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Abstract

The research presented in this thesis was carried out under the Antibiotics
Club initiative and comprises of two main parts. The first part covers the
determination of general conditions for the growth of S.coelicolor in a new liquid
minimal medium and investigations into the improvement of the reproducibility of
the onset of secondary metabolism of cultures grown in this medium in shake
flasks. The second part covers the characterisation and investigation of some
aromatic amino acid auxotrophs that had been isolated at the University of
Manchester Institute of Science and Technology. These mutants were of interest
particularly for cloning genes from the common pathway and also for flux studies,
as hosts for the introduction and manipulation of specific pathway genes. This
part also covers the complementation of one of the mutants with an S.coelicolor
library and the sequence analysis of the DNA responsible. When investigated
further, this clone was found to encode a putative transporter protein which also
complemented a number of the other mutants.

The growth of S.coelicolor and the onset of production of pigment in the new
liquid minimal medium was very variable. Therefore, a number of observations
were made on pregermination, storage and growth in of S.coelicolor in this
medium, which may be used to improve the reproducibility of growth and the
onset of secondary metabolite production in this medium. Firstly, pre-germinated
spores may be stored frozen in glycerol. Therefore, cultures may be inoculated
with a known number of viable spores and synchronous germination achieved.
The mycelial density was shown to be proportional to inoculum size and to affect
the growth profile and production of pigments of secondary metabolism. Thus,
inoculation with a known number of spores would enable an optimum
concentration of spores to be used consistantly. Secondly, the onset and range of

production of pigments depended upon the constituents of the media, their



concentrations and the pH. Glucose did not cause carbon catabolite repression of
either the blue pigment or undecylprodigiosin although inhibition by phosphate of
production of the blue pigment was noted. Apparent catabolite repression by
nitrogen of production of undecylprodigiosin and the blue pigment by ammonium
ions was also noted. The effect of pH, choice of buffer and nutrient source on the
range of pigments produced was demonstrated by the sole production of yellow
pigment under conditions of low pH. The yellow pigment was found to act as a
pH indicator.

Finally, mycelial pellets were still formed in the New Minimal Medium

(NMM) despite the presence of the polyacrylate Junlon-110.

Ten aromatic amino acid auxotrophs of S./ividans TK64 were investigated.
These had been isolated at the University of Manchester Institute of Science and
Technology (UMIST) using a strategy of random transposon mutagenesis and
they were assigned numbers at that time. Cross-feeding experiments indicated that
mutant 20 could act as a secretor for mutant 6, as a convertor. The mutants 3, 7,
and 14 inhibited growth of the parent strain TK64. Mutant 6 appeared to have no
detectable Shikimate Dehydrogenase (SDH) activity in a crude extract. The
auxotrophy of the mutants was not relieved by quinic acid nor was protocatechuic
acid produced. _

A library of S.coelicolor DNA in the vector pIJ916 was used to complement
mutant 22. Fragments of the insert from the complementing plasmid pAW9162
were subcloned into the vector pIJ486/7, giving the smaller multicopy plasmids
pAW100 and pAW4865. The large insert in pAW9162, was able to complement
the mutations in mutants 3, 7, 11, 14, 16, 20, 22 and 23 and the smaller insert, in

pAW100 and pAW4865 complemented mutants 22 and 16.

Amino acid sequence comparison of the protein encoded by the insert in the

recombinant plasmid pAW100 (AW100) indicated that it belonged to a known
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family (Family III) of membrane transport proteins many of which are driven by
the proton-motive force.

The amino-terminus of AW100 was predicted to lie in the cytoplasm.
However, sequence comparison indicated that the terminal transmembrane helix
(TMH) had not been cloned. Therefore, although the insert contained in pAW100
only encoded a protein with thirteen TMHs, it would appear to be functional in
Vivo.

Features which might be required for complex regulation were identified
within the region upstream of a putative transcriptional start site of ORF-AW100.
A repressor protein may be contained within the insert in pAW9162 as some
other transporter proteins belonging to the same family as AW100 are regulated

by a divergently-transcribed DNA-binding repressor protein.



Chapter 1

Introduction



1.1 General Introduction

This chapter aims to provide a background to the experiments described in
this thesis which covers two areas of study: the growth and development of
Streptomyces in relation to primary and secondary metabolism; and the
characterisation and complementation of aromatic amino acid mutants of
S.lividans.

Within this thesis, evidence is presented for the existence of a transport
protein that is intimately linked to aromatic amino acid metabolism in
Streptomyces. Therefore, structure, function and regulation of transport proteins

isolated from streptomycetes and other organisms will be reviewed briefly.

1.2 Introduction to Streptomyces

Streptomyces are aerobic, Gram-positive, filamentous soil bacteria which have
a complex cycle of morphological differentiation. Streptomyces spp. are
commonly found in soil and leaf litter, forming part of an interconnected
community with other bacteria and fungi. They recycle substrates such as the
complex polysaccharides, lignin and cellulose found in dead plant material. As the
microbial soil community usually exists in a state of substrate limitation, many
adaptations have evolved wlﬁch improve the competitiveness of a species in this
environment. In streptomycetes, dispersed filamentous growth both enables the
growing mycelium to encounter new sources of nutrients as well as limit the rate
at which nutrients become exhausted. Once a colony nutrient source has been
exhausted, sporulation is triggered, resulting in the dispersion and continued
survival of the species.

Streptomycete DNA exhibits a distinct guanine (G) and cytosine (C) bias
averaging 73 mol% (Enquist and Bradley, 1971). This high G+C content results



in a bias in the third (degenerate) codon position (Bibb etz al., 1984). The
chromosome of S.coelicolor A3(2) M145 was estimated by pulse field gel
electrophoresis (PFGE) to be approximately 8Mb, about 75% larger than that of
E.coli K-12 (Keiser et al., 1992). PFGE analysis has also indicated that a number
of streptomycetes, including both S.coelicolor and S.lividans, have linear
chromosomes (Lin ef al.,1993). Physical mapping of the S./ividans was carried
out using the mutant S./ividans ZX7 which does not undergo site-specific
degradation of DNA during electrophoresis. Mapping confirmed that despite
having significantly different restriction patterns, S./ividans and S.coelicolor are

closely related (Leblond ef al., 1993).

Streptomyces, like many of the actinomycetes, produce a wide range of
biologically-active molecules which are termed 'secondary metabolites'. These are
considered to be not essential for growth of the organism and are usually
produced after vegetative growth, in conjunction with differentiation. It has been
estimated that of the characterised bioactive compounds about 60% are produced
by Streptomyces (Omura, 1986). S.coelicolor produces at least five secondary
metabolites, However, as none of these is commercially-important, it is
considered an 'academic’ species.

As has been mentioned previously, many micro-organisms produce a range of
secondary metabolites which are, by definition, natural products that are not
essential for growth. These products are often strain-specific and cover a wide
range of chemical structures and biological activities. They are produced from
primary intermediates and metabolites by unique pathways which are regulated to
control expression of these secondary metabolites in a temporal manner (Vining,
1992).

A number of hypotheses have been put forward to explain the evolution of

secondary metabolism. It has been proposed that secondary metabolism
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represents a shunt process whereby toxic intermediates of primary metabolic
pathways are diverted in the switch from growth to stationary phase (Bu'Lock,
1980). It has also been argued that organisms have evolved secondary
metabolism because of the selectional advantages conferred by its products (Stone

and Williams, 1992).

Points made in support of the function/evolution hypothesis are: 1) that
secondary metabolism has evolved as an alternative defence mechanism in
organisms without an immune system (Stone and Williams, 1992); 2) that
metabolites which conferred no advantage would have been unlikely to have such
complex and 'energetically expensive' pathways (Katz and Demain, 1977); 3) many
secondary metabolites are biologically-active and have been shown to inhibit
microbes (Gottlieb, 1976), and 4) that these products are not artefacts, but are
actually involved in competition between micro-organisms, plants and animals in

their natural environment (Demain, 1980, 1989).

These views represent two extreemes and it is probable that these pathways
have evolved as shunt processes through random duplication and mutation events.
However, they are likely to have been maintained and will have developed further
as their end products conferred selectional advantages.

Genes involved in polyketide biosynthesis which have been cloned from
Streptomyces have been shown to exhibit similarities to fatty acid synthase
complexes (Hopwood and Sherman, 1990). Although the amino acid sequences
have demonstrated a common origin, comparisons between fatty acid synthases
and polyketide synthases do not support their having arisen in the same organism
(Revill and Leadlay, 1991). They are likely, therefore, to have arisen only a few

times and to have been modified and transferred between species.



1.3 Life Cycle of Streptomyces

The Streptomyces spore germinates and will grow apically, by cell wall
extension, to form a branched vegetative substrate mycelium. Vegetative septa
are relatively infrequent and hyphal compartments contain numerous
chromosomal copies. Branching enables a quasi-exponential growth whereby the
vegetative mycelium forms a mat (Chater, 1993).

Like the filamentous fungi, Streptomyces undergo morphological
differentiation and the vegetative mycelium will produce aerial hyphae in response
to nutrient limitation. It has been noted that there is a transitory cessation of
macromolecular synthesis at the end of vegetative growth, prior to development
of aerial mycelium (Granozzi ef al., 1990). The growth of aerial mycelium
involves the reuse of materials such as macromolecules (e.g. DNA and proteins)
and storage compounds (e.g. glycogen and trehalose) from the vegetative
mycelium. It has also been suggested that aerial hyphal growth is driven by
osmotic pressure derived from the solubilisation of storage macromolecules such
as glycogen (Chater, 1989a). There has been much speculation on the role of
spore-associated proteins (Saps) in aerial mycelium development (Willey, 1991).
They may be involved in breaking surface tension, preventing desiccation and
generally enabling aerial growth (Chater, 1993). After extension, the hyphal tip is
separated by a double layer of cell wall material into uniform compartments which
will each become a spore. The hyphae coil and then, prior to release, maturation
of the septated aerial hyphae results in the thickening, rounding and pigmentation
of the spore walls (Chater, 1993).

Production of secondary metabolites generally occurs during stationary phase,
in concert with the onset of morphological differentiation (Demain et al., 1983).
S.coelicolor produces a number of secondary metabolites, of which some are

pigmented and/or have known bioactive properties. Among these are



methylenomycin, undecylprodigiosin (RED), the calcium dependent antibiotic
(CDA) and a blue pigment usually considered actinorhodin, which is the product
of the act cluster.

Methylenomycin is an epoxycyclopentane antibiotic which is produced by two
Streptomyces strains and the production and resistance genes are plasmid-located
in both cases. In S.coelicolor A3(2) the cluster is carried on the SCP1 plasmid
(Kirby and Hopwood, 1977) and in S.violaceus-ruber SANK 95570 (Neal and
Chater, 1987) the cluster is carried on the pSV1 (Neal and Chater, 1987).
Methylenomycin is active against S.coelicolor SCP1- strains and some Gram
negative bacteria.

Undecylprodigiosin is produced by S.coelicolor and is a red pigmented
tripyrrole antibiotic which is the product of the catalytic steps encoded by the red
gene cluster (Rudd and Hopwood, 1980). CDA is known to be active against
B.subtilis in the presence of calcium (Rudd, 1978) and is thought to be a calcium-
dependent ionophore (Lakey et al.,, 1983). Actinorhodin is a blue pigmented
isochromanequinone polyketide antibiotic, which is a product of the catalytic
steps encoded by the act pathway (Wright and Hopwood, 1976).

A number of potential pleiotropic regulatory genes have been identified in
S.coelicolor which influence production of seéondary metabolites. They have
been grouped into two classes: those that only influence antibiotic production and
those that influence antibiotic production and morphological differentiation
(Gramajo ef al., 1993). The existence of mutants which were both defective in
differentiation and production of secondary metabolites implied that there were
common elements of regulation common to both processes.

