (Table 4.2.1). The cells were 
homogenised in a French-press and large debris removed with 15 min centrifugation at 20, 
OOOg. However, assay rates were still low after this, so an ultracentrifugation step and 
dialysis step were introduced (Table 4.2.2 and 4.2.3). The specific P-oxidation activities 
given are taken from the rate of the net increase of NADH in the assay. As such they are 
dependent on any other enzyme activities occurring during the assay that consume either 
NAD+ or NADH. The treatment of the CFEs minimized NADH "oxidase" reactions 
converting NADH to NAD+ rather than increased the activity of the p-oxidation enzymes. 
The rate of non-specific NADH depletion (Section 4.13.1) was monitored and found to 
decrease from 0.27 AA/min to 0.05 AA/min after treatment of the CFE. The NAD+ to 
NADH reaction of the p-oxidation assay was followed at greater sensitivity since the 
product was not re-converted to NADH by other enzyme activity. The treatment of CFEs 
was kept the same even if the assay did not require the monitoring of the NAD+ 
NADH reaction.

Cell storage condition [HEPES] Dialysis p-oxidation activity (direct)
dialysis buffer step (h) (nmol min^mg^)

fresh 20mM 2 1.3
frozen 20mM 2 3.4

Table 4.2.1 The effect o f freezing on direct p-oxidation activity in ultracentifuged cell 
free extracts. Activity is given as nmoles o f NAD-^ converted to NADH per min per mg 
total protein in the CFE.

Cell extract [HEPES] Dialysis p-oxidation activity (direct)
centifugation dialysis buffer step (h) (nmol min ^mg^)
not ultracentrifuged 50mM 1 0 . 2

ultracentrifuged 50mM 1 4.6

Table 4.2.2 The effect o f ultracentrifugation on direct P-oxidation activity in extracts 
from frozen cells. Activity is given as nmoles o f NAD~  ̂ converted to NADH per min per 
mg total protein in the CFE.

The ultracentrifugation step was employed to remove the membrane fraction of the CFE, 
which contains NADH oxidation enzymes. Ultracentrifugation also removed the excess 
lipids still adhering to the cells after the washing procedure, causing the formation of a
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thick, white lipid layer at the surface of the supernatant. The washing of the cells for in 
vitro enzyme assays was not as thorough as that used for the lipid analysis experiments 
(Section 3.3.2), since it was more important to keep the cells intact until bathed in buffer 
than to remove all the residual oil. The ultracentrifugation step caused the clarity of the 
CFE to be significantly improved by reducing initial opacity from above 2.5 at 340 nm 
(100 |il CFE in 1 ml) to a AA3 4 0  of 0.7 (100 |Lil in 1 ml). The addition of CFE to the 
assays was therefore more flexible, since up to 400 |il could be added to a 1  ml assay 
without raising the absorbance above 3.

Cell extract dialysis: 
[HEPES] buffer

Dialysis step (h) P-oxidation activity (direct) 
(nmol min^mg 1)

20mM 1 2.8
20mM 2 3.4
50mM 1 4.6
50mM 2 2.7

Table 4.2.3 The effect o f dialysis conditions on direct Ç>-oxidation activity in extracts 
from frozen, ultracentrifuged cells. Activity is given as nmoles o f NAD^ converted to 
NADH per min per mg total protein in the CFE.

The dialysis step reduced the levels of unwanted enzymic reactions by diluting their 
metabolites, preventing the reactions from consuming co-factors required by the (3- 
oxidation activities. A higher concentration of buffer in the dialysing fluid than that used 
to bathe the CFE was necessary to optimize activity, but long dialysis periods were 
counter-productive, showing a reduction in activity.

Research by Binstock and Schulz (1981) indicated that in E. coli a heat treatment step 
reduced NADH depletion activity without affecting the NADH-dependent p-oxidation 
activity. The CFE obtained from cells grown on 0.5% (w/v) triolein medium was 
therefore heated to 70°C for 1 min, before being used in direct assays (Section 2.5.5). 
The rate of activity dropped from 5.7 nmol min-^mg-  ̂ to 0.97 nmol min-^mg-  ̂ after the 
treatment, so a high temperature step was not used in future experiments. The S. lividans 
HOADH enzyme may be more heat labile than the E. coli multifunctional enzyme, or 
another S. lividans enzyme step, for example acyl-CoA dehydrogenase, may be 
susceptible to heat treatment.

The assays were carried out at 25°C. At 30°C direct p-oxidation activity increased from
4.6 nmol NADH min-^mg-  ̂ to 6.5 nmol NADH min-^mg-i but the trace flattened more 
quickly and the rates were less reproducible, indicating loss of function of the enzyme or 
degradation of one of its substrates. To maintain a standard across all the assays being 
used, 25°C was used as the favoured temperature throughout the entire project.

133



C hapter 4. Enzym ology o f  lip id  degradation  in S. lividans

4.3 Acvl-CoA Synthetase Activity

Acyl-CoA synthetase constitutes the first internal enzyme activity in the degradation of 
fatty acids, although it is not considered to be a p-oxidation enzyme. Synthetase activity 
was measured in this study by two methods, the disappearance of free CoASH in the 
assay mix, picked up by a reaction with 5',5'-Dithiobis [2-nitrobenzoic acid] (DTNB) and 
a fluorimetric assay that couples the reaction to that of acyl-CoA oxidase, horseradish 
peroxidase and homovanülic acid. Other methods that have been used to investigate acyl- 
CoA synthetase activity have involved radiolabelled substrates (which was done in this 
study as part of a linked assay -Section 4.7), a hydroxylamine reaction with the acyl-CoA 
products and an assay linking NAD+ formation to AMP production. Since all of these 
have drawbacks, due to expense, toxicity of the reactant and the need for a purified 
enzyme respectively, the fluorimetric and DTNB assays were favoured. A potential 
problem for all acyl-CoA synthetase assays is the existence of a futile cycle between acyl- 
CoA hydrolase and acyl-CoA synthetase, which work antagonistically. Their opposing 
activities break and form the ester bond between the CoASH residue and the free fatty 
acid, respectively. Any assay will only show the net gain in acyl-CoA levels rather than 
the actual rate of acyl-CoA synthesis occurring. In order to minimise this, the assay 
conditions favour the FFA 4 - CoASH -> Acyl-CoA reaction, by keeping CoASH levels 
high, but some acyl-CoA hydrolase activity would be expected and was assayed separately 
(Section 4.14).

4.3.1 CoASH disappearance assay

A time course monitoring acyl-CoA synthetase activity was carried out with a triolein- 
grown CFE and is shown in Figure 4.3.1. The assay used the conditions detailed in 
Section 2.5.2, where the disappearance of CoASH was followed.
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Figure 4.3.1 CoASH disappearance as a measure o f acetyl-CoA synthetase activity 
monitored at 412 nmfrom a triolein-grown CFE assay, using a lauric acid substrate.

The assay provides information on levels of CoASH in the reaction mixture at five 
different time points. The specific activity with a substrate of lauric acid was 1.3 nmol 
min-̂ mg-  ̂ (+/- 0.037 - standard error of the mean). This was slightly lower than that of 
the fluorimetric assay (Section 4.3.2), but within reasonable agreement. The reaction of 
CoASH with DTNB allowed the amount of CoASH used to be followed, but was not 
particularly convenient, since it involved a two stage process. The fluorimetric assay 
allowed the acyl-CoA synthetase activity to be followed as it occurred and was more 
useful when a series of comparative assays were run. Therefore, the fluorimetric assay 
was chosen for routine use.

4.3.2 Expression of acyl-CoA synthetase

Acyl-CoA synthetase activity was sought in CFEs from cells grown on a number of 
different carbon sources to determine if it was constitutively expressed in S. lividans.
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Enzyme activity was calculated from comparison with the rate of a known amount of an 
acyl-CoA synthetase obtained from Boehringer-Mannheim. There was no detectable 
activity in cell free extracts from cultures grown on glucose, alanine or complex media 
(YEME - Section 2.2.3.2) and harvested in the rapid growth phase. Of the lipid-based 
defined media, the following specific rates of activity were obtained: for triolein-grown 
cells, 1.4 {+!- 0.08) nmol min-^mg-  ̂ and for methyl oleate-grown cells, 1.6 (4 -/- 0.09) nmol 
min-^mg k This compares with a specific activity of 0.08 {+!- 0.01) nmol min-^mg-  ̂ that 
was obtained from a CFE of acetate-grown cells. & lividans therefore has an inducible 
acyl-CoA synthetase that is only present when fatty acids are supplied in the growth 
medium. Acetate provokes a similar response, but the specific activity is lower than for 
longer-chain fatty acid carbon sources. Rates of activity from lipid-grown CFEs were 
very similar to those obtained from the linked assay (Section 4.5), which measures activity 
through acyl-CoA synthetase and the p-oxidation pathway together. This indicates that 
the activity of the synthetase governs that of the complete p-oxidation pathway, at least in 
vitro.

Much early research into fatty acid degradation in E. coli directed towards the conditions 
necessary for the expression of the enzymes. Weeks et a l (1969) found levels of acyl- 
CoA synthetase activity changes according to growth substrate, with a specific activity of 
0.3 nmol min-^mg-  ̂ in amino acid-grown cells and an activity of 1.83 nmol min-̂ mg-  ̂ from 
palmitate-grown E. coli CFE. Trigatti et a l  (1992) found that E. coli has two fatty acid 
uptake systems, one inducible and protein-mediated that operates at low fatty acid 
concentrations, the other a simple influx system. The first system shows a 43-fold 
increase over activity in a non-lipid medium and involves inducible acyl-CoA synthetase 
activity, since the levels of the usual E. coli synthetase are raised only 2-fold in the 
presence of fatty acids. The induction of a separate long-chain acyl-CoA synthetase was 
discovered in Candida lipolytica after oleic acid was added to the medium. This was in 
addition to a constitutively-produced synthetase that was believed to allow the direct 
incorporation of exogenous fatty acids into cellular lipids (Mishina et a l, 1978a). 
Schoonjans et al. (1995) found that in rat hepatocytes, acyl-CoA synthetase is only 
expressed after the induction of microbody production by peroxisome proliferators. 
Gerhardt (1992) reviewed a number of papers detailing the activity of acyl-CoA 
synthetase in plant systems; many of these had inducible systems.

Constitutively expressed acyl-CoA synthetases have been found in the prokaryotes 
Nocardia asteroides (Calmes and Deal, 1973), Bacillus megaterium (Massaro and 
Lennarz, 1965) and Corynebacterium 7E1C (Broadway et a l, 1993). This is somewhat 
surprising since these species are all Gram-positive and therefore more similar 
physiologically to S. lividans than E. coli. A  summary of acyl-CoA synthetase activity in 
the CFEs of various organisms is found in Table 4.12.1, in Section 4.12.
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4.3.3 Chain-length specificity of the acyl-CoA synthetase

The activity of acyl-CoA synthetase on fatty acids of three chain lengths was investigated 
using the fluorimetric assay. The results are shown in Table 4.3.1.

Chain length Specific activity (nmol min^mg

Palmitic acid-BSA (Ĉ .̂ )̂ 1.30
Palmitic acid in DMSO (Ci .̂o) 0 . 8 6

Lauric acid in DMSO (C,2 :o) 1.41

Octanoic acid in DMSO (C^J 0.32

Table 4.3.1 Activity (from duplicates) o f triolein-grown S. lividans CFE against different 
substrates in the fluorimetric assay.

The acyl-CoA synthetase was most active with lauric acid, a medium chain-length fatty 
acid, although the rate with palmitate-BSA was nearly as high. Complexing the fatty acid 
to protein appears to make the substrate more accessible to the enzyme than when it is 
dissolved in DMSO. The effect is not due to inhibition of the reaction by DMSO, since its 
addition alone to the assay mix did not influence the rate of activity. Activity was much 
lower with an octanoic acid substrate than would be expected from the linked assay 
(Figure 4.5.1), which monitors acyl-CoA synthetase activity in conjunction with the rest 
of the (3-oxidation pathway. The activity being monitored here may not be due to the 
acyl-CoA synthetase associated with the p-oxidation pathway, since the specificity of the 
whole pathway is different. Alternatively, the fatty acid chain-length preferences of the 
subsequent enzymes in the p-oxidation pathway may influence the pathway specificity as 
much as the acyl-CoA synthetase. A third possibility is that the acyl-CoA oxidase added 
to the assay altered the activity of the acyl-CoA synthetase to the fatty acids, although the 
high amounts of acyl-CoA oxidase added should have lessened the influence of any 
specific chain-length affinities that the oxidase may have. Acyl-CoA hydrolase activity 
may influence the apparent activity of the acyl-CoA synthetase. However, the acyl-CoA 
hydrolase detected in S. lividans was active against palmitoyl-CoA for preference and less 
effective against shorter-chain CoA esters (Figure 4.14.2). The large quantities of acyl- 
CoA oxidase present would also have minimized the activity of acyl-CoA hydrolase by 
depriving it of substrate.

There is probably only one type of acyl-CoA synthetase enzyme in E. coli (Kunau et al, 
1995) which has a substrate range of Cg - Ĉ g free fatty acids (Overath et al., 1969; 
Kameda and Nunn, 1981). This is also the range of Nocardia asteroides acyl-CoA 
synthetase but Pseudomonas strains have a wider range, of C2  - chain-length fatty 
acids (Trust and Millis, 1971). Caulobacter crescentus demonstrated identical acyl-CoA 
synthetase activities for oleic and decanoic acids (O'Connell et a l, 1986). The 
Corynebacterium 7C1E constitutive acyl-CoA synthetase has a very broad range of
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activity, for mono- and di-carboxylic acids and free fatty acids with chain lengths of Ĉ q to 
(Broadway et a l, 1993). Of the two Candida lipolytica acyl-CoA synthetases, the 

inducible enzyme has a broad substrate specificity for both di-carboxylic acids and fatty 
acids, while the constitutive enzyme is most active with Ĉ g-Q-Cig-o chain length fatty acids 
(Mishina et a l, 1978b). Rat acyl-CoA synthetase was found to have a substrate range of 
Ĉ o to C2 0  (Waku, 1992). It is expressed in both mitochondrial and peroxisomal systems 
and has identical substrate specificities despite its location.

4.3.4 Location of the acyl-CoA synthetase

Since much previous research has indicated that the acyl-CoA synthetase of a number of 
organisms is located on the cell (or organelle) membrane, the location of the enzyme in S. 
lividans was investigated. The treatment of CFEs as described in Section 4.2 separated 
the membrane fraction from the cell cytosol in the ultracentrifugation step. Cells grown 
on a 5% (w/v) triolein defined medium were separated into supernatant and membrane 
fractions, each suspended in HEPES buffer (20mM, pH 7.4). Both fractions were then 
assayed for acyl-CoA synthetase activity using the fluorimetric method. However, 
although the supernatant fraction displayed acyl-CoA synthetase activity, the membrane 
suspension could not be added in a way that did not cause the background trace to be very 
changeable, masking any activity on the addition of substrate. The association of acyl- 
CoA synthetase with the S. lividans cell membrane could therefore not be determined.

The possibility that a proportion of acyl-CoA synthetase enzyme activity may reside in the 
cell membrane of S. lividans seems reasonable, since the level of synthetase observed in 
the cell supernatant is somewhat low compared to E. coli and other prokaryotes (Table
4.12.1). A partial extraction of the acyl-CoA synthetase activity by the removal of the cell 
membranes may explain why the in vitro system is rate-limited by acyl-CoA synthetase 
activity.

Overath and co-workers (1967) found synthetase activity of 46 nmol min-^mg-  ̂ in the 
membrane fraction of E. coli cell-free extract. Despite confirmation of membrane acyl- 
CoA synthetase activity by O'Brien and Frerman (1977), Kameda and Nunn (1981) found 
the enzyme to be soluble in E. coli, although they postulated it might be loosely associated 
with the membrane. In Caulobacter crescentus, the acyl-CoA synthetase assay required 
the presence of Triton X-100, indicating the enzyme is membrane-bound (O'Connell et a l, 
1986). Gross (1989) found that acyl-CoA synthetase activity is bound to the 
mitochondrial membrane in the alga Cyanidium caldarium. Soluble long-chain acyl-CoA 
synthetases were indentified in Bacillus megaterium (Massaro and Lennarz, 1965), 
Nocardia asteroides (Calmes and Deal, 1973) Corynebacterium 7C1E (Broadway et a l, 
1993), Candida lipolytica (Mishina et a l, 1978a), Candida tropicalis (Yamada et a l, 
1980) and rat liver peroxisomes (Tanaka et a l, 1979).
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4.4 The Direct B-Oxidation Assay

The use of the direct assay was a useful way of obtaining an estimate for p-oxidation 
activity, whilst excluding the influence of acyl-CoA synthetase. Monitoring was carried 
out by following the production of NADH from NAD+, catalysed by the 3-hydroxyacyl- 
CoA dehydrogenase (HOADH) enzyme, but the enzymic reactions preceding this are also 
involved. The last step, that of 3-ketoacyl-CoA thiolase (KAT), reacts with the HOADH 
product. The equilibrium for the KAT reaction lies on the product side (Schulz, 1991), so 
3-ketoacyl-CoAs are constantly consumed by the KAT reaction, favouring the forward 
HOADH reaction by removing its product.

The reaction was found under nearly all circumstances to have a noticeable background 
rate that had to be taken into account when calculating the substrate-specific rate. The 
background rate varied from 2% to 35% of the final assay rate as shown in Figure 4.4.1. 
This could have been due to endogenous substrate use, or to the interference of other, 
unrelated enzyme activities also producing NADH. The presence of this extra activity 
was reduced by the pre-treatment of the CFE outlined in Section 4.2, but was not 
eradicated.
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Figure 4.4.1 Typical trace o f the direct ^-oxidation assay, monitoring triolein-grown 
cell free extract with a palmitoyl-CoA substrate, at 340 nm.

4.4.1 Induction of the p-oxidation enzymes

The direct assay was used as the standard method for detecting p-oxidation activity, since 
it monitors the whole p-oxidation spiral and is more sensitive than the linked assay which 
relies on the activation of fatty acids by endogenous acyl-CoA synthetase. S. lividans
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cells were grown in shake flasks with complex medium or minimal medium with a 0.5% 
(w/v) carbon source, as detailed in Table 4.4.1. In a number of cases the cells were 
harvested at more than one time point, to see if the age of the cells affected the level of p- 
oxidation activity present.

