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ABSTRACT 

A genomic library was screened to determine whether genes in the biosynthetic pathway leading to 

the polyketide secondary metabolite patulin are clustered in the filamentous fungus Penicillium 

palulum. The regions of chromosome around the first gene in the pathway, which encodes 6- 

niethylsalicylic acid synthase (MSAS), were examined for the presence of co-expressed linked 

genes. By means of chromosome walking, DNA sequence analysis and northern blotting two open 

reading frames (ORFs) were identified in the 6 kb upstream of MSAS that corresponded to 

concurrently transcribed regions of chromosome. These were designated ORFI, the source of a 1.5 

kb transcript and ORF2, the source of a2 kb transcript. Comparison of the predicted gene product 
for ORF2 with a protein sequence database indicated high levels of similarity to cytochrome P450 

enzymes, a type of enzyme thought to be involved in the patulin biosynthetic pathway. Four 

introns were identified in the ORF2 gene ranging in size from 50 to 105 bp. To facilitate 

assessment of the enzymic activity of ORF2, a full length cDNA copy was expressed in E. coli as a 
fusion to the carboxy-terminus of glutathione S-transferase. 

Two pairs of degenerate PCR primers (LC I and LC2c, LC3 and LC5c) were designed for tile 

amplification of ketosynthase domain fragments from novel fungal PKS genes. Both primer pairs 

were shown to amplify one or more PCR products from a range of deuteromycete genomes. 
Southern blotting analysis confirmed that the products obtained from a genome using each pair of 

primers were ampl if ied from structurally distinct loci. PCR products obtained with the LCI/2c 

primer pair from Penicilliumpatulum and Aspergillusparasiticus were cloned and sequenced; a 

Verticillium dahliae PCR product was sequenced directly. Comparison of the sequenced PCR 

products with protein sequences in the SwissProt database showed that the polypeptides encoded 

by the amplified DNA fragments were highly homologous to other type I PKS genes. A simple 

phylogenetic analysis suggested that the genes from which these fragments were amplified were 

closely related to fungal PKS genes involved in pigment and aflatoxin biosynthetic pathways. 

A 6.5 kb fragment of Penicilliumpatulum genomic DNA containing a complete novel PKS gene 
(PKS2)was sequenced. Analysis of the PKS2 sequence suggested that the predicted gene product 

encoded ketosynthase, acyltransferase, dehydratase, ketoreductase and acyl carrier protein domains 

and was structurally similar to MSAS. Northern analysis showed that PKS2 is not expressed under 

culture conditions where MSAS is transcribed. A closely linked and divergently transcribed 

cytochrome P450 gene was identified in the region of chromosome downstream of PKS2. 
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Chapter I 

Introduction 



1.1 POLYKETIDES 

1.1.1 Origins of the polyketide hypothesis 

The biosynthetic origins of the polyketide metabolites were established by the sequential 

contributions of three workers, John N Collie, Robert Robinson and Arthur J Birch (Birch, 

1967; O'Hagan, 1991). Collie proposed that ketene (CH, =C=O) might be the basic unit 
from which a number of aromatic plant metabolites are constructed and termed these 

metabolites polyketides (Collie, 1907). However this analysis had little impact on 

contemporary scientists and his basic hypothesis was not built on for four decades. By this 

time the involvement of acetate in fatty acid biosynthesis had been established by feeding 

13C 
- and deuterium-labelled acetates to mice and rats then measuring the accumulation of 

these isotopes in their fatty acids (Rittenberg & Bloch, 1944,1945). Sir Robert Robinson, 

inspired by this revelation, enlarged upon Collie's original hypothesis, predicting the 

origins of the tetracycline antibiotics along with other polyketides. Birch independently 

began to outline his "acetate hypothesis" in the early 1950s , stating that acetate was the 

building block of many aromatic plant metabolites (Birch & Donovan, 1953). Birch was 
influenced by Collie's hypothesis but also by contemporary research into fatty acid 
biosynthesis, which indicated that acetyl coenzyme A acts as an "active acetate". This 

version of the hypothesis was supported by extensive experimentation, both indirectly by 

its use in structural analysis of aromatic polyketide metabolites (Birch, 1967) and directly 

by feeding experiments in Penicillium griseofulvum, wherein isotopically labelled acetate 

was shown to be incorporated into the polyketides 6-methylsalicylic acid (6MSA) and 

griseofulvin (Birch et aL, 1958, Birch, 1967). 

Early research into polyketide biosynthesis tended to concentrate on the elucidation of 
biosynthetic pathways via identification of intermediate metabolites. More recent research 

efforts have tended to focus on the isolation and characterisation of pathway enzymes and 

enzyme genes and also on the biochemical and genetic mechanisms regulating the 

production of these compounds. 

1.1.2 Occurrence in nature and biological activity 
To quote David O'Hagan (1995) "There is no other class of natural products ..... so 

extensively distributed in the biosphere". Polyketides probably represent the largest class of 

secondary metabolites and are produced by many organisms from bacteria to higher plants. 
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Some polyketide metabolites from various taxa are described below, with notes on their 

biological activity (reviewed by Hopwood & Sherman, 1990; O'Hagan, 1991,1995; Turner 

& Aldridge, 1983). 

All plants produce flavonoids, such as the anthocyanins, which are responsible for flavour 

in many foods of plant origin and colouring in many flowers. Other flavonoids have a 

protective role, acting as UV-screening and antifeedant agents. The urishiols are irritants 

found in poison ivy. Stilbene and isoflavonoid phytoalexins are antifungal compounds 

produced in response to fungal infection. Various compounds with potential anticancer 

properties have been isolated from higher plants such as giganin, found in the bark of 
Goniothalamus giganteus. 
The fungal kingdom is the source of most of the polyketide secondary metabolites 
identified so far; some examples are shown in figure 1. Filamentous fungi often produce 

mycotoxins of polyketide origin (Steyn, 1992), including the aflatoxins and ochratoxins 
from Aspergillus spp., ergochromes from Claviceps and patutin from Penicillium. Several 

fungal polyketides have been identified as antibiotics, such as the antifungal griseofulvin 

and the antibacterial brefeldin A from Penicillium spp. Polyketide-derived 

dihydroxynapthalene melanins are required for infection by phytopathogenic fungi and 

some phytotoxins have a polyketide origin. Many of the vivid pigments which colour 

macromycete fruit bodies are polyketides, for example the anticancer agent austrocortirubin 

which is produced by the toadstool Dermocybe splendida (Gill, 1994). Compactin and 

mevinolin (also known as lovastatin), metabolites of Aspergillus terreus, are in vivo 
inhibitors of cholesterol biosynthesis and of obvious pharmaceutical interest. 

The marine environment has proven to be a rich source of novel polyketides, which are 

produced by a diverse range of organisms. Examples include very elaborate dinoflagellate 

toxins like maitotoxin from Gamberdiscus toxicus and the brevetoxins produced by 

Gymnodium spp., also polypropionates similar to those produced by bacteria which are 

found in some species of molluscs. 
While insects are not usually considered as major producers of polyketides, the limited 

evidence available suggests that they do make use of polyketide biosynthetic pathways. 
Volatile aromatic polyketides such as methyl 6-methylsalicylic acid and mellein are used 

by various ant species as pheromones, playing a role in communication or signalling 

between individuals. 
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Figure 1.1 Examples of fungal polyketide structures and biological activities. 
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The most prolific prokaryotic producers of polyketides are the filamentous actinomycetes 

and the genus Streptomyces in particular. These bacteria elaborate hundreds of diverse 

antibiotics, including the tetracyclines, the anthracyclines, the macrolides (e. g. 

erythromycin), polyethers (e. g. monensin), ansamycins (e. g. rifamycin) and avermectin (an 

anti-helminthic). Streptomyces spp. also produce pharmaco logically active compounds 

such as the immunosupressant macrolide FK506 and the antiturnour drug aclacinomycin A. 

Some actinomycete polyketides may function as signal molecules in development (e. g. 

pamamycin). Mycobacteriumphlei produces 6-methylsalicylic acid which is involved in 

iron uptake mechanisms. 
A few polyketide antibiotics are produced by non-actinomycete bacteria, e. g. pseudomonic 

acid (mupirocin) from Pseudomonas and aurantinin from Bacillus. The Myxobacteria 

produce several diverse antibiotics. The plant pathogen Pseudomonas syringae produces 

the phytotoxin coronatine which has a polyketide component. Specificity signalling 

molecules for legume recognition produced by Rhizobium leguminosum and R. meliloti are 

thought to be polyketide in origin. 
While polyketide metabolites seem to be most abundant in the actinomycete bacteria, the 

filamentous (lower) fungi, marine organisms and the higher plants, this could merely 

represent the intensity of interest in the polyketide metabolites of these groups, a 

consequence of their biological activity (Hopwood & Sherman 1990). 

1.2 POLYKETIDES AS SECONDARY METABOLITES 

1.2.1 Secondary metabolism 
The biochemical processes in a living cell can be divided into two categories. Primary 

metabolism provides energy and raw materials for normal cell function and replicatory 

growth. Examples of primary metabolic processes include fatty acid biosynthesis, DNA 

replication, protein synthesis and glycolysis. Several succinct definitions of secondary 

metabolism have been proposed over the years (a selection is reviewed by Bennett, 1995); 

a useful contemporary one is: "biochemical pathways which are not necessary for the 

growth or reproduction of an organism, but which can be demonstrated genetically, 

physiologically or biochemically" (Hunter, 1992). Secondary metabolites, also referred to 

by some authors as natural products or idiolites, are of relatively low molecular weight and 

are very diverse in their chemistry. Due to their fundamental nature the processes of 
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primary metabolism are widely distributed in nature. This is in contrast to secondary 

metabolic pathways, which tend to have a restricted taxonomic distribution and are often, 

specific to a particular genus, species or strain (Herbert, 1989). It has been suggested that 

the ability to produce secondary metabolites is associated with occupancy of particular 

ecological niches rather than with phylogeny (Hunter, 1992). An example can be seen in 

the filamentous fungi and the actinomycete bacteria: these taxonomically very distant 

groups tend to occupy the same ecological niche and both groups are prolific producers of 

secondary metabolites, while many species which are more closely related to either the 

bacteria or the fungi do not synthesise these products. Secondary metabolites are mainly 

synthesised from a small group of primary metabolites: acetyl-CoA, amino acids, 

mevalonic acid and the intermediates of the shikimic acid pathway (Herbert, 1989). The 

polyketides formed from acetyl-CoA probably represent the largest family of secondary 

metabolites; other families include the terpenes, steroids, alkaloids and shikimate 

metabolites. 

While the importance of secondary metabolites to their producers is somewhat obscure, the 

relevance of these natural products to humans is beyond question. Secondary metabolites 
have provided a vast array of antibiotics and other pharmaceutically active agents, while 
fungal toxins have a huge impact on agricultural economics and human/livestock health. 

The active constituents of many recreational drugs of natural origin and also many 

perfumes and spices are all derived from secondary metabolism. 

1.2.2 The evolution of secondary metabolism 
Secondary metabolites, by definition, do not have an explicit role in the internal economy 

of the producer organism. Many theories, often conflicting, have been put forward to 

suggest ecological roles for these products and explain the evolution of secondary 

metabolism (reviewed by Haslam, 1986; Williams et aL, 1989; Stone & Williams, 1992). 

The enzymes involved in secondary metabolism are similar to their counterparts in primary 

metabolism and probably evolved by gene duplication and divergence from these 

counterparts (Hunter, 1992; Vining, 1992). Nucleotide and predicted amino acid sequences 

of secondary metabolic pathway genes often show much weaker homology to genes for 

related enzymes of primary metabolism in the same organism than to those of primary and 

secondary metabolism in other organisms. This suggests that horizontal gene transfer has 

been an important factor in the spread of secondary metabolism (Vining, 1992). It seems 
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unlikely that these complex and energetically expensive pathways would have evolved if 

they did not afford some selective advantage to the producer. A convincing argument has 

been made that secondary metabolites serve to increase the survival fitness of the 

producing organisms by their interaction with specific receptors in competing organisms 
(Stone & William, 1992; Williams et aL, 1989). Thus secondary metabolism may act as an 

alternative defence mechanism in organisms which lack an inunune system. Analysis of the 

genetics of secondary metabolic biosynthetic pathways has provided some evidence in 

favour of this hypothesis, as described below (Stone & Williams, 1992). 

The genes for secondary metabolite biosynthesis in both actinomycete bacteria and 
filamentous fungi are generally clustered (Bennett, 1995; Hopwood & Sherman, 1990; 

Keller et aL, 1992; Keller & Hohn, 1997; Smith et aL, 1990). This linkage of pathway 

genes implies that they have cvolved as a unit to some extent and increases the probability 

that they will be passed on as a unit to subsequent generations or other species. Clustering 

of these genes would only be selected for if the secondary metabolite produced conferred 

some selective advantage on the producing organism. The fact that these clusters contain 

only functional genes involved in the biosynthetic pathway suggests that they could not 
have arisen by a series of evolutionarily neutral gene duplications and mutations. 

Many Streptomyces secondary metabolites are antibiotics. In some cases these antibiotics 

would kill the producing organism were it not for the action of resistance genes, which are 

often closely linked to the antibiotic biosynthesis genes. This linkage can be explained as a 

consequence of the lateral transfer of antibiotic biosynthesis genes between species; 

clustering of these genes improves the chances of the recipient organism receiving both 

antibiotic biosynthetic and resistance genes, hence avoiding self-destruction (Hopwood, 

1988). The existence of antibiotic resistance genes and their clustering with biosynthetic 

genes in this manner provides evidence that the antibiotics are produced by these organisms 

in their natural habitat and do exert some selective pressure. 
Links between sporulation and secondary metabolism have been reported in the bacilli and 

in various actinomycete species (reviewed by Betina, 1995). Genetic analysis of the 

actinomycete model system, Streptomyces coelicolor A3(2), has identified several genes 

which are essential for both aerial myceliurn formation (a prerequisite for sporulation) and 

secondary metabolism (Hopwood, 1988). The dual role identified for these genes, known 

as pleiotropic switches, clearly indicates that aerial mycelium formation and secondary 

metabolism are interrelated. The predicted products of genes involved in spore pigment 
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synthesis in both actinomycetes and fungi have been shown to have a high level of 

sequence homology to genes involved in polyketide secondary metabolite biosynthesis 

(Davis & Chater, 1990; Mayorga & Timberlake, 1992). This may indicate that antibiotic 

biosynthesis genes evolved from genes with a functional role in the sporulation process, 

with both sets of genes remaining under a common genetic control mechanism. 

Alternatively pleitropic switching may have evolved because the switching on of secondary 

metabolism will provide a defense mechanism and increase competitiveness during aerial 

mycelium formation and sporulation, processes which use up a great deal of metabolic 

energy and may leave the producing organism vulnerable. Pleiotropic switching may also 

be seen as a two-pronged defensive response to low nutrient levels and the accompanying 

increase in competition. 
Many antibiotic secondary metabolites interact with ribosomal and other RNA molecules, 

affecting intron splicing, peptide bond formation and other processes involved in protein 

biosynthesis (Davies, 1990; Hunter, 1992). A putative primitive function as effectors of 

protein synthesis could have evolved into the antagonistic role of today's antibiotics, many 

of which act on the ribosome (Davies, 1990; Hunter, 1992). This suggestion could imply a 

broader role for the primordial predecessors of the secondary metabolites as enzyme 

effectors or catalytic agents in various biosynthetic reactions. Another suggested primordial 

role for secondary metabolites is as agents of cellular communication; many are known to 

be 'receptor active' and some microbes have been shown to have vertebrate-like receptors 

(Hunter, 1992; Roth et aL, 1986). 

1.3 POLYKETIDE BIOSYNTHESIS 

1.3.1 Polyketide chain assembly 

The polyketide metabolites exhibit a huge range of structural diversity, from simple 

aromatic compounds such as 6-methylsalicylic acid to gigantic, complex molecules like the 

polycyclic ether maitotoxin, the largest known secondary metabolite with a molecular 

weight of 3.4 kDa (O'Hagan, 1995). In general, fungal and plant polyketides tend to be 

aromatic and structurally less complex than those of bacteria and marine organisms. 

However they are all formed by the decarboxylative condensation of small carboxylic acids 

in a head to tail fashion to form a carbon "backbone" (figure 2). Each carboxylate unit 

contributes two carbon atoms to the growing chain, the B-carbon carrying a keto group. 
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According to the number of two-carbon units that have contributed to its biosynthesis, the 

resultant chain is designated a tetraketide, pentaketide, etc. Each condensation may be 

followed by a cycle of modifying reactions on the keto group, including some or all of the 
following: ketoreduction, dehydration and enoyl reduction. The keto groups on the carbon 
backbone may undergo all these reactions and be completely reduced to methylene groups 
as in the fatty acids. The other extreme is for no reduction to take place resulting in an 

extended poly-B-keto chain. Many polyketide metabolites show a degree of reduction 

somewhere between these two extremes, the result of selective deployment of the reducing 

and dehydrating activities. 
The "starter" unit for the carbon chain may be an acyl thioester such as acetyl-CoA, 

propionyl-CoA, benzoyl-CoA, or a more complex thioester of e. g. cinnamate or an amino 
acid. Extension of the carbon chain unit will be by malonyl-CoA units (often referred to as 
"acetate"). In bacterial or marine polyketides methylmalonyl-CoA ("propionate") or 

ethylmalonyl-CoA ("butyrate") may extend the growing chain, giving rise to pendant 

methyl or ethyl groups. While fungi are not known to incorporate extender units other than 

malonate, additional branching methyl groups may be seen in some polyketide metabolites 

of fungi or plants; these are derived from L-methionine (Birch, 1958). 

The huge range of naturally-occurring polyketide structure can be attributed to the 
following features of polyketide biosynthesis (O'Hagan, 1991; Simpson, 1995): 

1. Selective processing of keto groups. 
2. Use of a variety of chain starter and extender units. 
3. Variation in overall chain length and cyclisation of the polyketide "backbone". 

4. Subsequent modifications of the polyketide backbone. 

1.3.2 Fatty acid synthase enzymes 
Fatty acids are primary metabolites, found in all living cells due to their roles as membrane 

components and as an energy store in the form of triglycerides. Fatty acid biosynthesis 

(reviewed by O'Hagan, 1991,1995) is closely analogous to polyketide biosynthesis, 

requiring similar enzymatic activities. Indeed fatty acid biosynthesis may be considered as 

a subset of polyketide biosynthesis in which a restricted range of substrates is utilised, all 

keto groups are completely reduced to methylene and chain termination is usually 

accompanied by ftu-ther processing of the carbon chain. Until the discovery of the modular 

PKS enzymes responsible for complex polyketide assembly (to be discussed below) it was 
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believed that all polyketides were assembled by synthases related to fatty acid synthases 
(FAS), the enzymes responsible for long chain fatty acid (LCFA) biosynthesis. All FAS 

systems fall into two distinct classes: type I systems consist of a multifunctional 

polypeptide possessing the required catalytic domains for LCFA biosynthesis and are found 

in some actinomycetes, fungi and animal systems; the type II FAS, found in bacteria such 

as E coli, cyanobacteria and plants comprises a number of separate polypeptides, each 

carrying a single catalytic domain. 

Yeast and other fungal FAS enzymes consist of two multifunctional subunits, cc and 

which between them comprise the full complement of enzymic activities for LCFA 

biosynthesis. The (x subunit provides ketoreductase, ketosynthase and ACP domains and 
the B subunit provides acetyl, malonyl and palmitoyl transferases, enoylreductase and 
dehydratase domains. The subunits each have a molecular mass of about 200 kDa and are 

arranged in a complex as an CC6P6 hexamer. FAS genes for the subunit proteins have been 

cloned from yeasts such as Saccharomyces cerevisiae and Yarrowia lipolytica (K6ttig et 

al., 1991; Mohamed et al., 1988; Schweizer et al., 1986) and the filamentous fungus 

Penicillium patulum (Wiesner et al., 19 8 8). The sequential order of catalytic domains 

appears to be identical in each case. There is no thioesterase domain apparent in these 

deduced amino acid sequences; the product of these FAS enzymes is a CoA thioester rather 
than the free fatty acid (Robinson, 1991). 