In the first class, mutations of absA (Adamidis et al., 1990) and absB
(Champness ef al., 1990) abolish production of all four antibiotics (Champness ef

al., 1992), mutations of afsB (Hara et al, 1983) abolish actinorhodin,



undecylprodigiosin and A-factor (a butyrolactone capable of controlling
differentiation and streptomycin production in S.griseus, but with a different role
in S.coelicolor) production, but only lower methylenomycin and CDA production;
mutations in abad (Fernandez-Moreno et al., 1992) do not appear to affect
methylenomycin, but abolish production of actinorhodin and reduce production of
CDA and undecylprodigiosin; and the product of asfR, which is able to suppress
effects of mutations in afsB (Horinouchi ef al., 1983; Horinouchi ef al.,1990) and
to globally stimulate antibiotic production (Horinouchi and Beppu, 1992).

In the second class are the bld4-D and bldG-H genes, the mutants of which
have altered morphological differentiation and production of secondary
metabolites (Hopwood, 1988; Champness, 1988 and Chater, 1989). The b/d4
gene product encodes a leucyl tRNA which is the only species of tRNA in
S.coelicolor which recognises the rare UUA codon (Lawlor et al., 1987).
Interestingly, most TTA containing genes encode proteins associated with
secondary metabolic pathways (Leskiw ef al., 1991) and this codon has been
indicated as a direct target of translational control. Replacement of a single UUA
codon to UUG, in the activator gene of the actinorhodin pathway, act/I-ORF4,
led to production of actinorhodin which was independent of 5/d4 (Fernandez-
Moreno et al., 1991).

Expression of the bld4-encoded tRNA is believed to be temporally-regulated
in S.coelicolor, with increased abundance in older cultures. Leskiw et al.(1993),
showed that the bld4 promoter was active at all times, but that the S'end of the
primary transcript was inefficiently processed in younger cultures. They detected
an antisense RNA transcript which was active at the start of growth and
suggested that a reduction in this transcript later in growth might effect the
change from unprocessed to processed bldA transcript. However, Gramajo et al.

(1993) found abundant amounts of the 5'end of mature bldA transcript in young,
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exponentially growing cultures. They also found no apparent increase in the
efficiency by which UUA codons were translated during growth. They suggest
that the UUA codon may not have a regulatory role, but rather that its usage
could be a reflection of translational selection, driven by the G+C codon

preference in Streptomyces.

1.4 Catabolite Repression and Nutrient Limitation

A growth medium balanced in carbon, phosphorous and nitrogen sources will
favour growth, and physiological stress induced by the exhaustion of one or more
of these nutrients will trigger the onset of secondary metabolism and
nibfphological differentiation. Many secondary metabolites have bioactive
properties which could potentially harm the producing organism. Therefore,
production must be delayed until the producing organism has built up a sufficient
level of resistance. Nutrient repression of secondary metabolism has been
suggested as one way in which this onset is delayed and catabolite repression by
both carbon and phosphate has been identified in streptomycetes.

In streptomycetes, several genes which are involved in the utilisation of
carbon sources such as glycerol, agar, starch, galactose and chitin (Mattern ez al.,
1993), are under catabolite control. Furthermore, carbon catabolite repression of
production of secondary metabolites has been observed in a number of antibiotic-
producing streptomycetes (e.g. actinomycin in S.antibioticus [Gallo and Katz,
1972] and cephamycin C in S.clavuligerus [ Aharonowitz and Demain, 1977]).

The biosynthetic genes of a number of groups of antibiotics (i.e.
aminoglycosides, tetracyclines, macrolides, polyenes and polyether ionophores)
are also subject to phosphate regulation (Martin, 1989). Phosphate control
sequences (PCS) are able to regulate expression from promoters in response to

phosphate concentration and these have been identified in association with a
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number of streptomycete secondary metabolic genes (e.g. pabS, the PABA
synthase from S.griseus [Rebollo et al., 1989]).

There has been a great deal of speculation regarding the mechanism by which
secondary metabolism is initiated by nutritional limitation. In E.coli, the stringent
response to amino acid starvation results in the cessation of stable RNA synthesis.
A rapid and transient accumulation of ppGpp has been implicated as the effector
of this altered RNA stability and the 'relaxed' mutants, which are defective in
ppGpp synthesis, do not demonstrate the same rapid response. In reld mutants,
stable RNA synthesis only reduces slowly in response to nutrient limitation
(reviewed by Cashel and Rudd, 1987; and Jenson and Pedersen, 1990). The reld
gene encodes a ribosome-associated [p]lppGpp synthetase which synthesises
ppGpp from GDP and ATP when an uncharged tRNA (which is complementary
to the bound mRNA) binds to the ribosomal A site. The alteration or loss of the
L11 ribosomal protein in relC mutants prevents formation of ppGpp by the
synthetase.

Streptomyces mutants that are apparently analogous to the re/C mutants of
E.coli, have been shown to be deficient in the production of certain antibiotics. In
S.coelicolor, relC mutants showed abnormal production of undecylprodigiosin,
actinorhodin and A-factor (Ochi, 1990). Therefore, it has been suggested that in
Streptomyces ppGpp is involved not only in the stringent response but that it
might have a role in the onset of secondary metabolism and morphological
differentiation (Ochi, 1988). However, observations in S.coelicolor (Strauch et
al., 1991) and in S.clavuligerus (Bascaran et al., 1991) have indicated that there
is no obligate relationship between the transient increase in the concentration of
ppGpp as a result of the stringent response and the onset of secondary

metabolism.
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1.5 Aromatic Amino Acids and Quinate Metabolism

Aromatic amino acids may be metabolised not only as sources of carbon and
nitrogen for growth, but may also be used as precursors for secondary metabolites
(e.g. Ardacin A). Unlike animals, micro-organisms and plants synthesise all three
aromatic amino acids and their biosynthesis may be considered in two parts, the
common, shikimate pathway (Haslam, 1974) and the three individual terminal
pathways. The shikimate pathway incorporates seven enzymatic steps by which
phosphoenol pyruvate and erythrose-4-phosphate are converted to the last
common precursor, chorismate.

The fungi are able to metabolise quinic acid as a nutrient source and this
catabolic pathway shares two common intermediates with the biosynthetic
shikimate pathway. In both pathways 3-dehydroquinic acid (DHQ) is converted to
dehydroshikimic acid (DHS) (Pittard, 1987), and in fungi there are two distinct
dehydroquinase (DHQase) enzymes, one biosynthetic (type I) and the other
catabolic (type II). However, type II DHQase activity has also been identified in
the biosynthetic shikimate pathway of the Gram positive bacteria S.coelicolor
(White et al.,1990) and Mycobacterium tuberculosis (Garbe et al., 1991).
Sequence analysis has shown no relationship between the type I and II DHQases
and this has led to the suggestion that these isoenzymes have evolved by
convergent evolution (DaSilva e al., 1986).

Given the importance of aromatic amino acid biosynthesis to secondary
metabolism, analysis of the pathways and regulation involved is of great
importance. The use of non-leaky mutants in aromatic amino acid biosynthesis

will enable these pathways to be investigated further in streptomycetes.
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1.6 Transposons and Mutagenesis

Transposons may have a number of applications in streptomycetes which
include the disruption, mapping and insertion of genes as well as possible
activation of cryptic genes or up-regulation of transcription by promoter
insertions. Mobile elements such as transposons and insertion sequences are found
in both prokaryotes and eukaryotes and they are segments of DNA which are able
to move to numerous sites in a genome in the absence of sequence homology. In
contrast to insertion sequences, transposons are usually considered to be mobile
genetic elements which carry detectable genes. In streptomycetes, a number of
‘artificial' transposons have been constructed from insertion sequences and genes
such as antibiotic resistance determinants (e.g., Tn5096, Sblenberg and Baltz,
[1991)).

In S.coelicolor, both the insertion sequence IS/70 (Chater et al., 1985) and
IS117, the 2.6kb minicircle (Lydiate et al., 1986), have strong target preferences.
The insertion sequence IS466, was first identified by Kendall and Cullum (1986),
as being involved in the integration of the plasmid SCP1 into the chromosome.
Kinashi ef al. (1992) have shown that integration to form an NF strain involves
the loss of the right terminal inverted repeat on SCP1 and the chromosomal
agarase gene. They suggest that a homologous recombination event between the
plasmid and the chromosomally-located‘IS466 elements is responsible for this
deletion. This element is not found in other streptomycetes and it was hoped that
it would integrate randomly into the chromosomes of other strains.

Delivery of transposons for random gene disruption may be achieved by
temperature-sensitive ‘suicide plasmids'. These plasmids are stably inherited at
temperatures below the restrictive temperature and lost when the temperature is

elevated. In streptomycetes, the pGM plasmids represent a series of temperature-
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sensitive cloning vectors which have been derived from the S.ghanaensis

DSM2932 plasmid pSGS (Muth ez al., 1989).

1.7 Promoter Recognition and Transcriptional Control

Mutational analysis and the cloning of genetic material which complements
auxotrophy has enabled complex pathways to be deduced. DNA sequence
analysis enables the identification, not only of the predicted amino acid sequence
to be encoded by genes, but of putative sites for transcriptional and translational
initiation and regulation which may be confirmed though further investigation.
Ribosome binding sites and promoter sequences have been identified for a
number of streptomycete genes and the characteristics of these regions analysed
(Strohl, 1992).

Promoter recognition and specificity of bacterial RNA polymerases (Rpol) is
determined by the sigma (o) subunit (Helmann and Chamberlain, 1988). In E.coli,
the major species of o-factor is 679, although other minor c-factors are present
for specific purposes (e.g. heat-shock response and nitrogen metabolism). The
majority of sigma factors in both Gram positive and Gram negative bacteria
belong to a family which shows homology to 670 (Merrick, 1993).

At least seven different o-factors have been isolated from Strepromyces
(Buttner, 1989) and this provides the potential for a high degree of transcriptional
flexibility. In S.coelicolor, the four genes hrdA-D have been predicted to encode
o70-like o-factors and it has been suggested that ohrdB represents the functional
homologue to 670 (Buttner and Lewis, 1992). Other o-factors have been isolated
from S.coelicolor such as cWhiG, which resembles o-factors in other organisms
which are involved in the later part of transcriptional cascades (Chater et al.,

1989).
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The Rpol holoenzyme containing the 670 is able to direct promoter-specific
transcription because sigma factors contain DNA-binding domains which enable
them to recognise two hexamers of nucleotides -35 and -10 upstream from the
transcriptional start site (Dombroski ef al., 1992). However, only a few -35 and
-10 regions of streptomycete promoters have been identified stringently, and most
information on apparent streptomycete promoters is derived from best-fit
comparisons of sequences upstream of transcriptional start sites (Strohl, 1992).

Commonly, streptomycetes have overlapping, divergent promoter regions
(e.g. S.coelicolor actlI-ORF1 and actlI-ORF2/3, Caballero et al., 1991) or
divergent promoters for which possible upstream regulatory sequences overlap
(e.g. S.coelicolor mmr and orflJ12, Neal and Chater, 1991). The intergenic
regions of many of these divergently-transcribed genes have been found to
contain sequences that are capable of forming secondary structures and so may
also act as operator regions. In some streptomycetes these intergenic features
have been shown to be the targets for the control of gene expression by DNA
binding proteins (e.g. between S.glaucescens tcmA and tcmR, Guilefoile and
Hutchinson, 1992a).

Divergently transcribed promoter regions which contain operator-like control
sequences are often found in conjunction with genes coding for integral
membrane proteins such as transporters. This is not surprising, as inappropriate

expression of membrane proteins could well be detrimental to the organism.

1.8 Transporters

Many gene clusters for secondary metabolites encode proteins for transport of
the antibiotic across the membrane. These transporters both enable the producer
organism to export toxic products as part of its defence system and provide auto-

immunity. The antibiotic transporters have been quite intensively studied because
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of their obvious commercial importance. However, within all organisms there are
many different transporters which are capable of recognising and translocating a
wide range of molecules.