Growth media Time of 
harvesting (h)

Specific activity (nmol 
mg'ml^) + (SEM)

Complex media
Yeast extract-malt extract (YEME) 24 0

Malt extract/glycerol/ bacterial peptone 24 0

Seed Media (Rape seed oil) 48 0

Seed Media (Triolein) 48 1.49 (0.054)
Minimal media and lipids
Triolein 48 3.96 (0.061)
Methyl Oleate 48 4.26 (0.086)
Tricaprylin (C ^J 48 0.89 (0.018)
Oleic acid plus 0.1% (w/v) Triton X-100 72 2.09 (0.007)

Hexanoic acid methyl ester (Ĉ -n) 72 0

Minimal Media and non-lipid C sources
Acetate 48 0

Alanine 24 0

Dextrin 24 0

Glucose 24 0

Glucose 48 0

Glucose 1 2 0 0.12 (0.004)
Minimal media and glucose
Alanine 48 0

Minimal media and methyl oleate
Alanine 24 1.35 (0.036)
Dextrin 24 3.55 (0.023)
Glucose 24 0

Glucose 48 0.30 (0.007)
Glucose 70 1.35 (0.059)

Table 4.4.1 ^-oxidation activity in cells grown on complex media or minimal medium 
containing 0.5% (wA) carbon source. Where more than one carbon source is shown, the 
two substrates were supplemented as 0.25% (wA) each to the medium. Harvesting was 
carried out during the rapid growth phase, unless more than one time is shown for a 
substrate, where rapid growth phase, stationary phase and late stationary phase cells 
were assayed.

The p-oxidation enzymes do not appear to be present in cells grown in media that does 
not contain lipids, except in the late stationary phase of growth. Of the complex media.
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the seed medium with rape seed oil did not seem to induce the p-oxidation enzymes, 
which is unexpected, since triolein in the same medium induced activity, albeit in lesser 
amounts than from the 0.5% (w/v) triolein minimal medium. Of the lipid minimal media, 
oleic acid plus 0.1% (w/v) Triton X-100 had a lower p-oxidation level than triolein 
medium; possibly because the cells were using the Triton X-100 as a carbon source. The 
Ĉ -o FAME and Cg.g TAG had an interesting effect on S. lividans p-oxidation. No p- 
oxidation was seen in cells grown on methyl hexanoate, but some activity was seen in cells 
grown on tricaprylin. This indicates that in S. lividans the minimal fatty acid chain-length 
for inducing the p-oxidation pathway enzymes is Ci-.o or Cg.Q, but the expression of the 
induced enzymes is lower than for long-chain fatty acids. No p-oxidation activity was 
seen in cells grown on acetate, alanine, dextrin or glucose before late stationary phase in 
the growth cycle. Glucose-grown cells left incubating for 120 h display a small amount of 
activity; this may be a response to the presence of lipids from dead cells in the medium. 
Alanine plus triolein medium cells have a low level of p-oxidation activity in the rapid 
growth phase. In a glucose plus triolein (0.5% w/v total, 1:1) medium this did not happen 
until stationary phase, when the glucose has been exhausted from the medium, indicating 
that catabolite repression is occurring.

The induction of P-oxidation enzymes by particular medium components has been 
carefully studied in a comparatively large number of organisms. In eukaryotes, induction 
usually occurs accompanied by the proliferation of peroxisomes (Neat et a i, 1981; Kunau 
et al., 1995), or in plants by the appearance of glyoxysomes (Thieringer and Kunau, 
1991a; Gerhardt 1992). Having said that, induction of microbody proliferation can be 
triggered by long chain fatty acids, a process which can be compared with prokaryote 
induction (Kunau et a i, 1995). The induction of individual enzyme activities of the p- 
oxidation pathway was examined in Caulobacter crescentus (O'Connell et a l, 1986). The 
individual activities rise between 1.1 and 3-fold if oleic acid is provided as the sole carbon 
source, as opposed to glucose or a mixture of oleic acid plus glucose. In the same study, 
the induction of E. coli enzymes was also investigated; in this case the smallest induction 
was a doubling of activity (in acyl-CoA dehydrogenase), but aU the other p-oxidation 
enzyme activities increased more than 50-fold on an oleic acid medium. Data from Weeks 
et al. (1969) gave an estimate of p-oxidation activity in cells grown on amino acids as 
three times that of glucose plus amino acid medium cultures, with oleic acid-grown cells 
having 10 times greater activity than amino acid-grown cells. Pseudomonas fragi cells are 
induced for P-oxidation enzymes when grown on saturated fatty acids (Sato et al., 
1992b). Lactobacillus leichmanii, a fermentative bacterium, shows a unit control of p- 
oxidation enzyme induction, with ten times constitutive levels of activity in cells grown in 
an oleate medium. This induced P-oxidation activity protects the cells from the toxic 
effects of added laurate (Nunez de Kairuz et a l, 1983). Although many sytems are 
inducible, Corynebacterium 7E1C has a similar level of p-oxidation activity whether 
grown on methyl oleate, acetate, succinate or glucose (Broadway, 1990).
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The substrates able to induce the expression of p-oxidation enzymes have also been 
investigated. In S. lividans esters of fatty acids with chain lengths of more than 8  carbon 
atoms caused expression of the p-oxidation enzymes. O'Connell et at. (1986) used oleic 
acid to induce expression in E. coli, while Weeks et al. (1969) routinely used palmitate 
and found acetate cannot cause expression. Fay and Farias (1981) also worked with E. 
coli, finding that decanoate is the lowest chain-length fatty acid to cause p-oxidation 
enzyme expression, although Ĉ .q and Cg.Q fatty acids are too toxic to allow growth. 
Pseudomonas fragi expresses p-oxidation enzymes at twice the constitutive level with 
fatty acids with a 6 -carbon chain or longer (Sato et a l, 1992b). Kurihara et a l (1992) 
investigated p-oxidation in Candida tropicalis and found a higher rate of activity in cells 
grow with butyrate than with those grown on glucose, acetate or propionate. Acetate and 
oleate both induce p-oxidation above a detectable constitutive level in Neurospora crassa, 
but the response is not equal for the two carbon sources. 4-5 times less p-oxidation 
activity is seen in acetate-grown cells than those grown with oleate (Kionka and Kunau, 
1985). This was also the case with Aspergillus nidulans, another fungus. Cells were first 
grown on glucose to increase biomass, then moved to an oleate or acetate medium. AU 
the p-oxidation enzymes are induced above a constitutive level by oleate and to a lesser 
extent by acetate. The only exception to this was acyl-CoA oxidase activity, which can 
only be detected after induction has occurred (Valenciano et a l, 1996). Induction is most 
pronounced on chain-lengths of C 1 3 -C1 5 . One of the major problems in determining the 
effect of individual fatty acid esters is the toxic nature of the medium chain fatty acids; if 
the FFA prevent growth then they cannot simultaneously influence enzyme expression. 
Another factor is the degradation of short-chain fatty acids. E. coli contains a second 
enzyme system (ato) that can degrade SCFAs without the whole p-oxidation pathway, 
which therefore does not need to be expressed in its entirety (Section 1.5.1). Whether the 
ato pathway operates in place of the p-oxidation cycle on SCFAs in other organisms 
could influence their specificity of induction.

Catabolite repression (Section 1.5.4) is seen consistently in the expression of p-oxidation 
enzymes. Lactobacillus leichmanii has repressed levels of p-oxidation in 1% glucose 
medium (Nunez de Kairuz et a l, 1983). Reports by Weeks et a l  (1969) showed that P- 
oxidation does not occur in E. coli grown in media with both glucose and oleate present, 
although amino acids and oleate permit expression of the enzymes. This indicates that 
glucose repression operates in E. coli, since even in the presence of substrate glucose 
prevents expression. Studies on both Caulobacter crescentus and E. coli by O'Connell 
and co-workers (1986) showed that glucose represses p-oxidation activity in both species. 
Saccharomyces cerevisiae P-oxidation is induced by oleic acid and repressed by glucose 
in the medium at strengths of 0.1% (Evers et a l, 1991). Peroxisomal numbers also 
decrease in the presence of glucose.
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4.4.2 Location of p-oxidation activity

p-oxidation activity was monitored in both the supernatant and pelleted membrane 
fraction of the ultracentrifuged CFE. However, the cloudiness of the assay mixture when 
the membrane fraction was added made obtaining a rate very difficult, since the 
absorbance was already very high. The background rate was also high and no increase 
could be seen when substrate was added, possibly due to membrane-bound NADH 
oxidation enzymes. The high absorbance and background rate could have masked small 
increases in the rate, so it could not be confirmed that all the activity was contained in the 
the soluble fraction. The relatively low rates of p-oxidation activity in S. lividans 
compared to other prokaryotes (Table 4.12.1) may indicate that not all p-oxidation 
activity is being picked up by monitoring the supernatant. Despite this possibility, a great 
deal of evidence has been amassed showing multifunctional p-oxidation enzymes are 
soluble in other organisms (Kunau et a l, 1995). In E. coli, acyl-CoA dehydrogenase 
(O'Brien and Frerman, 1977) and the p-oxidation multifunctional enzyme (Binstock et a l, 
1977) were found in the cell cytosol, despite some evidence that the separate long-chain 
enoyl-CoA hydratase enzyme was membrane-bound (O'Brien and Frerman, 1977).

4.4.3 Substrate specificity of the direct assay

The direct assay is useful for showing the substrate specificity of the enzymes of the p- 
oxidation spiral. Assays for the individual steps of the pathway in some cases do not use 
the natural substrate of the step and in aU cases the cost of providing a range of chain 
length substrates for each enzyme would be prohibitive. The direct assay therefore 
provides a measure of the range of substrates that the P-oxidation pathway can catabolize, 
whilst removing the influence of the acyl-CoA synthetase step. Figure 4.4.2 shows the 
fatty acid chain-length preference of the S. lividans p-oxidation spiral.

The substrate preference of the direct assay shows that the medium chain lauroyl-CoA 
(Ci2 :o"CoA) was the favoured substrate. Surprisingly, acetoacetyl-CoA (C4 . 0  acyl-CoA) 
was subject to comparatively high activity, even though the p-oxidation enzymes were not 
induced by fatty acids smaller than Cg.Q. This indicates that the p-oxidation system of S. 
lividans has a very wide substrate range, including the ability to degrade short-chain fatty 
acids. The alternative explanation is that the short-chain activity is due to an S. lividans 
short chain-specific degredative pathway similar to the atoDAB operon in E. coli (Section
1.5.1). The E. coli ato pathway also catabolyses acyl-CoA substrates in an NADH- 
generating reaction. Therefore ato activity cannot be distinguished from that of p- 
oxidation in the assay system and may be responsible for some of the NADH production.
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Figure 4.4.2 Suhstrate specificity o f  triolein-grown CFE, towards different chain-length 
fa tty  acyl-CoA esters. The activities are shown as a percentage o f  the maximum specific 
activity (with C]2 _.o-CoA), o f 5.5 nmol min hng K

In almost all reports, the activity of the P-oxidation pathway towaids free fatty acids 
rather than acyl-CoAs is given (reviewed in Section 4.5.1), so direct compaiisons aie not 
possible. In the Corymehacterium 7E1C system (Broadway, 1990), long-chain fatty acids 
ai'e prefeiTed; in the direct assay the favoured substrate is Ĉ .̂Q-CoA. The for 
palmitoyl-CoA shows most affinity at 8 |U.M, compared with ĈQ.Q (77p.M), C,2 .q (43|iM) 
and C 1 4 .Q (31p.M). In eukaiyotes, a study on three algae by Winkler et al. (1988) showed 
that maximal rates of peroxisomal activity occur with decanoyl-CoA by Bumilleriopsis 

and Eremosphaera, although in the latter the system located in the mitochondria is most
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active towards butyryl-CoA. The Mougeotia peroxisomal system favours lauroyl-CoA 
(Ci2 :o-CoA), but in all cases activity covers a wide range of substrates, from C4 .0 -C0 A to 
C]8 :o-CoA. a  highly purified preparation of rat liver peroxisomes shows the highest rate 
of p-oxidation towards lauroyl-CoA, with the rates declining as the chain lengths got 
shorter. Butyryl-CoA is not P-oxidized at all, with short-chain degradation generally 
occurring in the mitochondria in mammalian cells (Chance and McIntosh, 1994).

4.4.4 pH optimum of the direct assay

The buffer used in the direct assay was altered to see how this affected the activity of the 
enzymes (Figure 4.4.3).

4 -
KPO buffer

3 -

g
c
'E

1
I  -

*
Ü
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œ sodium carbonate/ 

sodium hydrogencarbonate buffer

108 96 7
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Figure 4.4.3 Rates o f the direct assay with different pH values, using potassium 
phosphate and sodium carbonate/hydrogencarbonate buffers. The assays were carried 
out with a palmitoyl-CoA substrate in duplicate.
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Tris buffers reduced (3-oxidation activity (this was determined to be an inhibitory effect on 
3-ketoacyl-CoA thiolase, Section 4.12), giving higher assay background rates than actual 
rates. Potassium phosphate and sodium carbonate/ hydrogencarbonate buffers were used 
instead (Figure 4.4.3). The results showed a reasonably wide pH tolerance, with a falling 
off of activity above pH 8.5 and gradual decline below pH 7.5. Alkaline hydrolysis of the 
acyl-CoA ester can occur at higher pHs (9.0 and above), hydrolysing the CoASH from the 
fatty acid, thereby reducing the amount of substrate present. Such substrate degradation 
may have occurred in these assays, giving an artificially low estimate of the direct 13- 
oxidation rate at the highest pH conditions without a direct inhibition of the enzymes.

4.4.5 Regulation of the direct assay

Co-factors required by the assay were NAD+ and CoA. NAD+ could not be omitted 
(since the spectrophotometric assay depended on its presence) but when CoASH was 
removed from a triolein-grown CFE assay activity dropped from 3.55 {+/- 0.024) to 0.15 
(+/- 0.0014) nmol min-^mg-k Some activity was still seen, indicating that the CoASH was 
not an absolute requirement of the assay, but had a role in increasing the rate of NADH 
production. The other possiblility is that some free CoASH was available in the assay 
mix, possibly that irreversibly removed from the substrate by acyl-CoA hydrolase activity. 
If CoASH is removed from the assay, the rate of hydrolysis of acyl-CoA would be 
expected to increase since the concentration of its product is close to zero. Broadway 
(1990) reported that the Corynebacterium direct assay has no requirement for CoASH, 
but this is clearly not the case in S. lividans. CoASH is required for the final step in the p- 

oxidation pathway, that of the 3 -ketoacyl-CoA thiolase conversion: 3-ketoacyl-C oA  + CoA—> 
acetyl-CoA + acyl-CoA. Therefore, if CoASH is required by the S. lividans system, the 
participation of the thiolase activity in the HOADH reaction is obviously of importance to 
maintain a maximal rate. This is possibly due to the arrangement of the p-oxidation 
enzymes in S. lividans (no structural studies were conducted in Corynebacterium) or a 
difference in the kinetics of the two enzyme systems. In E. coli, 3-ketoacyl-CoA thiolase 
was found to "drive" the last three reactions in the p-oxidation spiral (Schultz, 1991) by 
the reaction equilibrium lying far on the product side and it appears that a similar bias may 
be occuring in the S. lividans system.

4.4.6 Inhibitors of the direct assay

The activity of the direct assay is under the control of levels of NAD+ and CoASH, but 
may also be regulated by the products of the pathway. Therefore different concentrations 
of some possible inhibitors were added to the assay mix to determine if p-oxidation 
activity was affected.
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Inhibitor Concentration (mM) Specific Activity 
(nmol min^mg^)

No inhibitor - 3.70
Acetyl-CoA 0.25 1 . 8 8

0.5 1.48
0.75 1.37

1 . 0 0.87
2 . 0 0

Malonyl-CoA 1 . 0 3.11
Acetoacetyl-CoA 0 . 1 2.23

Table 4.4.2 Effect o f inhibitors on triolein-grown CFE direct assay rate with palmitoyl- 
CoA as a substrate. The results shown are from duplicated assays.

Acetyl-CoA is capable of inhibiting P-oxidation, to the extent of preventing all activity at 
a concentration of 2mM in the assay. The 3-ketoacyl-CoA thiolase step was found to be 
strongly inhibited in mitochondria by acetyl-CoA (Olowe and Schulz, 1980), especially at 
low concentrations of CoA. The authors postulated that since thiolase was the rate 
limiting step in the mitochondrial systems (except in liver [Kunau et al., 1995]), the 
pathway was controlled by acetyl-CoA:CoASH ratios.

Malonyl-CoA, a product of acetyl-CoA used in the biosynthesis of antibiotics (Section
1.5.3.1), did not have a large inhibitory effect, but acetoacetyl-CoA was an efficient 
inhibitor, producing a 40% drop in activity at a concentration of 0.1 mM.

Inhibition by acetoacetyl-CoA could be the result of competition of the compound for the 
3-ketoacyl-CoA thiolase site, thereby reducing the amount of 3-ketopalmitoyl-CoA that 
can be processed by the pathway. If acetoacetyl-CoA was favoured, twice as much 
acetyl-CoA would be produced compared to a turn of the cycle involving palmitoyl-CoA. 
This acetyl-CoA would have an inhibitory effect of its own. Another possibility is that 
acetoacetyl-CoA competes for the HOADH site; this occurs in the mitochondrial pathway 
(Schifferdecker and Schulz, 1974).

4.5 The Linked B-Oxidation Assay

The linked assay uses the HOADH reaction to monitor activity, but unlike the direct assay 
uses in situ acyl-CoA synthetase activity to activate the fatty acids. As such it has many 
similarities to the direct system, but allows the contribution of the acyl-CoA synthetase to 
be taken into account. As with the direct assay, high background rates were often 
encountered. This, coupled with the lower actual rates produced by the whole pathway 
made the assay more problematic than the direct assay. It is likely that at least a small 
amount of free fatty acids would be present in a lipid-containing medium, which could be

147



Chapter 4. Enzymology o f  lipid degradation in S. lividans

caiTied over into the assay from CFEs prepared from inadequately washed cells. Since the 
fatty acids could then be used as a substrate by the system, the endogenous rate could be 
high. This endogenous activity is more likely to occur than in the direct assay, where the 
substrates ai*e acyl-CoAs. It is also indistinguishable from “background rates” caused by 
other mechanisms and as such gives a lower estimate of p-oxidation activity than is 
actually occurring, since the background rate was always discounted from the actual rate. 
The background rates tended to vary between 0.1 and 0.6 nmol min-ring-̂  depending on 
the CFE.