The vertebrate type I FAS complex has a completely different architecture: all functional 

domains are found on a single polypeptide. In vivo the enzyme is found as a dimer with a 
typical native molecular mass of 540 kDa. Inhibition and cross-linking studies (reviewed 

by Alberts & Greenspan, 1984) have shown that the ketosynthase and acyl carrier protein 
thiol (-SH) groups, implicated in covalent binding of the growing carbon chain, are 
juxtaposed in the dimer, allowing them to interact during the condensation process. Genes 

for vertebrate FAS have been cloned from many species, including chicken (Holzer et al., 
1989), rat (Amy et al., 1989; Schweizer et al., 1989) and human (Jayakumar et al., 1995); 

all show a high colinear similarity over the various domains. 

The type II FAS found in most bacteria consists of a minimum of seven discrete 

monofunctional enzymes and an ACP (O'Hagan 1991). There is no evidence to suggest that 

the discrete proteins of the type II FAS complex are aggregated within living cells and 
indeed aggregation is not necessary for activity in vitro (Robinson 1991). The bacterial type 
11 system studied in greatest detail is palmitate synthase from E coli (reviewed by 



Hopwood & Sherman, 1991), which has three distinct ketosynthase enzymes. B-Ketoacyl 

synthase III catalyses the condensation of malonyl-ACP with acetyl-CoA, rather than the 

usual substrate of acetyl-ACP (Tsay et al., 1992). Some actinomycete bacteria such as 
Mycobacterium tuberculosis have a type I FAS which resembles a head to tail fusion of the 

two fungal subunits (Fernandes & Kolattukudy, 1996). 

Plant FAS are generally associated exclusively with chloroplasts and are of the primitive 
bacterial type II category, consistent with the endosymbiotic origins of the chloroplasts. 
Multiple ketosynthase and ACP enzymes have been observed in plants (Hopwood & 

Sherman, 1990). FAS component genes have been cloned from a number of higher plant 

species (T6pfer & Martini, 1994). ACP has been studied most intensively and appears to be 

encoded by gene families (T6pfer & Martini, 1994). 

1.3.3 Polyketide synthase enzymes 
The biosynthesis of a polyketide metabolite is mediated by a multifunctional enzyme 

complex known as a polyketide synthase or PKS. In common with the fatty acid synthases 
these have been classified into two categories, the type I PKS which are single 

multifunctional polypeptides and the type II PKS which consist of a multi-enzyme complex 

wherein each component enzyme carries out a single catalytic function. A third category of 
PKS found in the actinomycete bacteria has been shown to have a modular organisation, 
described below. 

A polyketide synthase will require several enzymic domains: a ketosynthase (condensing) 

domain; an acyl carrier protein (ACP), which binds the acylthioester intermediate at most 

stages in synthesis; acyl and malonyl transferases to load substrates onto the enzyme and a 
thioesterase activity to remove the finished product. In addition it may possess 
ketoreductase, dehydratase and enoylreductase functional domains for the processing of 
keto groups. All of these catalytic activities are structurally and functionally similar to the 

corresponding components of the FAS complex. A cyclase activity will also be present in 

PKS responsible for the synthesis of aromatic polyketides. 
While polyketide metabolites seem to be widespread in nature, the enzymology of their 

biosynthesis has, so far, only been studied in bacteria, fungi and higher plants. Most efforts 

to purify active PKS for characterisation and mechanistic studies have been unsuccessful 
because of the size, complexity and instability of these enzymes. 
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1.3.3.1 Bacterial polyketide synthase enzymes 

There has been no reported attempt to elucidate the biochemistry of a bacterial PKS 

enzyme by in vitro study of purified enzymes (Hutchinson & Fujii, 1995). Mechanistic 

studies have so far taken place in vivo, using recombinant bacteria to express native or 

mutant PKS genes or to examine the effect of mutations on the chromosomal PKS genes. 
The insights gained from these studies tend to be inferential. Reasons for this lack of 

progress include the low levels of expression of enzymes of secondary metabolism and the 

consequential difficulty of obtaining a purified enzyme preparation, as well as problems in 

devising useful assays based on cell-free activity (Robinson, 1991; Dutton, 1988). Luckily 

the genes encoding these enzymes have not been so difficult to isolate and gene sequences 

obtained have provided information on the primary structure of many bacterial PKS 

proteins. In vivo and cell-free activity of recombinant PKS from the erythromycin A and 

tetracenomycin biosynthetic pathways have been reported, and the availability of in vitro 
PKS systems should allow a direct investigation of the mechanisms of enzyme action (Kao 

et al., 1994; Pieper et al., 1995a, b; Shen & Hutchinson, 1993b). Researchers in Professor 

T. J. Simpson's group at the University of Bristol have succeeded in expressing several type 

II Streptomyces PKS acyl carrier proteins in E coli. High yields of expressed protein have 

been achieved, with the active holo-ACP being produced in some cases (Cox et al., 1997; 

Crosby et al., 1995). Heterologous expression of these ACPs will facilitate the study of 

ACP structure and function and has already led to the determination of the solution 

structure of the act apo-ACP, the only three-dimensional structure of a PKS component 

elucidated to date (Crump et al., 1997). 

1.3.3.2 Fungal polyketide synthase enzymes 
From the examples described to date, mostly predicted from gene sequences, it appears that 

fungal PKS enzymes fall into the type I category. All the catalytic domains required for 

synthesis of the polyketide product are found on a single large polypeptide, encoded by a 

single gene. 
Studies of enzymology carried out on fungal PKS systems are described in detail below. 

1.3.3.2.1 6-Methylsalicylic acid synthase 
The fungal PKS which has to been studied most extensively is 6-methylsalicylic acid 

synthase (6MSAS) from Penicillium patulum. This enzyme catalyses the formation of the 
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tetraketide 6-methylsalicylic acid (6MSA), the first stable free intermediate during 

biosynthesis of the mycotoxin patulin, from one molecule of acetyl-CoA and three 

molecules of malonyl-CoA (figure 3). 

This enzyme has been purified to varying extents by several groups (Dimroth et al., 
1970,1976; Scott et al. 1974; Spencer & Jordan, 1992a). 6MSAS is highly susceptible to in 

vivo and in vitro proteolytic degradation, but may be stabilised by incorporating proteinase 
inhibitors into the purification buffers (Spencer & Jordan, 1992a). The substrate specificity 

of 6MSAS has been assayed and Krn values obtained for acetyl- and malonyl-CoA in the 

range 7-20 ýiM (Dirnroth et al., 1970; Spencer & Jordan, 1992a). The enzyme has been 

shown to accept propionyl-CoA in place of acetyl-CoA as a chain starter unit (Dimroth et 

al., 1976). In the presence of propionyl-CoA, synthesis of 6-ethylsalicylic acid was found 

to occur at 13% of the normal rate for 6-methylsalicylic acid. An acetyl transferase activity, 

analogous to that found in FAS, has been shown to transfer acetyl residues from acetyl- 
CoA to pantetheine and is also capable of catalysing propionyl transfer at a reduced rate. 
This reduced rate of synthesis with alternative starter units, together with a lower cellular 

concentration relative to acetyl-CoA, is thought to ensure that only 6MSA will be 

synthesised in vivo. Acetoacetyl-CoA, a partially assembled diketide intermediate, was also 

accepted as a substrate for chain elongation but it again resulted in a greatly reduced 

reaction rate, less than 5% of the normal value (Spencer & Jordan, 1992a). SDS-PAGE and 

gel filtration analysis characterised the native enzyme as a hornotetramer with a subunit of 
180 kDa (Spencer & Jordan, 1992a). Cross-linking studies using the bifunctional sulfhydryl 

reagent 1,3-dibromopropan-2-one indicated that the functional enzyme may take the form 

of a dimer with juxtaposed ketosynthase and ACP domains from two associated proteins 

making up the condensing active site, a similar arrangement to that found in the type I 

vertebrate FAS (Child et al., 1996; Jordan & Spencer, 1993; Spencer & Jordan, 1992). In 

vitro, 6MSAS will undergo a chain terminating abortion reaction leading to the formation 

of the triketide triacetic acid lactone, which indicates that product release can occur before 

the normal chain length is reached (Schorr et al., 1994). In the absence of the coenzyme 
NADPH triacetic acid lactone is formed as the exclusive product of 6MSAS (Dimroth et 

al., 1970; Scott et al., 1974; Spencer & Jordan, 1992a). This suggests that the enzyme- 
bound triketide is unable to react with a further malonyl-CoA unit unless the NADPH- 

dependent reduction reaction has occurred. This is consistent with a proposed processive 

mechanism of polyketide formation, in which processing of the keto groups occurs during 
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Figure 1.3 Hypothetical reaction pathways for 6-methylsalicylic acid biosynthesis in Penicillium 

patulunL 
The upper pathway from acetyl- and malonyl-CoA to 6-methylsalicylic acid (6MSAS) is adapted from 

Bedford et aL (1995) and follows the route proposed by Dimroth et aL (1970), in which triacetic acid (TAA) 

reduction is followed by dehydration. 

The lower pathway from TAA to 6MSAS is an alternative proposed by Schorr et aL (1994) wherein 

dehydration occurs at the tetracetic rather than the triacetic acid level. 

E, PKS enzyme; SK, ketosynthase active cysteine; SAcp, ACP prosthetic group; KS, ketosynthesis; AT, acetyl 

transfer; MT, malonyl transfer; *, transacylation from ACP to ketosynthase active site; KR, ketoreduction; 

CYC, cyclisation. 
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the assembly of the polyketide chain (O'Hagan, 199 1; Spencer & Jordan, 1992a). 

However, the subsequent dehydration of the keto group seems to occur after condensation 

of the third malonyl-CoA onto the carbon chain, along with cyclisation of the tetraketide 

intermediate (figure 3 and Schorr et al., 1994). Release of the completed 6MSA molecule 
from the enzyme is not inactivated by treatment with the serine protease inhibitor PMSF 

and is therefore unlikely to occur via the action of a serine-dependent thioesterase, as in the 

structurally similar mammalian FAS (Stoops & Wakil, 1981). Product release from 

6MSAS may involve a different class of thioesterase or another mechanism altogether 

(Jordan & Spencer, 1993; Schorr et al. 1994; Spencer & Jordan, 1992a). 

In common with the fatty acid synthases, 6MSAS incorporates malonyl-CoA into the 

reactive polyketide intermediates by a highly stereospecific process. The NADPH- 

dependent ketoreductase has been shown to be Si-face specific, which is the same 

stereo selectivity exhibited by FAS (Schorr et al., 1994). The steric course of the reaction 

has been investigated using iso topical ly-labell ed chiral malonyl Co-A derivatives which 

were incorporated into 6-methylsalicylic acid using purified 6MSAS (Spencer & Jordan 

1992b). An understanding of the stereochernical events involved will be necessary to 

elucidate the mechanistic course of the reaction at each stage of the synthesis (Jordan & 

Spencer, 1993; Spencer & Jordan, 1992b). 

1.3.3.2.2 Orsellinic acid synthase 
The only other fungal PKS for which purification, characterisation and mechanistic studies 

have been reported is orsellinic acid synthase, from Penicillium cyclopium (Jordan & 

Spencer, 1993; Spencer & Jordan, 1992). Orsellinic acid, a tetraketide, is structurally very 

similar to 6MSA and is synthesised from the same substrates, but it is a non-reduced 

polyketide. As a consequence orsellinic acid synthase lacks the reductase and dehydratase 

activities found in 6MSAS and, consistent with its smaller size (130 kDa), the protein 

appears to lack the corresponding functional domains. In contrast to 6MSAS, orsellinic 

acid synthase does not produce the by-product triacetic acid lactone, suggesting that the 

missing reductase and/or dehydratase catalytic sites may be involved in release of the 

triketide (Jordan & Spencer, 1993). As with 6MSAS, orsellinic acid synthase appears to 

exert a high degree of steric control over the reactions it catalyses. 
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1.3.3.3 Higher plant polyketide synthase enzymes 
Two closely related higher plant PKS enzymes have been purified from cell-suspension 

cultures and characterised. Stilbene synthases (STS) are involved in the biosynthesis of 

stilbene-type phytoalexins and different types of STS can be distinguished by their 

substrate specificities (Schr6der et al., 1988). Resveratrol synthase (RS) from Arachis 

hypogaea (peanut) is an STS which catalyses the synthesis of the phytoalexin resveratrol 
from an aromatic 4-coumaroyl-CoA starter unit and three molecules of malonyl-CoA 
(Sch6ppner & Kindl, 1984). Chalcone synthases (CHS) are ubiquitous enzymes in higher 

plants that perform a key reaction in flavonoid biosynthesis, utilising the same substrates as 
RS (Hopwood & Sherman, 1990; Schr6der et al., 1996). A CHS which produces the 

flavonone naringenin has been purified from Petroselinum hortense (parsley) (Kreuzaler & 

Hahlbrock, 1975). RS was found to have a specific requirement for malonyl-CoA and, 

while it would accept various CoA thioesters of aromatic carboxylic acids in place of 4- 

coumaroyl-CoA, these gave greatly reduced yields of stilbene product. CHS also exhibits a 

narrow specificity as far as aromatic CoA esters are concerned but will utilise aliphatic 

starter molecules at a similar efficiency to that observed for 4-coumaroyl-CoA (Schilz et 

al., 1983). Taking into account the similarities between CHS and the B-ketoacyl-ACP 

synthase of FAS, this may indicate that the CHSs have evolved from an enzyme acting on 

aliphatic substrates (SchUz et al., 1983). Although STS and CHS enzymes catalyse the 

same sequence of condensations, differential folding of the carbon chain prior to 

cyclisation will lead either to an aldol reaction and a stilbene product or to a claisen ester 

condensation and a chalcone product (Sch6ppner &Kindl, 1984). Both enzymes have a 

similar subunit molecular weight and exhibit a dimeric active form. These enzymes lack 

both ACP and acyltransferase activities; they utilise acyl CoA thioesters directly as 

substrate rather than ACP-linked units and are essentially equivalent to the B-ketoacyl 

synthase III of the Escherichia coli FAS. Recent characterisations of related enzymes 

suggest that CHS and STS are members of an enzyme superfamily which makes use of 

widely varying starter units (Junghanns et al., 1995; Schr6der et al., 1996). 

The partially reduced polyketide 6-hydroxymellein is a direct precursor of an antimicrobial 

agent produced by carrot cells as a defensive response to pathogen attack. 6- 

Hydroxymellein synthase, a polypeptide with several functional domains, has been partially 
(240-fold) purified and characterised (Kurosaki et al., 1993). The NADPH-dependent 
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ketoreduction involved in 6-hydroxymellein biosynthesis exhibits identical 

stereospecificities to those of the FAS B-ketoacyl re'ductase. 

1.3.4 Molecular programming in polyketide synthases 
The great diversity in polyketide structure is due to the variations on the mechanistic theme 

of fatty acid biosynthesis that may be employed by the PKS enzyme. These may include 

varying degrees of reduction, use of chain extension units other than malonyl-CoA, 

methylation and cyclisation of the carbon chain and chain termination. To ensure consistent 

synthesis of the correct polyketide, these activities must be deployed at the correct stage in 

the biosynthetic pathway; this regulation is known as molecular programming. 
In the case of the modular PKS enzymes, a separate functional domain is responsible for 

catalysing each stage of the synthesis. Molecular programming and hence the structure of 

the final product is mediated by the specificity of each synthase unit for the correct 
intermediate and extender unit (Donadio et aL, 199 1). In the case of the type I and type Il 

PKS, only a single set of functional domains is present as in the FAS. To introduce 

complexity into the polyketide product the PKS must utilise these active sites selectively in 

a defined order. An example of this can be seen in the case of 6-methylsalicylic acid 

biosynthesis where NAPDH-dependent reduction of the intermediate occurs only once, at 

the C6 stage, during the three cycles of chain extension catalysed by 6MSAS. 

How this regulation is accomplished is not fully understood as Yet, but some useful 
inferences have been drawn from the comparison of 6MSAS with orsellinic acid synthase 

which produces a structurally similar but non-reduced tetraketide (Jordan & Spencer, 

1993). Although the enzymes share a C6 intermediate, under conditions of NADPH 

starvation, where no reduction will occur, orsellinic acid will not be produced by 6MSAS 

(as discussed above). This suggests that either 6MSAS will not incorporate a further 

malonyl-CoA unit into the unreduced C6 intermediate or it is unable to cyclise an 

unreduced C8 carbon chain. Hence 6MSAS is programmed to produce only 6- 

methylsalicylic acid as an end product (Jordan & Spencer, 1993). 6MSAS and the fatty acid 

synthases will release their common C6 intermediate as the triacetic acid lactone by- 

product. This background reaction does not occur in the case of orsellinic acid synthase, 
leading to speculation that the ketoreductase or dehydratase domains missing from 

orsellinic acid synthase may be involved in the triacetic acid release mechanism (Jordan & 

Spencer, 1993). 
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The FAS ketosynthase enzymes of E coli and spinach leaf have been shown to exhibit 

greatly reduced activity on substrates with a chain length over a certain size (reviewed by 

Hopwood & Sherman, 1990). This suggests an essential role for these proteins in chain 
length deten-nination by some FAS and PKS systems. At most stages in polyketide 
biosynthesis the active sites of the PKS interact with an ACP-bound intermediate; this 

small Protein domain could have a major influence on the programming of the PKS. 

Enzyme attachment via the ACP could effect channelling of intermediates along the correct 

pathway by imposing conformational constraints on the stereochernistry of the catalytic 

activities (Hopwood & Sherman, 1990; Hutchinson & Fujii, 1995; Jordan & Spencer, 

1993). 

1.4 POLYKETIDE SYNTHASE GENES 

1.4.1 Bacterial polyketide synthase genes 
Actinomycete polyketide synthase genes involved in the biosynthesis of aromatic 

polyketides, such as the Streptomyces coelicolor A3(2) act genes for actinorhodin 

biosynthesis, show a type II architecture (figure 4), with a cluster of open reading frames 

encoding the various iteratively-used components of the PKS (FernAndez-Moreno et al., 

1992; Hallam et al., 1988; Hopwood & Khosla, 1992; Hopwood & Sherman, 1990; 

Hutchinson & Fujii, 1995). All type II gene clusters identified so far include a set of three 

genes encoding the 'minimal PKS': the ketosynthase, which also carries a putative 

acyltransferase domain (Fem6ndez-Moreno et al., 1992; Shen & Hutchinson, 1993b); the 

chain length determining factor (CLF) and an ACP (McDaniel et al., 1995). The CLF is 

situated immediately adjacent to the ketosynthase in each case and is a highly homologous 

protein lacking the KS active site cysteine residue (McDaniel et al. 1993). Ketoreductase, 

methyltransferase and a cyclase/aromatase enzyme may also be present (Hutchinson & 

Fujii, 1995; McDaniel et al., 1995). The early discovery that some of these genes would 

extensively cross-hybridise (Malpartida et al., 1987), together with the close linkage of 

these genes, has facilitated the isolation of at least 13 clusters from various Streptomyces 

and Saccharopolyspora species (Hutchinson & Fujii, 1995). A strong similarity is apparent 

between these clusters in the linear arrangement and direction of transcription of the 

enzyme genes. 
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Some type II acyltransferase genes seem to be 'shared' between FAS and PKS complexes, 

including thejabD homologue involved in actinorhodin biosynthesis in Streptomyces 

coelicolor (Revill et al., 1995) and thejabD gene from S. glaucescens which may be 

involved in tetracenomycin biosynthesis (Summers et al., 1995). 