The sequences and sequence patterns found in integral membrane proteins
such as antibiotic transporters, reflect the hydrophobic environment of the
membrane interior. The a-helix has a completely hydrogen bonded backbone and
is the usual form of secondary structure within the membrane. Transmembrane
helices require apolar amino acids (hydrophobic) to be exposed to the membrane.
Clustering amphipathic helices, with their charged residues facing each other to
form a pocket or pore, shield the polar side chains from the hydrophobic
environment. |

In recent years, the hydropathic profiles of integral membrane proteins which
are capable of transporting small molecules have been deduced from amino acid
sequences and many of these proteins are believed to have 12 transmembrane a-
helices (TMHs). Comparison of these amino acid sequences has led to many of
these proteins being placed into family groups which are related evolutionarily.
However, those unrelated by sequence often have the 12 TMH motif and this has
been suggested to represent independent and convergent evolution (Henderson,
1993).

Transporters have been grouped according to their relatedness. Henderson
(1993) delineated three levels of grouping. Those proteins which were deduced to
have 12 a-helices, were placed in a single class, and termed the duo-decimal
transporters (DDT) (Henderson, 1993). This class, therefore, included
transporters which exhibited the 12 a-helix structure but for which there was no
evidence of an evolutionary relationship. This placed proteins such as the bacterial
arabinose-H™ transporter (AraE) and the human cystic fibrosis transport regulator
(CFTR) in the same class.
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The next level of grouping described by Henderson (1993), was that of
transporter super-family (TSF). He suggested that each member of a TSF should
show a statistical relatedness with another member of the TSF, of at least 9
standard deviations (SD), which were the deviations by which an alignment
exceeded the mean scores obtained for randomised sequences using the ALIGN
algorithm (Dayhoff et al., 1983). The probability of such a score being achieved
by chance is 1 X 10-18. The final level described by Henderson (1993) was that
of transporter family (TF), whereby all members must score 9SD or higher in a
pairwise manner.

Griffith et al. (1992) selected 3SD as the threshold for possible relatedness
(chance probability of 2 X 10-3) and 9SD as the threshold for homology. The
term 'homology' was used to imply a common evolutionary origin (Reek ef al,,
1987). They described four families of 'homologous' transport proteins belonging
to a TSF that includes proteins with such diverse substrates as sugars and
antibiotics, some of which mediate import and others, export. Their grouping,
however, did not require all members of a TF to show a pairwise relatedness of at
least 9SD with each other.

The first of the four TFs identified by Griffith et al. (1992) (Family I) includes
transporters of sugars, quinate and the antibiotic cytochalasin B. This family are
all predicted to contain a central hydrophilic a-helix-forming region of between
60 and 65 residues in length. The second TF (Family II), contains a number of
resistance determinants including the Gram negative tetracycline transporters
(TetA, B, C and D). Members of this family transport a number of structurally-
dissimilar compounds such as puromycin, quinoline and ethidium bromide. The
third TF (Family III), also contain a number of resistance determinants, derived
from Gram positive bacteria. The deduced amino acid sequences of these proteins

indicate a central hydrophobic a-helix-forming region and depending on the
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method of analysis, they have been predicted to contain twelve (Zhang et al,,
1992), thirteen (Caballero, Malpartida and Hopwood, 1991; Caballero ef al,
1991) and fourteen TMHs (Neal and Chater, 1987, Rouch et al., 1990). The
fourth TF (Family IV), is also predicted to have 12 TMHs and includes
transporters for citrate, bialaphos and a-ketoglutarate.

These four families show similarities of predicted structure and amino acid
sequence. As these transporters are thought to have arisen through the tandem
duplication of an ancestral 6 TMH transporter, not only is there conservation of
motifs between families, but there is also motif conservation between the amino
(N) and carboxy (C)-terminal domains (Griffith ef al., 1992). These lines of
evidence have been used to support the contention that seemingly dissimilar
transporters of the TSF have a common origin. They are thought to have similar
three dimensional structures and subtle structural changes have enabled these to
vary in substrate recognition properties. The similarity of structure has also been
suggested to imply that the different transport mechanisms (symport, antiport and
uniport) and directions (import and export) are "fundamentally similar...at the
molecular level" (Griffith et al., 1992).

It has been generally noted that the N-terminal halves of this TSF have been
strongly conserved and this has been suggested to reflect common substrate
binding and conformational requirements of the transporters. Whereas the C-
terminal halves are not well conserved between transporters of dissimilar
substrates, conservation has been shown among transporters of similar substrates
(Griffith ez al., 1992). Many of the transporters are proton-dependent and from
these results it has been suggested that the proton-binding site is located in the N-
terminal half and the substrate-binding site is in the C-terminal half (Griffith ez al.,
1992).
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Investigations into the molecular mechanisms of substrate translocation in the
E.coli cation-dependent transporters for lactose, melibiose, proline and glutamate
have indicated that cation binding is required to facilitate binding of the carbon
substrate (Yamato, 1992). Also, a number of the sugar transporters, such as
AraE, (Walmsley er al, 1993) and the mammalian glucose transporter
(Walmsley, 1988) have been shown to undergo a conformational change induced
by substrate binding.

As well as sugars and secondary metabolites, amino acids are transported by
members of the super-family. In E.coli, at least five different systems are involved
in the transport of aromatic amino acids (Sarsero et al., 1991). The general
aromatic amino acid transporter which transports all three aromatic amino acids is
coded for by aroP (Brown, 1970) and the expression of this gene is repressed by
high intracellular pools of phenylalanine, tyrosine and tryptophan (Chye and
Pittard, 1987). The E.coli general aromatic amino acid transporter is an integral
membrane protein (Chye et al., 1986) with a hydropathy profile similar to that
seen in the sugar transporter super-family and sequence similarity to the yeast
histidine permease (HIP1) (Honore and Cole, 1990). Furthermore, like many
members of that super-family, it has been shown to be driven by the proton-
motive force (Sarsero ef al., 1991).

The evolution, regulation, mechanisms, specificity and structure of
transporters will become clearer as more transporters are investigated. Their
study in streptomycetes is of importance given their involvement in both primary

and secondary metabolism.

1.9 Aims of This Research
The research presented in this thesis was carried out under the Antibiotics

Club initiative. Initially I aimed to determine general conditions for the growth of
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S.coelicolor in a new liquid minimal medium in shake flasks and to find ways to
improve the reproducibility of growth and onset of production of secondary
metabolites in this medium. My findings were then passed on to other groups to
be developed further.

The laboratory in which 1 was working was involved in the investigation of
the common aromatic amino acid pathway. This work aimed to characterise and
complement some aromatic amino acid auxotrophs that had been isolated at the
University of Manchester Institute of Science and Technology (UMIST). Upon
the isolation of a complementing clone, I aimed to determine whether a protein
encoding sequence was contained within the insert DNA and to identify any

protein therein.
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Chapter 2
Materials and Methods
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2.1 Introduction

This chapter describes the general methodology that was used for the
experiments in the following chapters, although modifications and additional
information may be found there, where relevant. This chapter has been subdivided
into six sections: (2.2) materials and techniques for bacterial maintenance and
growth; (2.3) assays for assessment of growth; (2.4) nucleic acid isolation and
manipulation; (2.5) bacterial strains and vectors; and (2.6) general materials and

equipment.

2.2 Materials and Techniques for Bacterial Maintenance and Growth
2.2.1 Standard Media for Streptomyces
The following media were prepared in distilled H»O (dH»O) and autoclaved

for 15min. at 15psi unless otherwise stated.

2.2.1.1 Complex Media for Streptomyces

Emersons Agar

41.4g of Emersons agar (Difco) was dissolved in 1L of dH7O and
then autoclaved.
Soya Mannitol Agar

20g mannitol, 20g soya flour, 16g agar dissolved in 1L of tap water
and autoclaved.
ATCC

1g yeast extract, 1g beef extract, 2g tryptone, 2 crystals FeSOg4, 10g
glucose, 15g agar were dissolved in 1L of dH7O adjusted to pH7.2 and

then autoclaved.
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R2 Regeneration Medium
Equal volumes of R2A (melted and cooled to 55°C) and R2B are
mixed with 1ml of 1% (w/v) KHoPO4 before use.

R2A:- 44g agar, 0.5g KpSO4, 20.2g MgClh.6H7O, 509g
CaCl,.6H»0O, 20g glucose, 6g proline, 0.2g casamino acids, 4ml trace
elements (Hopwood ef al., 1985), 2ml FeSO4 (1% [w/v] solution), made
up to 1L with dH,O and then autoclaved.

R2B:- 11.5g MOPS, 10g yeast extract, 410g sucrose, adjusted to
pH7.4 with NaOH and made up to 1L with dH»O and then autoclaved.
Yeast extract-Malt extract (YEME)

3g Difco yeast extract, Sg Difco bacto peptone, 3g Oxoid malt extract,

10g glucose, 340g sucrose, made up to 1L with dHO and then

autoclaved.

2.2.1.2 Minimal Media for Streptomyces
Davis and Mingoli Minimal Media
The Davis and Mingoli Minimal Media is made up using 3 parts
molten agar to 1part D&M salts. Supplements are then added, specifically
carbon source (usually glucose), amino acids for specific auxotrophy and
any selective antibiotics.

Water Agar:- 2g KHyPOy4, 7g KoHPOy4, 4g (NH4)2S04, 0.25M
tri-sodium citrate, 0.1g MgS04.7H,0, 17.5g agar, made up to 1L with
dH>O and then autoclaved.

Davis and Mingoli (D&M) Salts (X4):- 8g KHyPOy4, 28g

KoHPOy4, 16g (NH4)2SO4, lg tri-sodium citrate, 0.4g MgS0O4.7H30,

made up to 1L with dH»O and then autoclaved.
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Minimal Medium Supplements:- Glucose was generally added to a

concentration of 2mg.ml-1. Aromatic and other amino acids (proline for
S.lividans TK64 and its derivatives), unless otherwise stated were added
to a final concentration of 30pg.ml-1. 0.5% (w/v) glycine and 0.2% (W/v)
quinic acid (pH6.5) (filter sterilised) were used in the quinate
complementation tests.
New Minimal Medium 1 (NMM-1)

This is the original medium as defined by Hobbs ef al. (1990). The
polyacrylate Junlon-110 was used in this medium as a mycelial dispersant.

4.5g NaNOj3, 5g NaCl, 5g NaySO4, lg MgS04.7H0, 0.83g
CaCly.6H7O, 0.01g ZnSOy4, 1.2g Tris, and 1ml Trace salts. 1g of the
acidic polyacrylate Junlon-110 microwaved in 200mt distilled water until it
was completely in solution. It was then added slowly to the rest of the
NMM solution while the pH was maintained near 7 with NaOH and when
the Junlon-110 was completely dissolved, the solution was finally adjusted
to pH7.0 with NaOH and made up to 1L with distilled water and
autoclaved.
Note:- The final medium has a cloudy appearance. Separate stock
solutions of glucose and KHyPO4 (pH7.0) were made up to 1L and
autoclaved. These were added at the time of inoculation in order to
prevent caramelisation and precipitation respectively and when added, the

final concentrations were as stated.

Trace salt solution:- 1g MnCly.4H70, 0.43g CuCl,.2H»O, 8.7g
FeCl3, 2g ZnCly, 0.42g Nal, 0.25g NapMo004.2H>0, 0.3g H3BO;3.
New Minimal Medium 2 (NMM-2)
The concentration of phosphate in the NMM1 medium was lowered to

1.5g/1, for the reasons mentioned in chapter 3.4.2.
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New Minimal Medium 3 (NMM-3)

The NMM2 medium was modified as described in 3.4.3, whereby the
NaCl was removed from NMM and the NaNO3 replaced by 5.35g/1 of the
potassium salt, KNO3.