4.5.1 Substrate specificity of the linked assay
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Figure 4.5.1 Fatty acid chain length specificity’s o f  the linked p-oxidation assay. 
Results are given as a percentage o f  the maximum, 2.03 nnwl min-hng-^, from  a triolein- 
grown CFE with Ci3 :o fa tty  acid ester. The fa tty  acids were all o f  a saturated form, 
except Ci8:i which is marked as such. C l6* is palmitate-BSA rather than FFA dissolved
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The indirect assay allows the effect of the acyl-CoA synthetase on chain-length preference 
to be seen. A wider range of substrates were tested than with the direct assay since the 
free fatty acids were cheaper to obtain than fatty acyl-CoA esters (Figure 4.5.1). Medium- 
chain length fatty acids, C 2̂ :o &nd Ĉ g.Q, are favoured by the S. lividans enzymes, but the 
whole range of fatty acids are metabolised. This indicates that the acyl-CoA synthetase 
has a wide substrate acceptance range. Palmitate-BSA is a prefered substrate over 
palmitic acid in DMSO, as found in the fluorimetric acyl-CoA synthetase assay

Wheeler et al. (1991) found that the p-oxidation system in Mycobacteria is most active 
with laurate (Ci2 :o)- The E. coli pathway is specific for decanoate (Weeks et a l, 1969). 
A second category (by specificity) of enzyme pathways is those that favour long chain 
fatty acids. Broadway (1990) observed that the favoured substrate of Corynebacterium 
CFE in the linked assay is rather than the C 1 4 . 0  acyl-CoA ester that is favoured in the 
direct assay. Imamura and co-workers (1990) used a reconstituted in vitro p-oxidation 
system after purification of the component enzymes from Pseudomonas fragi. The system 
is most active with unsaturated fatty acids, but palmitate, stearate and fatty 
acids produce rates nearly as high. Activity declines linearly with decreasing chain length 
to butyric acid. The polyunsaturated fatty acids C^g. 2  and Ĉ g.̂  are also degraded by the 
pathway.

4.5.2 Co-factor requirements of the linked assay

The co-factors required by the linked assay are NAD+, MgCl2 , ATP and CoA. The MgCl2  

and ATP are required for the activity of the synthetase enzyme. Each component 
(excluding NAD+) was removed from the assay mix to determine its effect on the assay 
rate (Table 4.5.1).

Component removed 
from standard assay

Specific Activity 
(nmol min-^mg- )̂ + (SEM)

% of activity of 
complete assay

None 1.6 (0.075) 1 0 0

MgCl2 1 . 1  (0 .0 1 0 ) 69
ATP 0.6 (0.005) 38
CoA 0 . 1  (0.008) 7

Table 4.5.1 Co-factor requirements o f the indirect assay. The assay was carried out 
with a lauric acid (Cj2 .q) substrate.

Like the direct assay, the co-factor requirements in the linked assay are not absolute, 
although the exclusion of CoASH causes the greatest loss of activity. The absence of 
ATP caused a lesser reduction in activity than CoASH. When ATP was added to the 
direct assay, there was no difference in the rate of activity obtained, indicating that the 
effect of ATP on the pathway is confined solely to the acyl-CoA synthetase function. The
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assays were conducted with crude CFE, so it is possible that some of the co-factors were 
supplied endogenously to some extent.

The co-factor requirements for the Caulobacter crescentus acyl-CoA synthetase were 
relatively similar to those of the S. lividans system, but the reductions in activity seen with 
the various omissions were much greater. This is possibly because the enzyme had been 
partially purified by ammonium sulphate precipitation, (O'Connell et a l, 1986). There 
was a requirement in the C. crescentus system for CoA and ATP, but unlike in S. lividans 
the MgCl2  was essential, its omission resulting in the rate declining to 0.05% of that of the 
whole assay. Broadway (1990) found that an absence of MgCl2  reduces activity to 24% 
and CoASH omission to 2% of the complete assay in the Corynebacterium CFE linked 
assay. With ATP omission, acyl-CoA synthetase and linked activities decline to 13% of 
control level.

4.5.3 The effect of pH on the linked assay

1.4-1

1.2 -

1.0 -
KPO buffer

I  0.8-

:2 0.6 -

Ü

O) 0.4-

sodium  carbon ate/ 
sodium  h ydrogencarbonate buffer

0.2 -

0.0
1096 7 8

pH

Figure 4.5.2 pH specificity o f the linked ^-oxidation assay, using triolein-grown CFE 
with palmitic acid. The assays were carried out in duplicate.
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Again, due the inhibitory effect of Tris buffer on the 3-ketoacyl-CoA thiolase activity, the 
effect of pH on linked pathway activity could only be tested in potassium phosphate and 
sodium carbonate/ hydrogencarbonate buffers. The pH tolerance of the linked assay is 
less broad than that of the direct assay, with the activity at pH 6.0 being 33% of the 
highest linked activity, rather than 67% in the direct assay experiments.

4.6 Acvl-CoA and Acetvl-CoA Production

This stopped time-course assay allowed the acyl-CoA synthetase and P-oxidation pathway 
activities to be separated from one another by measuring the amount of product of each 
present in the assay mix. Figure 4.6.1 shows a typical trace obtained with triolein-grown 
CFE.

25 n

acyl-CoA20 -

15-
E

1
c

acetyl-CoA
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Figure 4.6.1 Acyl-CoA and acetyl-CoA production by a triolein-grown CFE, reacting 
with palmitic acid. CoASH release was followed by reaction with DTNB and monitored 
at 412 nm.

151



C hapter 4. E nzym ology o f  lip id  degradation  in  S. lividans

5',5'-Dithiobis(2-nitrobenzoic acid) reacts with the inital CoASH levels in the assay, 
determined at 0 min. The decrease in absorbance for each time point can be used to 
determine the amount of CoA that has been incorporated into acyl-CoA. The amount of 
acetyl-CoA is then obtained from the increase in absorbance seen when citrate synthase is 
added in the presence of oxaloacetate, which releases additional CoASH (Section 2.5.13). 
The amount of acetyl-CoA lags behind that of acyl-CoA until 10 minutes into the reaction, 
when the generation of both proceeds at the same rate. A lag in acyl-CoA formation is 
seen here, with a slower rate of acyl activation in the first five minutes than later in the 
assay. However, a longer lag is seen in the level of acetyl-CoA being generated, 
indicating that acyl-CoA synthetase may not be the limiting step. No lags were ever seen 
in the direct or indirect spectrophotometric assays.

In E. coli, O'Brien and Frerman (1977) found acyl-CoA dehydrogenase to be the rate- 
limiting step with both long-chain (palmitic acid) or short-chain (acetoacetate) substrates 
and this is also the case in Caulobacter crescentus (O'Connell et al., 1986). In rat 
mitochondria, the rate limiting step has been identified both as acyl-CoA dehydrogenase 
(Lazarow, 1978) and as 3-ketoacyl-CoA thiolase (Kunau et a l, 1995). In peroxisomal 
systems, Aoyama and co-workers (1994b) determined that long-chain acyl-CoA oxidase 
governs the rate of long-chain acyl-CoA catabolism. Vamecq and Draye (1987) examined 
acyl-CoA oxidase activity in rat peroxisomes with a linked assay. They found that a lag 
occurred between the introduction of free fatty acid and the production of H2 O2 , 
(identified by a reaction with catalase) indicating that acyl-CoA synthetase or acyl-CoA 
oxidase is rate limiting.

4.7 Production of Acid Soluble Compounds from lU-^̂ Cl Palmitate

In a similar way to the assay used to detect acyl- and acetyl-CoA production, this assay 
monitors the increase of products of the p-oxidation pathway from a fatty acid substrate. 
The assay was carried out with triolein-grown CFE and radiolabeUed [U- '̂^C] palmitate- 
BSA substrate (Section 2.10.2). It allows the amount of labelled acetate, acetyl-CoA and 
citrate to be monitored, since all are soluble in acidic solutions, unlike the original 
substrate. Some radiolabelled CO2  may have also been produced by further reactions in 
the TCA cycle and lost from the calculation of [U-^^C] acid soluble products. As well as 
a straight assay and controls, assays were set up containing additional acyl-CoA 
synthetase or acyl-CoA oxidase, both obtained from commercial sources. The production 
of acid-soluble radioactivity is shown in Figure 4.7.1.
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Figure 4.7.1 Dpm o f time-course samples showing acid-soluble radioactivity. The CFE 
was obtained from triolein-grown cells and the substrate used [U-^'^C] palmitate-BSA. 
One assay also contained 2 Units o f acyl-CoA synthetase (Boehringer Mannheim), 
another 2 Units o f acyl-CoA oxidase (Sigma).

The addition of acyl-CoA synthetase and acyl-CoA oxidase did increase the rate of acid- 
soluble radioactivity production, but not by a large degree. Holtman et al. (1994) found 
that the addition of commercial acyl-CoA oxidase increases the rate of p-oxidation in 
barley seed glyoxysomes seven-fold. It is therefore postulated to be the rate-limiting step 
in that system. A similar conclusion was reached by Aoyama et al. (1994b) who used an 
acyl-CoA oxidase assay that coupled activity with that of the E. coli multifunctional p- 
oxidation complex. Activity in hepatoma cells was enhanced by the addition of external 
acyl-CoA oxidase.
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INDIVIDUAL ENZYMES IN THE P-OXIDATION CYCLE

The assays used in this study to monitor the activity of the individual enzymes in the p- 
oxidation pathway are not directly comparable in terms of their substrates and conditions, 
so cannot be used to make any assumptions about the relative activities of each pathway 
site. However, it was important to optimize the enzyme assays for the S. lividans system. 
The individual enzyme assays also allowed the identification of the component enzymes of 
the pathway and the monitoring of the purification of the p-oxidation proteins (Section 
4.16).

4.8 Acvl-CoA Oxidase Activity

In peroxisomal systems, this is the first step in the true p-oxidation spiral, which operates 
after the fatty acid has been activated by acyl-CoA synthetase. Since it was not known if 
this enzyme was present in S. lividans, assays were carried out to ascertain whether that 
was the case.

4.8.1 Acyl-CoA oxidase spectrophotometric assay

The assay (Section 2.5.8) was tested with acyl-CoA oxidase obtained from Sigma and 
gave an equivalent rate of activity as that specified by the supplier, indicating that the 
assay was viable. When an assay was carried out with triolein medium-grown CFE, no 
activity could be seen. The total amount of CFE was increased until the assay mix became 
too cloudy for the reaction to be monitored, but there was no substrate-dependent rate 
visible. The concentration of palmitoyl-CoA was increased to 10 times the usual level but 
again no activity could be detected.

4.8.2 Acyl-CoA oxidase fluorimetric assay

In case the activity present was occurring at levels too low to be detected by the 
spectrophotometric method, a second assay was attempted (Section 2.5.9). The 
fluorimetric assay was again carried out with a commercial acyl-CoA oxidase standard 
and the activity occurred at a measurable rate. Using this method the rates obtained from 
the fluorimeter could be standardized and the assay could be shown to be in working 
order. When an extract from triolein medium cells was included in the assay, however, 
there was no detectable rate after the addition of acyl-CoA substrate, despite attempts to 
maximise activity by increasing substrate and CFE concentrations.

To give an idea of what was actually occurring in the cuvette, experiments were carried 
out combining both the commercial oxidase and the CFE. When acyl-CoA oxidase was 
added to a cuvette containing CFE and substrate, no activity was seen, even though 
without the CFE the reaction occurred at a high rate. If more substrate was added to this 
cuvette, then activity did occur, but declined visibly after five minutes. This indicated that
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something in the CFE was eradicating the substrate before the oxidase could catalyse it. 
The most likely agent of this was acyl-CoA hydrolase, which also has an acyl-CoA 
substrate. To try to counteract the disappearance of the acyl-CoA esters, acyl-CoA 
synthetase and the relevent co-factors, with at least 0.5mM CoASH, were added to the 
cuvette to see if the antagonistic activity would re-convert the substrate back to the 
activated acyl-CoA ester form. No activity was produced with CFE alone with the 
modified assay, but the addition of commercial oxidase to the CFE cuvette caused a rate 
to be seen. From these results it appeared that no detectable acyl-CoA oxidase activity 
was present in the CFE.

4.9 Acvl-CoA Dehydrogenase Activity

This is the alternative second step in the pathway and has been identified in mitochondrial 
systems and in some prokaryotic organisms, including E. coli (O'Brien and Frereman, 
1977). Again, two assays were used to assess whether acyl-CoA dehydrogenase (ACDH) 
activity was present in S. lividans.

4.9.1 Phenazine ethyl sulphate acyl-CoA dehydrogenase assay

This acyl-CoA dehydrogenase assay used phenazine ethyl sulphate (PES), at a 
concentration of 3mM for palmitoyl-CoA (Section 2.5.6). The assay was used with 
increasing concentrations of substrate, culminating with 200|liM palmitoyl-CoA. After no 
activity was seen with this system, acyl-CoAs of other chain lengths were used; 
acetoactyl-CoA, octanoyl-CoA and lauroyl-CoA, with the correct concentration of PES 
(Section 2.5.6) added to each. Even with very large volumes of CFE no activity could be 
seen conclusively.

4.9.2 Hexafluoroferricinium ion acyl-CoA dehydrogenase assay

This assay (Section 2.5.7) was also spectrophotometric and used hexafluoroferricinium 
crystals that were made up as a fresh solution for each set of assays, with the 
concentration determined by the molar extinction coefficient. As with the PES assay, no 
unequivocable activity could be seen, even with a number of different chain-length acyl- 
CoA substrates and increasing quantities of CFE.

The failure to identify either acyl-CoA oxidase or acyl-CoA dehydrogenase activity was a 
disappointing result. The assumption that acyl-CoA hydrolase was interfering in the 
ACDH activity in a similar way to the oxidase enzyme seems reasonable, but Dieuaide et 
al. (1993) indicated that the conditions of the PES/DCPIP assay were unfavourable to 
acyl-CoA esterase activity. Either this is not the case in S. lividans CFE, or another 
enzyme or component was interfering with the assay. To remove the influence of these
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factors, an attempt at purifying the enzymes was made and the assays carried out on the 
partially purified fractions (Section 4.16.2).

4.10 Enovl-CoA Hvdratase Activity

Enoyl-CoA hydratase activity was assayed using a crotonyl-CoA (trans-l-huiQnoyl-CoA) 
substrate, which is an acyl-CoA containing a fatty acid of only four carbon atoms. The 
rates generated by this assay were therefore not equivalent to those obtained with long- 
and medium-chain substrates in other assays. The reaction proceeded very quickly, 
occurring at at least 50 times the rate of the direct assay and as such was initially missed 
since it occurred while the assay components were being mixed together. The standard 
volume of CFE used in the assay was dropped to 10 or 20 p.1 in each ml to obtain a 
slower, measurable rate (Section 2.5.10).

The activity of methyl oleate-grown CFE was 69.5 (+/-0.035) nmol min-*mg-  ̂ and that of 
triolein-grown CFE was 70.4 (4-/-0.086) nmol min-*mg-*. Activity of tricaprylin (Cg.Q 
TAG) medium-grown CFE was 10.4 (4-/-0.073) nmol min-*mg-*.

A summary of enoyl-CoA hydratase activities from other organisms is found in Table 
4.12.1. In E. coli, two enoyl-CoA hydratases have been found, one part of the p- 
oxidation multienzyme complex, the other a separate protein. The second of these is 
long-chain specific and has no activity towards crotonyl-CoA (Pawar and Schulz, 1981), 
so it is unlikely that the activity being monitored here was from a homologue of this 
second type. No experiments were carried out into long-chain enoyl-CoA hydratase 
activity in S. lividans, so it is possible that such activity exists.

Due to the extreme simplicity of the assay, very little optimization could be carried out. 
The addition of CoA inhibited the activity of the enzyme; it dropped to 80% of the control 
rate when 0.2mM CoASH was added. CoASH inhibition of the enoyl-CoA hydratase 
enzyme has not been reported by any other researchers.

4.10.1 pH specificity of enoyl-CoA hydratase activity

The pH optimum of the enoyl-CoA hydratase activity was examined. The results are 
shown in Figure 4.10.1.
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Figure 4,10.1 The effect o f pH  on enoyl-CoA hydratas e activity in a triolein medium- 
grown CFE. The pH was changed using buffers o f KH2PO4 and Tris-HCl. The substrate 
used was crotonyl-CoA.

Activity of the enzyme declines rapidly at pHs higher than 8.0, indicating that it is fairly 
alkaline intolerant, especially compared with the direct (Section 4.4.4) and linked (Section 
4.5.3) assays. The optimum pH was 7.5. This was a slightly lower pH than that reported 
by Binstock and Schulz (1981), but was used routinely for subsequent assays.

4,11 L-3-Hvdroxyacvl-CoA Dehydrogenase Activity

The HOADH assay also had a high rate of activity compared to the direct assay, but this 
cannot be used as a guide to the efficacy of the step in the cell since the assay is carried
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out in the reverse physiological direction (Section 2.5.11). The substrate in the assay was 
acetoacetyl-CoA, which would be the product of the enzyme in the (3-oxidation pathway. 
The assay conditions given by Binstock and Schulz (1981) contained buffer, substrate and 
NADH, none of which could be omitted. Cell free extract from triolein-medium cultures 
produced a rate of 120 (+/-S) nmol min-^mg-\ that of methyl oleate-grown CFE 110 (+/- 
19) nmol min-^mg-i and tricaprylin medium-grown cells (Cg.g TAG) at 34 (4 -/-1.2) nmol 
min-^mg-i. HOADH activities from other organisms are summarised in Table 4.12.1.

4.12 3-Ketoacvl-CoA Thiolase Activity

The thiolase reaction is carried out in the correct physiological direction and hence uses 
the same substrate as the HOADH assay, acetoacetyl-CoA (Section 2.5.12). The product 
of this substrate is entirely acetyl-CoA, since acetoacetate contains only 4 carbon atoms. 
The rate of activity was very low in S. lividans cell free extracts. A very high background 
rate also occurred with many of the assays, in some cases accounting for 70% of the rate 
obtained after the addition of substrate. Triolein medium-grown CFE had a specific 
activity of 1.34 (4-/-0.039) nmol min-^mg \  methyl oleate medium-grown CFE of 1.48 (+/- 
0.077) nmol min-^mg-  ̂ and the tricaprylin (Cg.g TAG) medium-grown CFE of 0.4 (+/- 
0.009) nmol min-^mg f

4.12.1 Co-factor requirements of 3-ketoacyl-CoA thiolase activity

3-ketoacyl-CoA thiolase activity required CoA, MgClj, mercaptoethanol, glycerol and 
HEPES buffer in the assay mix. HEPES rather than Tris buffer was used in aU the assays 
since when a O.IM Tris-HCl buffer was added, the background rate of the assays always 
exceeded the specific rate. Glycerol and mercaptoethanol were needed as stabilisers for 
the enzyme, mercaptoethanol protecting the sulphur groups on the enzyme. MgCl2  was 
needed in the assay to form a complex with the enolate, the cleavage of which was picked 
up at 303 nm and the basis of the assay, so it was not omitted. CoASH, the final co
factor, was also an absolute requirement. An assay run without CoASH initially operated 
at 30% of the control assay rate, but this dropped to undetectable levels within 2 min into 
the assay.