A number of published papers describe experiments designed to determine the specificities 

of the individual enzymes making up the type II PKS, via the complementation of mutants 

or the replacement of PKS components with their counterparts from other type II PKS and 

examination of the resultant metabolites. Act' mutants in the act ketosynthase gene have 

been functionally complemented to an Act+ phenotype by ketosynthase genes from the gra, 

whiE and otc type 11 PKS clusters, indicating a fairly general substrate requirement for this 

enzyme, whereas the act CLF was only complemented by its counterpart from the gra 

cluster (Kim et al., 1994; Sherman et al., 1992). Functional replacement of the act ACP has 

been achieved with heterologous ACPs from the tcm, gra, whiE andfren clusters and even 

with a putative FAS ACP from S. erythraea, indicating a broad substrate specificity for this 

enzyme (Khosla et al., - 1992,1993). 

A type 11 PKS gene involved in the biosynthesis of the polyketide component of the 

phytotoxin coronatine has recently been identified in Pseudomonas syringae (Penfold et 

al., 1996) and two unusual features of this PKS were noted. It is involved in the synthesis 

of a complex polyketide and is the first type II PKS to have been identified with such a 

role, in addition the putative dehydratase is related to the FAS dehydratase domain rather 

than the putative actinomycete type II PKS dehydratase. 

The actinomycete macrolide antibiotics are produced by modular/type I PKS enzymes. 

These are giant multifunctional proteins exemplified by the 6-deoxyerythronolide B 

synthase complex (DEBS), which is involved in the biosynthesis of erythromycin A by 

Saccharopolyspora erythraea (Bevitt et al., 1992; Donadio et al., 199 1). The genes 

encoding DEBS are located on a 30-35 kb segment of chromosome designated eryA. They 

consist of three large ORFs, each containing two modules which encode the unique 

catalytic sites required for two of the six elongation steps in the synthesis of the full-length 

carbon chain (figure 5). Domain inactivation studies have confirmed that the 5'-3' order of 

the six modules is colinear with the steps in assembly of the 6-deoxyerythronolide B 

(6dEB) backbone; this has led to the proposal of a non-itcrative model proposed for DEBS, 

wherein each module is involved in a single elongation step (Donadio et al., 1993,199 1). 
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Figure 1.5 Genetic model for 6-deoxyerythronolide B synthase (DEBS). 

Each module posesses a ketosynthase (KS), an acyltransferase (AT) and an acyl carrier protein (ACP) 

domain, in addition to a reductive segment consisting of an interdomain linker (-), a ketoreductase (KR) and, 
in module 4, dehydratase (DH) and enoylreductase (ER) domains. The KR domain in module 3 (KR*) lacks 

reductase activity. Lactone formation is catalysed by the thioesterase domain of module 6. 

When expressed heterologously in Streptomyces coeficolor, DEBS produces 6-deoxyerythronolide B (1) as 

well as 8,8a-deoxyoleandolide (2) (Kao et al., 1994). 

Adapted from Bedford et al. (1996). 
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A similar modular structure has been identified by DNA sequence analysis in other 

actinomycete type I PKS involved in the assembly of other complex polyketides, including 

the macrolide antiparasitic avermectins (MacNeil et al., 1994) and the macrocyclic 
immunosupressant rapamycin (Schwecke et al., 1995). The three clustered PKS genes 
(rapAIBIC) required for rapamycin biosynthesis in Streptomyces hygroscopicus together 

encode a total of 14 modules on three giant polypeptides (RAPS 1/2/3), making this the 

most complex multienzyme system identified so far (Aparicio et al., 1996; Schwecke et al., 
1995). In contrast to DEBS, many catalytic domains not required for the action of a 

particular RAPS module are present in an inactive form, rather than being- deleted 

(Aparicio et al., 1996). Genes encoding putative modular type I PKS have been identified 

in Bacillus sublilis (Albertini et al., 1995; Scotti et al., 1993) and also in Mycobacterium 

leprae (Hutchinson & Fujii, 1995; Robison & Smith, 1994), although the products are 

unknown in both cases. Polyether antibiotics such as tetronasin are derived from acetate, 

propionate and butyrate units, an origin so far associated with the type I PKS, although no 

such PKS has as yet been identified (Linton et al., 1994). 

1.4.2 Fungal polyketide synthase genes 
Fungal PKS may be considered as a hybrid category between the two classes of bacterial 

PKS; a single gene encodes all the active sites required for polyketide biosynthesis, which 

are used iteratively. Intron structure and functional domains of cloned fungal PKS genes 

are shown in figure 1.6. The Penicillium patulum 6MSAS gene was cloned by 

immunological screening of a genomic DNA expression library in 1990 (Beck et al., 1990). 

A 7.7 kb genomic DNA clone containing the Yterminus of this gene was subsequently 
isolated using a degenerate oligonucleotide probe (Wang et al., 199 1). Within the predicted 

protein product of 1774 amino acids, ketosynthase, ketoreductase, acyltransferase and ACP 

domains were identified by homology to animal FAS (Beck et al., 1990; Wang et al., 199 1) 

and a dehydratase domain by homology to the E coli FabA dehydratase (Bevitt et al., 
1992). Both amino acid sequence conservation in active domains and overall structural 

similarities are much higher when 6MSAS of P. patulum is compared to the type I animal 

FAS than when it is compared to its own homologous (x/B subunit type I FAS, suggesting 

that the PKS and FAS in this organism have arisen by convergent rather than divergent 

evolution (Beck et al., 1990; Hopwood & Sherman, 1990; Wang et al., 1991). There is no 

evidence of either an enoylreductase nor a thioesterase domain. The absence of an 
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Figure 1.6 Organisation of fungal PKS genes. 
The top line represents diagramatically the order of domains in a generic fungal PKS: KS, ketosynthase; AT, 

acyltransferase; DH, dehydratase; ER, enoylreductase; KR, ketoreductase ACP, acyl carrier protein; TE, 

thioesterase. 

Vertical bars indicate the approximate position of introns. 
Adapted from Yang et aL (1996). 

25 



enoylreductase is consistent with the biosynthetic scheme proposed for 6MSA (figure 3), 

and the lack of any recognisable thioesterase domain is consistent with results from studies 

of the MSAS enzyme (Jordan & Spencer, 1993; Schorr et al., 1994; Spencer & Jordan, 

1992a). A homologous gene from Aspergillus terreus has been cloned using the 

ketosynthase domain of Penicillium patuluni MSAS as a probe and shown to encode MSAS 

by heterologous expression in A. nidulans (Fujii et al., 1996; Pazoutova et al., 1995). The 

structure of this gene is very similar to that of P. patulum MSAS; a small 5'exon is 

separated from the body of the coding sequence by a short intron (Fujii et al. 1996). A 

reconstructed version of the P. patulum MSAS gene has been expressed in Streptomyces 

coelicolor strain CH999, resulting in the production of significant amounts of 6- 

methylsalicylic acid (Bedford et al., 1995). The use of this genetically well characterised 

system for expression should allow the use of genetic manipulations such as site-directed 

mutagenesis for the elucidation of structure-function relationships in MSAS and other PKS 

(Bedford et al., 1995). 

The A. nidulans wA gene, required for synthesis of a green pigment found in the mature 

conidial wall, was cloned by complementation of spore pigment mutants and characterised 

as a PKS by DNA sequence analysis (Mayorga & Timberlake, 1990,1992; Tilburn et al., 

1990). A polypetide of 1986 amino acids is encoded by wA, within which ketosynthase, 

acyltransferase and two ACP motifs have been identified by homology to other PKS and 

animal FAS (Mayorga & Timberlake, 1992). 

A PKS gene required for aflatoxin biosynthesis in A. parasiticus (pksA1pksLI) has been 

identified and cloned independently by three groups, using targeted gene disruption and 

homologous PCR-derived probes (Chang et al., 1995; Feng et al., 1995; Trail et al., 1995). 

Within the polypeptide of 2109 amino acids encoded by pksAlpksL I four functional 

domains have been identified: ketosynthase, acyltransferase, thioesterase and ACP (Chang 

et al., 1995; Feng et al., 1995). None of the domains involved in reduction of keto groups 

(ketoreductase, dehydratase, enoylreductase) can be identified and this is consistent with 

the proposed use of a hexanoate starter for chain building (Brobst & Townsend, 1994; 

Chang et al., 1995), provided by a specialised (x/B subunit type FAS (Mahanti et al. 1996; 

Watanabe et al., 1996). The pksA/pksL I predicted amino acid sequence shows a high 

similarity to A. nidulans wA and the first two introns in the two genes interrupt the coding 

sequence at the same sites, pksA/pksL I however has only a single ACP domain compared 
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to the two identified in wA and also has about 130 extra amino acids at the C-terminus 

(Chang et aL, 1995; Feng et aL, 1995). 

In addition to wA, a second PKS gene has been isolated from A. nidulans; pksST is required 
for biosynthesis of sterigmatocystin (ST), a product related to aflatoxin, and was cloned via 
the use of deletion mutagenesis to identify genes associated with ST biosynthesis (Yu & 

Leonard, 1995). The predicted gene product, 2181 amino acids in length, is very similar in 

sequence (77%) to pksAlpksLI of A. parasiticus, which presumably catalyses the formation 

of the same intermediate (Feng & Leonard, 1995; Yu & Leonard, 1995). The two genes 

also possess the same functional domains, although pbST has a duplicated ACP domain. 

Biosynthesis of the melanin required for infection by many plant pathogens is via the 1,8- 

dihydroxynaphthalene pathway and the first stage in this process is polyketide synthesis 
(Bell & Wheeler, 1986). PKSI, the PKS gene required for melanin biosynthesis in 

Colletotrichum lagenarium, has been cloned by complementation of an albino mutant 
(Takano et al., 1995). The 2187-residue amino acid sequence encoded by PKSI is 

extremely homologous to the predicted product of A. nidulans wA throughout its length and 

also exhibits the duplicated ACP domain; homology to P. patulum 6MSAS is restricted to 

active domains (Takano et al., 1995). 

Cochliobolus heterostrophus Race T uniquely produces a family of linear long-chain 

polyketides, collectively known as T-toxin, which are responsible for its virulent 

pathogenicity towards Texas male-sterile maize (Siedow et al., 1995). A PKS gene (PKSI) 

has been identified at the ToxI locus responsible for T-toxin production and disruption of 
PKS1 has been shown to eliminate both T-toxin production and fungal virulence (Yang et 

al., 1996). Ketosynthase, acyltransferase, dehydratase, enoylreductase, ketoreductase and 

ACP domains can be identified on the 2530-amino acid polypeptide encoded by PKSI, 

which shows a higher similarity to various bacterial PKS and animal FAS than to other 

fungal PKS (Yang et al., 1996). Although the G+C content and presence of introns in 

PKSI are consistent with a fungal origin, the codon usage within the ORF of PKSI differs 

from the majority of fungal genes, including most Cochliobolus genes (Yang et al., 1996). 

Together with the resemblance of PKS I to bacterial PKS, this suggests that this gene may 

have been acquired by horizontal transfer from a prokaryotic source; such an origin has 

been proposed previously for genes from Cochliobolus and other fungal species involved in 

pathogenicity (Masel et al., 1993; Panaccione et al., 1992; Yang et al., 1996). 
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A putative PKS gene, cloned from Aspergillus terreus, is known to be involved in 

biosynthesis of lovastatin, a highly reduced, methylated polyketide (Davis et aL, 1994). 

Sequence analysis indicated that the gene possesses the expected full set of FAS reducing 

activities and an integral methyltransferase domain. 

1.4.3 Higher plant polyketide synthase genes 
Chalcone synthase genes have been cloned from a number of higher plant species and 
found to be a highly conserved in amino acid sequence along most of the length of the 

protein (Niesbach-Kl6sgen et al., 1987). All CHS genes sequenced so far possess an intron 

at exactly the same point and this intron is conserved in genes for resveratrol synthase 
(Schr6der et al., 1988). Deduced amino acid sequences for CHS genes from different plant 

species are generally greater than 80% similar and the similarity between CHS and RS 

amino acid sequences is generally greater than 70% (Schr6der et al., 1988), indicating that 

the two types of enzyme are closely related. Neither enzyme resembles the FAS or PKS 

ketosynthases, which suggests that these two types of condensing enzyme are 

evolutionarily unrelated (Hopwood & Sherman, 1990). In both CHS and RS the active 

cysteine thiol is not part of a motif resembling the active site of other FAS or PKS KS 

enzymes, confirming the notion of a separate development for the CHS and RS enzymes 
(Lanz et al., 1991). Acridone synthase (ACS), an enzyme closely related to both CHS and 
RS which employs N-methylanthraniloyl-CoA as a starter unit, has been cloned from Ruta 

graveolens and its deduced amino acid sequence shows greater than 60% similarity to CHS 

enzymes from other species; only a few subtle changes in the primary sequence of CHS 

may be required to change the substrate specificity to that of ACS (Junghanns et al., 1995). 

1.4.4 The use of recombinant polyketide synthase enzymes as a source of novel 

polyketides. 

As a consequence of the pharmacological value of many polyketide natural products, a 

considerable amount of research is being directed towards the possibility of generating 

novel compounds via genetic engineering of biosynthetic pathways. Early experiments 

involved the transfer of partial or complete biosynthetic gene clusters between different 

polyketide-producing strains of Streptomyces and yielded the novel polyketides 
dihydrogranatirhodin and the mederrhodins (Hopwood et al., 1985). This empirical 

approach involved "tailoring enzymes" rather than the PKS-catalysed steps, as did the more 
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targeted genetic manipulations of Streptomyces ambofaciens, wherein the carE acylase 

gene was introduced from S thermotolerans to acylate the native macrolide product 

spiramycin (Epp et al., 1989; Hopwood et al., 1985; McDaniel et al., 1995). Subsequent 

studies aimed at the production of novel polyketides have focused on the PKS enzymes and 
have generally involved either rational design of recombinant modular type I PKS or 

combinatorial biosynthesis using type II systems. Both of these strategies are discussed 

below. 

The rational approach to producing novel macrolide compounds is based on the idea that 

each enzymic domain within a modular PKS should affect only a single step in 

biosynthesis (reviewed by Donadio et al., 1991; Katz & Donadio, 1993). Elucidation of the 

correlation between polyketide structure and PKS gene organisation should facilitate 

selective genetic engineering of the PKS, resulting in a predictable polyketide product. This 

approach has been used to generate erythromycin analogues via the deletion of active sites 

within the DEBS PKS complex, each deletion removing a step in a specific reductive cycle 
(Bedford et al., 1996; Donadio et al., 1991,1992). Several research groups have 

repositioned the region of the eryAIII gene encoding the chain-terminating thioesterase 

domain of DEBS3 to the carboxyl-terminus of eryAl, to produce a chimaeric gene encoding 

a product known as "DEBS I +TE" (figure 7). This recombinant PKS has been expressed 
heterologously in Streptomyces coelicolor strain CH999 (Kao et al., 1995; Pieper et al., 
1995a, b) and also exchanged for the chromosomal copy of eryA in Saccharopolyspora 

erythraea by homologous integration (Cortes et al., 1995). Both approaches resulted in a 

good yield of the predicted triketide lactone, confirming the cyclase activity of the TE 

domain and proving that the multienzyme components of modular PKS are capable of 
functioning independently. Successful incorporation of butyryl-CoA into a triketide lactone 

by cell-free DEBS I +TE suggested that similar in vitro systems may provide a means for 

the controlled synthesis of polyketides which would be unobtainable by in vivo methods 

(Pieper et al., 1995b). 

The clear correlation between active sites and product structure and the relaxed specificity 

for starter and, to a lesser degree, extender units indicate that modular bacterial PKS offer 

greater potential for the generation of novel compounds by ýenetic engineering than do the 

type II PKS (Tsoi & Khosla, 1995). In contrast, current knowledge of the combinatorial 

potential in modular PKS is relatively limited when compared to that concerning the type 11 

complexes (Khosla & Zawada, 1996). Combinatorial biosynthesis involves manipulation of 
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PKS genes so that they may be recombined with genes from other such systems, leading to 

the production of novel polyketides (reviewed by Khosla & Zawada, 1996; McDaniel et aL, 
1995). A specially designed host-vector system comprising Streptomyces coelicolor strain 
CH999, from which the act PKS genes have been deleted, and the shuttle plasmid pRM5 

can be used to construct and express complete recombinant minimal PKS gene clusters 
(McDaniel et aL, 1993). This, in conjunction with emerging information on the function 

and specificities of the various type 11 enzyme subunits, has enabled the rational design and 

synthesis of novel aromatic polyketides by recombinant assembly of PKS component 

enzymes (McDaniel et aL, 1995). 

In addition to the actinomycetes, the fungi are potentially a valuable source of genes for use 
in the rational design and generation of combinatorial. libraries of recombinant PKS. Fungal 

polyketides show several unusual features which indicate a diversity in the range of fungal 

PKS not found in the bacterial enzymes currently exploited (Bedford et aL, 1995). These 
features include the wide range of chain lengths found in aromatic polyketides (Simpson, 
1985), the S-adenosyl-L-methionine origin of methyl groups, unusual chain cyclisation in 

compounds such as bikaverin and the production of wholly or largely reduced polyketides 

such as mevinolin (O'Hagan, 1991). Also, as single multifunctional polypeptides, fungal 

PKS are particularly suitable for heterologous gene expression (Bedford et al., 1995). 

1.5 ENZYMIC MODIFICATION OF THE POLYKETIDE SYNTHASE PRODUCT. 

The polyketide backbone synthesised by a PKS is normally processed further by a series of 

enzyme-mediated reactions, such as oxidation, reduction or alkyklation, in a biosynthetic 

pathway. These 'tailoring' reactions will often impart to the polyketide its characteristic 
biological activity (Hutchinson & Fujii, 1995). In general, enzymes of secondary 

metabolism have proved very difficult to purify in an active form, and this has retarded 

study of these tailoring enzymes (Bennett, 1995; Dutton, 1988; Robinson, 1991). In several 

cases, however, the genes encoding these enzymes have been cloned and the predicted 

amino acid sequences have provided much information. Three important classes of post- 
PKS modifications to the carbon chain, and the enzymes effecting them, are discussed 

below (reviewed by Hutchinson & Fujii, 1995). 
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Figure 1.7 Genetic model for DEBSI+TE. 

This recombinant bimodular PKS, consisting of DEBS modules I and 2 attached to the thioesterase (TE) 

domain from module 6, produces the triketide lactones I and 2 when expressed in Streptomyces coeficolor 

(Kao et aL, 1995; Pieper et aL, 1995a, b). 
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1.5.1 Reduction 

Several bacterial PKS complexes include ketoreductases (Hutchinson & Fujii, 1995). The 

actIlI gene from the actinorhodin biosynthetic cluster encodes a ketoreductase homologous 

to known oxidoreductases (Hallam et al., 1988). Biosynthetic experiments involving 

expression of recombinant PKS genes have shown that the ActIII ketoreductase will reduce 

carbon chains of varying lengths, always at the C9 carbonyl, and probably acts after 

completion of the complete chain i. e. non-processively (Fu et al., 1993). 

The aflatoxin biosynthetic pathway includes several reduction steps (Dutton, 1988; 

Hutchinson & Fujii, 1995). Two ketoreductase genes in the aflatoxin cluster and their 

homologues in the sterigmatocystin pathway have been cloned and characterised in 

Aspergillusparasiticus; A. flavus and A. nidulans: ver-llverAlstcU act on versicolorin A 

and norAlnor-llstcE act on norsolorinic acid (Brown et al., 1996; Cary et al., 1996; Keller 

& Adams, 1995; Yu et al., 1995). The predicted proteins show significant conservation of 

size and amino acid sequence with higher plant and bacterial ketoreductases (e. g. ActllI) 

involved with the modification of ring structures (Skory et al., 1992; Trail et al., 1994). 

Two distinct reductase enzymes acting on versiconal herniacetal acetate have been purified 

to homogeneity from A. parasiticus but a gene is yet to be isolated (Matsushima et al., 

1994). 