When the culture was being grown for the harvesting of nucleic
acid, this medium was used without Junlon-110. As they are both large
acidic molecules, the usual dispersant, Junlon-110, interferes with the
preparation of nucleic acid. Mycelial shear was achieved by adding glass
beads after 20 to 24hrs. growth, instead of using Junlon-110 in the
medium. When no Junlon-110 was added, the medium was adjusted to
pH7.0 with HCL
Minimal Medium M3

This media was used for growing Streptomyces and Aspergillus
nidulans for the PCA assay. The Aspergillus nidulans R153 spores,
kindly supplied for the PCA assay control by Heather Lamb, would not
grow on D&M minimal media. Consequently, M3 solid minimal media
was used in preference to D&M for these growth trials. The supplements
added were amino acids for the specific auxotrophy of the aromatic
amino acid mutants and their parent strain TK64 (pro, trp, tyr, phe);
40mM glycerol; and 0.2% filter sterilised quinic acid (pH6.5) which was
required in half of the plates.

M3 Minimal Media:- 10g glucose, 2g NaNO3, Iml trace salts,
10m! CN solution and 12g Taigo agar, made up to 1L with dH>O and
then autoclaved.

CN Stock Solution:- 140g KHyPO4, 90g KoHPO4, 10g KCl, and

10 g MgS04.7HyO made up to 1L with dH5O and then autoclaved.
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M3 Trace Salt Solution:- 0.04g NapB407.10H70, 0.4g CuSOg4,

0.8g FePO4, 0.8g MnSOy4, 0.8g NazMo7024.4H>0 and 0.8g ZnSO4
made up to 1L with dH»O and then autoclaved.
Hopwood's Minimal Medium (HMM)

This minimal media was used initially for the cross-feeding experiment,
but was found to be unsuitable for the growth of E.coli. As both
Streptomyces and E.coli can grow on D&M minimal media, it was used in
preference from that point.

0.5g L-asparagine, 0.5g KoHPOy4, 0.2g MgS04.7H50, 0.01g and
10g agar adjusted to pH7, made up to 1L with dH>O and then autoclaved.

10g glucose was autoclaved separately and added prior to use.

2.2.2 Standard Media for E.coli
The following media were prepared in dH>O and autoclaved for 15min. at

15psi unless otherwise stated.

2.2.2.1 Complex Media for E.coli

L-Broth

10g tryptone, 5g yeast extract, 5g NaCl, 1g glucose, 20mg thymine,
adjusted to pH7.0, made up to 1L with dH»O and autoclaved.
L-Agar

10g tryptone, 5g yeast extract, 5g NaCl, 15g agar, 20mg thymine,
adjusted to pH7.0, made up to 1L with dH7O and autoclaved.
2YT-Broth

10g bacto-tryptone, 10g yeast extract, Sg NaCl, made up to 1L with
dH»O and autoclaved.
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2.2.2.2 Minimal Media for E.coli
The Davis and Mingoli minimal media as described in 2.2.1.2 was also used

for E.coli, but usually had only the glucose and a supplement of thiamine (20p
g.ml-1) supplement.

2.2.3 Microbiological Techniques for the Storage and Maintenance of
Streptomyces
Owing to their slow growth rate, all streptomycete microbial manipulations

were done in the laminar flow hood in order to avoid contamination.

2.2.3.1 Production of Spores

Spores for each strain were obtained from donor soya-mannitol or ATCC
slopes which were stored at -20°C. These donor slopes were only used as a
source of spores for master slopes. A sterile loop would be used to remove some
spores from the donor slope and to spread them on a number of master slopes.
Master slopes were usually made of soya-mannitol agar containing the
appropriate antibiotic selection. These master slopes were then incubated at 30°C
for about 9 days, or until the mycelia had sporulated and the surface of the culture
had become covered in a dark grey mass of spores.

Master slopes prepared in this manner were then sealed with parafilm and
frozen at -20°C. Master slopes were only used to inoculate "working" slopes and
plates and all fresh spores for experiments were obtained from these "working"

slopes and plates.

2.2.3.2 Preparation of Spore Suspensions
The spores were suspended in about 10ml of dH,O with a sterile 25ml

syringe and passed through a cotton wool filter to remove mycelia and residual
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agar. Spores were then spun down to be further treated by the pre-germination
protocol or resuspended in 1ml of dH>O or 20%(w/v) glycerol and then either
used for immediate inoculation or frozen at -20°C in aliquots for later use.

Spores were suspended in dH>O when the spore suspension was to be used
immediately and determination of the numbers of spores was not needed, or when
the carbon source in the growth medium was not glucose. Spores were suspended
in 20%(w/v) glycerol when numbers had to be checked, and for the freezing of

aliquots to be used at a later date.

2.2.3.3 Pre-germination of Spores
Pre-germination of spores was only particularly important for growth studies.
The pre-germination treatment effectively caused the spores to germinate
synchronously. The viable frozen pre-germinated spores could be counted,
therefore, enabling a consistent level of inoculum to be used. Most pre-
germinations of spores were carried out using the method of Smith (J.I Manual,
1985).
Pre-germination Method
TES Buffer:- 0.05M Tris-HCI (pH8), made up in 10 ml aliquots
and autoclaved.

Double-strength Pre-germination Medium (HCM):- 0.1M Tris-

HCl (pH7.3), 0.01g Triton X-100, Difco yeast extract, 1%; Difco
Casamino acids, 1%; CaClp, 0.0IM (made up as a SM solution and
autoclaved separately).
Spores which had been prepared as described in 2.2.3.2 were spun down in a
universal bottle using a bench centrifuge (3,000rpm, 10min., RT). The

supernatant was removed and the spores were resuspended in Sml of TES buffer
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and heat-shocked for 10 min. at 50°C. The spore suspension was then cooled
rapidly and Sml of double-strength Pre-germination Medium was added. The
suspension was then shaken for 2hrs. at 37°C in a rotary shaker. Treated spores
were spun down as before, resuspended in 20% (v/v) glycerol, divided into

aliquots and frozen at -20°C.

2.2.3.4 Spore Counts

Estimation of the viable spore numbers in frozen aliquots of untreated and
pre-germinated spores was essential for reproducible growth studies. Spores were
diluted in sterile dH»O, and 100ul of dilutions from 1x10-5 to 1x10-8 were
added to petri dishes. Molten Emersons agar (cooled to 55°C) was added to each
plate and the contents swirled. Plates were incubated for 3 days at 30°C and then
the colonies were counted. The original spore concentration could then be

calculated from the dilution factor.

2.2.3.5 Conditions for Liquid Growth of Streptomyces

Liquid cultures of S.coelicolor and S.lividans were grown routinely from
frozen stock spore suspensions at an approximate concentration of spores of
1x1010 -1 Antibiotic selection was added as appropriate (see Figure 2.1).

Different media were used for the growth of Streptomyces. Most cultures to
be used for plasmid preparation were grown in YEME with antibiotic selection.
Dispersion of mycelial pellets was a major problem with growth in minimal media.
NMM1 or NMM2 were used for growth studies. Cultures grown in minimal
media that were to be used for preparation of any nucleic acid were dispersed
using glass beads (2-3mm diameter, 1g/flask).

In some of the early growth studies, baffled flasks were also used to aid

mycelial dispersion, and these occasions have been detailed in the text. The
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culture volume was dependent upon the subsequent use, being usually 10ml and
500ml for small and large scale plasmid preparations respectively.

To ensure good aeration of cultures, Ehrlenmyer flasks with cotton bungs
were used routinely, of capacity five times the culture volume. Cultures were
grown at 30°C, unless specifically stated otherwise, using an orbital shaker at
ca.250rpm. with a S5cm throw of the base plate.
2.2.3.6 Conditions for the Growth of Streptomyces on Solid Media

Spores for each donor strain were prepared on soya-mannitol or ATCC slopes
which were stored at -20°C. A sterile loop would be used to remove some spores
from the donor slope and to spread them on a number of master slopes, which

were usually soya-mannitol agar, with appropriate antibiotic selection.

2.2.3.7 Preparation of Protoplasts

Protoplasts were prepared from streptomycete mycelia using the protocol
modified from that described by Hopwood ef al., (1985). The minor modifications
to this procedure were used in specific instances and these and their reasons are
also described here.

Medium P:- 5.73g TES (N-tris [hydroxymethyl] methyl-2-amino-
ethansulphonic acid), 103g sucrose, 2.93g MgCly.7HyO, 3.68g
CaCly.2H70, 0.5gK»S0y4, 2ml trace element solution. This is adjusted to
pH7.4 with NaOH, made up to 1L with dH>O and then autoclaved.

Trace Element Solution:- 40mg ZnCly, 200mg FeCl3.6H70,

10mg CuClp.2H70, 10mg MnCl,y.4H70, 10mg NapyB407.10H,0 and
10mg (NH4)3Mo07024.4H20 made up to 1L with dH,O and then
autoclaved.

Lysozyme Solution:- 10% (w/v) sucrose, 25SmM TES (pH7.2),

2.5mM K280y, 2ml trace element solution, 2.5mM MgCly, 2.5mM
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CaCly, were made up to 1L and autoclaved. Lysozyme (0.3mg ml-1) and
KH>PO4 (0.005% [w/v]) were added just prior to use.

PEG Solution:- 3ml of medium P was added to 1g of polyethylene
glycol 1540 (supplied by BDH) which had been melted in a microwave.

50ml cultures were grown in the appropriate medium at 30°C for two to three
days, until a thick suspension of fine pellets could be clearly seen. The optimal
time of harvest was found to be dependent on both the species and strain but was
usually about 65hrs. for S./ividans. The culture was diluted with an equal volume
of dHyO and the mycelia was spun down in a centrifuge (12,000g, 10min.). The
pellet was then washed in 10.3% (w/v) sucrose and resuspended in 4ml of
lysozyme solution and incubated at 37°C for 30min.

A modification to this protocol was used for the transposon-induced aromatic
amino acid mutants of S./ividans TK64. The protoplasts of the mutants had very
poor efficiencies of transformation and regeneration using the conventional
protocol of preparation of protoplasts, but this improved somewhat when the
lysozyme treatment was carried out in medium P instead of the regular lysozyme
solution.

The formation of protoplasts was checked under a microscope, and when
sufficient numbers of protoplasts had been formed, 5ml of medium P was added.
The mycelia were then removed from the protoplast suspension by filtering
through cotton wool (Hopwood ef al., 1985). Special care at this step was
essential for the aromatic amino acid auxotrophs of S./ividans TK64 as
contaminating mycelia severely reduced an already poor transformation efficiency.

The filtered protoplasts were then spun using a centrifuge (12,000g, 10min.),

the pellet harvested and washed twice in medium P. Finally, they were
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resuspended in 2ml of medium P, dispensed into 200ul aliquots and frozen at -70°

C.

2.2.4 Microbiological Techniques for the Storage and Maintenance of E.coli

E.coli manipulations were carried out on the bench using sterile technique.

2.2.4.1 Conditions for the Growth of E.coli in Liquid Culture

Liquid cultures of E.coli DS941 and most other strains were grown routinely
from single colonies or frozen stocks in L-broth or 2YT. E.coli TG1 was grown
in 2YT from single colonies taken from a minimal medium plate. Antibiotic
selection was added as appropriate (see Figure 2.1). The volume of the culture
was dependent upon the subsequent use, being usually Sml and 200ml! for small-
and large-scale plasmid preparations, respectively.

To ensure good aeration of cultures, Ehrlenmyer flasks with cotton bungs
were used routinely, which were five times the culture volume. Cultures were
grown at 37°C, unless specifically stated otherwise, using an orbital shaker at

ca.250rpm.

2.2.4.2 Conditions for Growth of E.coli on Solid Media

E.coli DS941 and most other strains were grown routinely from single
colonies or frozen stocks on L-agar. D&M minimal medium agar with glucose
and thiamine was used for E.coli TG1 to maintain‘the F' plasmid and cultures
were grown from single colonies taken from a minimal medium plate. Antibiotic
selection was added as appropriate (see table2.1). Plates usually contained
ca.25ml of media, which had been dried in a laminar flow hood. Inoculated plates

were grown at 37°C, unless specifically stated otherwise.
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2.2.4.3 Preparation of Competent E.coli Cells
2.2.4.3.1 Growth of Most E.coli Strains

An overnight culture of E.coli was grown in L-broth from a single colony or
frozen glycerol stock and shaken at 37°C. A 1 in 100 dilution of this culture was
then used to inoculate 20-200 ml of fresh L-broth, and the culture again shaken at
37°C for about 2hrs, until the OD5g() was between 0.45 and 0.55.