A range of pH buffers were included in the assay conditions to determine the optimum pH 
of the 3-ketoacyl-CoA thiolase activity in S. lividans, but aU except those at pH 8 .0-8.2 
did not exhibit any activity. Those at high pHs produced very large background rates.
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The activities of all the enzymes in the p-oxidation pathway in S. lividans are shown in 
Figure 4.12.1. In addition, the activities of enzymes from other organisms are also shown. 
In many cases the assay or assay substrate differed between the reported study and the 
present study, however, the most appropriate activities are shown where possible.

Organism ACS ACDH ECH HOADH KAT Reference

Streptomyces
lividans

1.4 - 70.4 1 2 0 1.34 This study

Esherichia. coli 1.83 1.43 2075 1072 77 Weeks et al. 
1969

Rhodococcus ruber - - 2&5 31.3 82.4 Pouilly & 
Mitchell, 1994

Cucumber
glyoxysomes

- - - 150 60 Thieringer & 
Kunau, 1991a

Pseudomonas fragi 80 -> 350 Sato et al., 
1992b

Caulobacter
crescentus

57 53 7363 568 2958 O'Connell et al., 
1986

Candida tropicalis 2700 2 2 0 0 Moreno de la 
Garza et al., 
1985

Neurospora crassa - 60 730 2 2 0 350 Kionka & 
Kunau, 1985.

Corynebacterium
7E1C

25 -> 37.4 <- Broadway et al., 
1993

"plant peroxisomes" 0.13-
0 . 6 8

- 1.1-465 0.3-52 0.63-2.2 Gerhardt, 1992

Table 4 A 2.1 Summary table o f previously reported activities o f the ^-oxidation enzymes 
from crude cell free extracts. Activities are given as nmol mim^mg-^ for each enzyme. 
Where an arrow is shown, the activity was obtained for the enzyme step in a pathway 
with the step(s) the arrow is pointing to. Figures for  S. lividans were taken from triolein- 
grown CFE. Substrates differ between studies, but the most appropriate value was chosen 
in each case. The "plant peroxisomes" data came from a review by Gerhardt (1992) and 
included Zea mays, Cucumis, Pisum and Spinicia spp.

159



C hapter 4. E nzym ology o f  lip id  degradation  in S. lividans

FACTORS AFFECTING THE ENZYME ASSAYS

4.13 NADH Depletion

NADH depletion is a problem in any of the assays that are monitored at 340 nm, since 
increases in absorbance due to NADH formation could be countered by a removal of the 
NADH by an NADH "oxidase", leading to an underestimated rate. Background rates may 
take this into account, but during the assay the rate of activity could change depending on 
the concentration of NADH at any particular moment.

4.13.1 NADH depletion assay

The NADH depletion assays (Section 2.5.17) had to be carried out so as to mimic the 
assays that were being affected, with the direct assay used as the model. The molarity of 
NADH in the assay was selected as being the concentration of NADH found in the direct 
p-oxidation assays, 5 minutes into the assay, with a triolein-grown CFE rate of 0.02 
AA/min. A typical NADH depletion assay trace is shown in Figure 4.13.1.
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Figure 4.13.1 NADH depletion assay, monitored spectrophotometrically at 340 nm. The 
assay was initiated by the addition o f NADH causing the large rise in absorbance at 
2 min.

Unfortunately the results obtained by these assays could not be factored into calculations 
of p-oxidation assay rates, since the relationship between the two types of activity is not
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clear-cut. However, an unusually high NADH depletion rate would at least indicate that 
the p-oxidation rate obtained for that particular CFE may be an underestimation.

4.14 Acvl-CoA Hydrolase Activity

The activity of acyl-CoA hydrolase removes the CoASH residue from acyl-CoA esters by 
a hydrolytic reaction. This greatly interferes with the p-oxidation assays that depend on 
the actions of acyl-CoA dehydrogenase and acyl-CoA oxidase, since it competes for 
substrate. It also reverses the reaction of acyl-CoA synthetase and can engage the enzyme 
in a futile cycle. Hydrolase activity can be measured by the formation of CoASH, in a 
reverse of the stopped assay used for acyl-CoA synthetase, with DTNB as the reactant 
(Section 2.5.15).

4.14.1 Incidence of acyl-CoA hydrolase activity

Acyl-CoA hydrolase activity was isolated in the supernatant (soluble) fraction during 
ultracentrifugation. The activity could not be reduced by dialysis since the substrate for 
the enzyme is added to initiate the p-oxidation direct assay. Activity was also found in 
cells grown on all substrates, which means that a very low level of p-oxidation activity in 
a CFE could be masked by the higher hydrolase activity. Cell cultures containing minimal 
medium with either 0.5% (w/v) triolein or 0.5% (w/v) glucose were harvested at a number 
of different points in the growth cycle to obtain a measure of acyl-CoA hydrolase activty. 
The results are shown in Figure 4.14.1.

The activity of hydrolase in glucose-grown cells is very similar to that in the triolein- 
grown cells, which indicates that activity is constitutive. In E. coli, high levels of enzyme 
are found in cells grown on acetate or glucose, but these levels increase further when the 
cells were grown on oleate (Samuel and Ailhaud, 1969). This indicates that a certain 
degree of induction occurs. Berge and Aarsland (1985) found that high long-chain acyl- 
CoA levels induce hydrolase activity in rat peroxisomes, co-ordinately with an increase in 
p-oxidation levels. They theorized that the futile cycle set in motion would be useful in 
heat generation. Holtman et al. (1994) found that hydrolase activities were 2 to 3 times 
that of the P-oxidation activity in germinating barley seeds. The detrimental effect of the 
hydrolase was reversed by the addition of acyl-CoA synthetase to the assay. 
Mitochondrial hydrolases have been isolated from rat liver and are inhibited by high 
concentrations of CoASH, NADH and ATP (Kunau et a l, 1995).
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Figure 4.14.1 Acyl-CoA hydrolase activity over time in glucose- and triolein-grown 
CFEs, using palmitoyl-CoA as a substrate. The cells were grown in shake flasks 
containing minimal medium and 0.5% (wA) carbon source.

4.14.2 Chain-length specificity of the acyl-CoA hydrolase

Since the acyl-CoA hydrolase activity was able to alter the results of the p-oxidation 
assays conducted, the substrate specificity of the enzyme was examined to assess where 
this was likely to have the most effect. Acyl-CoA esters of different fatty acid chain 
lengths were tested (Figure 4.14.2).
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Figure 4.14.2 Activity o f  acyl-CoA hydrolase towards different chain length acyl-CoA 
esters, with a triolein medium-grown CFE.

Chain length specificity was independent of the growth substrate (similai- results were 
found with the activity of glucose-grown CFE towards C4 :o-CoA and Ci6 :o-CoA). The 
activity of the acyl-CoA hydrolase was greatest towards long-chain fatty acids and 
declined as the fatty acid chain-length decreased.

There is evidence in mammalian mitochondrial systems that more than one acyl-CoA 
hydrolase exists. One fonu is capable of degrading acetyl-CoA and propionyl-CoA 
(Gairas et al.,1995; Waku, 1992), while the other is most active with C^ .̂^-CoA and has 
decreasing activity with Ĉ g.̂ , C)2 :o, Ĉ g.] and C,Q.Q-CoAs, in that order (Waku, 
1992). The longer-chain specific acyl-CoA hydrolase activity has also been identified in
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maize root mitochondria (Dieuaide et a l, 1993), giving a rate of release of CoASH from 
palmitoyl-CoA twice that from octanoyl-CoA. Broadway (1990) found maximal activity 
of acyl-CoA hydrolase with lauroyl-CoA (Ci2 :Q-CoA) and a high activity towards acetyl- 
CoA, indicating that an acetyl-CoA-specific hydrolase may exist in Corynebacterium 
7E1C. S. lividans had a much simpler pattern of hydrolase activity than other systems, 
with activity decreasing strictly according to size order and no apparent short-chain 
specific acyl-CoA hydrolase activity.

4.14.3 pH specificity of the acyl-CoA hydrolase

The pH sensitivity of the acyl-CoA hydrolase was determined to identify which conditions 
would have greatest effect on p-oxidation activity.
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Figure 4.14,3 Activity o f acyl-CoA hydrolase in triolein-grown CFE with Tris-HCl, 
Potassium phosphate and Sodium carbonate/hydrogencarbonate buffers o f different pHs, 
using palmitoyl-CoA as a substrate.
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The pH specificity of the acyl-CoA hydrolase differs from those obtained from the direct 
and linked assays. The activity is relatively low at pH 7.0, compared with that of the 
p-oxidation assays, so that would be the most appropriate pH to employ for the direct or 
indirect assays if acyl-CoA hydrolase activity is high. Holtman et al. (1994) found 
maximal hydrolase activity occurred at pH 7.0 and maximal p-oxidation activity at pH 8.0 
in the aleurone and germ of germinating barley seeds.

4.15 Non-Specific Esterase Activity

As well as the specific acyl-CoA hydrolase activity found by the inclusion of palmitoyl- 
CoA in a DTNB assay, the rate of non-specific esterase activity was found, using 4- 
nitrophenol acetate as the substrate. The compound is hydrolyed to 4-nitrophenol, which 
has maximum absorbance at 405 nm. This assay was useful for estimating total esterase 
activity and could also be used with enzyme extracts containing sulphur compounds. 
Compounds such as mercaptoethanol instantly react with DTNB to form 
thionitrobenzoate ions. The non-specific esterase and acyl-CoA hydrolase activities were 
obtained from cell free extracts of biomass harvested from different points in the growth 
cycle (Figure 4.15.1).
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Figure 4.15.1 Activity o f acyl-CoA hydrolase and non-specific esterase activity o f cells 
harvested from the growth cycle o f 0.5% (w/v) glucose medium-grown cells.
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The activity mirrored that of the acyl-CoA hydrolase, but was higher at all times, since it 
incorporates the activities of acyl-CoA thioesterase (acyl-CoA hydrolase) as well as other 
esterases in the CFE.

4.16 Purification of the Enzymes of B-Qxidation

4.16.1 Cellular proteins of Streptomyces lividans

The total protein content of S. lividans cells grown on four different carbon sources 
supplied in minimal media were applied to a sodium dodecyl sulphate (SDS) gel and 
separated by electrophoresis.

97.4

66.5
55.0

42.7
40.0

31.0

21.5

14.1

Figure 4.16.1 An SDS gel of proteins from cells grown on (from the left) glucose defined 
medium, mixed medium early in growth, triolein medium and methyl oleate medium. The 
marker sizes (kDa) are shown next to the appropriate bands.

The proteins of the cells grown on 0.5% (w/v) triolein minimal medium and 0.5% (w/v) 
methyl oleate medium are very similar, indicating that the two substrates are reasonably 
alike in terms of the physiological condition that the cells adopt whilst growing on them. 
The protein patterns are very different to that of the glucose-grown cells, which has a 
number of very strong bands that do not appear in the other tracks. The CFE protein
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profile of the cells grown on mixed medium is particularly interesting. Two bands that are 
very prominent in the glucose-grown CFE, at 59 kDa and 41 kDa, are very much 
diminished in the mixed medium-grown CFE, to the point where there may be no protein 
of that size present at all. This indicates very strongly that the presence of oil in the 
medium, even during rapid growth, can switch off the expression of some proteins, even 
though catabolic repression is occurring at this stage. The identity of these proteins was 
not investigated, but the most reasonable assumption is that they are concerned with fatty 
acid or lipid synthesis (Section 1.3.1).

The proteins of the (3-oxidation pathway have been purified in a number of 
microorganisms, so a similar procedure was carried out on S. lividans cells, on a small 
scale. The method followed was that used to purify the p-oxidation enzyme complex of 
E. coli (Binstock and Schultz, 1981), but a 3 ml volume phosphocellulose column was 
used instead of the larger-scale column reported (Section 2.9.1). In the E. coli procedure, 
no mention was made of elution of acyl-CoA dehydrogenase activity from the column, but 
in this study a partial purification of that activity was achieved.

4.16.2 Partial purification of acyl-CoA dehydrogenase activity

Since no satisfactory activity could be picked up from the CFE before the separation 
procedure, the process could not be monitored in terms of yield and purification. 
However, activity was found in the two column fractions that were eluted with buffer 
concentrations of lOOmM and 150mM. In aU the other fractions no activity could be 
detected. The acyl-CoA dehydrogenase activity was monitored using the hexofluoro- 
ferricinium assay, with three different chain-length substrates (Table 4.16.1).

Fatty Acyl-CoA lOOmM Fraction ISOmM Fraction
specific activity specific activity

(nmol min^mg 1) + (SEM) (nmol min^mg^) + (SEM)
Octanoyl-CoA 128.1 (2.13) nd
Lauroyl-CoA 131.8 (4.49) nd
Palmitoyl-CoA 92.4 (1.26) 12.6 (0.29)

Table 4.16.1 Acyl-CoA dehydrogenase activity o f the lOOmM and 15OmM fractions, 
assayed using the hexofluoroferricinium ion method, nd indicates that the experiment 
was not carried out.

The activity towards octanoyl-CoA was much higher than than that seen in the direct 
assay (Figure 4.4.2) where p-oxidation rates on octanoyl-CoA were just 6 6 % of the 
activity towards lauroyl-CoA. Activity towards palmitoyl-CoA was at an equivalent level. 
The alteration in specificity also occurred in the purification of the remaining p-oxidation 
enzymes and is discussed in Section 4.16.3.4.
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Wheeler et al. (1991) found that Mycobacteruim spp. acyl-CoA dehydrogenase has a 
preference for decanoyl-CoA, which is similar to this study, given the near identical 
activities towards Cg.g-CoA and Cjj.q-CoA in S. lividans. The acyl-CoA dehydrogenase 
of maize root mitochondria has 2 0 % higher activity towards Cg.Q-CoA than C 1 5 .0 -C0 A 
(Dieuaide et al., 1993).

The acyl-CoA oxidase assays (Sections 2.5.8 and 2.5.9) were used to test for activity in 
all the fractions eluted from the column. No activity was seen in any fraction, despite the 
use of acyl-CoA oxidase (Sigma) as a control for the correct function of the assay. 
Therefore the S. lividans p-oxidation system contains an acyl-CoA dehydrogenase as its 
first step rather than an acyl-CoA oxidase. This is a reasonable assumption given the 
number of other bacteria that have an acyl-CoA dehydrogenase (Section 1.4.2.3) but S. 
lividans was strongly catalase positive, which is a necessary requirement if an oxidase is 
used to catalyse the first step in the p-oxidation spiral. The S. lividans acyl-CoA 
dehydrogenase is probably located in the cytosol, since it was recovered from the soluble 
fraction of the cell.

Acyl-CoA dehydrogenase was reported as being present after a purification procedure in 
Rhodococcus ruber (Pouilly and Mitchell, 1994) and a cell supernatant-located acyl-CoA 
dehydrogenase was found in E. coli (O'Brien and Frerman, 1977). Three mitochondrial 
acyl-CoA dehydrogenases were isolated by Furuta et al. (1981), with subunit sizes of 41, 
42 and 46 kDa and this number was increased to four by Izai et al. (1992), the final long- 
chain specific protein consisting of two subunits of 71 kDa. A sample of the lOOmM 
fraction was run on an SDS gel, but there were many bands present of a wide range of 
sizes so it was not possible to positively identify which of these was responsible for the 
acyl-CoA dehydrogenase activity in S. lividans.

4.16.3 Partial purification of a p-oxidation multifunctional protein

4.16.3.1 Purification steps

Activity of the multienzyme complex was monitored during the purification process using 
the enoyl-CoA hydratase assay (Section 2.5.10). The literature method of purification of 
the P-oxidation complex (Binstock and Schulz, 1981) included a step where the cell free 
extract was heated to 60°C for 10 min, but this was omitted from the procedure since the 
S. lividans enzymes appeared to be more heat-sensitive than those of E. coli (Section 4.2).
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Step Volume
(ml)

Protein
(mg ml'b

Actual
ECH

(AA min'^ml'b

Specific
Activity

(nmol min’̂ mg’b

Yield Purifi
cation

ultracentri
fugation

7 6.9 2.334 50.5 (8 ) 1 0 0 1

dialysis 6 7.2 3.256 67.5 (10) 115 1.27
phosphocellu 
-lose column

3 0.47 2.921 927.8 (5) 788 i 18.37

Table 4.16.2 Purification steps o f the multienzyme complex. The phosphocellulose 
column data was obtained from the fraction eluted with a KH2PO4 buffer concentration 
oflOOmM.

Enoyl-CoA hydratase activity was found at highest levels in the phosphocellulose column 
fraction eluted with a buffer concentration of 200mM. The purification at this step 
achieved high levels in relation to the activity of the enoyl-CoA hydratase activity, which 
apparantly had a purification of 18.37%.This can only be explained by a removal of some 
kind of inhibitor from the CFE that was previously preventing full activity of the ECH. 
Previous work on the E. coli multienzyme complex (K. Bartlett, personal communication) 
showed that the yield of the sample increased from 86.7% to 544% between the dialysis 
step and phosphocellulose column step, which was also attributed to an inhibitor. If it is 
assumed that the complex was purified with only very small amounts of other proteins 
(there appears to be one 12kDa band in addition to that of the (3-oxidation enzymes on 
the SDS gel. Figure 4.16.2) the ECH specific activity would be 927 nmol min-^mg f  This 
compares with an E. coli purified ECH enzyme activity (also using crotonyl-CoA as a 
substrate) of 115 jamol min-^mg  ̂ (Binstock and Schulz, 1981), indicating that the activity 
of the purified enoyl-CoA hydratase in S. lividans is probably not overestimated. The 
purification of the complex from E. coli by Binstock et al. (1977) was between 28 and 34 
fold for the various enzymes.

169



Chapter 4. Enzymology o f  lip id  degradation in S. lividans

4.16.3.2 Subunit sizes of the multifunctional enzyme.
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Figure 4.16.2 SDS gel o f  the lOOmM fraction from  the purification steps. 25 \il and 
50\il o f  the 200mM column fraction were applied to wells (L-R) respectively. The sizes 
o f  the markers are given as kDa.