Fungal DHN melanins, involved in protection of propagules against environmental stress 

and phytopatho genic ity, are synthesised from 1,8-dihydroxynaphthalene (DHN), which is 

in turn synthesised from 1,3,6,8-tetrahydroxynaphthalene, the direct product of a PKS (Bell 

& Wheeler, 1986). This pentaketide is subsequently reduced to scytalone by a NADPH- 

dependent reductase, which has been purified from Magnaporthe grisea (Vidal-Cros et al., 

1994). Antibodies raised against the reductase were used to isolate a full-length cDNA 

which, when expressed as a B-galactosidase fusion protein, was found to catalyse a second 

reduction in the DHN pathway, forming vermelone from 1,3,8-trihydroxynaphthalene 

(Vidal-Cros et al., 1994). The deduced amino acid sequence was highly conserved with 

that of A. parasiticus ver-I and showed similarities to numerous other oxidoreductases in 

the short-chain dehydrogenase family. Emodin deoxygenase, also involved in reduction of 

an aromatic ring, has been purified from Pyrenochaeta terrestris and found to consist of 

two proteins acting synergistically (Anderson et al., 1990; Ichinose et al., 1993). 
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1.5.2 Oxidation 

Common oxidative modifications of polyketides include hydroxylation of aromatic or 

reduced polyketides, conversion of hydroquinols to quiriones, oxidative cleavage of double 

bonds or aromatic rings and oxidative coupling reactions. One of the most important types 

of enzyme involved in secondary metabolism are the cytochrome P450 monooxygenases, 

which incorporate a single atom of molecular oxygen into their substrate (the other atom 
being reduced by NADPH). These enzymes are often involved in the hydroxylation of 

polyketides and several cytochrome P450 genes have been found in secondary metabolic 

gene clusters. 

Genes for two Saccharopolyspora erythraea P450 enzymes involved in erythromycin A 

biosynthesis have been identified within the erythromycin biosynthetic gene cluster (Stassi 

et aL, 1993; Weber et aL, 1991). EryF, identified by a targeted disruption of the S. 

erythraea chromosome, encodes 6-deoxyerythronolide B hydroxylase, which acts on the 

macrolactone product of the PKS encoded by the EryA locus (Weber et aL, 1991). The 

enzyme has been purified from S. erythraea and over-expressed in recombinant E coli, 

allowing extensive modelling of the substrate-enzyme complex (Andersen et aL, 1993; 

Shafiee & Hutchinson, 1987). As with most cytochrome P450 systems, 6- 

deoxyerythronolide B hydroxylase requires two non-specific electron transport proteins for 

catalytic activity: ferredoxin and NAD(P)H: ferredoxin oxidoreductase, encoded by the 

genesfdxA andforA. The normal arrangement for actinomycete P450 systems involved in 

primary metabolism is for the genes encoding the electron transport proteins to be clustered 

with the P450 genes (O'Keefe & Harder, 1991). fdxA andforA are not closely linked to the 

erythromycin biosynthetic gene cluster and hence are not linked to eryF (Donadio and 
Hutchinson 1991; Zotchev & Hutchinson, 1995). This non-linkage appears to be typical of 

P450 systems dedicated to secondary metabolism, possibly indicating that expression of 

electron transport proteins is not co-ordinated with that of the P450 (Zotchev & 

Hutchinson, 1995). One of the final reactions in erythromycin A biosynthesis is a C-12 

hydroxylation of erythromycin D, catalysed by the cytochrome P450 EryK. The eryK gene, 
identified by comparative analysis and gene disruption, has been cloned from Se rythraea 
(Stassi et aL, 1993). Over-expression in E. coli produced insoluble inclusion bodies which 

were solublised inSM urea and reconstituted to an active holo-enzyme, allowing 

characterisation of the substrate specificity of the enzyme (Lambalot & Cane, 1995). 
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Four P450 monooxygenase genes (stcB, stcF, stcL and stcS) have been identified in the 

sterigmatocystin cluster of A. nidulans and one (avnA) has been identified in the A 

parasiticuslA. flavus aflatoxin cluster (Brown et al., 1996; Keller et al., 1995; Yu et al., 
1995; Yu et al., 1997). StcL has been shown to play a role in the desaturation of the 

bisfuran moiety in the intermediate versicolorin B (Kelkar et al., 1997). avnA is involved in 

the conversion of averantin to averufin and stcF appears to be its homologue in 

sterigmatocystin biosynthesis (Yu et al., 1997). 

Other classes of monooxygenases have been identified in polyketide biosynthetic pathways. 

The sterigmatocystin biosynthetic cluster of A. nidulans includes genes similar to 

chloroperoxidases (stcQ and flavin-containing monooxygenases (stcpp), although the role 

of the enzymes they encode in relation to this pathway has not been characterised (Brown 

et al., 1996). Emodinanthrone oxidase, involved in the biosynthesis of emodin, has been 

purified and characterised as a nonheme Fe3+ monooxygenase (Chen et al., 1995). 

Tetracenomycin (Tcm) FI monooxygenase, the product of the tcmH gene, catalyses the 

oxidation of the naphthacenone Tcm FI in the biosynthesis of the anthracycline antibiotic 
Tcm C in S glaucescens (Shen & Hutchinson, 1993a; Summers et al. 1993). Biochemical 

characterisation of the enzyme identified it as an internal monooxygenase, requiring only 

02 for activity and revealed that this protein lacks the usual monooxygenase prosthetic 

groups, such as Ravin or haem groups, and does not utilise metal ions (Shen & Hutchinson, 

1993a). Other enzymes of this class may be involved in anthracycline biosynthesis at 

oxidation of 12-deoxyaklanonic acid, and genes showing some homology to tcmH that may 

encode this type of enzyme have been cloned from S. peuceflus and Streptomyces sp. C5 

(Grimm et al., 1994; Ye et aL, 1994). 

Bayer-Villiger type oxidative cleavage of one of the aromatic rings is a key reaction in the 

conversion of an anthraquirione to a benzophenone (Hutchinson & Fujii, 1995). A 

monooxygenase activity catalysing such a reaction, the questin oxygenase system, has been 

identified in an Aspergillus terreuscell-free extract and partially characterised as consisting 

of at least two proteins and requiring NADPH, 02 and possibly electron transport protein(s) 
(Fujii et al., 1988). 

Aspergillus terreus dihydrogeodin oxidase (DHGO) catalyses the phenol oxidative 

coupling reaction converting dihydrogeodin to (+)-geodin. Polyclonal antibodies raised 

against the purified protein have been used to obtain a cDNA fragment of the gene for 

DHGO which was then used to screen genomic and cDNA libraries to obtain full-length 
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clones (Huang et al., 1995). Analysis of the predicted protein sequence, together with the 

blue colour of the purified enzyme preparation identified the enzyme as a multicopper blue 

protein (Huang et aL, 1995). 

1.5.3 Methylation 

Secondary metabolic pathways often involve methylations of hydroxyl or carboxyl groups 

and polyketides will often undergo more than one methylation during post-PKS tailoring 

(Hutchinson & Fujii, 1995). The enzymes which catalyse these reactions are known as 

methyltransferases and the methyl group donor is generally S-adenosyl-L-methionine 

(SAM) (O'Hagan, 199 1). In fungi 0- and N-methylations tend to occur towards the end of 

biosynthetic pathways and are presumably catalysed by enzymes separate from the PKS 

(O'Hagan, 1991). C-methylations probably take place during polyketide assembly and the 

enzymic activity in these cases may well reside within the PKS, as has been observed in the 

case of lovastatin biosynthesis (Davis et aL, 1994; O'Hagan, 1991). 

A SAM-dependent methyltransferase which converts sterigmatocystin to 0- 

methylsterigmatocystin in the biosynthesis of aflatoxin BI has been purified from 

Aspergillusparasiticus (Bhatnagar et aL, 1988; Keller et aL, 1993). This 40 kDa protein is 

one of three distinct methyltransferases in A. parasiticus which will catalyse this 

conversion (Keller et aL, 1993; Yabe et aL, 1989). Polyclonal antiserum raised against the 

purified 40 kDa protein has been used to isolate a full-length A. parasiticus cDNA 

containing the coding region of the gene omtA (Yu et aL, 1993). The A. parasilicus cDNA 

probe was subsequently used to clone omtA from the aflatoxin producer A. flavus; this 

homologue has a high sequence identity (97%) and an identical intron structure (Yu et aL, 
1995). 

Three methyltransferase genes, tcmNOP, have been identified within the tetracenomycin C 

biosynthetic gene cluster (Decker et aL, 1993; Summers et aL, 1992). The tcmN gene 

product appears to be a multifunctional cyclase-dehydratase-0-methyltransferase 
(Summers et aL, 1992). Unusually, TcmP does not exhibit significant predicted amino acid 

sequence similarity to any other 0-methyltransferases, including TcmN or TcmO (Decker 

et aL, 1993). SAM-dependent 0-methyltransferases usually exhibit a highly conserved 

nucleotide binding motif and the absence of this motif in TcmP implies a different 

evolutionary origin (Decker et aL, 1993). 
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CHAPTER 2 

MATERIALS AND METHODS 
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2.1 MICROBIAL STRAINS 

Escherichia coli 
Strain Genotype Reference / Supplier 
MC 1022 araD 1.3 ) 9, A(ara-leu)7697, lacZAM 15, galU, galK, strA Casadaban & Cohen 

(1980) 
DH5cc(s ý80dlacZAM 15, recA 1, endA 1, gyrA96, thi- 1, hsdRI 7 (rK-, Hanahan (1983) 

MK+), supE44, relA 1, deoF, A(lacZYA-argF)U 169 
KW251 supE44, gaIK2, gaIT22, metB 1, hsdR2, mcrB 1, mcrA, Prome-a 0 

[ar2A8 1:: Tn 101, recD 10 14 

Table 2.1 E. coli strains 

Filamentous fungi 

The various strains of filamentous fangi used in this study are listed and described in table 

4.1 

2.2 CLONING VECTORS 

Plasmid 

Plasmid Comment Reference / Supplier 
pUBSI Derived from B luescript M 13 Dr George Murphy. 

(Stratagene) 
PUC18 M 13-derived cloning vector ZZ, (Vieira & Messing, 1982) 
pNEB 193 Derived from pUC 19 New England Biolabs 
pGEM-T T-overhang vector used for the cloning Promega 

of PCR products 
pGEX-BHE(E)XSX Derived from pGEX4T-2 GST fusion Dr Steve Screen 

expression vector 

Table 2.2 Plasmid cloning vectors 

Phage 

The P. patulum genomic library (Walsh, 1993) referred to in chapters 3 and 5 of this thesis 

was constructed in half-site XhoI LambdaGEM TM_l I vector arms (Promega). 

2.3 CHEMICALS 

All reagents and buffer ingredients used in this study were of analytical quality (AnalaR5 

or equivalent standard) or molecular biology grade. 
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Water was purified by reverse osmosis and ion-exchange using a Labwater RO 100 system 
(Purite). 

Oligonucleotides were synthesised in house by Dr Colin Lazarus. 

Isotopically labelled nucleotides were supplied by Amersharn. 

All reagents and kits were used according to the maufacturer's instructions unless noted 

otherwise. 

2.4 GROWTH MEDIA AND ANTIBIOTICS 

Growth media and media ingredients were purchased from Difco or BetaLab. 

2.4.1 Growth medium for E. coli 

Luria-bertani (LB) medium 
Bacto-tryptone log 

Yeast extract 5g 

NaCl 5g 
H20 to I litre 

The prepared medium was sterilised by autoclaving at 121' C for 15 minutes. For solid 

medium agar was added to a final concentration of 1.5 % prior to autoclaving. 

2.4.2 Growth media for Penicilliumpatulum 

Potato dextrose medium and Czapek Dox medium were prepared according to the 

manufacturer's instructions and sterilised by autoclaving at 12 10C for 15 minutes. 

2.4.3 Antibiotics 

Antibiotic Solvent Stock conc. Working conc. Sterilisation 
Ampicillin H20 100 mg/ml 100 ýLg/rnl 0.2 gm filter 
Streptomycin H20 100 mg/mI 100 ggIml 0.2 pm filter 
Tetracycline ethanol 10 mg/mI 15 Vg/ml none 

Table 2.3 Antibiotic stock solutions and working concentrations 

38 



2.5 CULTURE CONDITIONS 

2.5.1 E coli 
Bacterial cultures were generally grown overnight on LB medium at 37* C. Agar plates 

were inverted during incubation. Liquid cultures were grown in an orbital incubator 

(Gallenkamp) at 200 rpm. 

2.5.2 P. patulum 

Preparation of a spore suspension 
Spores from a single colony were streaked over the surface of a Czapek Dox agar plate and 
incubated at 27-28' C until the surface of the plate was covered in mature greenish-grey 

conidia. Five ml of tween saline (tween 80 0.025 %, NaCl 0.8 %) was pipetted onto the 

surface of each plate and the spores were suspended using a sterile wire scraper. The 

resulting spore suspension was stored in sealed universal bottles at 41' C. 

Mycelial cultures 
0.5-1 ml of a spore suspension was used to inoculate 100 ml of Potato Dextrose broth 

which was incubated at 27-28' C in an orbital incubator shaking at 200 rpm. Myceliurn 

was harvested by filtering through Miracloth (Calbiochem) and growth medium was rinsed 

away with water. Residual rinse water was removed by gentle squeezing and the harvested 

mycelium was snap frozen in liquid nitrogen before use or storage at -70" C. 

Conidiating cultures 
Two 100 ml mycelial cultures were grown as described above and then filtered through 

sterile No. I grade filter paper (Whatman) and washed with sterile water. The filter paper 

with mycelium was transferred under aseptic conditions to a 90 min petri dish over a layer 

of glass beads (diameter 2 nun) and 9 ml Czapek Dox medium. Cultures were incubated at 

28' C. Aerial hyphae appeared within 30 h of inoculation, mature blue-green conidiospores 

could be seen 50-75 hours post-inoculation. To harvest conidiating cultures the filter paper 

was removed from the culture plate and mycelium was scraped from the underside, the 

culture was squeezed gently to remove excess growth medium, snap frozen in liquid 

nitrogen and used immediately or stored at -70' C. 
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2.6 DNA PREPARATION AND PURIFICATION 

2.6.1 Plasmid DNA 

Plasmid miniprep 
To obtain small quantities (1-10 gg) of plasmid DNA the Wizard Miniprep kit (Promega) 

was used according to the manufacturer's instructions. DNA was eluted in 50 PI water or 

TE buffer (see appendix) and stored at -20' C. 

Plasmid maxiprep 
To obtain larger quantities of plasmid DNA of high purity, suitable for applications such as 
DNA sequencing, the procedure described below was employed. For high copy number 

plasmids this method typically yielded 200-600 pg DNA. 

After overnight incubation in a 100-200 ml culture (under the appropriate antibiotic 

selection) cells were pelleted by centrifugation at 3650 xg for 10 minutes and resuspended 
in 5 ml of resuspension solution (50 mM Tris-HCl pH 7.5,10 mM EDTA, 100 Pg/ml 
RNase A). An equal volume of lysis solution (O-2M NaOH, 1% SDS) was added and 

mixed by inverting the tube several times until the cell suspension cleared. Five ml of 

Neutralisation Solution (2.55 M potassium acetate, pH 4.86) was added and mixed into the 

lysate by inverting the tube several times. Chromosomal DNA and cell debris were pelleted 
by centrifugation at 50000 xg for 10 minutes. The supernatant was decanted to a fresh 

centrifuge tube and DNA was precipitated by the addition of 0.6-1 volume of ice-cold 

isopropanol and incubation at -20' C for 15 minutes. Precipitated DNA was pelleted by 

centrifugation at 50000 xg for 10 minutes. The supernatant was aspirated and the pellet 

resuspended in TE buffer. Plasmid DNA was purified by two rounds of equilibrium 

centrifugation (Sambrook et aL, 1989) in a continuous CsCl-EtBr gradient (TE buffer 

containing CsCl at a density of 1.56 g/ml and EtBr at 0.4 mg/ml). Centrifugation was 

carried out using a TL- 100 ultracentrifuge (Beckman) with a TLA- 100.2 fixed-angle rotor 

at 100000 rpm for 5-16 hours at 15"C. The plasmid DNA band was visualised using a 
UVL-21 long wave UV lamp (Ultra-Violet Products Inc. ), removed with a hypodermic 

needle and syringe and diluted in 2.5 volumes of water. CsCl and EtBr were removed from 

the DNA solution by the addition of 0.6-1 volumes ice-cold isopropanol or 2.5 volumes ice 

cold ethanol and precipitation at -20' C for 15 minutes followed by centrifugation at 20 
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000 rpm for 10 minutes to pellet the DNA. The pellet obtained was dried under vacuum 

and resuspended in 200 pl TE. Sodium acetate was added to 0.3 M and the plasmid DNA 

was re-precipitated by the addition of 2.5 volumes ice-cold ethanol and incubation at -201 
C for 15 minutes. Plasmid DNA was pelleted by centrifugation and the pellet was washed 

in ice-cold 75% ethanol, dried under vacuum and resuspended in TE buffer. 

2.6.2 Phaae DNA 

DNA was extracted from X phage particles prepared from plate lysates using a phage 

absorbent. 
Single plaques were transferred into 100 W of SM buffer (see appendix) and agitated 

vigorously before being allowed to stand for 30 minutes. Plating cells were added (200 P1 

of E coli KW25 1) and incubated at room temperature for 15 minutes. Three ml of top 

agarose (0.6 % in 10 MM MgS04) was added and immediately poured onto 90 mm LB 

agar plates supplemented with tetracycline. Plates were incubated at 37" C without 

inversion; confluent lysis was observed within 10 h. Phage particles were eluted from the 

medium into 5 ml of SM buffer, which was pipetted onto the surface, by shaking overnight 

on a rotary table at 4' C. Cell debris was removed from the buffer by centrifugation at 3650 

xg for 15 minutes. If the plate lysate was to be stored (at 41 Q rather than used 

immediately, chloroform was added to a final concentration of 0.3 %. 

Pure phage DNA was isolated from the plate lysate using LambdaSorb't (Promega). One 

hundred pl of this phage adsorbent was added per 10 ml of lysate in a50 ml centrifuge tube 

and gently mixed on a MM I roller-mixer (Luckham) for 30 minutes. Adsorbed phage was 

pelleted by centrifugation at 3650 xg for 20 minutes, resuspended (by pipetting) in 1 ml of 

SM buffer and transferred tp a microcentrifuge tube. After centrifugation at 13000 rpm in a 

microcentrifuge for 2 minutes, the resulting pellet was washed again in I ml of SM buffer 

before resuspension in 0.5 ml of 10 mM Tris-HCl (pH 8), 10 mM EDTA. Phage DNA was 

released by heating at 67' C for 5 minutes and the adsorbent was pelleted by centrifugation 
in a microcentrifuge at 13000 rpm for 5 minutes. The supernatant was transferred to a fresh 

tube and NaCl was added to a concentration of 500 mM. The phage DNA was purified by 

two extractions in phenol: chloroform: isoamyl alcohol as described in section 2.6.5 

followed by one extraction in chloroform: isoamyl alcohol. DNA was precipitated from the 

final aqueous phase by ethanol precipitation as described in section 2.6.6. The DNA pellet 
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obtained was dissolved in 100 pl TE buffer and allowed to dissolve at 40 C overnight 
before use or storage at V C. 

2.6.3 Fungal genomic DNA 

Approximately 4g of mycelium was ground to a fine powder under liquid nitrogen using a 

pre-cooled mortar and pestle. The ground tissue was added to 10 ml of extraction buffer 

((10 mM Tris-HCI pH 8,10 mM EDTA, 0.5% SDS) in a 30-50 ml centrifuge tube, thawed 

and mixed gently by inversion. Ten ml phenol: chloroform: isoamyl alcohol (25: 24: 1; 

Sambrook et al., 1989) were added and mixed gently for 15-30 minutes. The organic and 

aqueous phases were separated by centrifugation at 3650 xg for 20 minutes or 50000 xg 
for 10 minutes and the aqueous layer removed to a to fresh centrifuge tube. This extraction 

was repeated until the interface between the phases was clear and was followed by an 

extraction with chlorofonn: isoamyl alcohol (24: 1). DNA was ethanol precipitated from the 

final aqueous phase, washed in 75% ethanol and re-dissolved in I ml TE buffer by gentle 

shaking overnight on a rotary table. Genomic DNA was purified by two rounds of 

equilibrium centrifugation in a CsCl gradient (as described in section 2.6.1) and the final 

pellet of genomic DNA was allowed to dissolve in TE buffer overnight at 4" C. All 

pipetting of solutions containing high molecular weight DNA was carried out very slowly 

or using wide-bore pipette tips to minimise shearing. 