As previously mentioned, 2YT was used for the growth E.coli TGl and

cultures were inoculated from single colonies taken from a minimal medium plate.

2.2.4.3.2 Treatment of Cells with CaCly

The culture was cooled on ice and then spun down gently in a centrifuge
(12,000, Smin., 4°C). The cells were then resuspended carefully in 5ml ice-cold
50mM CaCly, 10mM Tris-HCI (pH8.0), and incubated on ice for 30min. The cells
were again spun, the pellet was harvested and resuspended in 1ml ice-cold SOmM
CaCly, 10mM Tris-HCI (pH8.0). At this stage 20% (v/v) glycerol could be added
and the cells stored as 200ul aliquots at -70°C. However, fresh competent cells

were usually prepared for each manipulation.

2.2.5 Recognition and Selection of Recombinant Plasmid and Bacteriophage
Containing Strains
2.2.5.1 Aantibiotic Selection

Selection in E.coli was usually with ampicillin, although kanamycin and
chloramphenicol were used on occasion. Thiostrepton was most commonly used
as the selective antibiotic in streptomycete growth, but kanamycin was used for
promoter probe experiments with the pIJ486/7 vector. Antibiotics were stored as
frozen stock solutions and added to molten agar (55°C) prior to pouring plates,

or directly to the liquid medium.
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Drug Concentration Solvent | Storage
Selection | Stock Temp. °C
(ugmil) | (mgmi-T)

Ampicillin 50 20 H»0 -20

Kanamycin 5-900 20 H->O -20

Chloramphenicol | 30 25 EtOH -20

Tetracycline 10 15 EtOH -20

Thiostrepton 25 10 DMSO +4

Table 2.1 of Antibiotic Concentrations

2.2.5.2 X-gal and IPTG Indicator

X-gal (5-bromo-4-chloro-3-indoyl-B-galactoside) was used with IPTG
(isopropylthiogalactoside) as a blue/ white (clear for plaques) indicator for the
selection of DNA insertion in the pUC or M13mp vectors in E.coli TG1 and
DS941 strains. Recombinants would generally produce white colonies or clear
plaques and colonies/plaques containing vector without insert would appear blue.
The X-gal and IPTG were added to molten L-agar (55°C) prior to pouring plates

along with any required selective antibiotic.

Selection Concentration Solvent | Storage
Selection | Stock Temp. °C
(ugmtl) | (mgmt-l)

X-gal 20 20 DMF -20

IPTG 50 . 25 H>O -20

Table 2.2 Showing Selection Concentrations

2.3 Estimation of Nutrients in Growth Media
2.3.1 Estimation of Glucose

The concentration of glucose in the media was assayed to measure utilisation
of carbohydrate. The GOD-Perid test kit (Boehringer Mannheim) couples glucose

oxidase (GOD) and peroxidase (PERID). Glucose oxidase converts glucose,
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oxygen and water to gluconate and H»O9 (hydrogen peroxide). Conversion of
ABTS (di-ammonium 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonate) by
peroxidase, with HpOo as obligatory substrate, from pale yellow to a green
coloured complex is measured at Agjgnm. The sequential coupling of these two

reactions enables accurate quantification of the concentration of glucose.

Glucose + O + HyO GOD = Gluconate + HyO»
Hy07 + ABTS (yellow) PERID = green complex + HoO
The reagent solution was prepared according to the manufacturers directions
and stored in a foil-covered bottle at 4°C. 900ul of reagent was added to 100l of
sample, vortexed and incubated at RT for 30min. Absorbance was measured at
610nm. Standards from Oug to 100ug were prepared from the standard glucose

solution supplied with the kit.

2.3.2 Estimation of Phosphate

The concentration of phosphate was assayed to estimate utilisation of
phosphorous. The Inorganic Phosphorous test kit (Sigma) uses the method of
Fiske and Subba-Row (1925). The diluted supernatant (830ul) was reacted with
Acid Molybdate Solution (166pl) to form ammonium molybdate. Fiske & Subba-
Row reducing agent (41 .6@1) was added to this and the mixture was left to stand
for 10min. The reduction of the phosphomolybdate causes formation of a blue
phosphomolybdenum complex, proportional to concentration of phosphate, which
is measurable at 660nm. Standards supplied with the kit enabled preparation of a

calibration curve.

2.3.3 KEstimation of Nitrogen
The concentration of nitrate in the media was assayed using the Nitrate UV-

method test kit (Boehringer Mannheim) which reduces nitrate to nitrite with
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reduced nicotinamide-adenine dinucleotide phosphate (NADPH) in the presence
of nitrate reductase. The conversion of NADPH to NADP is measurable at

340nm. Reactions were carried out according to manufacturers instructions.

2.3.4 PCA Assay

The PCA test is carried out on a agar plug of vegetative mycelia. Given that
streptomycete mycelia grow more slowly than the Aspergillus nidulans R153,
those plates are inoculated two days earlier. Similarly, the streptomycete strains
are grown at 30°C whereas Aspergillus nidulans R153 is grown at 37°C.

As this assay was originally developed for Aspergillus, cycloheximide was
included as a metabolic inhibitor. In order to adapt the assay for Strepfomyces,
tetracycline was used instead. In order to assure that tetracycline did not interfere
with the reaction, it was also included in the Aspergillus assay, as a control.

PCA Assay Mix:- 7ml dH70, 5ml DMSO, 5ml of a 0.4M

potassium glycinate pH9.2 stock, Sml of a 20% quinic acid (pH6.6) which
had been filter sterilised, 1.3ml of a 1% FeClj3 stock. 5Smg of NAD, 172ul
of 14mg/ml cycloheximide stock and 50ul of tetracycline stock was
added just prior to the assay.
An agar plug is chopped up and added to an eppendorf tube for each sample
to be tested. To this, 800ul of assay mix is added and any colour change noted. A

positive reaction is seen by a colour change from yellow to purple.

2.4 Isolation and Manipulation of Nucleic Acid
2.4.1 Isolation of Chromosomal DNA from Streptomyces

Two methods were used for the isolation of chromosomal DNA and are
described in the John Innes Laboratory Manual (Hopwood ef al., 1985). These

are referred to as procedures 1 and 2.
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2.4.2 Isolation of Total RNA
The isolation procedure was based on the method described by Kirby et al.
(1967). However, it was later modified by Covey and Smith (see Hopwood et al.,
1985). Precautions to avoid contamination by RNAase included only using
RNAase-free chemicals; DEPC-treatment of all plastic-ware; DEPC-treatment of
distilled water, which was then autoclaved; preparation of all solutions in DEPC-
treated water and incubation of all glassware overnight at 300°C.
Phenol:- Redistilled phenol was buffered with 0.5M Tris-HCl
(pHB.0) and contained 0.1% (w/v) 8-Aydroxyquinofine.
Phenol/Chloroform:- 50 parts phenol, 49 parts chloroform, 1 part

isoamyl alcohol.

10X DNAase RQ Buffer:- 400mM Tris. HCI (pH7.9), 100mM
NaCl, 60mM MgCly.

Kirby Mix:- 1g tri-isopropylnapthalene sulphonate, 6g 4-amino
salycilate (Na salt), SOmM Tris.HCI (pH8.3), 6ml phenol and made up to
100ml in dH5O.

2.4.3 Isolation of Plasmid DNA from E.coli and Streptomyces.
2.4.3.1 Large Scale Plasmid Preparation

This protocol is based on the alkaline lysis of plasmid-containing cells as
described by Birboim and Doly (1979) and may be scaled up or down as is
appropriate for both large and small culture volumes.

Birnboim Doly I (BDI):- SOmM glucose, 25mM Tris-HCI (pHS.0),

10mM EDTA. Prior to use, lysozyme was added at 1.4mgml-l for
Streptomyces plasmid preparations.

Bimboim Doly II (BDII):- 0.2M NaOH, 1% (w/v) SDS. This

solution was stored in plastic.
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Birboim Doly III (BDIII):- SM KOAc (pH4.8); prepared with

equal volumes of 3M CH3COOK and 2M CH3COOH.
Phenol:- Redistilled phenol was buffered with 0.5M Trns-HCI
(pH8.0) and contained 0.1% (w/v) 8-hydroxyquinoline.

Phenol.Chloroform:- SO parts phenol, 49 parts chloroform, 1 part

isoamyl alcohol.

DNAase-free RNAase:- 100mg Pancreatic RNAase (RNAase A)

was dissolved in 10ml of distilled water, boiled at 100°C for 15min.,
cooled, aliquotted (1ml) and stored at -20°C.

500ml of stationary cultures were harvested using a centrifuge (12,000g,
10min. at 4°C). Pellets were then resuspended in 5ml of BDI (containing
lysozyme in Streptomyces preparations) and  incubated S5min. at room
temperature or 30min at 37°C for E.coli and Streptomyces respectively.

10ml of BDII was added and the solution incubated on ice for 10min. Then,
7.5ml of ice cold BDIII was added, the suspension mixed gently and left on ice
for a further 30min.

The cell debris and chromosomal DNA were then removed by pelletting in the
centrifuge (32,000g, Smin., 4°C) and the supernatant filtered through Whatman
no.1 paper. The nucleic acid was precipitated using a 0.6 volumes of isopropanol
and incubated at room temperature for 20min. The pellet was harvested in the
centrifuge (39,200g, 15min. 20°C) and washed with 70% (v/v) ethanol.

Further purification was carried out in one of two ways, either with or

without the use of a caesium chloride gradient.

2.4.3.1.1 Purification With a Caesium Chloride Gradient
This method of plasmid preparation was used when a large amount of very

pure plasmid was required. It was also used for the initial preparation of the
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streptomycete plJ916-based library, although the yield was very poor owing to
the large vector size. Therefore, few of the later preparations of plJ916-based
plasmids used a caesium chloride gradient.

Equilibrium density centrifugation of DNA over a caesium chloride/ethidium
bromide (CsCl/EtBr) gradient yields large amounts of very pure plasmid DNA (up
to 1mg for E.coli and 200ug for Streptomyces).

The nucleic acid pellet was resuspended in 4.58ml of dH»O, to which 4.5g of
CsCl and 243l of EtBr (10mg.ml-1) were added. The resulting solutions were
checked to have a density of 1.58g.ml-1, balanced in 5ml Vti65 centrifuge tubes
and spun (16hr, 45krpm, 289,000g, 20°C).

Two bands were usually visible to the naked eye, although for plasmids
maintained only at low copy number, they could sometimes only be seen using the
UV lamp. The upper band represents chromosomal and relaxed plasmid DNA,
and the lower represents supercoiled plasmid DNA which is removed using a 1ml
syringe. The EtBr was removed by repeated extractions with water-saturated
butanol. The plasmid was precipitated, after first adding 3 volumes of dH»O, with
9 volumes of ethanol. The pellet was harvested in the centrifuge (27,000g,
30min., 4°C), washed twice with 70% (v/v) ethanol, dried and resuspended in 1ml
dH»O.

2.4.3.1.2 Purification Without a Caesium Chloride Gradient

Plasmid prepared in this manner could usually be used for most in vitro
manipulations and although the yield was always low from the larger plasmids,
this technique avoided some of the problems of shear encountered with a caesium
chloride gradient.

For the larger plasmids e.g. pAW9162 (i.e. >30kb) the nucleic acid pellet was
resuspended in 1ml of dH,O containing DNAase-free RNAase (20mg.ml-1) and
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incubated at 50°C for 30min. The solution was then extracted twice with half
volumes of phenol and phenol/chloroform and twice with chloroform. The
aqueous fraction was then precipitated with 2 volumes of ethanol and 0.02
volumes of SMNaCl, harvested in microfuge (12,000g 15min. 4°C) washed in
70% (v/v) ethanol and finally resuspended in dH3O.