The S. lividans (3-oxidation enzymes appear to be carried on a single protein of 77.6 kDa. 
A second protein would be expected given data on other (3-oxidation enzymes (Kunau el 
al., 1988, Kunau et al., 1995), but if present then the putative subunits are not expressed 
at equivalent levels. Additional purification steps would confirm the identity of the 
protein and and determine which of the (3-oxidation catalytic functions it carried.

The multifunctional protein of E. coli was the first to be identified as containing more 
than one (3-oxidation enzymic site, after initially being identified as having thiolase 
activity (Feigenbaum and Schulz, 1975). It was later found to contain five p-oxidation 
enzyme activities and is composed of p and a  subunits of 42 kDa and 78 kDa, 
respectively (Pawar and Schulz, 1981). This compares relatively favourably with the 
enzyme isolated from S. lividans, although a putative p-subunit could not be identified in 
this study, even though the same purifcation procedure was used. The Pseudomonas 
frag i multifunctional enzyme is composed of subunits 42 kDa and 73 kDa in size (Sato et 
al., 1992a). The pig heart mitochondrial trifunctional enzyme has subunits of 45 kDa and 
81 kDa (Luo et al., 1993), while those of the human liver are 47 kDa and 71 kDa in size 
(Carpenter et al., 1992). The multifunctional protein of cucumber seed glyoxysomes had 
subunits of 45 kDa and 75 kDa (Frevert and Kindi, 1980) and all four isoforms so far 
discovered from various fractions of the cucmber plant (Giihnemann-Schafer et a i ,  
1994;.Gühnemann-Schâfer and Kindi, 1995a; Giihnemann-Schafer and Kindi, 1995b), all 
have a similar size. The fungal multifunctional enzymes form a separate group to other
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unassociated thiolase, but the subunit sizes so far determined are 68 kDa from 
Saccharomyces cerevisiae, (Hiltunen et a l  1992), 102 kDa from Candida tropicalis, 
(Moreno de la Garza et at., 1985) and 93 kDa from Neurospora crassa (Thieringer and 
Kunau, 1991a).

4.16.3.3 Co-elution of p-oxidation activities.

Column
fraction

ECH
(nmol min'̂ mg"̂ )

HOADH
(nmol min'̂ mg"̂ )

Thiolase
(nmol min'̂ mg'̂ )

Direct
(nmol min‘̂ mĝ 9

Protein
(mg ml ')

1 - wash 2.6 5 0.08 0.29 22.2
2 - wash 34.8 49 0.25 4.8 6.3
3 - wash 23.4 38 0.18 3.1 0.03
4 - lOOmM 37.4 58 0.30 4.6 0.18
5 - 150mM 80.8 129 0.54 9.5 0.14
6 - 200mM 927.8 1186 33.5 274 0.47
7 - 350mM 15.5 14 0 0 0.49
8 - 500mM 0 0 0 0 0.27

Table 4,16.3 Co-elution o f the ^-oxidation enzyme activities. The enzyme assays were 
carried out as described in Sections 2.5.10, 2.5.11, 2.5.12 and 2.5.5. In addition the 
direct assay contained 2 Units o f acyl-CoA oxidase.

Activity at each of the purification steps of the individual enzymes, apart from enoyl-CoA 
hydratase, were not determined, so it is not possible to compare the purification factor for 
the remaining two activities. However, the activities of the three sites appear to occur in 
the same ratios whatever fraction is examined, pointing to the presence of a 
multifunctional enzyme, comprising sites for ECH, HOADH and KAT activity. The 
enzyme activities on each of the multifunctional proteins (MFP) so far isolated have been 
studied with respect to comparative enzymology (Kunau et a l, 1988) and 
comprehensively reviewed (Kunau et a l, 1995). The E. coli enzyme contains the three 
functions seen here, as well as A'^-cis-A^-trans-Qnoy\-CoA isomerase (ECI) and 3- 
hydroxyacyl-CoA epimerase (HACE), which mediate the breakdown of unsaturated and 
branched-chain fatty acids (Binstock et a l, 1977); this is also the case with Pseudomonas 
fragi (Imamura et a l, 1990). In cucumber glyoxysomes, the MFP equivalent to the a- 
subunit in E. coli has ECH, HOADH, ECI and HACE activities (Giihnemann-Schafer and 
Kindi, 1995a), but other isoforms of the enzyme have one or more activities missing. The 
fungal MFPs have ECH and D-3-hydroxyacyl-CoA dehydrogenase activity, whereas 
human, pig and rat liver mitochondria have ECH and HOADH sites (Kunau et a l, 1995).

The ease of purification of the multienzyme complex indicates that the proteins are located 
in the cell supernatant in S. lividans. This is in accordance with data on E. coli (O'Brien 
and Frerman, 1977, Binstock et a l, 1977) and also with the separate p-oxidation enzymes 
in Caulobacter crescentus (O'Connell et a l, 1986). El-Fakhri and Middleton (1982)
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detected HOADH activity in a membrane bound enzyme in mammalian mitochondria, 
although almost all other p-oxidation enzymes (except acyl-CoA synthetase) in 
mammalian cells are located in the matrix compartment of their respective organeUes 
(Kunau et a l, 1995).

4.16.3.4 Chain length specificity of the purified p-oxidation enzymes

The activity of the purified p-oxidation enzymes to fatty acyl-CoAs of different chain 
lengths was determined with the direct assay and is shown in Table 4.16.4.

Acyl-CoA Direct rate (nmol min^mg )̂ + (SEM) % of C 8 -C0 A

Octanoyl-CoA 422 (8.77) 1 0 0

Lauroyl-CoA 388 (6.74) 91.9
Palmitoyl-CoA 274 (3.73) 64.9

Table 4.16.4 Chain length specificities o f the purified complex, using the direct p- 
oxidation assay, supplemented with 2 Units mV  ̂o f acyl-CoA oxidase (Sigma).

The chain length specificities of the purified complex (assayed in the presence of acyl-CoA 
oxidase) were slightly different to those of the enzymes while in the crude CFE. Instead 
of lauroyl-CoA being the most favoured substrate, octanoyl-CoA was subject to greatest 
activity. The specificity of the native acyl-CoA dehydrogenase also showed an increased 
activity towards octanoyl-CoA when purified (Table 4.16.1), although it was still slightly 
more active towards C 2̂ -CoA than Cg-CoA. The change in specificity of all the p- 
oxidation enzymes is unexpected, since each of the enzymes in the pathway present in the 
CFE was partially purified. The preference for octanoyl-CoA may be due to the removal 
of acyl-CoA hydrolase activity from the purified enzymes, but the measured thioesterase 
activity was reduced towards shorter chain fatty acyl-CoAs (Figure 4.14.2). Therefore, 
the lack of acyl-CoA hydrolase activity would increase the apparent level of acyl-CoA 
dehydrogenase activity towards medium and long-chain acyl-CoAs rather than short-chain 
substrates. The greater affinity for octanoyl-CoA of the purified enzymes may indicate 
that more than one set of enzymes catalyses the reactions in the pathway and the 
unpurified enzymes have a preference for medium- or long-chain acyl-CoA. A second, 
more likely alternative, is that the increased salt concentrations in the assay cuvettes 
(caused by the direct use of O.IM and 0.2M KH2 PO4  column fractions to introduce the 
enzymes) affected the acyl-CoAs. Longer-chain acyl-CoAs form micelles at high salt 
concentrations, making it more difficult for the enzymes to interact with the substrates. 
The effect is lessened with shorter-chain acyl-CoAs, so the enzymes would show greater 
activity towards these substrates due to their greater availability in the assay.

Substrate specificities were taken for the individual enzymes of the purified E. coli 
complex (Binstock and Schulz, 1981), although not for the overall ECH-HOADH-KAT 
pathway. In these experiments, KAT and HOADH activities favoured Ĉ Q.o substrates,
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but the ECH activity was very high towards the 2-trans enoyl-CoAs of and chain 
lengths.

4.16.4 Apparent and of the enzymes of the multifunctional complex

4.16.4.1 Enoyl-CoA hydratase activity

A smaller range of concentrations of substrate (Section 2.5.10) were added to the ECH 
assay to determine the apparent Kn, and Vmax than for the other two enzyme activities since 
at high concentrations of crotonyl-CoA (200 to 300|LtM) the background trace was very 
unstable. Lineweaver-Burke and Eadie-Hofstee plots were constructed for the substrate 
concentrations used: 15, 30, 60, 90 and 120 |iM crotonyl-CoA.

50 —I

4 0 -

3 0 -

c
£

<

1 0 -

[crotonyl-CoA]'^ (x 10'^)27|aM

Figure 4.16.3 Lineweaver-Burke plot o f enoyl-CoA hydratase activity towards different 
concentrations o f crotonyl-CoA.
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Figure 4.16.4 Eadie-Hofstee plot o f enoyl-CoA hydratase activity towards different 
concentrations o f crotonyl-CoA.

From the Lineweaver-Burke plot, the apparent was estimated at 27p.M. The apparent 
^max was 1.44 |imol min-^mg-k The Eadie-Hofstee plot gave a of 32(iM and a ICax of
1.1 |imol min-^mg-^ This compares with a of 50|iM and a of 300 |amol min-̂ mg-^
given for E. coli (Binstock and Schultz, 1981).

4.16.4.2 L-3-hydroxyacyl-CoA dehydrogenase activity

Rates were obtained for the enzyme with 0.03, 0.045, 0.06, 0.12, 0.27 and 1.5mM 
concentrations of acetoacetyl-CoA, using the assay method described in Section 2.5.11.
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Figure 4.16.5 Lineweaver-Burke plot o f L-3-hydroxyacyl-CoA dehydrogenase activity, 
with a range o f concentrations o f acetoacetyl-CoA.
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Figure 4.16.6 Eadie-Hofstee plot o f L-3-hydroxy acyl-Co A dehydrogenase activity, with 
a range o f concentrations o f acetoacetyl-CoA.
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The apparent was determined as 77|xM from the Lineweaver-Burke plot and 104|iM 
from the Eadie-Hofstee plot. The apparent were given as 3.72 jimol min-̂ mg-  ̂ and
3.1 |Limol min-^mg-i from the two plots, respectively. The values for HOADH activity in 
purified E. coli multienzyme complex, given by Binstock and Schultz (1981), were 66|iiM 
and 64 p.mol min-^mg-  ̂repectively.

4.16.4.3 3-Ketoacyl-CoA thiolase activity

Again acetoacetyl-CoA was used as the substrate for the 3-ketoacyl-CoA thiolase assays 
(Section 2.5.12) and was provided in concentrations of 0.03, 0.1, 0.15, 0.25, 0.5 and 
1.5mM.
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[Acetoacetyl-CoA]'  ̂(x10'̂ )23.5|dM

Figure 4.16.7 Lineweaver-Burke plot o f 3-ketoacyI-CoA thiolase activity, with differing 
concentrations o f acetoacetyl-CoA.
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Figure 4.16.8 Eadie-Hofstee plot o f 3-ketoacyl-CoA thiolase activity, with differing 
concentrations o f acetoacetyl-CoA.

From the Lineweaver-Burke plot, an apparent of 23|liM  was determined and the 
apparent was 0 .41  |imol min-^mg k The Eadie-Hofstee plot gave an apparent of 
23|iM and an apparent Vmax of 0 .4 2  |imol min-^mg k The values given for the purified E. 
coli p-oxidation complex 3-ketoacyl-CoA activity by Binstock and Schultz (1 9 8 1 ) and 
were a of 31|liM  and a V ^  of 10 jimol min-^mg-^

In each of the cases, the true and could not be determined due to the 
contaminating protein. However, the apparent of the enzymes were in the same order 
of magnitude to those given for E. coli. The apparent V ^  of the enzyme activities were 
much lower for the S. lividans enzyme than for E. coli. The Vmax is found where all the 
enzyme sites are saturated with substrate, so the S. lividans enzymes appear to have a 
much lower turnover of substrate than the E. coli enzyme sites.

4.16.5 Partial purification of acyl-CoA hydrolase activity

The activity of acyl-CoA hydrolase was not determined in the ultracentrifuged and 
dialysed samples, so it was not possible to estimate the yield of acyl-CoA hydrolase 
activity in the various eluted samples. The presence of mercaptoethanol in the buffer 
prevented the use of the specific acyl-Co A hydrolase assay (using DTNB) to track the 
elution of the enzyme. Instead, non-specific esterase assays were used (Section 2.5.16).
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Fraction Esterase activity Protein concentration
(nmol min-^mg i) +(SEM) (mg ml-i)

wash 1 13.3 (0.56) 22.2
wash 2 2.8 (0.09) 6.3
200mM fraction 118 (1.7) 0.47

Table 4.16.4 Non-specific esterase activity o f the eluted fractions, using a 4-nitrophenol 
acetate substrate.

No other eluted fractions showed esterase activity. Some activity eluted in the first two 
wash fractions and in the 200mM fraction. This could have been due to either acyl-CoA 
hydrolase activity or another type of esterase. The esterase activity in the 200mM fraction 
may come from the 12 kDa contaminating protein, but alternatively it could be integral to 
the multifunctional protein subunits. Specific acyl-CoA hydrolase activity was found on 
the mutifunctional complex of E. coli (personal communication - K. Bartlett) . It is 
possible that the inducible thioesterase activity in E. coli (Samuel and Ailhaud, 1969) is 
due to the acyl-CoA hydrolase found on the p-oxidation enzyme complex, since both 
activities are induced by growth on oleate. It would be interesting to determine the 
substrate specificity of the purified acyl-CoA hydrolase in order to compare it with the 
data obtained on activity in the CFE (Section 4.14.2) as a method of determining if there 
is more than one acyl-CoA hydrolase activity in S. lividans. That could not be done in 
this study due to time constraints.

The function of acyl-Co A hydrolase in cells is open to debate, especially since it seems 
that at least some of the activity originates from the p-oxidation multifunctional enzyme, 
an unlikely location since acyl-CoA intermediates are catabolized on the complex. Long- 
chain acyl-CoAs have a detergent effect in the cell, so a regulation of long-chain acyl-CoA 
esters by acyl-CoA hydrolase activity could be occurring. This is supported by the 
preference of the enzyme(s) for long-chain substrates. Regulation of acyl-CoA hydrolase 
activity could occur by the level of CoASH in the cell. When this is low, the hydrolase 
would operate optimally, since product inhibition could not occur. When CoASH was 
high, the acyl-CoA synthetase and the P-oxidation cycle activities would be favoured. 
However, inhibitory concentrations of CoASH to the acyl-CoA hydrolase were not 
determined, nor was the of CoASH for acyl-CoA synthetase (partly because the 
enzyme could not be purified). Functions of the acyl-CoA hydrolase in lipid biosynthesis 
must also be considered, since the selection of a certain length of fatty acid would be 
facilitated if the CoA was removed when the carbon chain grew to a certain length. This 
is further discussed in Section 1.5.5.

4.17 Summary

The data obtained in this chapter provides a pattern of overall lipid catabolism in an 
actinomycete, something which has not been done before. Lipase activity was reasonably
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low, especially compared with other organisms. However, it is not clear that the lipase 
activity being monitored comprised aU of such activity occurring in the medium. As 
previously stated there could have been free rather than cell-associated lipases present in 
the culture broth.

The component enzymes of the p-oxidation pathway were identified in S. lividans, which 
was found to have a system resembling that of E. coli. The use of an in vitro system was 
not ideal, since it can never be asserted that what is happening in the cuvette is a reflection 
of the situation in the intact cell. The levels of enzyme activities were assayed, though, 
which provided an estimate of activity in the true cell system. Levels of p-oxidation 
enzymes were low compared to other organisms, but the whole pathway enzyme assays 
had comparable activities that were not particularly improved by the addition of external 
enzymes to boost specific reaction steps. The acyl-CoA synthetase may be mainly 
membrane-bound, so amounts of enzyme in the cell free extract may be very low 
compared to those in the cell. It was not possible to test the K^s of the enzymes not 
purified in the column process, since interactions with inhibitory (and promoting) enzymes 
and their metabolites could influence the rates. The affinity of an enzyme for a particular 
intermediate cannot therefore be compared with another. This study did not employ 
analogous substrates for each of the pathway steps, since these intermediates require 
chemical synthesis that was beyond the scope of the project.

Another problem with estimating the effects of various enzymes on overall flux is the use 
of fatty acids in a solution of DMSO to test the activity of the acyl-Co A synthetase. The 
rate of this enzyme was much less than that of the rest of the pathway, when tested in 
similar circumstances. The solubility and accessibility of the substrate could have much to 
do with that. The addition of fatty acids as a complex with BSA improved rates a little, 
but there is no information on the form in which the fatty acids are transported within the 
cell, so in vitro the set-up may be sub-optimal.
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5. 20 L FERMENTATIONS OF STREPTOMYCES U VID ANS  TK24

20 L fermentations were planned to determine the effect of oils on growth in defined 
media at pilot-scale and also to generate enough biomass to monitor p-oxidation activities 
at very early points in the growth curve. The use of pilot-scale equipment allowed oxygen 
uptake, carbon dioxide evolution and respiratory quotients to be determined throughout 
the fermentation, giving an indication of the type of metabolism occurring in the cells. 
The acid and base requirements in the cultures could also be investigated.

Conditions for growth were determined from a few initial experiments. Air flow was held 
at 1 wm since this provided enough oxygen to keep the dissolved oxygen tension (DOT) 
above 50% even with a high biomass of cells. Stirrer speeds were kept at 500 rpm 
throughout the experiment. The level of shear produced by this speed was not high 
enough to prevent pellet formation, but allowed the adequate mixing of fermenter 
contents and an even distribution of air without damaging the cell mycelia. Due to the 
volumes of broth that had to be removed from the fermenter at each cell harvesting point, 
the level of liquid in the fermenter was decreased from an inital 16 L, the maximum 
running volume for the 20 L fermenter, to above 8 L, which was the lowest volume that 
did not expose the DOT and pH probes to the air.

The type of inoculum used to seed the fermenter had an effect on the course of a 
fermentation. Growth proceeded much faster and with a greater density if the seed flask 
was inoculated with fresh spores rather than the spore stocks (Section 2.1) stored at 
-70°C and used for the rest of the study. With large-scale fermentations, a high biomass 
seed culture is necessary to prevent a long lag phase while cell numbers increase. 
Therefore each seed flask was inoculated with the spores from S. lividans colonies on half 
a densely populated agar plate. The use of fresh plates for each fermentation potentially 
introduced variation between the individual fermentation cultures, but the same spore 
stock was used for all the plates to keep variation and mutation to a minimum. It was 
found that if older, highly pelleted seed cultures were used to inoculate the vessel, the 
biomass in the fermenter did not increase as rapidly as when younger cultures were used. 
The pellets of S. lividans did not break up in the fermenter conditions used, restricting 
new growth mainly to the outer surface of existing pellets. If small, but numerous pellets 
were added as the seed, the potential sites for new growth were much higher. Such a seed 
culture was prepared with inoculation of a high number of fresh spores followed by 
incubation for only 24 to 27 h (Section 2.4.3).