2.6.4 Purification of DNA fragments from agarose gel slices 
Three different methods were used to purify size-fractionated DNA fragments from an 

agarose gel: the WizardTm PCR preps DNA purification system (Promega) was used 

according to the manufacturer's instructions; alternatively the DNA was eluted by 

centrifugation through a filter, via either the 'Wizard minicolumn' method of Wolff and 

Hull (1996) or by the method described below: 

Elution through glass wool filter 

The band of interest was excised, in the minimum possible volume, from an agarose gel 

which had been cast and run in TAE buffer. The DNA was eluted by centrifugation at 

approximately 5 000 xg for 10 minutes through a small amount of glass wool which had 

been previously siliconised in dimethyldichlorosilane. The DNA dissolved in TAE buffer 
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thus obtained was diluted with 3-4 volumes of water before use in applications such as the 

preparation of 32p labelled DNA probes. 

2.6.5 Phenol: chloroform extraction 
Protein was removed from DNA preparations by extraction in an equal volume of 

phenol: chloroform: isoarnyl alcohol (25: 24: 1). The two phases were mixed on a rotary table 

or by vortexing until a homogeneous emulsion was obtained. Aqueous and phenol phases 

were separated by centrifugation in a microcentrifuge at 13 000 rpm for 10 minutes or at 
3650 xg for 15 minutes. The aqueous phase was removed to a clean tube and re-extracted 
in a similar fashion with chloroform: isoamyl alcohol (24: 1) to remove lingering traces of 

phenol. 

2.6.6 Ethanol precipitation 
The following procedure was routinely used to concentrate and purify DNA solutions. 
DNA was precipitated by adding sodium acetate to 0.3 M, or ammonium acetate to 2.5 M, 

followed by 2-2.5 volumes of ice-cold ethanol, mixing and incubating on ice for 15 

minutes. Precipitated DNA was recovered by centrifugation at 13000 rpm in a 

microcentrifuge or at 50000 xg for 10- 15 minutes in a high speed centrifuge. The resultant 

pellet was washed in 75 % ethanol to remove contaminating salts and dried under vacuum 
before redissolving in TE buffer or water. 

2.6.7 Analysis of DNA preparations 
Genomic and plasmid DNA preparations were generally analysed quantitatively and 

qualitatively by the following methods. Absorbance (OD) was measured at 260 nm and the 

value obtained was multiplied by a factor of 50 and the dilution factor to give the DNA 

concentration in pg/ml. The OD at 280 rim was also measured and the ratio of OD260: OD280 

could be used to estimate the purity of the DNA preparation (Sambrook et aL, 1989). For a 

more empirical quantification, aliquots of the DNA sample were fractionated on an agarose 

gel and compared to DNA standards of known molecular weight. To confirm the identity 

of preparations of plasmid DNA, small amounts were digested with appropriate restriction 

enzymes and the sizes of the resulting fragments were checked by agarose gel 

electrophoresis. 
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2.7 RNA PREPARATION 

2.7.1 Total RNA 

Approximately 400 mg of fungal tissue were frozen and ground under liquid nitrogen in a 

precooled pestle and mortar with acid-washed sand added to facilitate grinding. The 

powdered tissue was transferred to a precooled 2 ml screw-capped microfuge tube. To each 

tube was added 0.5 ml of extraction buffer (GuHCI 8 M, MES [4-morpholino-ethanol- 

sulphonic acid] 20 mM, EDTA 20 mM, 2-mercaptoethanol 0.35 % v/v) and 0.5 ml of acid 
buffered (pH 6) phenol: chloroform: isoamyl alcohol (25: 24: 1) and the mixture was 

vortexed until a stable emulsion was formed. The aqueous and organic phases were 

separated by centrifugation at 13000 rpm in a microcentrifuge for 10 minutes and the 

aqueous phase removed to a precooled 1.5 ml microfuge tube. The aqueous phase obtained 

was re-extracted with phenol: chloroform: isoamyl alcohol until the interface between the 

two phases was clear after centrifugation. Nucleic acids were precipitated from the final 

aqueous phase by the addition of acetic acid (to 0.17 M) and ice cold ethanol (to 40 %) and 

overnight incubation at -20' C. Precipitated nucleic acids were pelleted by centrifugation at 

13000 rpm for 15 minutes in a microcentrifuge and the pellet was washed twice by 

vortexing in 400 pl sodium acetate (3 M, pH 5.5) at 4' C to remove low molecular weight 

RNA species and polysaccharides. The salt was removed from the washed pellet by a final 

wash in 400 ýfl ice-cold 70 % ethanol. The pellet was dissolved in 60 ýLl H20 by heating at 
95' C for 2 minutes, vortexing and rapid cooling on ice. Quantity and quality of the RNA 

prepared was assessed by measurement and comparison of absorbance at 260 and 280 nm, 

followed by electrophoresis and EtBr staining of approximately I ýig on aI% agarose gel 

in 0.5 x TBE buffer (see section 2.12.1). An RNase inhibitor (3 6U of RNAguard 

[Pharmacia]) was added and the sample was stored at -70 ' C. 

2.7.2 Isolation of mRNA 
Poly (A)+ RNA was isolated from P. patulum total RNA using the PolyA SpinTm mRNA 
isolation kit [New England Biolabs] according to the manufacturer's instructions. The final 

pellet of poly (A)+ RNA obtained was dissolved in 50 pl water by heating to 95' C for 2 

minutes, vortexing and cooling on ice for 5 minutes before use or storage at -70' C. The 

mRNA content was quantified by staining aI pl aliquot with an equal volume of EtBr (I 
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gg/ml) and comparison of the fluorescence of the sample droplet with that of a series of 

RNA standards of known concentrations. 

2.8 cDNA SYNTHESIS 

First strand cDNA was synthesised from 60-100 ng of poly (Aý RNA using the Ready-To- 

GoTm T-primed First-Strand kit (Pharmacia) according to the manufacturer's instructions. 

2.9 RESTRICTION ENZYME DIGESTION 

Restriction enzymes were purchased from Gibco-BRL or Boehringer-Mannheim and 

reactions generally used the buffer and temperature recommended by the manufacturer. For 

double digests involving enzymes with different buffer requirements Multi-CorJm buffer 

(Promega) was used. To avoid inhibition of digestion by glycerol in the enzyme storage 
buffer, the volume of enzyme added comprised less than 10 % of the total reaction volume 

in each case. Restriction enzymes were heat inactivated, where appropriate, by incubation 

at 70' C for 15 minutes. 

2.10 DNA CLONING 

2.10.1 Preparation of competent E. coli 

A starter culture of E. coli strain MC 1022 or DH5 cto (table 2.1), inoculated from a single 

colony, was grown in 10 ml LB broth at 37' C in an orbital shaker. After overnight 
incubation, I ml was added to 100 ml of LB broth and incubated for up to 3 hours at 37' C 

on an orbital shaker, until the cells reached mid-log growth phase, i. e. until OD600. for the 

culture was approximately 0.6. Cells were cooled on ice for 15 minutes and then pelleted 
by centrifugation at 3650 xg for 10 minutes. The supernatant was removed and the cells 

resuspended in 50 ml ice-cold 0.1 M magnesium chloride. The cells were pelleted again 

and resuspended in 50 ml 0.1 M calcium chloride. After 30 minutes on ice the cells were 

pelleted and resuspended in 6 ml ice-cold 0.1 M calcium chloride. Cells were kept on ice 

for immediate use and remained viable for 24 hours. For long term storage of competent 

cells, sterile glycerol was added to a final concentration of 15 % and I ml aliquots were 

snap-frozen in liquid nitrogen prior to storage at -70' C. 
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2.10.2 Plasmid vector and insert preparation 
Standard vector preparation involved digestion of 2.5 Pg of plasmid DNA with the 

appropriate restriction enzyme in a 25 pLI reaction volume, followed by heat inactivation of 

the enzyme. The reaction mixture was then diluted to 100 ýd with TE buffer before 

dephosphorylation of the DNA by addition of 6 units of alkaline phosphatase and 
incubation at 37' C for 15 minutes. The alkaline phosphatase was inactivated by addition 

of nitrilotriacetic acid to 20 mM and incubation at 70* C for 10 minutes. DNA was then 

ethanol precipitated from the solution and resuspended in 20 ýLl TE buffer to give a DNA 

concentration of approximately 100 ng/[il. 

Insert DNA was digested with the appropriate restriction enzymes which were then heat 

inactivated. Ammonium acetate was added to 2.5 M and the DNA was ethanol precipitated 

and resuspended in an appropriate volume of TE buffer or water prior to ligation. Where 

the insert fragment desired was one of several fragments obtained on restriction digestion, 

it was isolated from an agarose gel as described in section 2.12.1. 

2.10.3 Li(ration reactions 
Ligation of the DNA fragment to be cloned into the plasmid vector was achieved either by 

use of the protocol described below or by using the Rapid Ligation Kit (Boehringer 

Mannheim). A molar ratio of vector: insert between 1: 1 and 1: 3 was used in most cases. 
100 ng of the digested vector was ligated to an appropriate amount of insert DNA in a total 

volume of 10 [LI using I unit of T4 DNA ligase and the ligation buffer supplied by the 

manufacturer (Gibco-BRL or Boehringer-Mannheim). A control reaction was prepared 

without insert DNA to allow the frequency of vector religation to be assessed. The reaction 

mixture was incubated at 12" C overnight and then 30 pl of TE buffer was added and the 

ligase enzyme heat-inactivated by incubation at 70' C for 10 minutes. 

2.10.4 Transformation of competent E. coli 
Half of the inactivated ligation mix was added to 200 pI of competent cells in precooled 

microfuge tubes and incubated on ice for 30 minutes, followed by a2 minutes incubation at 

37' C. I ml of LB broth was added to each transformation mixture and after gentle mixing 

the cells were incubated for I hour at 37" C. Aliquots (20,60 and 200ýfl) were spread onto 

LB agar containing the appropriate selective antibiotic and, for blue-white colour screening 

with vectors capable of cc-complementation, IPTG (0.1 mM) and X-gal (5-bromo-4-chloro- 
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3-indolyl B-D-galactosidase, 32.5 pg/ml). To enable transformation frequencies to be 

assessed, a 200 pl aliquot of cells was transformed with I ng of uncut plasmid as a positive 

control. The transformed cells were screened for the required recombinants either by 

plasmid miniprep and restriction enzyme digestion or by single colony PCR (see below). 

2.10.5 Single colony PCR 

This technique was particularly useful when the vector used for cloning did not allow blue 

white screening and large numbers of transformant colonies had to be checked for the 

presence of recombinant plasmid. A small amount of each colony was removed with a 

sterile toothpick, resuspended in 20 ýd lysis buffer (TE buffer with proteinase K 50 ýLg/ml) 

and incubated for 15 minutes at 55' C to lyse the cells. The proteinase K was inactivated 

by incubation for 15 minutes at 80' C and the lysates were cooled on ice. Cell debris was 

pelleted by centrifugation at 13000 rpm for 3 minutes in a microcentrifuge and 5-15 ý11 of 

the supernatant was used as template in a 25 ýfl Supertaq PCR (see section 2.15). 

2.11 PHAGE LIBRARY SCREENING 

2.11.1 Preparation of E. coli plating cells 

A single colony of KW251 (table 2.1) was inoculated into 100 ml LB with tetracycline and 
incubated overnight in an orbital incubator at 37* C, 200 rpm. The cells were pelleted by 

centrifugation at 3650 xg for 10 minutes and resuspended in 50 ml ice cold MgS04 00 

mM). The cells were pelleted again, resuspended in 25 ml ice-cold MgS04 (10 mM) and 

stored on ice until use (for a maximum of I month). 

2.11.2 Plating phage 
Aliquots of phage suspension were mixed with 200 pl plating cells and incubated at room 

temperature for 15 minutes in a sterile 5 ml tube. Three ml of molten top agarose (0.6 % in 

10 MM MgS04) were added and quickly poured onto LB agar plates containing 

tetracycline. After the top agar had been allowed to set at room temperature, plates were 

inverted and incubated at 37' C overnight. 
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2.11.3 Transfer to nitrocelluIose membrane and screening of phage DNA 

Nitrocellulose filters (0.45 ýtm, Schleicher & Schuell) were laid onto phage plates and 

marked using a needle and Indian ink to facilitate'subsequent orientation. The filter was left 

in place for I minute to allow transfer of phage particles before being peeled off and 

transferred 'phage side up' to a pad of 3 MM Chr paper (Whatman) soaked in 0.5 M NaOH. 

Then the filter was transferred to a pad soaked in a second denaturing buffer (0-5 M NaOH, 

1.5 M NaCl) for 20 seconds and then to a pad soaked in neutralising buffer (0.5 M Tris- 

HC1 pH 7.5,1.5 M NaCl) for a further 20 seconds. Finally the filter was totally immersed 

and washed in the neutralising solution for 20 seconds and then washed for I minute in 3x 

SSC. Filters were air dried and then baked at 80' C for 30 minutes. If duplicate transfers 

, were made, the second filter was left in place for 5 minutes before processing. 
After hybridisation of labelled probes to the filter, the autoradiograph was aligned with the 

original plate and plaques identified as containing the clone(s) of interest were removed in 

agar plugs with a sterile pipette tip. The phage were allowed to diffuse into I ml of SM 

buffer containing 1.5% chloroform. Phage suspensions were stored at 4* C. To re-screen 

the picked plaque, dilutions of the phage suspension were made in SM buffer and aliquots 

re-plated. 

2.12 GEL ELECTROPHORESIS 

2.12.1 Agarose gel electrophoresis of DNA 

Horizontal gel electrophoresis equipment supplied by various manufacturers was used to 

cast and run agarose gels. Agarose gels were prepared at various concentrations to 

maximise the resolution of the DNA fragments under investigation. TAE buffer (Tris- 

acetate 40 mM, EDTA I mM) was used when gels were run overnight or when a DNA 

fragment was to be purified from the gel; otherwise a 0.5 x TBE (Tris-borate 45 mM, 
EDTA I mM) buffering system was used (Sambrook et aL, 1989). Agarose gel loading 

buffer (IOx concentration: bromophenol blue 0.25 % w/v, glycerol 50 % v/v) was added to 

the DNA sample prior to loading onto the gel. Gels were run at a constant current 

appropriate for the size of the DNA fragments to be resolved. DNA fragments were 

visualised on a TM-36 UV transilluminator (Ultra-Violet Products Inc. ), after the gel had 

been stained in an EtBr (approximately 0.5 [tg/ml) for 5 minutes. Gel images were 

routinely recorded using a video camera linked to a Video Copy Processor (Mitsubishi) 
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with thermal printer; presentation quality photographs were taken using a direct screen 

instant camera and 667 black and white film (Polaroid). 

2.12.2 Agarose gel electrophoresis of RNA 

For purposes such as visual assessment of total RNA quality and quantity, a 1.25 % 

agarose gel cast and run in a 0.5 x TBE buffer (see above) was used to fractionate RNA. 

For northern blotting total RNA was fractionated on a formaldehyde denaturing gel. The 

0.75% agarose gel was cast in MOPS buffer (3-[N-morpholino]propanesulphonic acid 20 

pM, sodium acetate 8 mM, EDTA 1 mM) with formaldehyde added to 1.75 M and run in 

MOPS buffer with 1.2 M formaldehyde added at 25 V, 25 mA. RNA samples were freeze 

dried and dissolved in 10 pl RNA loading buffer (1 x MOPS buffer, 6.5 % formaldehyde, 

50 % formamide, Ix agarose gel loading buffer [see section 2.12.1 ]), then heated to 65" C 

for 5 minutes and rapidly cooled on ice before loading. Samples were run alongside 0.24- 

9.5 kb RNA molecular size standards (Gibco-BRL). This lane was cut from the gel prior to 

blotting, stained with EtBr and used to estimate the sizes of bands in the sample lanes. 

2.12.3 Polyacrylamide gel electrophoresis of DNA sequencing reaction products 

The radiolabelled products of manual sequencing reactions (see section 2.16.1) were 

fractionated by electrophoresis through urea (7.7 M)-polyacrylamide (6 %) wedge gels 

(0.4-0.8 mm) in 3: 1 TBE buffer (Tris-HCI 135 mM, Boric acid 45 mM, EDTA 2.5 mM). 
The gels were run in an IBI vertical apparatus attached to an E734 power supply unit 

(Consort). Gels were prewarmed for one hour at 60W with the shark's-tooth well-forming 

comb in place and then urea was rinsed from the wells with 3: 1 TBE buffer. A 2-5 PI 

aliquot of a sequencing reaction was loaded in each lane and the gel was run at 55-60 W 

until the bromophenol blue dye front reached the bottom of the gel. The gel was fixed in 

methanol (10 %) acetic acid (10%) for 30 minutes, the top 17 cm of the gel was removed 

and the remainder was transferred to a 3MM Chr paper (Whatman) support and dried on a 

slab dryer at 80* C for at least one hour. The dried gel was autoradiographed by exposure 

to Hyperfilm-MP (Amersham) or Biomax MR-1 (Kodak) film. 

2.12.4 SDS-poIyacrylamide gel electrophoresis of proteins 
Protein samples were fractionated using a 10 %'polyacrylamide separating gel and a4% 

stacking gel made with 37.5: 1 acrylamide: bisacrylamide solution. Polymerisation was 
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catalysed by the addition of ammonium persulphate to 0.1 % and NNNN'- 

tetrarnethylethylenediamine to 0.01 %. The gel (I mm thickness) was cast and run in a 

Mini Protean JITM apparatus (Bio-Rad) using Tris/glycine/SDS running buffer (National 

Diagnostics). Electrophoresis was carried out at 200 V until the bromophenol blue dye in 

the sample loading buffer reached the bottom of the gel. The gel was stained overnight in a 

solution of I% Coomassie blue in destain solution (methanol 40 %, acetic acid 10 %) at 

room temperature with gentle shaking and then destained for several hours with regular 

changes of the destain solution. 

2.13 TRANSFER OF DNA AND RNA TO NYLON MEMBRANES 

2.13.1 Southern blotting 

DNA was transferred to Zeta-Probes nylon membrane (Bio-Rad) by alkaline capillary 

transfer for 5-8 h using 0.4 M NaOH as transfer buffer and the protocol supplied by the 

manufacturer of the membrane. Membranes were dried on 3MM Chr paper (Whatman) at 

80' C for 30 minutes before use. To improve transfer of large DNA fragments (greater than 

4 kb) the gel was soaked in 0.25 M HCI for 15 minutes to partially depurinate the DNA and 

then briefly rinsed in water prior to blotting. 

2.13.2 Northern blotting 

RNA was transferred to Zeta-ProbJ membrane by alkaline capillary transfer in 50 mM 
NaOH. The transfer was allowed to proceed for 3-5 h and then the membrane was rinsed in 

2x SSC, blotted dry on 3MM Chr paper (Whatman) and baked at 80' C for 30 minutes 

before use. 

2.14 PROBING SOUTHERN AND NORTHERN BLOTS 

2.14.1 Preparation of radioactive DNA probes 
Inserts were excised from recombinant plasmids by restriction digestion and isolated from 

agarose gels prior to labelling. PCR products were purified using the HighPure 

(Boehringer-Mannheim) or Wizardrm PCR preps (Promega) DNA purification systems. 