2.4.3.2 Small Scale Plasmid Preparation

Typically, 2-Sug of plasmid could be purified by small scale preparation,
suitable for most in vifro manipulations. 2ml and 10ml stationary cultures of
E.coli and Streptomyces respectively were harvested using a microfuge (12,000g,
30s. at 4°C). Pellets were then resuspended in 200pl of BDI (containing lysozyme
in Streptomyces preparations) and incubated for Smin. at room temperature or
30min at 37°C for E.coli and Streptomyces respectively.

400ul of BDII were added and the solution incubated on ice for 10min. Then,
300ul of ice cold BDIII were added, the suspension mixed gently and left on ice
for a further 20min.

The cell debris and chromosomal DNA were removed as a pellet after being
spun in the microfuge (12,000g, 10min., 4°C). The nucleic acid in the supernatant
were precipitated using -a 0.6vol of isopropanol and incubated at room
temperature for 20min. The pellet was spun in the microfuge (12,000g, 10min.)
and washed with 70% (v/v) ethanol.

The nucleic acid pellet was resuspended in 500ul of dH,O containing
DNAase-free RNAase (20mg.ml-1) and incubated at 50°C for 30min. The
solution was extracted twice with half volumes of phenol and phenol/chloroform
and twice with chloroform. The aqueous fraction was precipitated with 2 volumes
of ethanol and 0.02 volumes of SMNaCl, harvested in a microfuge (12,000g
15min. 4°C) washed in 70% (v/v) ethanol and finally resuspended in dH7O.
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2.4.4 Preparation of Single and Double-Stranded DNA of Bacteriophage
M13
2.4.4.1 Growth of M13 Bacteriophage with E.coli TG1

A single plaque was used to inoculate Sml of 2YT in a 1/100 dilution of TG1
overnight culture. This was then grown for 6hrs (37°C, shaking). The culture was
then spun down, and the clarified supemnatant containing the single-stranded
bacteriophage retained as an inoculum stock.
10pl of the stock bacteriophage was used to inoculate Sml of 2YT in a 1/100 dilution
of TG1 overnight culture and this was then grown for 4 or 5.5hrs (37°C, shaking) for

the preparation of double or single-stranded bacteriophage respectively.

2.4.4.2 Precipitation of Viral Particles of Single-Stranded M13 DNA Using
PEG

1.2ml of clarified supernatant was mixed with 300l of a 20% (w/v) PEG
(6000)/2.5M NaCl solution and left to stand for 15min. at RT. Precipitated
bacteriophage were recovered by spinning in a microfuge. All traces of
supernatant were removed and the pellet was then resuspended in 100ul of dH>O
and extracted once with phenol, twice with chloroform and then precipitated from
the aqueous phase with two volumes of ethanol. The pellet was recovered by
centrifugation, washed in 70% (v/v) ethanol, dried and finally resuspended in 10pl
of dH,O.

2.4.4.3 Fast Magnetic purification (FMP) Preparation of Single-Stranded
M13

Later single-stranded M13 preparations were done using the Amersham FMP

minipreps which precipitate phage using superparamagnetic particles. The kit
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contains three solutions, phage precipitant, lysing buffer containing a chaotropic
agent and recovery buffer, none of the contents of which were disclosed by the
manufacturer.

The procedure entailed the precipitation of phage from 0.5ml of clarified Shr
culture, with 200ul of phage precipitant. The mixture was allowed to stand and
then the magnetic beads were fixed to the side of the eppendorf tube using a
magnetic separator, while the supernatant was sucked off. The magnetic beads
were then resuspended in 100l of lysing buffer, to which was added 250ul of
ethanol. After about 10min. the mixture was again precipitated and separated as
before. The beads were washed in 70% ethanol, separated and all traces of
ethanol removed before resuspension in 10pl of recovery buffer. The beads were

separated from the phage-containing recovery buffer and this then was drawn off

and frozen for later use.

2.4.4.4 Small Scale Preparation of Double-Stranded DNA of M13
Small-scale double-stranded DNA preparations from M13 were carried out in
the same manner as the small-scale plasmid preparation (as described in 2.4.3.2)

using the 4hr. bacteriophage-containing cell pellet (as described in 2.4.4.1).

2.4.5 In Vitro Manipulation of DNA
2.4.5.1 Digestion of DNA with Restriction Endonucleases ana Subsequent
Ligation

Type II restriction endonucleases were required for subcloning and restriction
analysis. The enzyme T4 DNA ligase was used to join blunt and cohesive ends of
restricted DNA. Reactions were carried out using the supplied buffers, according

to the enzyme manufacturers' instructions.
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2.4.5.2 Termination of Digestion of DNA by Endonucleases

Reactions were terminated by extracting the solution twice with half volumes
of phenol and phenol/chloroform and twice with chloroform. This ensured that all
the protein was removed. The aqueous fraction was then precipitated with 2
volumes of ethanol and 0.02 volumes of SM NaCl, harvested in microfuge

(12,000g 15min. 4°C) washed in 70% (v/v) ethanol and resuspended in dH5O.

2.4.6 Introduction of Vector DNA into Bacteria
2.4.6.1 Transformation of Streptomycete Protoplasts with Plasmid DNA
Plasmids were introduced into streptomycete protoplasts using the protocol
described by Hunter (1985). Some minor modifications to this procedure were
used in specific instances and these and their reasons are also described here.
Medium P:- as described in section 2.2.3.7
PEG Solution:- 3ml of medium P was added to 1g of polyethylene
glycol 1540 (supplied by BDH) which had been melted in a microwave.

2.4.6.1.1 Transformation Procedure

Protoplasts prepared previously were thawed on ice and plasmid DNA was
added (in a volume of less than 20ul) to 100pul aliquots of the protoplasts. The
mixture was incubated on ice for 30s, and then 400ul of PEG solution added. The
mix was incubated for a further minute on ice and then 800u! of medium P was
added. Protoplasts which had a high transformation efficiency were diluted further
in medium P before being put on regeneration plates, but often protoplasts with a
low efficiency of transformation, like those of the transposon-induced aromatic

amino acid mutants of S./ividans TK64, would be plated undiluted.



2.4.6.1.2 Regeneration of Transformed Protoplasts

Standard regeneration medium was used. TK64 and its derived mutants,
which are proline auxotrophs, required R2 medium which is enriched for proline.
The regeneration media are stored as two parts R2A and R2B. R2A, the agar
containing part is melted and then put, with the R2B, in a 55°C water bath. When
the R2A had cooled sufficiently, the R2B and 1ml of 1% (w/v) KHyPO4 were
added. The complete medium was then mixed by swirling gently and poured into
petri dishes (9cm diam.). Plates were cooled and then dried with their lids half
open for about 1hr. in the laminar flow hood. Plates were then stored overnight at
30°C before use.

Contaminating mycelia lower the efficiency of transformation considerably,
and this was of primary importance in the aromatic amino acid mutants of
S.lividans TK64 which transformed poorly. However, as mycelia could be
identified by ability to regenerate on both R2 and the Emersons plates, these

protoplasts of mutants were checked for regeneration on both media.

2.4.6.1.3 Selection of Transformed Protoplasts

Antibiotic selection of transformed protoplasts required the drug thiostrepton
(obtained from E.R.Squibb, New Jersey, USA). It was applied as an overlay after
16-22hrs. of regeneration. 1ml of a 220pg.ml-! solution of thiostrepton, made up
from stock in 10.3% (w/v) sucrose, was added to each plate. Selection of
recombinants was through complementation of the aromatic amino acid mutation
on selective minimal media.

Protoplasts transformed with the vector pIJ702 were selected both with
thiostrepton and as mature colonies on the basis of production of pigment. As
DNA was inserted into the melanin gene in plJ702, recombinants could be

selected by loss of production of pigment.
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2.4.6.2 Introduction of Plasmid DNA into E.coli
2.4.6.2.1 Transformation Procedure

Plasmid DNA (1-100ng) was added (in a volume of less than 10ul) to 100ul
of competent cells (as described in 2.2.4.3) in a microfuge tube. The tube was
inverted a few times to mix the contents gently and then incubated on ice for 1lhr.
Cells were then heat-shocked (42°C, 2min.) and returned to the ice for a further
5min. 400ul of L-broth was added and the cells incubated at 37°C for a further

period to allow the expression of antibiotic resistance genes.

2.4.6.2.2 Transformant and Selection of Recombinants

When selection with ampicillin was used, this expression time was 45min. but
for all other antibiotic selections, 90min. expression was used. Cells were then
spread on L-agar plates containing the appropriate antibiotic selection and
indicator. Plates were then incubated overnight at 37°C and the recombinants
picked. The efficiency of transformation of these cells was generally around 106-
107pg-1 plasmid.
Note: ts mutants were not heat-shocked, and all growth was at 30°C. Aromatic
amino acid ts mutants also had a much lower efficiency of transformation

although this was very strain-dependent.

2.4.6.3 Transfection of E.coli TG1 with Bacteriophage M13
2.4.6.3.1 Growth of E.coli TG1

An overnight culture of E.coli TGl was grown in 2YT from a single colony
taken from a supplemented minimal media plate (2.2.2.2) and shaken at 37°C. A 1
in 100 dilution of this culture was then used to inoculate Sml of fresh 2YT, and

the culture again shaken at 37°C for about 2hrs., until the OD5gq was between
0.45 and 0.55.
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2.4.6.3.2 Preparation of Competent Cells

The cells were gently spun down and treated as described in (2.2.4.3) for the

CaCl, preparation of competent cells.

2.4.6.3.3 Transfection of E.coli TG1 with M13

This procedure follows that of the transformation of plasmid into competent
cells up to and including the heat-shock stage. After heat-shock the competent
cells were placed back on ice.

The competent cells and 200pl of overnight culture were then added to 2.5ml
of molten (55°C) soft agar (0.6% [w/v]), lightly mixed using a vortex and poured
onto dried L-agar plates containing 40ul X-gal (20mg.ml-1) and 10ul IPTG
(10mg.ml-1). The plates were then incubated at 37°C overnight, recombinant

clear plaques could then be picked.

2.4.7 Separation and Isolation of DNA Fragments
2.4.7.1 Agarose Gel Electrophoresis
Buffers
10X TBE Buffer (pH8.3):- 109g Tris, 55g boric acid, 9.3g

NazEDTA.2H»O made up to 1L with dHyO and autoclaved.
10X TAE Buffer (pH8.2):- 48.4g Tris, 16.4g Na acetate, 3.6g

NayEDTA.2H»O made up to 1L with dHO and autoclaved.

10X TB Buffer (pH8.3):- 109g Tris, 55g boric acid, adjusted to
pH8.3 and made up to 1L with dH»O and autoclaved.
10X TA Buffer (pH8.2):- 48.4g Tris, 16.4g Na acetate, adjusted

to pH8.2 and made up to 1L with dH2O and autoclaved.
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SX Agarose Gel Loading Buffer (pH7.4):.- 0.025% (w/v)

bromophenol blue, 0.025% (w/v) xylene cyanol, 25% (w/v) ficoll, 0.5%
(w/v) SDS, 50mM EDTA.

Both DNA and RNA were electrophoresed on horizontal neutral agarose gels.
0.8% (w/v) agarose gels were most commonly used, although 1-2% (w/v)
agarose gels were sometimes required for DNA <1kb, such as PCR products.

DNA prepared from E.coli or S.coelicolor was most commonly run in TBE or
TAE. TAE was particularly used if the fragments were to be isolated from the gel
and used for further manipulations. DNA isolated from S./ividans was subject to
shear on electrophoresis (section 4.4), and so was routinely run in EDTA-free
buffers, although a Tris-free buffer substituting HEPES for Tris was tried.

EtBr (200ng.ml-1) was usually added to the cooled (60°C) molten agar,
although not for the resolution of RNA or uncut DNA, which was stained after
electrophoresis. Samples were mixed with 1/10 (v/v) 5X agarose gel loading
buffer prior to being loaded on the gel. After electrophoresis, separated DNA
could be visualised using a 302nm UV transilluminator. Gels were then
photographed using a Polaroid type 67 Land film. Cameras were fitted with
Kodak Wratten filters (No. 23A).