The 20 L fermentations were carried out in order that comparisons could be made 
between the cultures grown on different medium components. Therefore the results of 
each fermentation are reported in separate sections, followed by a discussion section 
comparing the observed effects. At least two fermentations were carried out for each type 
of medium; representative results are given in each case.
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Figure 5.1 Photograph of the 20 L fermenter containing a glucose and triolein carbon 
source culture, 50 h old. The purple colouration of the actinorhodin can clearly be seen 
in the broth, while some of the cell pellets adhering to the top of the vessel have become 
blue.
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5.1 Glucose Substrate Fermentations

The glucose carbon source fermentations were used to provide a standard set of data for 
5. lividans growing on a defined medium with a simple sugar substrate. None of the data 
obtained from the fermentation showed the presence of a lag phase, which was prevented 
by the addition of an inoculum culture in rapid growth phase. The level of dissolved 
oxygen (DOT) in the fermenter did not fall below 70% of the maximum saturation level, 
so oxygen limitation was not encountered (Figure 5.1.1). The lowest DOT occurred 27 h 
into the fermentation and remained there for three hours before rising steadily, as the cells 
ceased to require the total amount of oxygen being supplied.
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Figure 5. L I  Dissolved oxygen tension (DOT) o f the glucose fermentation.

The oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) of the 
fermentation showed both increasing in a synchronous fashion during the rapid growth 
phase of the fermentation. A peak was reached in the OUR/CER traces at 27 h, followed 
by a steep decUne until 30 h (Figure 5.1.2). There is a peak in the CER trace occurring at 
about 15 h, but the reasons for this are unknown. Other fermentations conducted with a 
glucose medium did not have this peak, which appears to be due to an unexplained 5 h 
cessation of growth. After 30 h, the OUR and CER traces separate. The higher OUR 
level is reflected in the RQ trace (Figure 5.1.3), which shows a shift at 30 h, indicating 
that a physiological change occured in the cells at that point. Before this, the RQ during 
rapid growth phase on the glucose medium was approximately 1. This shift of the RQ 
away from 1 indicates that the cells are no longer metabolising glucose and have entered 
stationary phase. The point of glucose exhaustion was investigated, since the usage of the 
carbon source induces a new physiological state (Figure 5.1.6). Unfortunately, the exact 
time of glucose exhaustion was not determined by analytical methods and the data can 
only show that this occurred sometime between 26 and 38 h.
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Figure 5.1.2 Oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) o f the 
glucose fermentation.
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Figure 5.1.3 RQ o f glucose fermentation.

The fermentation was maintained at a constant pH of 7.0, so the volumes of acid and base 
required to keep this stable were monitored (Figure 5.1.4). This was preferable to 
omitting a pH controller to see how the pH differed through the fermentation, since 
adverse pHs could have retarded cell growth (Votruba and Vanek, 1989). 4M Potassium 
hydroxide was required until 32 h into the fermentation, from which time 4M 
orthophosphoric acid was automatically added. The acid was not needed between 74 h 
and the end of the fermentation. The fermentation therefore became acidic during the 
rapid growth phase. During stationary phase (after the exhaustion of glucose) basic ions 
were produced, or possibly acidic compounds were removed from the culture broth. 
Almost the same volume of acid and base was required to keep the pH stable overall.
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Figure 5.1.4 Acid (4M orthophosphoric acid) and base (4M NaOH) requirements o f the 
glucose fermentation (ml).

The biomass of the fermentation was estimated by the dry cell weights of samples taken at 
various points (Figure 5.1.5). These showed that the biomass reached a maximum at 
26 h, which is the same time that all the major changes occurred in the OUR/CER data. 
The glucose concentration in the supernatant is also shown although the actual time of 
glucose exhaustion can only be estimated. The biomass and glucose graphs both show a 
"bhp" in the otherwise steady traces between about 15 and 20h, where growth proceeded 
very slowly. This coincides with the peak in the CER trace. Actinorhodin production was 
monitored at each time point, but none was detected during the fermentation.
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Figure 5.1.5 Production o f biomass (g/L dry cell weight) and actinorhodin (AA^^q o f 
supernatant at pH 14) in the glucose fermentation.
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Figure 5.1.6 Glucose usage (g/L) in glucose fermentation.

The enzyme activities in the CFEs of cell samples taken at a number of time points in the 
fermentation were obtained (Figures 5.1.7 amd 5.1.8). As predicted by the shake-flask 
experiments, p-oxidation activity, estimated by the direct assay (Section 2.5.5), was not 
seen in the cells until 42 h. This was after aU the glucose had been exhausted. Lipase 
activity (Section 2.6.1) was also at undetectable levels until glucose had been used, but 
appeared before the p-oxidation activity, at 35 h. Lipase activity increased until the end 
of the fermentation, whereas that of p-oxidation remained steady. Both enzymes were 
expressed at very low levels, the axes of Figure 5.1.7 being smaller than those used for the 
enzyme expression figures in the rest of the reported fermentations.
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Figure 5.1.7 Direct ^-oxidation and lipase activities in the glucose fermentation. Lipase 
activity has been adjusted to account for dry cell weight (DCW) and is given as 
Units mUg'^ DCW.
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The activities of the three enzymes likely to interfere with the direct assay were also taken 
(Figure 5.1.8). In the case of the CFEs taken from the glucose fermentation the rates of 
NADH depletion (Section 2.5.17), non-specific esterase (Section 2.5.16) and acyl-CoA 
hydrolase (Section 2.5.15) were not unusual compared with others obtained during the 
project and probably had little effect on the estimates of p-oxidation activity.
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Figure 5.1.8 NADH depletion, non-specific esterase and acyl-CoA hydrolase specific 
activities given as nmol min'^mg'^ o f the CFEs used in the ^-oxidation assay.

Image analysis was used to investigate the dimensions of the cell pellets produced in the 
fermentation. They reached a maximum mean diameter of 500-600|Lim in diameter, 
towards the end of the fermentation (Figure 5.1.9). The range of pellet diameter, shown 
by the sizes of the 25th and 75th quartiles of the histogram, increased as the fementation 
progressed. No attached mycelia surrounding the pellets (pellet "fluffiness") was observed 
in the glucose fermentations, as seen in Figure 5.1.10.
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Figure 5.1.9 Graph showing the mean size of cell pellets, with the 25th and 75th quartile 
sizes also shown, at a number of time points in the fermentation. The scale of this figure 
is larger than for the other fermentations reported.

Figure 5.1.10 Photograph showing the appearance of typical pellets in the glucose 
fermentation, from a sample taken at 62 h. The scale is 1 cm for 100\im.
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5.2 Triolein Substrate Fermentations

In addition to the enzyme assays carried out with the glucose fermentation, a wider range 
of assays of the p-oxidation pathway were monitored in the triolein-grown cells to see 
how the growth stage of the cells affected enzyme expression.

The oxygen levels in the cell broth were very similar to those of the glucose fermentation, 
with a gentle decline followed by a rise in the latter stages of the fermentation. The level 
of dissolved oxygen did not fall below 60% (Figure 5.2.1). The OUR and CER traces of 
the fermentation are more variable than those obtained from the glucose fermentation in 
the later stages of growth, but initially the same rise followed by a steep drop was seen 
(Figure 5.2.2). The drop occurred 32 h into the fermentation and was accompanied by a 
shift in the RQ trace (Figure 5.2.3), indicating the cells had entered a different metabolic 
state. Before this point, the RQ was fairly steady at a level of 0.5-0.7 which is indicative 
of growth by lipid metabolism, rather than the higher level of 1.0 obtained with growth on 
glucose. Lipid metabolism has a higher oxygen demand, hence the difference between the 
two carbon sources.
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Figure 5.2.1 DOT trace o f the triolein carbon source fermentation.
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Figure 5,2.2 Oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) o f the 
triolein carbon source fermentation.
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Figure 5.2.3 Respitatory quotient (RQ) o f the triolein carbon source fermentation.

The acid and base requirements of the culture were of a different pattern than those of the 
glucose fermentation (Figure 5.2.4). The base was supplied for the first 40 h, although 
the requirement between 28 and 40 h was very low. If the base is only required during the 
rapid growth phase then this phase would be estimated to end shortly after 28 h, which 
matches the estimate for the extent of rapid growth by examining the RQ trace. Less base 
was used overall than in the glucose fermentation. In the later stages of the fermentation 
the pH remained stable and for the duration of the fermentation no acid addition was 
necessary.
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Figure 5.2.4 Acid (4M orthophosphoric acid) and base (4M NaOH) requirements o f the 
triolein fermentation (ml).

The biomass pattern that the culture exhibits was typical of a fermentation where cells 
accumulate on the sides of the vessel after being ejected from the culture by the Rushton 
turbine impeller blades (Figure 5.2.5). High levels of cell loss from the broth occurred 
from 54 to 68 h and 79 to 92 h, when the volume of liquid in the fermenter meant that the 
impeller blades broke the surface, splashing the cell pellets out of the culture. The 
maximum biomass was reached at 33 h (agreeing with the RQ and base requirement data). 
Actinorhodin production was monitored by the absorbance of the supernatant at 640 nm 
after the broth pH was altered to 14. The first detectable amount was visible just after 
maximum biomass was achieved. The concentration of the pigment continued to increase 
until the fermentation was stopped and may not have achieved the highest possible 
absorbance at this point.
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Figure 5.2.5 Biomass (g/L) and actinorhodin ( ^ 6 4 0  supernatant at pH 14)
production in the triolein carbon source fermentation.

Triolein concentrations remaining in the fermentation were monitored both by the vanillin 
lipid assay (Section 2.3.4) and by solvent extraction of lipids from the harvested 
supernatants (Section 2.4.5). The results are shown in Figure 5.2.6.
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Figure 5.2.6 Triolein levels in the triolein carbon source fermentation.

Lipid levels continued to decline after cell biomass had reached a maximum, with a 
levelling off only occurring between 40 and 55 h. The levels may have continued to drop 
after this time, but the analytical methods were not accurate enough to pick this up. The
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lowest lipid concentration in the broth was reached at a level of Ig/L, about 20% of the 
amount added at the beginning. This is an example of the occurrence of residual oil in the 
culture medium, which is discussed in Section 5.6.4.

The P-oxidation assays were carried out on cell free extracts prepared from biomass 
harvested at 4, 18, 26, 29, 44, 53 and 92 h (Figure 5.2.7). The direct p-oxidation assay 
showed that p-oxidation levels were already quite high when the cells were first sampled, 
presumably because the seed culture was also grown on a triolein medium and the 
enzymes had been induced. Maximum activity was achieved at 18 h, during the rapid 
growth phase. The activity then fell to about 1.0 nmol min-^mg-  ̂ and remained there until 
the end of the fermentation. Lipase levels had a maximum activity at a similar time point, 
but the decline in activity was gradual, decreasing to nearly zero by 92 h.
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Figure 5.2.7 Direct ^-oxidation and lipase assays o f the triolein carbon source 
fermentation. Lipase activity has been adjusted to account for dry cell weight (DCW) 
and is given as Units mWg-^ DCW.

The linked assay and the activity of acyl-CoA synthetase were also obtained for each of 
the time points (Figure 5.2.8). The linked assay pattern mirrored that of the direct assay, 
with a plateau occurring between 52 and 92 h. The synthetase activities of the harvested 
cells showed less variation over the cell growth cycle, with activities beginning to plateau 
between 29 and 44 h. The acyl-CoA dehydrogenase activity could not be monitored in 
the cell free extracts, but the activities of the last three enzyme sites in the p-oxidation 
pathway were assayed and showed a similar pattern to the direct and linked assays and 
each other, in the shape of the traces that they displayed (Figure 5.2.9). This indicates 
that the individual enzymes are co-ordinately expressed in S. lividans. In the case of the 
multienzyme complex this is to be expected, but the similarity of the acyl-CoA synthetase 
trace to the others indicates an overall control mechanism. The difference between acyl-
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CoA synthetase activity and that of the other p-oxidation activities is very slight, however, 
it could indicate that activity in late stationary phase was unconnected to the p-oxidation 
pathway and due to a separate enzyme and/or a change in role for the original enzyme.
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Figure 5.2.8 Acyl-CoA synthetase activity (with a palmitate-BSA substrate) and linked 
^-oxidation assays (with a lauric acid substrate) o f CFEs from cells harvested from the 
triolein carbon source fermentation.
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Figure 5.2.9 Activities o f enoyl-CoA hydratase (ECH) on crotonyl-CoA, 3-hydroxyacyl- 
CoA dehydrogenase (HOADH) on acetoacetyl-CoA and 3-ketoacyl-CoA thiolase (KAT) 
on acetoacetyl-CoA in the CFEs from the triolien carbon source fermentation.
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Again the rates of activity of the enzymes that could interfere with the p-oxidation assays 
were tested. The rates were all of a reasonable level, although the esterase activities were 
possibly lower than would be expected from the results from CFEs obtained from the 
other fermentations.
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Figure 5.2.10 Rates o f NADH depletion, non-specific esterase and acyl-CoA hydrolase 
activities obtained from the CFEs o f the cells harvested from the triolein carbon source- 
fermentation.

Image analysis was carried out on the triolein-grown pellets. The presence of oil on the 
microscope slides increased the amount of background debris, making the pellets slightly 
more difficult to separate (Section 2.4.6). The size of pellets was much less variable over 
the time course than the glucose pellets, varying only between 200 and 250 |Ltm and the 
size range did not show as marked an increase as time progressed (Figure 5.2.11). The 
mycelial network surrounding each pellet, its "fluffiness", was fairly extensive (Figure 
5.2.12).
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Figure 5.2.11 Graph showing the mean size o f cell pellets at various times from the 
triolein fermentation, with the 25th and 75th quartile sizes also shown.

Figure 5.2.12 Photograph showing the appearance of typical pellets in the triolein 
fermentation, from the 55 h sample. The scale is 1cm for 100\im.

195



C hapter 5. 2 0  L  ferm en ta tions o f  S. lividans

5.3 Glucose plus Triolein (Mixed) Substrate Fermentations

As the use of co-substrates is very common in industry, a fermentation was carried out to 
see the effect of two carbon sources in defined media at 20 L scale. The larger scale 
allowed a more accurate assessment of the level of enzyme activity at early stages in 
growth, since a large enough sample of cells could be harvested. The inoculum for the 
fermentation was grown on a glucose defined medium.

The DOT pattern of the mixed fermentation was similar to those seen in the glucose and 
triolein fermentations (Figure 5.3.1), with an initial steep drop during the rapid growth 
phase of the culture followed by a rise.

1 0 0

I— 
O  
Q

1 0 060 802 0 400

Time (h)

Figure 5.3.1 DOT trace o f the mixed carbon source fermentation.

After an initial steep rise, a shift in the OUR and CER traces occured between 22 h and 27 
h and the traces loose synchronicity after the latter time point (Figure 5.3.2). In the RQ 
trace, the 22 h shift is not so obvious, unlike the 27 h shift which appears to highlight the 
end of the rapid growth phase in the culture. Before this point, the RQ is about 1.0, 
which is the same as seen with a glucose carbon source culture in rapid growth phase. 
However, unlike the glucose or triolein carbon source fermentations, there is an additional 
shift in the trace that occurs between 47 and 53 h. The RQ between 27 and 47 h is at a 
level of about 0.8, which is indicative of lipid metabolism. The cells appear to be 
metabolizing the lipid during this period even though they are in stationary phase.
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Figure 5.3.2 Oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) o f the 
mixed carbon source fermentation.
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Figure 5.3.3 Respiratory quotient o f the mixed carbon source fermentation

The acid and base requirements of the cells took an intermediate position between the 
glucose and triolein fermentations. The culture required both H+ and OH ions to stabilize 
the pH. The changeover occurred between 23 and 25 h, but the total amount of acid and 
base was less than that needed with the glucose fermentation and was not matched, with 
only 1/3 of the volume of acid required compared to base. The changeover between OH 
and H^ requirements indicated the switch between rapid and stationary phase in
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S. lividans and appeared to occur earlier in the mixed culture than in the other 
fermentations.
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Figure 5.3.4 Acid (4M orthophosphoric acid) and base (4M NaOH) requirements o f the 
mixed carbon source fermentation.

The biomass trace has the appearance of an exaggerated glucose fermentation rather than 
following the flatter triolein medium growth curve (Figure 5.3.5). The maximum biomass 
was achieved by 22 h, at the same time as glucose exhaustion (Figure 5.3.6). 
Actinorhodin production began just after this and continued untü the fermentation was
halted
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Figure 5.3.5 Biomass (g/L DCW) and actinorhodin (AA^^q o f supernatant at pH 14) 
production in the mixed carbon source fermentation.
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Triolein usage remained very low, with less than 0.3g/L utilized over the first 22 h (Figure 
5.3.6). After that point the triolein is depleted at a high rate, until 40-45 h, when the rate 
of usage stabilises. If these carbon source usage patterns are compared with the RQ the 
changes can be seen. The accuracy of the triolein assay is poor at these concentrations of 
TAG, but similar traces are obtained from both types of analytical method and assumed to 
reflect the general trend occurring. The final concentration of triolein was about 0.5g/L, 
or 20-30% of the starting level. The percentage is similar to the amount remaining in a 
culture with triolein as the sole carbon source, although the final concentration is 
obviously lower.
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Figure 5.3.6 Triolein (g/L) and glucose (g/L) remaining in the mixed carbon source 
fermentation.

The mixed fermentation seems to have more prolonged changover from one type of 
metabolism to another than either the triolein or glucose cultures. The number of RQ 
shifts is increased and the biomass maximum does not occur at the same time as the steep 
decline in OUR/CER. The presence of two carbon sources appears to complicate the cell 
cycle.