DNA fragments were labelled with [cc- 32 P]dCTP using either the Rediprime kit 

(Arnersham) or Ready To Go TM DNA-Labelling (-dCTP) reaction mixes (Pharmacia). 
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Unincorporated nucleotides were removed from probes using Nick columns (Pharmacia) 

according to the manufacturer's instructions. Probes were eluted from Nick columns in 400 

gl water, denatured by boiling for 5 minutes and then cooled on ice before immediate use 

or storage at -20" C. 

2.14.2 Preparation of non-radioactive RNA probes 

Digoxygenin. (DIG) labelled RNA probes were prepared by in-vitro transcription from the 

SP6 and T7 promoters of LambdaGEMTM_ II phage clones using DIG RNA labelling mix 
(Boehringer Mannheim). 

2.14.3 Hybridisation of labelled probes to Southern or northern blots 

The following protocol, adapted from that supplied with the Zeta-Probes nylon membrane 
(Bio-Rad) was used for all hybridisations of 32 P-labelled DNA probes to Southern or 

northern blots. The membrane was prehybridised in 40 ml of hybridisation buffer (0.25 M 

phosphate buffer pH 7.2 [Sambrook et al, 1989], 7% SDS) for 5 minutes at the 

hybridisation temperature and then this buffer was removed and replaced with 10 ml of 
fresh buffer to which the probe was added. Hybridisation reactions were incubated 

overnight in an HB- I hybridising oven (Techne). The hybridisation buffer was then 

discarded and the membrane rinsed briefly in wash buffer (2 x SSC, 0.1 % SDS) followed 

by two 15 minutes washes in the same buffer. All hybridisation and washing steps were 

performed at 65" C except where noted. Finally, the membrane was blotted dry and 

wrapped in SaranTm wrap (Dow) before autoradiography. 

2.14.4 Autoradiography of Southern and northern blots. 

Post-hybridisation and washing, membranes were exposed to Hyperfilm MP film 

(Amersham) in a cassette with intensifying screen at -70" C. Films were developed using 
LX-24 x-ray developer (Kodak) and Hypam rapid fixer (Ilford). 

2.14.5 Stripping filters 

Probes were stripped from blots by either the alkaline denaturation or SDS/SSC wash 

methods described in the protocol supplied with the Zeta-Probes membrane (Bio-Rad). 

Stripped membranes were autoradiographed to ensure that the probe had been removed. 
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2.15 POLYMERASE CHAIN REACTION. 

For routine PCR, where a high fidelity amplification was not required, the non proof- 

reading DNA polymerase Super Taq (HT Biotechnologies) was used in a 25 ý11 reaction 

using the buffer supplied under the following standard conditions. Template DNA 

concentrations w6re approximately 4-40 ng/pl for genomic DNA, 0.04-0.4 ng/pl for 

plasmid DNA. Primers were both at I jiM, dNTPs were each at 0.2 mM and 0.5 U of 

enzyme was used in a 25 pl reaction. Thermal cycling parameters were: (94' C, 3 minutes) 

x 1, (94' C, I minute; 5 5' C, I minute; 72' C, 3 minutes) x32, (72' C, 10 minutes) x 1. 

Where the PCR product was to be cloned and sequenced, the ExpandTm proof-reading 

enzyme mixture (Boehringer-Mannheim) was used for amplification. In a typical 25 P1 

reaction, both primers were used at 0.3 pM, dNTPs were each at 0.2 mM and 0.7 U of 

enzyme was used. Template DNA concentrations were as described for non proof-reading 
PCR. Standard thermal cycling parameters were as follows. The initial denaturation stage 

was at 94' C for 2 minutes and this was followed by 10 cycles of amplification (94" C, 15 

seconds; 55" C, 30 seconds; 72* C, 45 seconds). Then the extension (72' Q stage was 

increased in duration by 15" every 4 cycles for a ftirther 20 cycles of amplification. Finally 

the reaction was incubated at 72' C for 6'. 

2.16 DNA SEQUENCING 

2.16.1 Manual sequencing 
DNA fragments cloned into plasmid vectors were sequenced using a chain-termination 

method (Sanger et aL 1977). Sequencing reactions were performed using a T7 DNA 

polymerase sequencing kit (Pharmacia), according to the instructions supplied. Universal 

(M 13) or gene-specific primers were diluted to a concentration of 5 ng/ml before use. 

Reaction mixtures were labelled with [35-S] dATP and fractionated on a 6% 

polyacrylamide wedge gel (see section 2.12.3). 

2.16.2 Automated fluorescent sequencing 
Dye terminator cycle sequencing was performed by Helen Everest (University of Bristol) 

using an ABI-377 DNA sequencer (Perkin Elmer). 
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2.16.3 Analysis and manipulation of sequence data 

The DNASIS (Pharmacia) and University of Wisconsin GCG (Devereux et aL, 1984) 

software packages were used to analyse and manipulate the sequence data obtained. 

2.17 EXPRESSION OF RECOMBINANT PROTEIN IN E. COLI 

GST-fusion constructs were expressed in small-scale (5 ml) cultures of E coli DH5cc (table 

2.1). A single colony carrying the appropriate plasmid was inoculated into 5 ml of LB broth 

with ampicillin and incubated overnight at 37" C with shaking at 200 rpm. From this starter 

culture, 0.5 ml was inoculated into a fresh 5 ml of LB with ampicillin and incubated for Ih 

at 37' C with shaking at 200 rpm. A sample of I ml (t--O) was removed and processed as 

described below. The culture was then induced by the addition of IPTG to I mM and 

incubated for a further 3 h, when a second I ml sample (t='-')) was removed. The samples 

were pelleted by centrifugation for I minutes at 1") 000 rpm in a microcentrifuge and 

washed in 300 pI PBS (0.8 % NaCl, 0.02 % KCI, 0.144 % Na2HP04,0.024 % KH2PO4, pH 

7.4). After washing the cells were resuspended in 50 pI TE buffer and 50 pLI of 2x sample 

loading buffer (0.125 M Tris-HCI, pH 6.8; 20% glycerol; 4% SDS; 10 % B- 

mercaptoethanol; 0.04 % bromophenol blue) was added. The samples were boiled for 3 

minutes prior to fractionation of an aliquot by SDS-polyacrylamide gel electrophoresis (see 

section 2.12.4). The remainder was stored at -20" C. 
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Appendix I 

Common Buffers 

TE buffer 

10 mm Tris-HCI, pH 8.0 

1 mm EDTA 

Sterilised by autoclaving. 

Ssc 

150 mM NaCl 

15 mM sodium citrate 
Ad ust pH to 7.0 with NaOH. j 

SM buffer 

0.01 % gelatin 
50 mM Tris-HCI, pH 7.5 

100 mm NaCI 

8 mM MgS04 

Sterilised by autoclaving. 
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CHAPTER THREE 

CLONING PATULIN BIOSYNTHESIS 

GENES 
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3.1 INTRODUCTION 

3.1.1 Isolation of patulin 
Patulin (4-hydroxy-4h-furol [3,2-c]pyran-2(6H)-one) is a small lactone formed via the 

tetraketide route. It was initially isolated from filtrates of Penicillium claviforme cultures 

and was found to possess powerful antibacterial properties (Chain et aL, 1942). After 

promising early trials, including clinical trials, it was found to be too toxic for therapeutic 

use (Friedman, 1990). 

Patulin has been isolated from a number of species of the genera Penicillium, Aspergillus, 

Paecilomyces and Byssochlamys (table 3.1). 

Penicillium 

P. expansum (synonym P. leucopus), P. patulum Bainier (synonyms P. urticae, P. griseofulvum), P. 

claviforme, P. equinum (synonym P. terrestre), P. novae-zeelandiae, P. lapidosum, A granulatum 

(synonym P. divergens), P. lanosum, P. melinii, P. cylopium, P. cyaneo-fulvum, P. roqueforti. 

Aspergillus 

A. clavatus, A. giganteus, A. terreus. 

Paecilomyces 

P. varioti 
Byssoclilamys 

B. nivea, B. fulva. 

Table 3.1 Patulin producing organisms, as reviewed by Betina (1989) 

3.1.2 Biological activity 
Patulin has been clearly shown to be a potent mycotoxin and a mutagen; evidence of its 

proposed carcinogenicity and teratogenicity has so far been less conclusive (Friedman, 

1990; Hopkins, 1993). Patulin presents a risk to humans and livestock by its presence in 

various foodstuffs contaminated by patulin-producing moulds, the principal examples 

being rotted apples and apple products (Friedman 1990). 

3.1.3 Patulin as a secondary metabolite 

Patulin is a secondary metabolite as defined by Hunter (1992): it arises from a biochemical 

pathway which is not necessary for growth or reproduction of the producing organism, but 

which can be demonstrated biochemically. Fungal cultures, particularly under controlled 

56 



laboratory conditions, may exhibit two distinct phases of growth: the tropophase, during 

which replicatory growth takes place and the idiophase, or stationary growth phase, during 

which secondary metabolism occurs (BuTock, 1980). From this metabolic phasing comes 
the term idiolites, often used to describe the secondary metabolites. Patulin biosynthesis 

has been shown to conform to this model (Grootwassink & Gaucher, 1980). 

A possible role for secondary metabolites in Penicillium sporulation has been suggested, 
based on the fact that submerged-culture sporulation occurs during the idiophase 

(Sekiguchi & Gaucher, 1977). Mutant strains of P. urticae blocked at various stages of the 

patulin pathway do not show a reduction in conidiogenesis and therefore patulin 
biosynthesis does not appear to be a prerequisite to sporulation, although an indirect 

relationship between the two processes has been proposed (Sekiguchi & Gaucher, 1977). 

3.1.4 Patulin biosynthesis in P. patulunL 
In general, the enzymes involved in secondary metabolism have proved difficult to isolate 

in an active form (Bennett, 1995; Dutton, 1988; Robinson, 1991). However, in terms of its 

intermediates, enzymology and blocked mutants, the patulin biosynthetic pathway must be 

one of the best characterised in fungal secondary metabolism (Betina, 1989,1995). As 

currently understood, the pathway from acetyl- and malonyl-CoA to patulin in Penicillium 

patulum involves at least ten discrete steps and possesses a number of side-branches (see 

figure 3.1). Nine of the pathway-specific enzymes have been characterised to date and the 

genes for two of these enzymes have been cloned (see table 3.2). The regulation of patulin 
biosynthesis has also been studied extensively, as described below. 

Secondary metabolic processes often show a requirement for a single trace element at 

concentrations which will not affect vegetative growth. A specific manganese requirement 
for patulin production has been demonstrated and implicated in a transcriptional control 

mechanism that influences the co-ordinate appearance of enzymes in the post-6-MSA 

section of the pathway (Scott et al., 1986a, b). 

Patulin production is known to be initiated in response to nutrient nitrogen limitation 

(Grootwassink & Gaucher, 1980). Production of other fungal polyketides, such as the 

mycotoxin alternariol and the antiprotozoal. bikaverins (Orvehed et al., 1988; Bu'Lock et 

al., 1974) is also known to be inhibited by nutrient nitrogen, although the biosynthesis of 

aflatoxin and related metabolites does not appear to be regulated in this manner (Coupland 

and Niehaus, 1987). This nitrogen metabolite repression is "the most common and 
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Figure 3.1. The pathway of patulin biosynthesis in Penicifflum patulunL 

Numbered reactions are catalysed by enzymes listed in table 3.2. Reactions potentially catalysed by 

cytochrome P450 enzymes are indicated with an asterisk. 
Adapted from Gaucher el aL, 198 1. 
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Enzyme Characterised Purified Gene 

Cloned 

Reference 

I 6-methylsalicylic acid yes yes yes Schorr et al., 1994; Spencer & 

synthase Jordan, 1992; Dimroth, Walter 

& Lynen, 1970; Beck et al., 

1990 

2 6-methylsalicylic acid yes no no Light& Vogel, 1975 

decarboxylase 

3 m-cresol methyl yes no no Murphy et al., 1974 

hydroxylase 

4 m-hydroxybenzyl alcohol yes yes no Scott et al., 1986 

dehydrog-. nase Im 

5 m-hydroxybenzaldehyde yes no no Murphy & Lynen, 1975 

hydroxylase 

6 isoepoxydon yes yes yes Sekiguchi & Gaucher, 1979a, b; 

dehydrogenase 
1 

GM Gaucher pers. comm. 

7 neopatulin synthase yes yes no GM Gaucher pers. comm. 

8 m-cresol 6-hydroxylase yes no no Murphy et al., 1974 

9 m-hydroxybenzyl alcohol yes no no Murphy & Lynen, 1975 

6-hydroxylase 

Table 3.2 Patulin biosynthetic enzymes 
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effective negative control of secondary metabolite biosynthesis" according to Rollins and 

Gaucher (1994), who showed that ammonium ions, the most repressive nitrogen source, 

caused a substantial decrease in specific activity of the marker enzyme m- 

hydroxybenzylalcohol dehydrogenase. 

Gaucher et al. (198 1) examined the initiation and longevity of patulin biosynthesis. They 

found that under defined conditions of nitrogen exhaustion the first enzyme in the pathway, 

MSAS, appeared at the cessation of replicatory growth. Later enzymes in the pathway 

appeared together after about another 4 hours, due to a requirement for a co-ordinate 

induction of these enzymes by early pathway metabolites. It was also observed that the 

appearance of the pathway enzymes need not be in the same order as their position in the 

pathway. These rapid enzyme appearances are due to de novo transcription and translation 

of the enzyme genes (Grootwassink & Gaucher, 1980). The appearance of pathway 

enzymes was transient with MSAS having the shortest half-life of the three enzymes 

examined. It has been suggested that the degradation of these enzymes may be mediated by 

the intracellular proteinases which appear during the idiophase (Rollins & Gaucher, 1994). 

3.1.5 Genetics of patulin biosynthesis 

In contrast to enzymology, elucidation of the genetics of patulin biosynthesis is far from 

complete. Only two of the structural genes involved, those encoding MSAS (Beck et al., 

1990) and IDH (G. M. Gaucher, personal communication), have been cloned and 

characterised to date. The MSAS gene of P. patulum was the first fungal PKS gene to be 

cloned and subsequently a homologue of this gene has been cloned from Aspergillus 

terreus (Fujii et al., 1996; Pazoutova, 1995). 

The nrfA gene encoding the nitrogen regulatory protein mediating the nitrogen catabolite 

repression described above has been cloned and sequenced (Ellis, 1996). NRFA appears to 

be homologous to other fungal GATA-binding proteins of the zinc finger type such as the 

global nitrogen regulatory factors NIT2 from Neurospora crassa (Fu & Marzluf, 1990) and 

AREA from 4spergillus nidulans (Kudla et al., 1990). 

3.1.6 Clustering of fungal secondary metabolic pathway genes 

As recently as 1987 it was stated that "Structural genes of related function are not often 

linked with one another in filamentous fungi but instead are distributed, almost at random, 
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throughout the fungal genome" (Gurr et al., 1987). Only a handful of primary metabolic 

pathway genes disobey this rule; all are involved in nutrient utilisation pathways, (Keller & 

Hohn, 1997). An example is the cluster of genes encoding regulatory and structural 

proteins for quinate catabolism in Neurospora crassa (Giles et aL, 1985). However it has 

subsequently become apparent that this is not the case for secondary metabolic pathways, 

the structural and regulatory genes for which tend to be linked in fungal systems (reviewed 

by Bennet, 1995; Keller & Hohn, 1997). Gene clustering has been demonstrated for the 

biosynthetic pathways producing the P-lactam antibiotics penicillin and cephalosporin in 

Aspergillus nidulans, Penicillium chrysogenum and Cephalosporium acremonium 
(Mathison et aL, 1993; Turner, 1994; Smith et al., 1990) and has facilitated the rapid 

cloning of genes from these pathways. The biosynthetic genes for the mycotoxins: aflatoxin 
(Yu et aL, 1995), sterigmatocystin (Keller & Adams, 1995) and trichothecene (Hohn et al., 
1993; McCormick et al., 1996) are also linked. Genes involved in the biosynthesis of the 

polyketide melanins of filamentous fungi have been found to be clustered or closely linked 

in Alternaria alternata, Cochliobolus heterostrophus and Cochliobolus miyabeanus 
(Kimura & Tsuge, 1993; Tanaka, Kubo & Tsuda, 1991; Kubo et al., 1989), although no 
linkage has been observed in Colletotrichum lagenarium or Magnaporthe grisea (Kubo et 

al., 1991; Chumley & Valent, 1990). 

For obvious reasons this clustering should greatly facilitate cloning and manipulation of 

secondary metabolic pathway genes. 

3.1.7 Evolution of gene clustering in filamentous fungi 

The high level of sequence similarity between some fungal and actinomycete P-lactarn 

pathway genes, together with the lack of introns in the fungal genes, has been explained by 

a proposed horizontal transfer of these genes into fungi from P-lactarn producing 

streptomycetes (Bennet, 1995; Cohen et aL, 1990). Such an event, occurring close to the 
divergence between Gram-positive and Gram-negative bacteria 1.0-1.5 billion years ago, 

could certainly explain the clustering of these genes. However, this particular horizontal 

transfer has been refuted by Smith, Feng and Doolittle (1992) who claimed that the 

phylogenetic tree for isopenicillin N synthetase best supports a conventional evolutionary 
descent for this gene. Some genes in B-lactam biosynthetic clusters do contain introns and 
for this reason are unlikely to be bacterial in origin, but rather have been 'recruited' from 
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the fungal genome (Mathison et aL, 1993). The fact that these recruited genes are closely 
linked to the others suggests some functional importance for the clustering. 
An alternative explanation for the clustering observed in fungal secondary metabolic 

pathway genes is that it may play a role in the regulation of their expression (Hohn et aL, 
1993). According to Keller & Hohn (1997) the limited evidence available suggests that 

when individual genes from a particular cluster are ectopically integrated into the genome 

their expression does not differ significantly from genes within the cluster, making such a 

role unlikely. However there is at least one significant exception to this rule: when a 

reporter construct using the promoter from the gene ver-1, part of the aflatoxin biosynthesis 

cluster in A. parasiticus, was integrated at another genomic locus a greatly reduced level of 

expression was reported (Liang et aL, 1997). The authors suggested that this "positional 

effect" may be due to the topological structure of the chromatin, local cis-acting elements 

or location-specific trans-acting mechanisms. 

3.1.8 This project 
Information about the molecular genetics of patulin biosynthesis is of interest as the 

biochemistry and enzymology of this pathway have been studied as a model for fungal 

secondary metabolism. In addition, such information may facilitate the development of 

control measures for this mycotoxin, such as competitive exclusion of toxigenic strains in 

the field by genetically engineered, stably non-toxigenic organisms (Linz & Pestka, 1992) 

or PCR-based post-harvest screening for potentially toxigenic organisms contaminating 

stored crops (Geisen, 1996). 

Working from the hypothesis that patulin pathway genes may be clustered on the 

chromosome in P. patulum, the aim of this project was to examine the chromosomal 

regions on either side of MSAS for open reading frames likely to be required for patulin 
biosynthesis. 
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3.2 RESULTS 

3.2.1 Chromosome walking 
A P. patulum genomic library, constructed using XGEM- II XhoI half-site phage arms 
(Promega), had previously been screened with the MSAS condensing and reducing domain 

probes CON I and RED3 (Walsh, 1993). Twenty-two positive clones hybridised to one or 
both probes and plaques corresponding to each of these clones were investigated further to 

see if any overlapped MSAS at the 5' or 3' end. 
I pl aliquots of 10-2 dilutions from each picked plaque suspension were dotted onto lawns 

of E coli KW251 plating bacteria in duplicate and incubated overnight at 37* C. Duplicate 

plaque lifts were taken from each plate and these were probed using 32 P-labelled 5'MS, 

CON I, RED3 and YMS restriction fragments (figure 3.2). Several clones hybridised to all 

the probes except for 5'MS or YMS and could therefore potentially overlap MSAS; four of 

these were assessed further using two sets of PCR primers, shown in figure 3.2. FORP and 

RCON amplify a fragment from the 5' end of MSAS and gave a product of the expected 

size with clones 13 and 18 as template, FREV and RREV amplify from the 3' end and gave 

a product of the expected size with clones 3 and 6 as template (figure 3.3). The results 

confirmed that clones 3 and 6 overlap MSAS at the 3' end, while clones 13 and 18 overlap 

at the 5' end. Clones 6 and 18 were plaque purified by rescreening using the 5'MS and 

3'MS probes. Two rounds of purification gave a pure suspension of phage 18ccl (5') while 

a single round of purification gave pure phage 6cc (Y). Phage DNA was prepared from 

each clone by the plate lysate - Lambdasorb TM method. 