2.4.7.2 Gel Electroelution

This method was used during the earlier ‘part of the project. DNA was first
separated by TAE (or TA) agarose gel electrophoresis, and the position of the
fragments to be extracted determined using a reference strip of gel containing
DNA standards and stained with EtBr. The use of a reference strip reduced the

possibility of EtBr damage to the DNA when under UV transillumination.
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A trough would be cut immediately in front of the line of migration for the
desired fragment. Dialysis tubing would be used to line the trough, and
electrophoresis continued so that the DNA migrated into the buffer in the trough.
The buffer containing the DNA could then be removed with a pipette, cleaned
once with an equal volume of phenol and twice with chloroform, then
precipitated with two vols. of ethanol and 1/50 vol. of SM NaCl. The pellet was
recovered by centrifugation, washed with 70% (v/v) ethanol, dried and

resuspended in an appropriate volume of dH»O.

2.4.8 Immobilisation and Hybridisation Procedures
2.4.8.1 Southern Analysis

Southern analysis was carried out using a method adapted from that
developed by Southern (1975), and described in "Blotting and hybridisation
protocols for Hybond-NTM membranes" which is published by Amersham
International Plc.

Agarose gel electrophoresis was used to resolve DNA fragments, the gel was
then photographed and the DNA transferred to the Hybond-NTM membrane
under alkali conditions.

Denaturing Solution:- 1.5M NaCl, 0.5M NaOH

Alkali Transfer Buffer:- 0.25M NaOH, 1.5M NaCl

20X SSC:- 3M NaCl, 0.3M tri-sodium citrate

2.4.8.1.1 Preparation of Gel
The gel was first rinsed in dH>O and then immersed in denaturing solution for

45min. The gel was finally equilibrated in transfer buffer by immersing twice for

15min.
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3MM Whatman paper was wrapped around a glass plate, supported inside a
tray using rubber bungs and then the paper was soaked with alkali transfer buffer
and the tray filled to below the level of the glass plate. Any air bubbles between

the glass plate and the paper were smoothed away.

2.4.8.1.2 Capillary Transfer

The gel was inverted so its underside was uppermost and then placed on the
3MM Whatman paper, so that there were no air bubbles between the paper and
the gel. A pre-cut piece of nylon Hybond-NTM membrane was then place on the
gel and trimmed using a fresh scalpel. A few pieces of 3MM Whatman paper were
then cut to size and placed on the filter. The transfer was then driven using a stack
of (overnight) disposable nappies which had the water resistant outer membrane
removed. The blot was weighted down and then left overnight.

Following transfer of the DNA, membranes were usually washed twice for
10min in 2X SSC and then either heat baked (2hrs. at 80°C) or UV cross-linked
(Stratalinker). The gel was restained with EtBr to check that DNA transfer had

been successful.

2.4.8.2 Colony and Plaque Lifts
2.4.8.2.1 DNA-Transfer from E.coli Colonies
Reagents

Denaturing Solution:-1.5M NaCl, 0.5M NaOH

Alkali Transfer Buffer:- 0.5M Tris.HCI, 1.5M NaCl (pH7.2)

20X SSC:- 3M NaCl, 0.3M tri-sodium citrate
An appropriately sized Hybond-NTM membrane was placed on the surface of
an L-agar plate. Colonies to be screened were streaked onto the surface of the

membrane and incubated overnight at 37°C. The membrane was then removed
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and placed on filter paper, colony side up. The filter paper was soaked with
denaturing solution and left about 7min. The membrane was next transferred to a
pad of filter paper soaked in neutralising solution for 3min. and this step was
repeated. Finally, the membrane was washed twice in 2X SSC, air-dried and

baked at 80°C for 2hrs.

2.4.8.3 Labelling of Oligonucleotide Probes with Radioactivity
Oligonucleotide probes were labelled at the S'end with (y-32P)ATP (sp.
act.=3000 ci/mmole) using T4 polynucleotide kinase (Maniatis ef al., 1982).

2.4.8.4 Radioactive and Non-Radioactive Random-Primed Probes

The labelling procedure is essentially the same for radioactive labelling and
non-radioactive labelling. Boehringer Mannheim produce both a radioactive and a
non-radioactive labelling and detection kit and therefore, reactions were carried
out according to the manufacturers' instructions. Non-radioactive probes
incorporate a digoxygenin-labelled deoxyuridine-triphosphate (Dig-dUTP) and
use an antibody-alkaline phosphatase conjugate for detection of the probe after
hybridisation.

In non-radioactive labelling, the dNTP labelling mixture (supplied in the kit)
contains DIG-dJUTP and not dTTP as in the radioactive labelling. The non-
radioactive labelled probe is precipitated at the end of the reaction for 30min at
-70°C, with 2.5ul of 4mol/l LiCl and 75l of ice-cold ethanol, washed in 70%
(v/v) ethanol and finally dissolved in 50ul of TE.

2.4.8.5 Radioactive PCR Probes
Radioactive PCR probes were formed by end-labelling one of the

oligonucleotide primers. The thermocycling process was then conducted as

51



|

described in Sambrook ef al, (1989) using the thermostable Taql DNA
polymerase (USB). All reactions used universal primers as the reverse primer.
Reactions were incubated at 95°C for Smin. to denature the constituents prior to
the addition of the DNA polymerase. Thermocycling of the reaction mix
containing the forward primer oligo1607 occurred after 30s denaturation at 95°C,
followed by Imin. annealing at 48°C and 30s elongation at 72°C. This was
repeated for a further 29 cycles and followed by a final elongation period of 4min.
at 72°C. The cycle for the forward primer, oligo 1506 was the same except that

the annealing temperature was 45°C.

2.4.8.6 Separation\ of Probes From Unincorporated label
Probes were separated from unincorporated label by gel filtration through

Sephadex G-50 (Maniatis et al.,1982).

2.4.8.7 Hybridisation Techniques

Hybridisations were carried out in heat-sealable bags, submerged within a
container in a water bath. Prior to the addition of labelled probe, filters were pre-
hybridised for 1hr. in the hybridisation fluid. Labelled oligonucleotide probes were
added directly to the hybridisation fluid. However, random-primed probes were
first denatured by boiling'for 10min. and then incubated in ice for 1 min. prior to
addition to the hybridisation fluid.

The hybridisation temperature, the length of incubation and the stringency of
washes were dependant on the probe used. Hybridisations using oligonucleotide
probes would be for 4hrs., at between 60-65°C, with the wash solution ranging in
stringency from 5X SSC down to 0.1X SSC. The larger, random-primed probes

would be hybridised overnight at around 70°C, and the wash solution would be of
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a similar range of stringency as used for oligonucleotide probes. The stringency of
washing conditions varied according to the length of probe, its degree of
homology to the bound DNA and to its G+C content. Filters were washed at least
twice in the wash solution at temperatures similar or above those used for
hybridisation. The filters from hybridisations which had been carried out using
radioactive probes were then placed in plastic and applied to X-ray film to obtain
an autoradiographic image (2.4.8.8.2). Detection of non-radioactive hybridisation
requires further reactions (2.4.8.8.1).

20ml Hybridisation Fluid:- 0.5% SDS, 0.05% pyrophosphate, 6X

SSC, 3 grains of Heparin made up to 19ml with dH»O. The probe, after
removal of unincorporated material, has a volume of approximately 1ml
and is added after pre-hybridisation.

Wash Solution:- 0.5% SDS, 0.1-5X SSC

2.4.8.8 Autoradiography
2.4.8.8.1 Non-Radioactive DNA Detection

AMPPD  3-{'-Spiroadamantane}-4-methoxy-4-{3"-phosphoryloxy}-phenyl-
1,2-dioxetane (produced by Boehringer Mannheim Biochemica) was used as a
chemiluminescent substrate for non-radioactive DIG-labelled DNA detection.
Hybridisatioﬁ and subsequent washes were carried out as described in 2.4.8.7.
Chemiluminescent detection relies on the production of a moderately-stable
intermediate, AMP-D, following the action of alkaline phosphatase (bound to a
stable support) on AMPPD. The intermediate, AMP-D decomposes to
adamantanone and a methylmeta-oxybenzoate anion which, due to charge transfer
excitation, emits a constant rate of light at 477nm. This can be detected, as with

radioactive emission, by X-ray film.
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Buffer 1:- 0.1mol/l maleic acid, 0.15mol/l NaCl adjusted to pH7.5

with NaOH, made up to volume with dH>O and autoclaved.

Blocking Stock Solution:- 10% (w/v) blocking reagent (supplied
by kit) made up in buffer 1, autoclaved and stored at 4°C.
Hybridisation Buffer:- 5X SSC, 0.5% (w/v) blocking reagent from

stock solution, 0.1% (w/v) N-lauryl-sarcosine, 0.02% (w/v) SDS.
Buffer 2:-1/10 dilution of blocking stock solution in buffer 1.
Washing buffer:- 0.3% (v/v) of Tween 20 made up in buffer 1.
Buffer 3:- 0.1mol/l Tris-HCl, 0.1mol/l NaCl, S0mmol/l MgCly

adjusted to pH9.5 (20°C).
AMPPD Stock:- 10mg/ml AMPPD and kept dark at 4°C.
AMPPD Final Solution:- 1/100 freshly diluted stock in buffer 3.

The membrane was washed for Smin. in washing buffer and then incubated for
30min. (RT) in 100ml of buffer 2. Next, the filter was soaked for 30min. in 20ml
of anti-DIG-AP conjugate (the alkaline phosphatase conjugate is supplied in the
kit) which had been diluted to 7SmU/ml (1:10000) in buffer 2. Excess anti-Dig-
AP was then removed by washing the filter twice for 15min. in 100m! of washing
buffer. The filter was equilibrated in 20ml of buffer 3 and incubated for S min. in
10ml of AMPPD, previously diluted from stock (1:100) in buffer 3. Excess liquid
was removed, the membrane lightly blotted with Whatman 3MM, sealed in a
hybridisation bag, incubated for 15min. at 37°C and finally exposed at RT to X-

ray film in a cassette.

2.4.8.8.2 Radioactive Autoradiography
As with the non-radioactive autoradiography, Kodak X-OMATS (X-ray type)

film was placed in close contact to the hybridised membrane or sequencing gel,

54



inside a metal cassette. For 32P labelled probes, the film was exposed at -70°C in
close contact with a dePont Cronex Lightening Plus intensifying screen, to
enhance the intensity of the image. The film was then processed automatically in

the X-OMAT.

2.4.9 Denaturing Polyacrylamide Gel Electrophoresis
High voltage polyacrylamide gel electrophoresis was carried out using a BRL
sequencing unit (model S2).

Reagents

Acrylamide Stock: "Design a Gel" acryl/bisacyl from Severn
Biotechrology Ltd. '

Gel Solution (60ml):- 9ml acrylamide stock, 21ml dH7O, 6ml

10X TBE (10X TTE could sometimes be substituted for longer runs), 30g
urea warmed to 37°C until the urea was completely dissolved and then left
to cool to RT.

Ammonium persulphate (APS): - 10% (w/v) solution made up in
dH,>O.

2.4.9.1 Gel Preparation and Assembly

6% (w/v) denaturing polyacrylamide gels were used for sequencing, high
resolution S1 and reverse transcription experiments. Gels were prepared using a
fresh gel solution, to which was added 40ul of TEMED and 300ul of freshly-
prepared APS solution.

The two sequencing plates were firstly cleaned with water and alcohol. The
aerosol greasing agent "PAM" was used on the smaller of the plates and these
were then assembled using a 0.4mm spacer between the plates along each of the

vertical sides and a strip of 3MM Whatman along the base. The plates were
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clamped and the gel poured carefully, at an angle, into the previously-prepared
plate assembly. Shark tooth combs were inserted upside-down and the gel was
left to set for at least 1hr, but usually overnight, prior to use.
Buffers
10X TBE Buffer (pHS8.3): 109g Tris, 55g boric acid, 9.3g

NapEDTA.2H50 made up to 1L with dH>O and autoclaved.