Lipase levels were measured throughout the fermentation and did not become detectable 
until 24.5 h, 2 h after the glucose had been exhausted (Figure 5.3.7). By 30 h the levels of 
direct p-oxidation activity had also reached a high level, about 75% of the maximum 
specific activity seen with cells from a triolein-only carbon source culture. The activities of 
both lipase and p-oxidation rose and declined sharply during the course of the 
fermentation but did not reach zero during the time that they were monitored.
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Non-Specific esterase levels were much higher in the mixed-grown cells compared to both 
the glucose and triolein cells (Figure 5.3.8). Acyl-CoA hydrolase activities were also 
raised, suggesting that the p-oxidation rates obtained in the assays may be lower than the 
actual rates.
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Figure 5.3.7 Direct p-oxidation activity (nmol palmitoyl-CoA min-^mg-^) and lipase 
activity (Units mU^g-  ̂DCW) in the mixed fermentation.
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Figure 5.3.8 NADH depletion, non-specific esterase and acyl-CoA hydrolase activities 
(given as nmol mim^mg-^ for NADH, 4-nitrophenol acetate and palmitoyl-CoA, 
respectively) o f the CFEs used in the P-oxidation assays.
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The diameter of cell pellets obtained from the mixed fermentation occupied an 
intermediate position between the triolein- and glucose-grown cells (Figure 5.3.9). The 
mean pellet size increased from a starting diameter of 190|Lim to 330fim by the end of the 
fermentation. The range of pellet diameters was much larger in the early stages of the 
fermentation than either the triolein or glucose cultures. The cell pellets, when examined 
under the microscope (Figure 5.3.10), show a mycelial outline rather than the smooth 
appearance of the glucose-grown cell aggregates (Figure 5.1.10).
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Figure 5.3.9 Graph showing the mean diameter o f cell pellets at various times in the 
fermentation, with the 25th and 75th quartile sizes also shown.
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Figure 5.3.10 Photograph showing the appearance o f  typical pellets in the mixed 
fermentation, from the 66hr sample. The scale is 1cm for lOOpm.

5.4 Triolein and Sodium Nitrate Fermentations

An more fully defined medium was used to see if the Casaminoacids were being used as a 
cai'bon source during the fennentations. The Casaminoacids, consisting of hydrosylated 
casein, were therefore replaced by a medium containing 30mM sodium nitiate as the 
nitrogen source. The DOT levels and OUR, CER and RQ data were very similar to those 
obtained with the triolein feiTnentation, so are not reproduced here.

In this feiTnentation, no acid or alkali were needed at any point to correct the pH of the 
broth. This could have been due to the slow growth of the cells preventing a build up of 
organic acids, coupled with the pH stabilizing effect already seen with the standard tiiolein 
feiTnentation.

The maximum biomass achieved was 0.5g less than that seen with a Casaminoacids 
nitrogen source and tiiolein caibon source (Figure 5.4.1). This indicates that the 
Casaminoacids were used as caibon sources as well as the nitrogen source, or otherwise 
provided a nutrient that became limiting in this fermentation. Growth was slower with
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sodium nitrate instead of Casaminoacids, with biomass continuing to increase until 40 h. 
Actinorhodin production began as the cells reached stationary phase, but the total 
produced was not as high as by the standard triolein culture, at least for the duration that 
production was monitored.
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Figure 5.4.1 Biomass (g/L DCW) and actinorhodin o f supernatant at pH 14)
production in the triolein and sodium nitrate fermentation.

Triolein was consumed at a comparable rate until the fermentation was about 55 h old and 
the residual level at the end of the fermentation was just higher than the 2 0 % seen in the 
standard triolein fermentation (Figure 5.4.2). This lower triolein usage could also explain 
the lower maximum biomass of the fermentation.
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Figure 5.4.2 Triolein (g/L) in the triolein and sodium nitrate fermentation, determined 
with the vanillin assay or by solvent extraction.
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p-oxidation and lipase levels were a little reduced compared to the usual triolein 
fermentation (Figure 5.4.3), but the non-specific esterase and acyl-CoA hydrolase 
activities were comparable (Figure 5.4.4). NADH depletion rates were much higher in all 
the CFEs than from cells harvested from any of the other fermentations, which possibly 
led to an underestimated rate of p-oxidation activity. However, this does not explain the 
lower levels of lipase activity.
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Figure 5.4.3 Direct ^-oxidation activity (nmol palmitoyl-CoA min-^mg-^) and lipase 
activity (Units mU^g-  ̂DCW) in the triolein and sodium nitrate fermentation.
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Figure 5.4.4 NADH depletion, non-specific esterase and acyl-CoA hydrolase activities 
(given as nmol min'^mg'^ for NADH, 4-nitrophenol acetate and palmitoyl-CoA, 
respectively) o f the CFEs used in the p-oxidation assays.
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The cell pellets derived from the triolein and sodium nitrate fermentation were the smallest 
seen from all the 20 L cultures. The mean diameter only reached 190|im by the end of the 
feiTnentation (Figure 5.4.5). However, the size of the mycelial network surrounding the 
core of the pellets was very large (Figure 5.4.6).
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Figure 5.4.5 Graph showing the mean size of cell pellets at various times in the 
fermentation, with the 25th and 75th quartile sizes also shown.

iÊ Â

Figure 5.4.6 Photograph showing the appearance of typical pellets in the triolein and 
sodium nitrate fermentation, from the 62 h sample. The scale is 1cm for IO()[Lm.
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Overall, the effect of using a less complex nitrogen source on the fermentation was 
confined to changes in growth parameters. The culture took longer to reach stationary 
phase and the overall biomass achieved was less than with a casaminoacid nitrogen 
source, probably because that was contributing towards the carbon intake of the cells. 
This slower growth probably also contributed to the appearance of the fermentation 
pellets.

5.5 Methyl Oleate Substrate Fermentations

A methyl oleate carbon source fermentation was also carried out, to see the effect of a 
non-TAG lipid on the fermentation and especially on lipase activity. In addition, methyl 
oleate has been used in fermentations involving antibiotic-producing strains of 
Streptomyces. Huber and Teitz (1983) found that methyl oleate could be used as a co
substrate with glucose to produce Cephalosporin C, when glucose was added to both 
batch and fed-batch fermentations. Brock (1956) also found a high level of Filipin 
production, using a soy flour medium with methyl oleate as the sole carbon source. 
However, Kojima et a l  (1995) found that a methyl oleate carbon source added to a 
fermentation permitted adequate growth but poor antibiotic production.

The representative fermentation used to illustrate the effects of a methyl oleate substrate 
was unfortunately shorter than the others, being halted at 68 h due to problems with the 
air supply to the culture. The cell pellets began growing in the air inlet of the fermenter, 
eventually blocking it and preventing O2  from reaching the culture. By this time the cells 
were in mid-stationary phase, so most physiological changes had occurred in the culture. 
The DOT, OUR, CER and RQ traces obtained from the fermentation were very similar to 
those obtained from the triolein fermentation, so are not shown. As with the triolein plus 
sodium nitrate fermentation, no acid or base was required to correct the pH of the broth.

The cell biomass and actinorhodin were monitored, with both increasing more slowly than 
the triolein carbon source fermentation (Figure 5.5.1). This is contrary to the pattern seen 
in the shake flasks, where biomass levels were higher in cultures with a methyl oleate 
carbon source.
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Figure 5.5.1 Biomass (g/L DCW) and actinorhodin ( ^ 6 4 0  o f supernatant at pH 14) 
production in the mixed carbon source fermentation.

Actinorhodin was produced more slowly with methyl oleate in both shake flasks and 
fermenters. The usage of methyl oleate was followed by solvent extraction since the 
triacylglycerol (vanillin) assay could not be used and showed a steady decrease, with a 
final level of about 2g/L. The amount had not reached a plateau when the fermentation 
was halted, however and would possibly have decreased further with more time. This 
residual lipid constituted 40% of the inital amount, a higher final concentration of lipid 
than any of the other fermentations (Figure 5.5.2).
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Figure 5.5.2 Methyl oleate concentration (g/L), determined by solvent extraction.

207



C hapter 5. 2 0  L  ferm en ta tions o f  S. lividans

The p-oxidation activities of the harvested cells (Figure 5.5.3) were in a similar range to 
those obtained in shake-flask grown cells and to the 20 L triolein medium cells. Lipase 
activity was also monitored to see if lipases were expressed with a non-TAG lipid carbon 
source. No lipase activity could be detected at all during the growth cycle, which is 
surprising since even the glucose grown cells had some lipase expression during late 
stationary phase. The methyl oleate adhering to the harvested cells was possibly 
interfering with the assay conditions, or the presence of methyl fatty acids in the medium 
prevented the lipase from being expressed or from functioning. The fermentation was 
stopped at a relatively early point, so slower growth combined with a shorter fermentation 
time could have meant that lipase activity was too low (but increasing) when the 
fermentation was terminated. The assays monitoring acyl-CoA hydrolase, non-specific 
esterase and NADH depletion activities were of a normal profile (Figure 5.5.4).
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Figure 5.5.3 Direct ^-oxidation activity (nmol palmitoyl-CoA min-^mg-^) and lipase 
activity (Units ml'^g'^ DCW) in the methyl oleate fermentation.
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Figure 5.5.4 NADH depletion, non-specific esterase and acyl-CoA hydrolase activities 
(given as nmol min-^mg'^ for NADH, 4-nitrophenol acetate and palmitoyl-CoA, 
respectively) o f the CFEs used in the ^-oxidation assays.

The mean diameter of the pellets produced in this fermentation showed a increase from 
170 to 230|Lim over the course of the fermentation, but the latter time points showed a 
wider range of sizes between the 25th and 75th quartiles (Figure 5.5.5). Methyl oleate is 
less viscous than triolein and was found not to adhere to the pellets as much on the slide. 
However, the pellet appearance was similar to that obtained from the standard triolein 
fermentation, with loose mycelia on the surface of the pellet (Figure 5.5.6).
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Figure 5.5.5 Graph showing the mean size o f cell pellets, with the 25th and 75th quartile 
sizes also shown, at various times in the fermentation.
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Figure 5.5.6 Photograph showing the appearance of typical pellets in the methyl oleate 
fermentation, from the 67 h sample. The scale is 1cm for IOO[Lm.

5.6 Discussion of the 20 L Fermentation Results

The initial biomass of all the fermentations were not identical, since it would have been 
very difficult to manipulate the seed cultures so they all contained the same quantity of 
cells without compromising the sterility of the process. Despite this, the starting 
conditions of each of the fermentations were similar enough to allow comparisons to be 
made. The trends occurring in each fermentation can also be contrasted.

5.6,1 Aeration and agitation

The increase in cell biomass and growth rates in 20 L fermentations compared to those 
obtained from shake shake fermentations could be due to a number of factors. The 
fermenter was controlled with regard to oxygen levels, pH and had a more effective 
agitation system. The triolein-grown cells in particular showed increased final biomasses 
at the larger scale. These were also the fermentations that required the least addition of 
acid or base to maintain a pH of 7.0, so it wasunlikely that the improvement in growth was 
due to an inhibitory effect by adverse culture pHs at shake flask-scale. It is most probable 
that the differences seen are due to the improved aeration that the 20 L system provides. 
The dissolved oxygen tension (DOT) levels in the fermentations did not decline
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substantially and were maintained above 50% while the cells were in rapid growth phase, 
so it can be assumed that oxygen never became limiting. A 10% oxygen level was found 
to be inhibiting to erythromycin production by Saccharopolyspora erythraea (M. 
Heydrian, personal communication). A higher level of oxygen is needed in the metabolism 
of lipids rather than simple sugars (StoweU, 1987), but even in lipid-containing cultures a 
high DOT was maintained. The fermentations were easily mixed and aerated due to the 
use of defined media, which was not at all viscous and the growth of cells as pellets rather 
than a mycelial network.

S, lividans in the fermentations did not fragment into individual mycelia, which is an 
indication that shear forces were not high at a stirrer speed of 500 rpm. The effects of 
agitation were not investigated in this study, although a great deal of work has been 
carried out on the effects of shear on antibiotic producing filamentous organisms, some of 
which also investigated these effects in vegetable oil-supplemented media. Choi et al, 
(1996) found rapeseed oil consumption by S. fradiae increases with increasing stirrer 
speed, concurrent with mycelial damage. Maximal tylosin production occurs at an 
agitation rate of 400 rpm. Ohta et al (1995) also examined S. fradiae, identifying 
damaged mycelia at 600 rpm in a culture containing soybean oil.

5.6.2 Nitrogen source

The use of sodium nitrate as a nitrogen source for S. lividans rather than Casaminoacids 
produced a different growth rate in the organism. However, the poorer growth seen with 
sodium nitrate may have been due to the carbon present in the Casaminoacids rather than 
to the quality of either supplement as a nitrogen source. The effect of nitrogen (Shapiro, 
1989), phosphate (Martin, 1989) and trace metal sources (Weinberg, 1989) on 
actinomycete antibiotic production has been previously reported. The effect of these 
nutrients was not examined in any way in these experiments apart from the use of sodium 
nitrate rather than Casaminoacids, which produced very little change to actinorhodin 
production.

In this study, any ammonium ions produced during stationary phase (Section 5.3.6) were 
not affecting lipase production since in both the mixed and glucose fermentations some 
lipase activity was seen later in the growth cycle. In addition to this, the mixed 
fermentation produced large amounts of actinorhodin during this same phase so antibiotic 
biosynthesis was also not repressed. S. coelicolor produces more pigments in media where 
nitrogen or phosphate are limiting: these were the only medium components to influence 
actinorhodin and undecylprodigiosin production (Hobbs et ai, 1990). However, 
ammonia has been reported as having a profound effect on streptomycete fermentations in 
the production of antibiotics. Huber and Teitz (1983) reported low antibiotic production 
levels when ammonium ions were included in the medium such as the production of 
cephalosporin C in a defined medium. Methionine, known as an inducer of secondary 
metabolism, was added to allow any production to occur. Narasaki et a l (1968) found
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that lipase levels in a pseudomonad species was depressed in the presence of ammonium 
sulphate or peptone nitrogen sources. Nahas and co-workers (1988) showed that soybean 
flour was the only nitrogen source that allowed Rhizopus oligosporus to express lipase.

5.6.3 pH

The usual pattern of pH of a typical S. lividans culture comprises a drop in pH during the 
rapid growth phase, caused by organic acid production, after which the pH slowly rises as 
the organic acids are reabsorbed and in stationary phase the fermentation broth becomes 
alkaline. The excretion of organic acids, especially pyruvate, from the cells early in rapid 
growth has been investigated (Madden et a l, 1996). The subsequent rise in pH has been 
noted in this strain, as well as in recombinant S. lividans and Streptomyces clavuligerus 
(S. Robinson and K. Large, personal communication). This rise in pH could be due to 
production of ammonia in the cultures, which was noted from the characteristic smell 
produced during non-pH controlled glucose fermentations. An alternative cause for the 
rise in pH is that the acid pyruvate is re-absorbed by the cells in stationary phase as an 
additional carbon source, causing the broth to become less acidic.

The effect of the oils on this pH pattern was marked. In the methyl oleate and triolein 
plus sodium nitrate fermentations the broth did not require the addition of acid or base at 
any point during the growth cycle. This could have been due to the relatively slow 
growth of these cultures (compared with the other three fermentations), but the 
differences in growth rate were probably not large enough to have caused the effect alone. 
The glucose fermentation required base early in the fermentation and acid later. The 
triolein fermentation, however, did not require any acid in the later stages of growth. The 
mixed culture showed an intermediate acid/base requirement between the triolein and 
glucose fermentations, since acid usage was necessary during stationary phase, but in a 
smaller volume than the glucose-grown cells.

The presence of fatty acids in a medium broth could influence its pH. Fatty acids released 
by lipase action and not taken up by the cell could cause a drop in the pH of the cultures 
containing triolein, so no orthophosphoric acid addition would be necessary to counter the 
rising pH. If this was taking place in stationary phase, it would indicate that the lipase and 
fatty acid uptake activities had become unsynchronised, with lipase activity too high for 
the fatty acid incorporation mechanism.

Brock (1956) found that with a glucose medium, a pH rise is seen in glucose-grown S. 
filipiensis, but in media with lipid substrate the pH remains at 7.0 until very late in 
growth. Some lipid substrates were found to cause the pH to drop earlier on, but palmitic 
acid had little effect on the medium pH. Ishida and Isono (1952) and Siewert and Keislich 
(1971) both found that oil addition stabilized the pH in antibiotic-producing 
fermentations. Tan and Ho (1991) investigated strains of penicillin producers and found
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that one strain had growth promotion and a stable pH with an oil supplement, but another 
unable to produce lipase induced a high pH early in growth on an oil culture medium.

5.6.4 Substrate usage and dispersion

Most of the fermentations had a clearly defined rapid growth phase, followed by a 
stationary phase, that were distinguishable from one another by a change in the RQ. The 
mixed fermentation, however, showed a more complicated growth pattern, where glucose 
was consumed exclusively in the first part of the culture, followed by a period of triolein 
usage, only after which it entered a recognisable stationary phase. The sole consumption 
of glucose even though triolein was also available was seen in shake flask fermentations 
(Figure 3.3.4) and may be the result of glucose repression of the P-oxidation enzymes.

Residual oil was observed in all the fermentations that were supplied with lipids, with the 
broths retaining at least 20% of their oil at the end of the fermentation. The final level of 
lipid was approximately the same from early stationary to the end of the fermentation, 
except in the mixed medium where lipid takeup continued for a slightly longer period. 
Residual oü is a problem that has been investigated extensively in industrial production, 
since it represents a financial loss, as well as causing a problem by complicating 
downstream processing of the product (Stowell, 1987). If oil metabolism is carried out 
more efficiently, the products of fatty acid breakdown can feed into antibiotic production, 
whilst at the same time the level of residual oil would be reduced. A significant finding of 
these experiments is that both lipase and p-oxidation levels are reduced towards the end 
of the fermentations, even though there is oü present. If the expression of enzymes could 
be continued untü the death stage is reached, the level of oü remaining might be reduced 
to insignificant levels. The mechanism of this falling activity would need to be 
investigated. It is possible that expression is under co-ordinate control, by an as yet 
unknown gene product. A second possibility is that either the lipase expression or 
function is prevented, reducing the amount of fatty acids imported into the ceU, thereby 
depriving the P-oxidation expression system of substrate. The converse argument is that 
the p-oxidation enzyme gene expression is turned off first, causing a buüd up of fatty 
acids, with levels of lipase suppressed accordingly. Investigations as to which of these 
possibüiües is occurring could be carried out at molecular level, looking at the production 
of various mRNA species, for example. A larger scale study that could also give clues as 
to what is happening would be an investigation of the buüd up of lipase products in the 
medium. If mono-, di-acylglycerol and fatty acids, start to be detected in the medium, 
then the favoured explanation is that lipase is stül being produced. If the loss of enzyme 
activity is coupled with a continued incorporation of fatty acids, then the lipase could be 
considered to have loss of expression first, or alternatively that the two enzymes were 
under co-ordinate control.