3.2.2 Restriction mapping of clones 6cc and 18al. 

Approximately 200 ng of DNA was digested with the restriction enzymes Sa1I and HindlIl 

for 2 hours at 37* C. The products of these digestions were fractionated on an agarose gel 

and restriction fragment lengths were ascertained by comparison with DNA size markers 
(figure 3.4, table 3.3). 

Digested DNA was blotted onto a nylon membrane and 32 P-labelled MSAS probes together 

with oligonucleotides SP6-20 (CCATTTAGGTGACACTATAG) and T7-24 

(ATTGTAATACGACTCACTATAGGG), designed to bind to the RNA polymerase 

promoters of ?, GEM- 11, were hybridised to the blotted DNA. The data obtained (table 3.4) 
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5, MS CONI 

FdRP RCbN 
-. 10- 2292 bp -0*- 

RFD3 YMS 

FRED RREV 

-0- 2166 bp -. 0- 

Figure 3.2. MSAS probes and PCR primers used in chromosome walking. 

The black bar represents the MSAS coding sequence, including the single intron. 5'MS, CONI, RED3 and 
YMS are restriction fragments used as probes. Binding sites of PCR primers FORP 

(TTGGCTAGCTGTTCGAAGTC), RCON (ATTACCTAGTGGGTCTGGCT), FRED 

(CAATGGCTCACTGCCTATCA) and RREV (TACGCGTGGTATCATTCACC) are indicated by dotted 

arrows. The sizes of predicted PCR products are indicated between the primers. 
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Figure 3.3. Screening phage clones using the polyrnerase chain reaction. 

Overlapping of phage clones 3,6.1 3) and 18 with AISAS was assessed using two pairs of PCR primers on the C, 4n 

phage template: A, FORP and CONREVý B, FRED and RREV. PCR products of 2.0 - 2.3 kb (arrowed) were 

obtained using primer pair A on clones 13 and 18 and using primer pair B on clones 3 and 6 in standard PCR 

reactions. Primers were annealed at 60' C. PCR products were fractionated on a I% TAE gel at 70 mA. M, ý- 

Hindill DNA size markers (sizes of visible fragments indicated on left). 
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6cc 18al 

Sall HindIll Sall Hindlll 

21 21 21 21 

9.2 8.5 9.2 5.2 

5.6 5.1 5.1 4.4 

3.8 4.4 2.6 3.9 

2.45 1.97 2.45 

1.15 0.77 0.54 

0.97 0.58 0.49 

0.54 

Table 3.3. Sizes in kb of restriction fragments produced by Saff and HindIll digests of phage clones 

18al and 6cc. 

The figure highlighted in bold type represents two restriction fragments of similar size which comigrate on M00 
the aoarose gel. tý 

Probe 6cc 18(xl 

Sall Hindlll Sall Hindlll 

5'MS - - 2.6 3.9 

CON 1 1.15 8.5 2.6 5.2 

RED3 0.54 8.5 0.54 5.2 

3'MS 3.8 5.1 - - 

SP6-20 1.15 8.5 0.49 5.2 

T7-24 5.6 21 5.1 21 

Table 3.4.18al. and 16a restriction fragments hybridising to AISAS probes and XGEM-I I arm-specific 

oligonucleotides. 
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were used to construct the restriction maps for the phage clones 1 Scc I and 6(x shown in 

figure 3.5. 

A further round of chromosome walking was undertaken to obtain clones overlapping the 

5' end of 18ccl and the 3' end of 6cc. Each clone was digested with SaII and digoxygenin- 

labelled RNA probes were transcribed from the XGEM- II T7 RNA polymerase promoters. 
These riboprobes, in conjunction with 5'MS and YMS restriction fragments, were used to 

screen the P. patulum genomic library. Plaques hybridising to the T7/6cc riboprobe but not 

to YMS, or to T7/18cc I but not to 5'MS were picked and purified by screening with the T7 

riboprobes to give clones T7/18(x I and T7/6(x. Time constraints prevented the 

characterisation of these fragments. 

3.2.3 Transcript analysis 

The two Sall restriction fragments extending 5' of MSAS in 18(xl and the two Sall 

fragments extending in the 3' direction from MSAS in 6a (figure 3.5) were obtained by 

fractionation of a restriction digest on an agarose gel followed by excision of the 

appropriate bands and elution of DNA from the gel slices. These restriction fragments were 

used to probe northern blots of total RNA extracted from P. patulum myceliurn and 

conidiating cultures known to be expressing MSAS (figure 3.6). 18iii hybridised to 

transcripts of 6,2 and 1.5 kb; 18iv hybridised to transcripts of 6 and 1.5 kb. This pattern of 

hybridisation indicates that at least two mRNAs are transcribed concurrently with MSAS 

from the 6 kb region of chromosome upstream of MSAS. The shorter (1.5 kb) transcript 

appears to arise from a coding region that is bisected by the Sall site immediately 5' of 
MSAS, and the longer (2 kb) transcript emanates from a coding region upstream of this 

restriction site. Fragments 6iii and 6iv hybridised only to the 6 kb MSAS transcript, 

indicating that the 8 kb region of chromosome downstream from MSAS contains no genes 

that are transcribed concurrently with MSAS. The hybridisation of 18iii and 6iii to the 6 kb 

transcript, presumably corresponding to MSAS, was probably due to the incomplete 

purification of the restriction fragments, i. e. their contamination by fragments 18iv and 6iv. 

3.2.4 DNA sequence analysis of the chromosomal region upstream of MSAS. 

Figure 3.5 shows the 4 kb HindIII restriction fragment and the 2 kb HindIll - SacI 

restriction fragment upstream of MSAS that were subcloned from 18cc I into the pUBS I and 
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mycelium 
26h 30h 26h 30h 

6 kb 

28S-o, - 
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&-, 
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181v 6ni 18111 61v 

-4- 6 kb 

-4-28S 
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Figure 3.6 Northern blots of Penicilliumpalulum total RNA probed with restriction fragments from 

the phage clones 6ct and 18ccl. 

Total RNA was extracted from 21 h conicliating culture (18iv/6iii), 26 h and 30 h myceliurn (18iii/kiv), I 
fractionated on formaldehyde denaturing agarose gels and blotted onto nylon membranes. These northern 
blots were probed with -2P-labelled restriction fragments from phage clones overlapping MSAS (figure 3.5). C, -1 

The band at 6 kb represents hybridisation to the MSAS transcript. Bands labelled 28S and 18S probably 

represent degraded MSAS transcript co-migrating with 28S and 18S ribosomal RNA. In addition to these 
bands, fragment 18iv hybridises to a transcript of approximately 1.5 kb and fragment I 8iii hybridises to two 

transcripts of approximately 2 kb (overlying the 18S band) and 1.5 kb. 
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pNEB 193 vectors respectively, creating plasmids p4H5 and p2SH5. The identity of the 

insert in p4H5 was confirmed by using the plasmid to probe northern blots of P. patulum 

myceliurn and conidiating cultures (figure 3.7). The plasmid hybridised to both the 2 kb 

and 1.5 kb transcripts described in section 3.2.3. 

DNA sequence was obtained for both inserts (figure 3.23) and continuity between the two 

sequences on the chromosome was confirmed by sequencing of a 574 bp PCR product 

amplified from P. patulum genomic DNA using primers 2SHJUNT and 4H5JUNT, which 

anneal on either side of the HindIII site dividing the two fragments (figure 3.15). 

Analysis of the p4H5 and p2SH5 DNA sequences indicated the presence of three large 

open reading frames (ORFs) on the opposite strand to MSAS. The 995 bp ORF nearest to 

MSAS was termed ORF 1. The other two OR. Fs of 100 1 bp and 45 5 bp were closely 

adjacent and, for reasons described below, were collectively designated ORF2. Predicted 

protein sequences for ORF I and ORF2 were compared against the SwissProt protein 

sequence database, using MPsrch and FASTA programs. The first 60 amino acids encoded 
by ORF I showed a strong similarity to the bovine and murine acetylcholine receptor B 

subunit cytoplasmic domain between the transmembrane segments M3 and M4 (Tanabe et 

al., 1984). The predicted products of the two open reading frames designated ORF2 

showed strong similarities to neighbouring regions of proteins in the cytochrome P450 

superfamily, indicating that they were part of a single gene. As cytochrome P450 

monooxygenases are thought to catalyse a number of hydroxylation steps in the patulin 
biosynthetic pathway (Murphy et al., 1974; Murphy & Lynen, 1975), ORF2 seemed a good 

candidate for a patulin pathway gene and subsequent research concentrated on 

characterising this gene. 

3.2.5 Correlation of ORF1 and ORF2 to observed transcripts 

PCR primers binding within ORF I and ORF2 were used to amplify fragments from these 

ORFs for use as probes specific to these open reading frames (figure 3.8). To confirm that 

ORF I and ORF2 corresponded with the two transcripts detected by northern blotting and 

also to determine the point of maximal expression of these two transcripts these probes 

were hybridised to a northern blot of total RNAs extracted from P. patulum mycelium of 

various ages (figure 3.9). All three transcripts were found to be strongly expressed between 

28 h and 70.5 h. 

71 
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mmc 

Figure 3.7 Northern blot of Penicifflum patulum total RNA probed with p4H5. 

Total RNA from 21 h conidiating cultures, 26 h and 30 h mycelium was probed with the 32 P-iabelled illsel-t Of 

p4145. The plasmid hybridised to Mo transcripts, of approximately 2 and 1.5 kb. The bands labelled 28S 

probably represent ORFI, -I transcript co-migrating with 28S ribosomal RNA. 
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Figure 3.8 I)eri,. ation of DNA probes for ORFI and ORF2 1)) IICR. 

ORFI and ORF2 are represented by gre\ boxes, drawn approximatelý to scalc. Thc posmoii.,, ol thc hilldill, p 

sites for primers 4H5F4 (CTTGAGTGCATCTGATT), 4H5R5 ('I'C'I"1'(i(i('AA('(, (i('AAA(; ), 4115 V-3)R-1 

(AAGACTTCATATCTAAC) and 4H513H (A'FCGC'I'CA('('A'I'A'I"1'(', ('), Il'e iII(liCaICLl hN IIIC IIIIIIII)CIS I to 

4 respectively. PCR prodLICts are indicated b,, black bars. Standard IICR conditions were ttse(l (ss, ' 

annealing) and prodLICtS were PLIfitied by elution From art auarose gel. 
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Figure 3.9 Northern blot of Penicilliumpatulum total RNA probed with MSAS restriction fragment, 

ORFI and ORF2 PCR products. 

Total RNA froin 28 h (1), 45 h (2) and 70.5 h (3) P. patulum mycelium was probed with 32 P-labelled: i. 

ORF2 PCR product, ii. ORF I PCR product. iii. MSAS condensing dornain EcoRl fragment CON I (tioure 3.2) 

and iv. cytochrome c PCR product (control probe). Hybridisations indicate that transcripts correspond ing to 

A4SAS, ORFI and ORF2 were present in all myceliurn ages sampled. 
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The cytochrome c gene of P. patulum encodes a highly conserved respiratory electron 

carrier protein (Raitt et aL, 1994). Degenerate PCR primers CytC I and CytC2 (figure 3.10, 

supplied by Dr A. Bailey) were used to amplify part of this gene for use as a control probe 

to assess the equivalence of total RNA loading in each lane of the blotted gel (figure 3.9). 

A product of the expected size was obtained in PCR reactions with a genomic template 

(figure 3.11) and gel-purified. 

3.2.6 Characterisation of ORF2 cDNA 

Poly(A)+ RNA was prepared from 28 hour old P. patulum myceliurn and used as a template 

for first strand cDNA synthesis. This oligo d(T)-primed cDNA was then used as the 

template in a PCR reaction with the primer 2SHF I (figure 3.15) and the Notl-d(T)18 primer 

(AACTGGAAGAATTCGCGGCCGCAGGAA(T)18) that had primed cDNA synthesis; 

these amplified a major product of 1250-1300 b (figure 3.12). The band containing this 

product was eluted from"the gel and used as the template in nested PCR reactions designed 

to confirm its identity as the ORF2 transcript and to provide some information about 

exon/intron structure. The primer combinations 2SHF I with 2SHR3 and 2SHF I with 
2SHR4 both yielded amplified products from the RT-PCR-derived template that were 170 

bp smaller than the products obtained from a genomic template (figure 3.13), implying the 

presence of one or more introns between the 2SHFI and 2SHR3 primer binding sites. 

Comparison of the predicted protein sequence for ORF2 to other cytochrome P450 proteins 

suggested that ORF2 did not begin with the ATG codon at the 5' end of the long open 

reading frame (designated A), but somewhere further upstream. Two possible translation 

start sites upstream of this open reading frame were identified by homology to other 

cytochrome P450 proteins at 2831 bp (C) and 2901 bp (B). To ascertain whether each of 

these ATG codons lay within the transcribed region, PCR was carried out on a cDNA 

template using 5' primers designed to bind at each of the three possible start sites (figure 

3.14); the primers BAM5'ORFA, BAM5'ORFB and 5'ORFC were each used in 

combination with 4H5T3F I (figure 3.15). The sizes of the products obtained using these 

three primer combinations to amplify from both genomic and cDNA templates are shown 

in table 3.5. BAM5'ORFA amplified a cDNA product 50 bp smaller than the genomic 

product, BAM5'ORFB amplified a cDNA product 100 bp smaller than the genomic 

product and 5'ORFC did not amplify a major cDNA product but produced three minor 

products. These results show that the methionine codons at 2901 bp and 3099 bp were 
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Figure 3.10 ('onserved binding sites of cytochrome c degenerate P('R primers. 
Protein sequence alignments created using the I'll. 1, A]l program KiCnetIC, ('0111I)LIter Group). ('N jochiollic c 
sequence identit) codes: Bovin. bovine/pig/sheep. Cacel, Caci7orhabditis clegaii. y. Arath, Arahithp. \ i. s 
thaliami; Canal, Candida albicans, Schpo, pomheý NCLICr, Neurospora cravs, j, I'licki, 

Thermomyces lanziginosa, Ustsp. Ustilago sphaerogemi: F'meni, Emericella Ilithdans (Aspergillav W(IIII'las 

Boxes indicate the regions encoded bý CvtC I ('I"FYRARACNM(iN'I'(iYlýMN(iAlý'1'(iý'('AYý\(') MILI 
CYtC2 ((; CCA'I'Y'I'I'NGI'NCCNGGDA'I'RI'AY]TYI"F) primer binding sites (A. Baile\, pers. comm. ). 
AITOWS indicate orientation of primer binding. Black triangles indicate positions where the codingsequence is 
interrupted by small introns in. A. nidulans (Raitt et al., 1994). 
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FigureIll Amplification from the Penicilliumpatulum genome using cytochrome c degenerate PCR 

primers. 

Primers CytC I and CytC2 were used in PCR at three different concentrations: A, both at 0.4 p M; B, both at 

1.2 pM; C, CI at 3.16 ýM, C2 at 2.336 pM. Primer annealing temperature was 55 'C. PCR products were 

fractionated on a 1.1% agarose gel in TAE buffer at 60-70 mA. M, 100 bp ladder DNA size marker (Gibco- 

BRL), sizes of brighter bands are indicated. An arrow indicates the product of 250-300 bp visible in lanes B 

and C. 
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Figure 3.12 First-strand eDNA synthesis and PCR amplification from Penicifflitni patuhim poly(A)' 

RNA. 

Approximately 100 n- poly (A)' RNA was used as a template for first strand cDNA synthesis usino the 

Ready-To-Go T-Primed first strand cDNA reaction mix (Pharmacia). Subsequently the complete cDNA 

reaction mix was used directly in PCR. Primers for this PCR were the oligo d(T) primer used in cDNA 

synthesis, and the ORF2-specific primer 2SHFI (figure 3.15) which was added to a concentration of 0.4 pM. 

2.5 U of Supertaq DNA polymerase (HT Biotechnology) was used in a total volume of 100 pl as described in 

the protocol supplied with the cDNA synthesis kit (Pharmacia). The thermal cycling program used for 

amplification was: (94' C, 2') x 1, (94' C, 30"; 55' C, 30", 72' C, 1'30") x 50, (720 C, 6') x 1. After 

amplification, a 10 pI aliquot of reaction mixture was fractionated on a 1.1 % agarose gel in 0.5 x TBI: 

buffer. The major product (arrowed) was approximately 1250-1300 bp. M, 100 bp ladder DNA size markcr 

(Boehringer-Mannheim), sizes of brighter bands are indicated. 
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Figure3.13 PCR amplifications within ORF2 using Peiticifflumpatuhint genornic and amplified cl)NA 

templates. 

PCR using primers A. 2SHFI and 2SHR3, B. 2SHFI and 2SHR4 (figure 3.15). Standard Taq PCR conditions 

were used, with a primer annealing temperature of 55' C. The amplified cDNA template used was the gel- 

purified 1250-13300 bp product amplified from first strand cDNA (figure 3.12). PCR products were 

fractionated on a 1.2 % agarose gel in 0.5 x TBE buffer. M, 100 bp ladder DNA size marker (Boehringer- 

Mannheim, sizes indicated in panel A); -, negative (water) control PCR reactloný N, undiluted cDNA 

template; -1,10-' dilution of the cDNA template; -2,10-2 dilution of the cDNA ternplatc, G, genoinic DNA 

template (100 ng). Positions of bands are indicated by arrowheads. 

79 

M -N -1-2G -1 -2 



A 

2072bl, 
1500hp 

500I)p 

B 

-. 4 
-44 

C 

-. 4 

Figure 3.14 PCR using 5' primers binding at three potential translation start sites. 

PCR reactions using three 5'primers (figure 3.15): A. BAM5'ORFA, B. BAM5'ORFB and C. 5,0RI. V, in 

combination with the 3'primer 41-15T3171. All primers were used at 0.4 pM, with dNTPs at 0.2 n1M and 2.5 U 

Supertaq DNA polymerase (HT Biotechnolog ) in a 100 pI reaction. The thermal cycling program used for gy 
amplification was: (940 C, 5') x 1, (94' C, 1', 550 C, 1', 72' C, 1'30") x 40, (720 C, 10') x 1. AI iquots (20 p I) 

of the PCR products were fractionated on a 1.5% agarose gel in 0.5 x TBE buffer at 70 mA. Major products Zý 

are indicated by arrowheads. Templates were: C, 5 pl first strand cDNA; G, 100 ng genornic DNA: ZI 
negative (water) control. M, 100 bp ladder DNA size marker (Gibco-BRL), sizes of brighter hands are C, 
indicated. 
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Figure 3.15 Positions of primer binding sites on ORF2. 

The horizontal line represents the region of chromosome around ORI, '2 (figure 3.23,2500 bp-5000 bp) and 

the grey boxes represent the five exons ofORF2.11,11hidill restriction site. 