2.4.9.2 Electrophoresis of Polyacrylamide Gels

The denaturing polyacrylamide gel would be pre-run at constant power (60W)
for about 45min. using the TBE buffer system. The settings routinely used on the
power pack were 2000V, 60W and 45A. Samples were heated to 95°C , returned
to ice for Smin. to cool, spun down and then loaded on to the gel. Typically 3ul
to 4l of sample would be loaded in a lane. For sequencing gels, a running time of
2hrs. would generally resolve the first 100 nucleotides and 4.5 to Shrs. would be
required to read up to 300 nucleotides.

Blurring was experienced about 300 nucleotides, which was caused by
glycerol in the reaction mix and made the sequence unreadable beyond this point.
Glycerol reacts with boric acid to form anionic ester compounds which migrate in
the sequencing gels, thereby causing the blurring. There is some evidence to
suggest that use of the alternative buffer system TTE (TTE Buffer: 1.78M
Tris,0.57M taurine, 0.01M NajyEDTA.2H>0), which replaces boric acid with the
aminosulphonic weak acid taurine, may resolve this blurring (Pisa-Williamson and
Fuller, 1992). In practice, however, this did not prove to be a very successful
solution to the problem. The use of a salt gradient was also tried to extend the
reading length, but this proved to give variable results, often showing the same

blurring as the TBE system.
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2.4.9.3 Sequencing Method

Dideoxy sequencing (Sanger ef al., 1977) on single and double-stranded
template was performed using either the SeguenaseR or TAQuenaseR kit from

USB.

2.5 Strains and Vectors
2.5.1 Strains of Streptomyces

Two isogenic strains of S.coelicolor were used for most of the growth and
media modification studies. S.coelicolor 209 and 1147 were derived from the wild
type S.coelicolor strain A3(2). 1147 contains both the naturally occurring
plasmids SCP1 and SCP2. 209- does not contain SCP2 anci SCP1 is integrated
into the chromosome forming an NF strain, whereas in 1147, it is not. The
S.coelicolor strain M145 was also used and it is SCP1- and SCP2".

S.lividans TK64 was used for the growth and maintenance of plasmids in a
streptomycete background. It has a pro2, str6 genotype. The transposon induced
aromatic amino acid mutants were derived from S./ividans TK64, and so had a

TstS, StrR VioR, Pro-, Tyr-, Phe, Trp~ phenotype.

2.5.2 Strains of E.coli

The two strains of E.coli most often used for DNA preparation and
manipulation were E.coli DS941 which has a recF143, proA7, str3l1, thrl, leu6,
tsx33, mt12, his4, argE3, lacY™, lacZ*M15, lacld, galK2, aral4, supE44, xyl5
genotype; and E.coli TGl which has a supE, hsdAS, thi. *(lac-proAB), F'
[traD36, proAB+, lacZ*M15, lacl4 | genotype.
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2.5.3 Plasmids in Streptomyces

plJ486/7 (Ward ef al. 1986); plJ916 (Lydiate et al. 1985); p1J702 (Hopwood
et al., 1985)

Recombinant streptomycete plasmids described in this thesis were: pAW9162,
PAW100, pAW4865.

2.5.4 Plasmids in E.coli
pUC18/19 (Yanisch-Perron ef al., 1985)

The recombinant E.coli plasmid described in this thesis was pAM100.

2.5.5 Bacteriophages
M13mp18/19 (Yanisch-Perron et al., 1985)

Recombinant M13 bacteriophages described in this thesis were: K4, K15,
ES7, ES9, ES6, P7, P14, P73, P74, BS3, BS4.

2.6 General Materials and Equipment
2.6.1 Chemicals and Consumables

Although the sources of various chemicals varied during the course of this
work, media and solutions were made with good quality chemicals, AnalaR where
available. The most common suppliers were BDH, Fisons and Sigma. Most
growth media was from Difco, the Junlon-110 was from Honeywell and Stein,
GOD PERID from Boehringer Mannheim and plastic ware from Sterilin and
Beckman.

2.6.2 Equipment
Bench centrifuge Damon/IEC (UH) Ltd.
TC. centrifuge (Jouan) TC. ultra centrifuge (L8).
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Rotors (Beckman) JA-21, JA-14, JA20, V1i-65, Vti-50, SW-50.1
Microfuge (Eppendorf) Electronic balance (Oertling)
Micropipettes (Gilson) Orbital incubator (New Brunswick)
Spectrophotometer Ultrospec 4050 (LKB); DU-50 (Beckman)
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Chapter 3
Development of Minimal Media for Growth

of S.coelicolor
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3.1 Introduction

This chapter describes some of a series of small experiments undertaken to
generally improve the reproducibility of streptomycete growth and onset of
secondary metabolite production in liquid minimal medium containing the charge
dispersant Junlon-110. These were all undertaken using strains derived from the
‘academic' species, Streptomyces coelicolor A3(2). This work was part of the
'Antibiotics Club' initiative and many of these preliminary findings were then
developed elsewhere. Although later work on growth in liquid minimal medium
used strains of S./ividans, many of the observations and media modifications were
valid, because of the similarities between these two species.

Growth of streptomycetes in liquid minimal medium is associated with a few
significant problems. Mycelial growth tends to result in pelletting rather than
dispersed filaments, the growing bacteria rapidly create different
microenvironments in which the availability of nutrients for the cells at the core of
a pellet is different from that at the surface. Physiological analysis would be more
easily applied if the majority of cells within a culture were of the same age and
reacting to the same environmental conditions. Methods to improve dispersion and
the synchrony of germination in cultures would, therefore, make the analysis of
physiological processes more straightforward. Furthermore, as growth is much
poorer in liquid minimal medium than complex, conditions which might improve
mycelial growth and delimit nutrient requirements might also be useful.

The following experiments include observations on the pre-treatment of
spores, their viability after storage at -20°C and the optimum concentration of
inoculum for growth in shake flasks. They also include observations on the effects

of aeration and the balance of nutrients on growth in liquid minimal medium.
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3.2 Spore Viability

The inoculum size should be as constant as possible, so that different
experiments may be compared. This could be achieved by the storage of aliquots
of spores in the freezer and then the defrosting and use an inoculum of known
viable spore number. Furthermore, the pre-treatment of spores allows cultures to
germinate almost synchronously and this would ensure that the growing mycelia
were consistently at the same stage of growth. The viabilities of both treated and
untreated spores of two S.coelicolor strains were tested.

The aims of this experiment were threefold: firstly, to determine whether or
not the viability of untreated and pre-treated spores was affected by freezing;
secondly, to determine if viable spore counts declined over time; and thirdly, to

determine whether the presence of glycerol in the frozen aliquots affected viability.

3.2.1 Results

The experiment was conducted over a period of 26 days on two strains,
S.coelicolor M145 and S.coelicolor 1147. Pregermination was carried out as
described in 2.2.3.3, aliquots were 150ul and glycerol was included at 20% (v/v)

where appropriate. Spore counts were made as described in 2.2.3.4.

Raw data are tabulated in the Appendix (A.I) and day 1 represents the spore
viability prior to freezing. These graphs have been drawn using a logarithmic y-axis
to represent viable spore number because this scale enables the different treatments
and strains to be compared. However, some very large differences were found
between certain aliquots and these were presumably caused through pipetting. A
number of conclusions may be drawn from the results in Figure 3.1 and 3.2. It
would appear that S.coelicolor M145 is more resistant to freezing than
S.coelicolor 1147. Both treated and untreated S.coelicolor M145 spores appeared

to retain viability in the presence and absence of glycerol over the experimental
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time period. There also appeared to be no major loss of viability between the
unfrozen samples and those of spores frozen and defrosted at a later date.
S.coelicolor 1147 spores, however, would appear to be less robust and exhibited
an exponential decline in viability over time. The decline in viability did seem to be
appreciably less when glycerol was present. As with S.coelicolor M145, there did

not appear to be an immediate loss of viability as a result of freezing.
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Figure 3.1 The Viability of Pre-germinated and Untreated S.coelicolor
M145 Spores After Freezing in the Presence and Absence of Glycerol
20%(v/v)
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Yigure 3.2A Effect of Freezing on
Non-Pregerminated 1147 Spores
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Figure 3.2 The Viability of Pre-germinated and Untreated S.coelicolor 1147
Spores After Freezing in the Presence and Absence of Glycerol 20%(v/v)

From these results, it was decided to use aliquots of treated spores, the viable
spore concentration of which had been determined, for at least a period of a

month. Spore stocks were also frozen in 20% (v/v) glycerol.

3.3 Effect of Inoculum Size

The aim of this experiment was to identify an optimum range of spore numbers
for S.coelicolor M145, given that the inoculum size of pre-treated spores might be
ascertained in advance. NMM (4g/1 glucose. 1.5g/1 KoHPO4 ) was used for this

experiment, with 250ml flasks containing 50ml medium and shaken at 30°C.
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Duplicate flasks were prepared with six different concentrations of inoculum
whereby 100ml of medium was inoculated and then split into two flasks with 50ml
in each. The inoculum concentrations were 1.8 X 103, 6X 105, 18X 106, 6X
106, 1.8 X 107 and 6X 107 spores in 50ml of medium (Figure 3.3). Growth was
then followed visually and glucose and phosphate utilisation was followed over six
days (Table 3.1). OD could not be used as a measure of growth because of
formation of pellets. These sedimented rapidly in the cuvette and appeared to have
different densities according to their stage of pigment production. Wet weights
were not used either, because of the Junlon in the medium which would sediment
with the mycelium whenever the mycelium was spun down in order to harvest a

pellet. The raw results may be seen in the Appendix section III.

3.3.1 Results

The notation seen in Table 3.1 will be used for all the growth profiles in this
chapter, to describe the colour of pellets and the colour of the medium. The
culture density was denoted by a series of increasing + signs and this represents
pellet number and not biomass. As growth was not dispersed, the pellets increased

in size throughout the experiments.

Culture Density ‘ Pellet Colour Medium Colour
H+ extremely dense w  [white L lilac
-+ dense p |pink LB |light blue
+++ moderate r |red B blue
++ sparse b |blue DB |dark blue
+ some outgrowth y [yellow GB |grey blue
g |grey G |grey
Y yellow
YN |yellow/green

Table 3.1 Notation for Growth Profiles Indicating the Density of Cultures, the
Pigmentation of Mycelial Pellets and the Pigmentation of the Medium
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The results seen in Figure 3.3 indicated that the optimum range of inoculum
concentration would be between 1 X 104 and 4 X 104 spores/ml of medium. As
expected, the culture density appeared to be proportional to the inoculum size. An
interesting observation arose from this experiment. The very high levels of
inoculum produced a very dense culture within a single day, but appeared to be
unable to produce the sequence of pigments usually observed. Presumably, the lack
of pigmentation was because essential nutrients for secondary metabolic pathways
had been depleted during growth. Furthermore, the culture grown from the lowest
inoculum concentration did not produce actinorhodin. Similar results with respect
to different inoculum concentrations, were later noted by Hobbs et al., (1990).

Growth rate will be affected when the nutrient concentration falls below the
Kp (the substrate concentration for which the reaction rate is at half its maximal
value). At this point, the rate of transport of nutrients is the limitting factor in
growth rate. As mentioned earlier, in liquid minimal medium with streptomycetes
formation of pellets is a problem as cells at the centre of a pellet will be in a
different nutrient environment from those on the outside.

In the New Minimal Medium (NMM) as designed by Hobbs ef al. (1990), the
acidic polyacrylate Junlon was added to enable the mycelia to grow in a more
filamentous manner. It coats the biomass and as mentioned earlier, is thought to
reduce mycelial aggregation by acting as a charge dispersant. Hodgson (1982)
reported improved and more dispersed growth in media containing PEG and so it
has also been suggested that the degree of pellet formation is related to the
viscosity of the medium. Junlqn is viscous and might, therefore, also provide some
mycelial support (see 2.2.1.2). However, des<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>