0Ü dispersion within the fermentation media was also interesting. One of the 
fermentations carried out with a triolein carbon source failed to increase in biomass for the
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first 2 days after inoculation, due to a poorly populated seed culture. During this time, the 
oü remained relatively undispersed, rising to the surface of the 20 ml samples as soon as 
they had been taken. Once the cells had grown to about 1 g/L dry ceU weight, the oü 
became dispersed in the sampled broth and remained so even when agitation had stopped. 
This was not due to a large decrease in the total oü present since lipid assays showed only 
a smaU quantity of hpid had been consumed. Therefore the cells must have been 
interacting with the oü droplets, enabling the lipid to exist in a more emulsified form. In a 
simüar situation, the improved émulsification of gas oü in a yeast fermentation was found 
to be due to phosphofipids on the ceU surface (Munk et aL, 1969). Interaction between 
the S. lividans cells and the oü were observed under image analysis, where ceU peUets 
appeared to have some oü associated with them. Early samples were more likely to have 
unassociated droplets of oü on the shdes, but later these disappeared and the only oü seen 
was a smaU amount associated with the ceU pellets. A study into oü-ceU associations, 
using Sudan black stain for example, was not carried out, but may produce interesting 
results.

5.6.5 Control of foaming

The use of vegetable oils as an antifoam in fermentations began before they were used as a 
carbon source (Section 1.2.3). It is perhaps not surprising that this study encountered 
simüar effects. As a whole, the 20 L and shake flask fermentations of S. lividans on 
defined media were not prone to high levels of foaming. There was a tendency, however, 
for the glucose and other simple carbon source fermentations to foam at visible levels at 
both scales. This was completely eradicated when triolein or methyl oleate was added to 
the media, even to the extent that no antifoam was needed when the fermentation broth 
was being sterilized at the end of a fermentation, which is usuaUy a necessity. Even the 
very low concentration of triolein left at the end of the mixed run was enough to exert an 
effect.

5.6.6 Actinorhodin production

Actinorhodin production in the large-scale fermentations matched that seen in shake 
flasks. Coloured pigment was absent in the glucose carbon source fermentations, so the 
possibility that low oxygen levels in the shake flask trials were responsible for the lack of 
actinorhodin can be abandoned. The lipid fermentations did produce actinorhodin, 
however and probably also undecylprodigiosin since the cells became pink before the 
medium had begun to turn purple. The amount of actinorhodin in the lipid fermentations 
had possibly not reached maximal levels before the fermentations were stopped, since in 
aU the cultures the absorbance at 640 nm of the supernatant was increasing when the 
fermentations were halted. The possibüity that remaining oü was being catabolised m 
stationary phase for the production of actinorhodin could not be checked in these studies 
since the lipid assay and solvent extraction procedure were too inaccurate to follow the 
depletion of media hpid closely over this period. The addition of radiolabeüed substrate
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to a shake flask culture at this point could resolve the question. It is certainly the case in 
the mixed substrate fermentation that triolein levels declined after stationary phase had 
begun and whilst actinorhodin production was occurring.

5.6.7 Enzyme assays

5.6.7.1 Lipase activities

Lipase activities with a triolein substrate were comparable to those seen in the shake 
flasks, indicating that in S. lividans the culture conditions (aeration, shear) do not have 
too great an effect on lipase activity. Lipase induction appears to be dependent on the 
presence of the substrate, namely TAG. If glucose was present in the medium, lipase 
activity did not occur, in a similar fashion to that of Aspergillus nidulans (Kawasaki et aL, 
1995), which has no lipase expression in a 1% glucose medium, even in the presence of 
tributyrin.

The lack of lipase activity in the methyl oleate grown culture was somewhat of a surprise, 
since Shimada et a l (1992) found that the presence of a range of FF As, methyl esters and 
TAGs were capable of inducing lipase production in Geotricum candidum, specifically for 
a cw-unsaturate bond-specific lipase with maximal activity towards Ĉ g.̂ , Cjg. 2  and Cig. 3  

TAGs. Control was assumed to be at transcription level by oleic acid. The enzyme was 
released into the supernatant, which may explain the difference between induction 
substrates for S. lividans and G. candidum. Palmitic acid and palmitic acid methyl ester 
were better than the TAG at inducing lipase, which is even more unlike the case with S. 
lividans. It is assumed that a completely different induction system is occurring in the two 
species.

5.6.7 . 2  P-oxidation assays

Again, there were no large differences between the results obtained in these studies 
compared to those carried out in shake flasks. The p-oxidation enzymes were induced by 
the presence of lipids and subject to repression by the presence of glucose. This was 
confirmed by the number of CFEs that could be prepared from the large-scale culture, 
with the four ceU samples harvested while glucose was still present showing no activity 
and the cells harvested afterwards showing good activity (Figure 5.3.7). The finding that 
p-oxidation activity declined with the age of the culture, even though substrate was still 
present in the medium, was also confirmed.

5.6.8 Image analysis

In all the fermentation samples removed and examined under image analysis, no mycelial 
fragments could be seen at all and very few diffuse clumps, no matter which carbon source 
was used. Some free mycelia would be expected but none were detected at any point.
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Research by Tucker et al. (1992) showed that with both Streptomyces clavuligerus and 
Pénicillium chrysogenum, a full range of cell agglomerates, from single mycelia to loose 
clumps to cell pellets, was present. In particular, the presence of free mycelia occurred in 
cycles, indicating that fragmentation was happening periodically. In the fermentations of 
the present study, the smaller clumps and free mycelia were not seen, which coincidentally 
made it easier for the pellets to be sized. A recent study was conducted by Tough and 
Prosser (1996) to devise a model of S. coelicolor pellet formation. The model was found 
to be inaccurate when based on the hypothesis that mycelia are breaking off to form new 
cell aggregates, as with S. clavuligerus. Instead the model used an assumption that the 
pellets broke into two equal fragments when subjected to shear forces. Experimental 
observation supported this, since no free mycelia were found in batch cultures (as in this 
study) and electronmicrographs of the outside of pellets showed that no damage was 
occurring to the outer mycelia.

From the photographs of the types of pellet seen in the cultures, it can be seen that dense, 
hard packed cells are most numerous, with even the loosest pellets having a dense core. 
A similar pattern was seen in S. coelicolor (Tough and Prosser, 1996). The looser pellets 
do have a "fluffy" outline, though, which is composed of a mycelial network extending 
into the medium. The carbon source that the cells were grown on had a distinct effect on 
the extent of the fluffiness of the pellets produced by the cells. The effect of the oil on the 
size of cell pellets may partly explain the better growth seen in the cells provided by a 
mixed medium. The fluffier appearance of the pellets indicates a diffuser mycelial network 
that may allow better growth since there would be more sites from which to produce new 
mycelia and a greater contact between the filaments and medium nutrients. The 
hydrophobic nature of the S. lividans spores possibly also play a part in the initial 
distribution of the cells within the medium. The spores may have a greater tendency to 
clump together in non-lipid medium, that is partly prevented by the lipid droplets 
associating with the spores preventing them being attracted to each other. This would 
cause more and smaller clumps to be initiated, leading to smaller, diffuse pellets. The 
fluffiest pellets were those from the triolein plus sodium nitrate fermentation. This is 
presumably because the biomass increased more slowly in this fermentation, allowing 
greater dispersion of the cells before the formation of large mycelial networks. Faster 
growth is associated with the formation of larger pellets (Prosser and Tough, 1991).

The method used to determine the size of the pellets by the image analysis system was not 
ideal. Other studies on the image analysis of clumps or pellets used skeletonization steps 
and openings, giving an estimate of how diffuse each pellet was (Tucker et a l, 1992; Cox 
and Thomas, 1992). Reichl et al. (1992) used a programme based on threshold 
(darkness) differences between the edge and centre of a pellet, to give data on the 
diffuseness of the mycelia at the edge of the clump. Despite the existence of better 
methods, the programme used in this study appeared to be giving a reasonable estimate of 
pellet sizes when carried out on the samples. The glucose-grown pellets had an average 
diameter of 500-600 |Lim, whereas the other fermentations had pellets of about half that
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size or less. It is unfortunate that the fluffiness of the pellets could not be quantified by 
the image analysis equipment. This was done by Cox and Thomas (1992) on Aspergillus 
niger pellets, with the finding that of an average stationary phase pellet size of 2.0 mm, 
the core size was 1.5 mm. The “hairiness”, as it was defined in the report, did not develop 
until the onset of stationary phase.

The importance of the morphology of the cells on antibiotic production is the subject of 
debate. The presence of pellets means that the cells in a fermentation are not all at the 
same stage of development, since those at the centre of a pellet are nutrient and oxygen 
deprived (Bushell, 1988) and may enter stationary phase sooner (Doull and Vining, 
1990b). A non-homogenous culture is more difficult to manage, in terms of the timing of 
product recovery, so pellets are seen to be undesirable. Having said that, Yang et a l, 
(1996) found no difference in the level of virginiamycin between cultures of Streptomyces 
virginiae showing single mycelia and entangled mycelia. The latter were very diffuse and 
cannot be compared with a very compact pellet. Pellets produced by S. virginiae had a 
diameter of 400-500 fxm.

The pellets seen in the fermentations in this study had very simple profiles of pellet size, 
producing a bell-shaped histogram when analysed according to diameter. A similar 
situation was found by Reichl et a l  (1992). In stirred fermenters, a single bell-shaped 
histogram was obtained, but in shake flask fermentations a bimodal distribution in object 
size for small clumps and larger floes was seen. The Streptomyces tendiae cells reached a 
pellet size of 3mm in diameter, with a slow stirrer speed of 300 rpm; the mean pellet size 
was smaller if the stirrer speed was increased.

5.7 Summary

The use of pilot-scale fermentations for the growth of S. lividans in lipid and non-hpid 
media allowed ceU physiology to be examined in greater detail. RQ information showed 
that when oil was added as a co-carbon source, the cells had three identifiable growth 
phases rather than the two in seen in cultures containing only one carbon source. This 
extra phase was not accompanied by an increase in biomass but Hpid metaboHsm was 
occurring. Lipids were shown to affect the morphology of the ceU pellets in the cultures, 
with the addition of TAG resulting in the formation of looser pellets with a greater 
number of myceha at the perimeter. The use of a larger-scale process allowed the levels 
of the Hpid degradation enzymes to be monitored more frequently. The shake flask 
observations that i) the induction of enzyme expression only occurred in the presence of 
substrate and after the exhaustion of glucose and H) activity declined during stationary 
phase, were both confirmed. The Hpids also lessened the need for antifoam, acid and base 
addition.
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6. CONCLUSIONS AND RECOMMENDATIONS

The aims and objectives of the project were met during the course of the experimental 
period and are detailed below. From this research, it is clear that many areas of 
experimentation have opened and would benefit from further study. In particular the 
application of DNA recombinant technology to the system can now be based on existing 
information on the structure and activities of the majority of enzymes within the pathway.

6.1 Conclusions

1. The range of lipids able to support the growth of S. lividans was limited. Free fatty 
acids or their salts were less effective as carbon sources than methyl esters or components 
of triacylglycerols. Medium- and short-chain fatty acids were in some cases inhibitory to 
growth, but their methyl esters and triacylglycerols were not. S. lividans grew on a 
greater number of lipid types on solid culture than in liquid culture.

2. Actinorhodin production by S. lividans was dependent on the carbon source when the 
cells were grown on defined liquid medium, but this was not the case on solid medium. 
Lipids appeared to promote the production of pigments when provided as either the sole 
or co-carbon source in liquid cultures.

3. Fatty acids from lipids supplied in the culture medium were incorporated into 
membrane and triacylglycerol lipids of the S. lividans cells. The fatty acid composition 
of the cell lipids resembled that of the lipid supplied exogenously, especially in the non
polar lipid fraction. The cell lipids also contained fatty acid species that were not 
provided in the medium.

4. Lipid synthesis was reduced in cells grown in the presence of triacylglycerol in the 
culture medium compared to cells provided with glucose. This occurred both when 
triacylglycerol was provided as sole carbon source and when glucose was also supplied in 
the medium.

5. Lipids added to the growth medium changed the morphology of the S. lividans cells. 
The pellets formed in liquid culture were smaller and looser with a greater number of free 
mycelia when lipids were present.

6. Enzymes involved in the metabolism of hpids in S. lividans were not expressed 
constitutively. Expression of Hpase depended on the presence of triacylglycerols, while 
the expression of the p-oxidation pathway enzymes required fatty acids. Both enzyme 
systems were subject to catabolite repression.

7. S. lividans had a cell-bound hpase with activity towards short-, medium- and long- 
chain fatty acid triacylglycerols.
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8. The S. lividans P-oxidation pathway contained an enzyme system similar to that found 
in E. coli. The system contained an acyl-CoA dehydrogenase and a multifunctional 
protein. The individual enzyme steps were identified by the optimisation of enzyme assays 
and the isolation of the component proteins by a partial purification.

9. Residual Hpid in the culture medium may be caused in part by a reduction in the level 
of Hpid degradation during the growth cycle of S, lividans. The expression of Hpase and 
the p-oxidation pathway appeared to be co-ordinated and declined during the stationary 
phase of cultures containing Hpids.

6.2 Recommendations

Central to this project was the idea that the metaboHsm of oils could be improved if 
metaboHc engineering was applied to the system. In order for this to be carried out, the 
rate limiting steps in the system must be identified so that they can be altered to increase 
flux. This project was mainly designed to look at the p-oxidation pathway, but obviously 
there must be interaction between this and the systems of Hpid breakdown and import into 
the ceU. If the latter are exerting more control over the process, then improvements in 
p-oxidation fluxes would not produce a better level of Hpid metaboHsm (although it may 
increase levels of antibiotic production). In this study, the slowest steps were not 
identified. An important section of the oil metaboHsm pathway, that of import of the fatty 
acids into the ceUs, was not examined. In future, this could be investigated by the use of 
the E. coli model, which has been quite weU studied and for which there is knowledge on 
the enzymology and molecular biology of the system. RadiolabeUed substrate could also 
be used to track the metaboHsm of oils. Monitoring of the speed of the appearance of 
labeUed fatty acids in the medium, the entry of fatty acids into the ceU and the appearance 
of labeUed acetyl-CoA and other metaboHtes in the ceU cytoplasm would give an 
indication of where bottlenecks were occurring.

Possibly the best way to progress with flux investigations within the p-oxidation pathway 
would be by the use of HPLC analysis. This method uses an in vitro enzyme set-up, but 
the detection system allows the intermediates in the pathway to be distinguished from one 
another. Therefore, the build up of one compound could be noted and ascribed to the 
slow activity of the particular enzyme site. The amount of information on the flux rates of 
other organisms' p-oxidation systems using this method indicates that it could be appHed 
successfuUy to this system also.

An area of research that might also prove interesting would be studies on the feeding of 
precursors into the culture broths of antibiotic-producing Streptomyces. This would aUow 
particular starting blocks to be incorporated into the antibiotics, allowing a certain amount
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of tailoring of the structures. The "priming" of the cultures using crude preparation of 
oils, followed by more particular feedstocks, may be effective.

Another line of research involving radiolabelled substrate would be to see which were 
feeding into the actinorhodin molecules. This would allow the source of the acetyl-CoA 
being incorporated into the antibiotics to be tracked, whether this was coming exclusively 
from the fatty acids, or from carbohydrate-derived molecules. If the fatty acids were 
found to make a significant contribution to the acetyl-CoA pool, those that were best 
metabolised by the P-oxidation pathway could be added as oils with a favourable fatty 
acid blend.

The full purification of the multifunctional protein and acyl-CoA dehydrogenase should be 
attempted, to aid molecular techniques in the isolation and expression of the relevent 
genes. The S. lividans multifunctional protein probably also contains enzymes for the 
catabolism of unsaturated fatty acids so it should be fully characterised.
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7. A P P E N D IC E S

7.1 Calculation of Errors

7.1.1. Standard error of the mean

This was used as the error quoted throughout the thesis where three or more values were 
obtained for a particular result

It is defined as S
Vn

where S is the standard deviation and N the number of values obtained.

7.1.2. Duplicate results

Where it was not possible to carry out more than two assays or measurements routinely, 
the SEM was not used. In these cases, the figure given is the mean of the two results, 
where the original values were not more than 5% apart.
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7.2 Fatty Acid Content of Cell Lipids - Raw Data

C hapter  7. A ppendices

Fatty acids Triolein growth Triolein-grown Mixed-substrate- Glucose-grown cells
(% of total) substrate cells grown cells

TAG SQL PL TAG SGL PL TAG SGL PL

14:1 0 0 2.0 0 1.1 1.0 6.6 0 0 0

il4:0 1.0 0.6 2.3 6.7 6.2 5.7 4.1 7.3 7.9 18.6

al4:0 0 0 1.2 0 1.2 0.8 0 0.8 1.5 1.2

14:0 3.4 3.0 3.0 1.3 2.6 1.9 1.0 2.3 0.6 1.1

15:1 0.3 0 0 17.9 0 0 0 0 0 0

115:0 0 10 2.6 12.7 4.3 3.4 10.7 13.8 16.8 10.0

al5:0 0 2.2 3.2 0 4.3 3.4 10.6 12.1 14.8 9.0

15:0 0.3 0.3 0.7 0.65 1.1 0.8 1.0 6.6 3.2 3.6

16:1 5.4 6.9 6.0 2.1 4.5 9.0 1.0 0 0 0

116:0 0.3 2.2 4.4 19.5 5.3 13.4 33.3 17.4 18.8 12.7

al6:0 0 0 18.3 1.3 1.1 1.7 0.4 1.5 1.2 1.1

16:0 5.1 6.1 4.8 6.6 6.4 4.5 8.3 18.7 13.8 13.7

117:0 0 3.6 0.9 0 0 2.3 6.0 6.5 9.2 2.0

al7:0 0 6.3 4.1 2.7 5.4 3.8 7.7 6.3 8.6 5.3

17:0 1.5 0 0 0 0.5 0 0 1.9 1.4 0.8

cl7:0/17:l 0 0 0 0 0 0 0.8 0 3.4 5.3

18:2 3.9 3.7 0.7 0.8 3.7 2.0 0 0 0 0

18:1 74 70 61 19 52 46 6.4 0 1.7 0

18:0 0.9 1.2 1.3 0 0.67 0.3 0.3 0 0 0

Unsaturated/ 

saturated ratio

6.2:1 3.3:1 2.3:1 0.7:1 1.6:1 1.4:1 0.2:1 0:1 0.02:1 0:1

2 2 2
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