The 5'-3' direction for primers labelled above and below the diap-am is indicated by the arrows. I)rimcr 

sequences and location on the genornic sequence shovAi in figure 3.23 are: BAM5'ORFA 

(C'I'GAGGATCCAA'FGAGCTGCAGGTGCCAAAAT, 3098-3119 bp), BAMS'OKIII 

(("I'GCGGATCCTATGGATATCCTACAGT'I'CGC, 2899-2920 bp); 5'ORFC, 

(CGCGTTGATGAGAACAATAA, 2824-2843 bp); 4H5T3FI 3396-3371) hp): 

2SHFI (ATTCAATGAAACAGACC, 3850-3866 bp); 2SHR3 (CCAATATGATCCCTC('6,4-191-4-175 hp); 

2SIIR4 (GAGCGAACACCTCCTGT, 4748-4732 bp); 4H5JUN'I'('I'A'I'('(iCACC'I"I'A'I"I'A('(; ('A(i, 33-10- 

3359 bp); 2SHJUNT (TTCCATCAGAACTCCTCCTA, 3914-3895 bp). 
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5'Primer Major Genomic Product Major cDNA Product 

BAM5'ORFA 300 bp 250 bp 

BAM5'ORFB 500 bp 400 bp 

5'ORFC 550 bp 

Table 3.5 PCR products obtained using 5' primers binding at possible translation initiation regions in el 
combination with 4H5T3FI. 

Primer 5'ORFC did not amplify a major product with a cDNA template (*). 
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within the poly(A)' transcript and suggest that the codon at 2831 bp is situated upstream 

of, or very close to, the transcriptional start point. The differences between genomic and 

cDNA product sizes indicated the presence of an intron of approximately 50 bp between 

primers BAM5'ORFA and 4H5T3F I and another of the same length between primers 
BAMYORFA and BAM5'ORFB- 

Based on the above results and comparison to other cytochrome P450 proteins, the 

methionine codon (B) at 2901 bp (figure 3.23) was assumed to be the start of translation. A 

putative full length cDNA (of approximately 1600 bp) was amplified by PCR using the 
Expand Tm high fidelity enzyme mixture with primers BAM5'ORFB and ECOYORF2 (see 

section 3.2.7). Partial DNA sequencing of this PCR product revealed the presence of four 

small introns in this gene, arranged as shown in figures 3.16 and 3.23. The predicted start 

of translation for ORF2 would result in a coding sequence of 1581 bp encoding a protein 

product with a predicted molecular mass of 58.4 kDa. 

3.2.7 Expression of full-length ORF2 cDNA as a glutathione S-transferase fusion 

protein. 

Amplification of the putative full length copy of the ORF2 cDNA with the tailed primers 

BAM5'ORFB (CTGCGGATCCTATGGATATCCTACAGTTCGC) and ECOYORF2 

(CGGCGAATTCTAATCAAATTGAGCGAACA) introduced a BamHI site at the 5' end 

and an EcoRl site at the 3' end (restriction sites in the primer sequences are highlighted in 

bold type). The PCR product was digested with BamHI and EcoRl and ligated into the 

glutathione S-transferase (GST) fusion expression vector pGEX-BHE(E)XSX (supplied by 

Dr S. Screen), a derivative of pGEX-4T-3 (Pharmacia) with a modified multiple cloning 

site (figure 3.17). The resulting construct, pGEX-ORF2, was used to transform E. coli 

DH5oc. 

Expression of pGEX-ORF2 in small (5 ml) cultures was investigated using five different 

recombinant E. coli DH5(x clones, numbered 2,3,8,12 and 13. Expression of the full- 

length ORF2 cDNA as a GST fusion protein of the predicted size (84.4 kDa) was observed 
in clones 3,8,12 and 13 by SDS-PAGE (figure 3.18). Each of these clones may contain 

errors in the nucleotide sequence introduced during the PCR, but any such mutations have 

not resulted in the interruption of the open reading frame by a stop codon. Clone 2 

expressed a truncated fusion protein of between 30 and 46 kDa, presumably due to the 
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introduction of an alteration in the nucleotide sequence which changed an amino acid- 

encoding codon to a stop codon. 
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Figure 3.16 Tý% o open reading frames clustered Ni ith Penicillitim jumilmit 11S. -IS. 

The upper part ofthe diagrarn 'is a restriction map ofthe region otT C111-01110"0111C Conmining 11SIS 

and the two clustered open reading frames, designated ORFI and ORF2. Genes represented hý black \\cd, cs 

(AISAS and ORF2) have defined intron/exon structures while tile gene represented by the -grcN wedgc (( )RI. 

has not been fulk characterised. Arrowheads indicate direction oftranscription. 11, IlmdIll re, ýtriction "itc. 
The lower part ofthe dia-rain shows the exon structure of ORF-). I 
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Figure 3.18 SDS-PAGE of products of expression of pGEX-ORF2 constructs in E. coli. 

Samples were taken from each of 5 cultures (pGEX-ORF2-2/3/8/12/13) before induction (0h) and 3h after 
induction with I mM IPTG. Clones 3,8,12 and 13 show expression of an 82 kDa GST-CIRF2 fusion protein 

(A). GST, control sample expressed using non-recombinant pGEX vector showing GST protein ot'26 kDa 

(B). Note the truncated fusion protein expressed by clone pGEX-ORF2-2 (Q. M, Rainbow" Inolecular 

weight markers (Arnersham) with sizes of the bands indicated at the side. 

87 



3.3 DISCUSSION 

3.3.1 Identification of linked genes expressed concurrently with MSAS. 

The existence of at least two genes linked to MSAS has been demonstrated by the 

chromosome walking and northern blotting described in sections 3.2.2 and 3.2.3. These 

genes appeared to be transcribed at all the time points and developmental stages assayed; 

therefore expression of these genes cannot be said to be co-ordinated with MSAS 

expression and could even be constitutive. However, in the light of the reported clustering 

of secondary metabolic pathway genes in filamentous fungi, it seems likely that genes 

clustered with and expressed concurrently with MSAS are involved in the patulin 
biosynthetic pathway. Sequencing of the cloned region of chromosome upstream of MSAS 

revealed three long ORFs. The nearest of the three to MSAS was designated ORP, while 

the remaining two adjacent ORFs showed strong homology to adjacent regions of enzymes 

of the cytochrome P450 type and were therefore collectively designated ORF2. 

3.3.2 Structure of ORF2. 

RT-PCR indicated that both the ORFs of ORF2 were transcribed to a single mRNA and 

were interrupted by several introns (section 3.2.6). Sequencing of a cloned cDNA led to the 

identification of four small introns; between the predicted start and end of translation 

(shown in figures 3.16 and 3.23). The majority of sequenced genes from filamentous fungi 

have been found to contain one or more introns, of average length 69 bp, and lengths 

between 50 bp and 250 bp have been commonly reported (Gurr et aL, 1987; Unkles, 1992). 

The four introns observed in ORF2 are all within this size range. The 5' splice site 

consensus is GTRNGY (Unkles, 1992), where R is a purine, Y is a pyrimidine and N is any 
base, and this sequence is found in all ORF2 introns except intron Il (table 3.6). The 3' 

splice site consensus is YAG and this is followed in all ORF2 introns (table 3.6). The 

consensus internal element for lariat formation in the filamentous fungi is NNCTRAY 

(Unkles, 1992) and this sequence, or a close approximation to it, can be observed in all 
ORF2 introns at 10- 15 bp from the 3' end (table 3.6). 
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Intron 5' splice site 3' splice site Putative internal consensus 
(bp from intron 3' end) 

ORF21 GTATGT CAG ATCTAAC (10) 

ORF2 II GTAAAG TAG TGCTAAG (12) 

ORF2 III GTATGC CAG CGCTAAT (15) 

ORF2IV GTCTGT TAG GGCTAAT (12) 

MSAS GTCTGT TAG TACTGAC ( 9) 

FAS2 intron I GCAAGT TAG AGCTAAC (10) 

FAS2 intron 2 GTAAGT TAG TGCTAAC (10) 

NRFA GTAAGA TAG AGCTGAT (18) 

Table 3.6 Intron consensus elements in characterised P. palul"m protein encoding genes. 
Consensus elements for ORF2 introns are shown with those from MSAS (Beck et al., 1990), FAS2 (Wiesner 

el aL, 1988) and NRFA (Ellis, 1996) for comparison. 
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3.3.3 Transcriptional control motifs in ORF2. 

The promoters of ftingal genes contain a number of regions involved in transcription 

control. These typically include upstream activation or repression sequences (UAS/URS) 

involved in the regulation of gene expression and a pyrimidine-rich region, known as the 

CT box, which is involved in initiation of transcription (Punt et al., 1992; Unkles, 1992). 

CT boxes (pyrimidine-rich tracts of between 10 and 60 bp) are often situated immediately 

before the major start of transcription in the genes of filamentous fungi, with transcription 

initiation occurring at the first purine downstream (Fischer et al., 1995; Punt et al., 1992). 

Pyrimidine rich motifs of 11 and 17 bp in length can be identified at - 102 and -72 bp from 

the putative start of translation (figure 3.23,2789 bp and 2813 bp), however a 

transcriptional start point immediately downstream of either of these motifs would not be 

consistent with the suggested start of translation. 

TATA box sequences, AT-rich motifs with the consensus TATAAA involved in binding of 

the TFIED transcription factor in many yeast and higher eukaryotic genes, can be identified 

in the promoters of most fungal genes between 40 and 100 bp from the transcriptional start 

point and between 50 and 150 bp from the start of translation (Unkles, 1992). Experiments 

involving deletion of these motifs in filamentous fimgal promoters have not always 

supported a role for these sequences in initiation of transcription (Punt, 1992). Several 

sequences resembling the TATA consensus can be identified in the region 5' of ORF2, but 

the closest one to the putative site of translation initiation is TATAT at 188 bp upstream 
(figure 3.23,2710 bp). 

Nitrogen metabolite repression of a number of genes in filamentous fungi is known to be 

mediated by the binding of a nitrogen regulatory factor to specific DNA sequences 

upstream of the gene (Caddick et al., 1994). Transcription of genes in the patulin 
biosynthetic pathway has been shown to be regulated by the action of such a protein (Ellis, 

1996; GM Gaucher, personal communication). Other nitrogen regulatory factors studied in 

filamentous fungi, such as NIT2 in Neurospora crassa, NRE in Penicillium chrysogenum 

and AREA in Aspergillus nidulans are zinc finger proteins belonging to the GATA family 

of DNA-binding proteins, so called because they bind to the core DNA sequence GATA 

(Caddick et al., 1994; Haas & Marzluf, 1995; Orkin, 1992). Experiments in N. crassa and 

P. chrysogenum have shown that the binding sites for such regulatory proteins must 

contain at least two GATA sequences, in any orientation, separated by 3-40 bp (Chiang & 

Marzluf, 1994, Haas & Marzluf, 1995). Twelve GATA core sequences can be identified in 
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the 1.2 kb region of chromosome 5' of ORF2 and there are three instances where two 

GATA sites are situated within 40 bp of each other (figure 3.23), 

Biosynthesis of patulin is thought to be subject to manganese-regulated transcriptional 

control (Scott et al., 1986; Scott, Jones & Gaucher, 1986; section 1.1.4). The most 

thoroughly characterised eukaryotic metal-regulated system is metallothionein biosynthesis 

(Thiele, 1992). Metallothionein promoters possess multiple copies of cis-acting metal 

regulatory elements (MREs), consisting of a series of 13-15 bp imperfect repeats, which 

are thought to be bound by a metal responsive transcription factor (Thiele, 1992). In the 

basidiomycete Phanerochaete chrysosporium, expression of the two isozymes of 

manganese peroxidase is known to be subject to manganese regulation at the level of gene 

transcription (Brown et al. ý 199 1) and the promoters of these genes (mnpl and mnp2) 

contain several putative MREs which fit the core consensus sequence (TGCRCNC) for the 

higher eukaryotic MRE (Mayfield et al., 1994). Nine putative MREs can be identified 

within the 1.2 kb region of chromosome 5' of ORF2, all of which differ from the consensus 

sequence by a single nucleotide. In two cases, pairs of these putative MREs (2405-2414 bp 

and 2581-2590 bp, figure 3.23) overlap and form a4 bp palindrome (TGCA) as has been 

observed in the mnp. 112 promoters (Mayfield et al. 1994). 

3.3.4 Polyadenylation of the ORF2 transcript 

In animals, the sequence AATAAA is a highly conserved polyadenylation signal motif, 

occurring 10-30 bp 5' of the polyadenylation site (Humphrey & Proudfoot, 1988). In 

plants, the polyadenylation signal motif is less conserved (AAUNNN) and multiple copies 

may be present (Gallie & Bailey-Serres, 1997). While this motif is present in the expected 

position in a number of fungal genes, in many it is either absent or differently situated 

relative to the polyadenylation site (Unkles, 1992). No such sequence is present in the 

vicinity of the polyadenylation site in the P. patulum genes FAS2 and MSAS (Beck et aL, 

1990). A perfect AATAAA motif is present in the putative 3' non-coding region of ORF2, 

sited 343 bp downstream of the stop codon. The poly(A) tail added to eukaryotic mRNA 

molecules is usually about 200 bp in length (Lewin, 1997) which would result in a 

predicted transcript length for ORF2 of approximately 2200 bp, consistent with the 

transcript size observed in northern blots. 
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3.3.5 Initiation and termination of translation sites for ORF2. 

The amino terminus of the eukaryotic microsomal cytochrome P450s serves as a 

membrane-insertion and halt-transfer signal. This will typically consist of an acidic residue 

closely following the initiation methionine followed by 14 to 20 hydrophobic residues and 

then several basic residues (Gonzalez, 1989). The methionine codon at 2901 bp was 

identified as the most likely start of translation as this would result in just such an amino 

terminus to the protein (figure 3.19); this prediction was supported by the results of RT- 

PCR at the 5' end of the ORF2 transcript (section 3.2.6). Translation of most fungal genes 

begins at the first AUG codon of the mRNA (Gurr et aL, 1987), but the AUG will only be 

recognised efficiently as an initiation codon when it is in the context of an appropriate 

sequence environment, which in eukaryotes has the consensus GCCRCCAUGG. The 

purine three bases before the AUG and the G immediately following it are the most 

important bases in this consensus, influencing translational efficiency by a factor of ten, 

while the other bases have much smaller effects (Lewin, 1997). Filamentous fungi show a 

strong preference (64%) for A at position -3 (Gurr et aL, 1987; Unkles, 1992). The putative 

initiation codon for ORF2 is within an approximation to the consensus ribosome binding 

site (AACACUAUGG). 

A putative stop codon for ORF2 has been identified which would result in a gene product 

of a similar size to other cytochrome P450 enzymes (figure 3.23,4757-4759 bp). 

Eukaryotes exhibit a strong bias for a purine immediately following the stop codon 

(Cavener & Ray, 1991). The putative stop codon identified for ORF2 has a pyrimidine 

(cytosine) in this position, found in about 30% of filamentous fungal genes (Unkles, 1992). 

3.3.6 ORF2 is proposed to be a cytochrome P450 monooxygenase. 

The predicted amino acid sequence encoded by ORF2 was compared against protein 

sequences in the SwissProt database using both FASTA and Mpsrch programs to search for 

the best global alignments and local matches respectively. Both methods revealed a strong 

similarity between ORF2 and various plant trans-cinnamate 4-monooxygenases and other 

cytochrome P450s, with Phaseolus aureus CYP73 and Rat CYP2J3 showing the highest 

similarity scores. The accepted classification system for cytochrome P450s defines a 

member of one gene family as sharing an amino acid identity of at least 40% with members 
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Figure 3.19 Putative ORF2 amino terminal membrane insertion-halt transfer signal sequence. 

SeqUence shows amino acids encoded by predicted first exon of ORb_2. ResidUeS in bOld lVint al-C ilCldjC, 

residues in light shaded boxes are hydrophobic and residues in darker shaded boxes are basic (Mattliews 

van Holde, 1990). 



1 MDLLLLEKT. LLGLFLA.. AVVAIVVSKLRG.. KRFKLPPGPLPVPIFGN 45 

1 MDILQFAPTHLLAILLSSTSVLFLVTYLLRAGHRPSELPDGPPTVPLFGN 50 

46 WLQVGDDLNHRNLTQLAKRFGDIFLLRMGQRNLVVVSSPDLAKEVLHTQG 95 

51 ELQVPKSDAHFQFSKWAKQYGGFFTLKRYNNTTIVISDQKLIKQLLDKKS 100 

96 VEFGSRTRNVVFDIFTGEGQDMVFTVYGEHWRYMRRIMTVPFFTNKVVQQ 145 

101 NIYSHRPASLVSHLIT. QSDHLLVMQYGERWRMLRKTIHQYFMEPRCERE 149 

146 YRHGWEAEAAAVVDDVRKUPDAAVSGLVIRRRLQLMMYNNMYRIMFDRRF 195 

150 HWKVQEAEAYQMLHDFLTMPE ... DHMLHPKRYSNSITNS ... LVFGIRT 193 

196 ESEEDPLFQRLKALNGERSRLAQSFEYNYGDFIPILRPFLKGYLKICKEV 245 

194 KTVHDEYMNKLFYLMDKWSLVQELGATPPVI)SFALLRYVPQWLLGNWRNR 243 

246 KETRLKLFKDYFVDERKNIGSTKSTNNEGLKCAIDHILDAEKKGEINEDN 295 

244 AIEVGDLMQSLYKTVLDQVRERRQRGIQ. RDSFMDRVLDSMKQTPLTENE 292 

296 VLYIVENINVAAIETTLWSIEWGIAELVNHPEIQQKVRDEIDRVLGVGHQ 345 

293 LRFLGGVLMEGGSDTSSSLILTIIQAMTKYPEVQAKAHAQIDSIVGQDRS 342 

346 VTEPDIQKLPYLQAVVKETLRLRMAIPLLVPHMNLHDAKLGGYDIPAESK 395 

343 PAWSDWPRLPYINMIIKESHRWRPVSPLGVTHAVAEDDHIDGKLIPQGSS 392 

396 ILVNAWWLANNPAHWKKPEEFRPERF.. FEEESHVEANGNDFRYLPFGVG 443 

393 IVLNVWGMHHDSDRWQEPEHFQPERFADFPALASTYAGSERRDHIGYGAG 442 

444 RRSCPGIILALPILGITLGRLVQNFELLPPPG. QSQIDTSEKGGQFSLHI 492 

443 RRICPGIHLAERNLIIGIAKLLWAFEFVEPPGSDSDISAHSGASKGFLHC 492 

493 LKHSTVVA. KPRSP ..................... 505 
1: 11 

493 PKDYGCAIRLRSPEKRATIMREFA. EAQEVFAQFD 526 

Figure 3.20 Comparison of ORF2 and CYP73 deduced amino acid sequences. 

The upper sequence is CYP73 from Phaseolus aureus (Mizutani et aL, 1993), lower sequence is ORF2. 

Vertical lines indicate identity between arnino acid residues, two dots indicate conserved amino acid 

similarities. Amino acid similarity between the two sequences is 38 %, amino acid identity is 27 %. 

Sequences were aligned using the GAP program (Genetics Computer Group). The heme binding motif 

FXXGXXXCXG and the EXXR motif conserved among cytochrome p450s (Nelson et aL, 1993; Yu et aL, 

1997) are highlighted in bold type. 
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of the same gene family (Gonzalez, 1989; Nelson et al., 1993). As CYP73 shares only 27% 

amino acid identity (figure 3.20), then the cytochrome P450 encoded by ORF2 is proposed 

to be a member of a previously undescribed gene family. 

An amino terminal signal sequence for membrane insertion (discussed in section 3.4) and 

the conserved heme binding motif FXXGXXXCXG common to all cytochrome P450 

enzymes (Nelson et al., 1993) can be clearly identified in the predicted protein (figures 

3.19,3.20 and 3.21). The presence of a tyrosine residue at the beginning of the heme 

binding motif (position 439) is extremely unusual as this residue is conserved as 

phenylalanine in all cytochrome P450s characterised to date, fewer than 1.5% of which 

diverge from the established motif at even a single residue (figure 3.2 1; Nelson et al., 

1993; Yu et al., 1997). The substitution of tyrosine for phenylalanine results from a single 

transversion in the codon from UUU/C (Phe) to UAU/C (Tyr). At the protein level 

phenylalanine is an extremely hydrophobic amino acid, while the presence of a polar 

hydroxyl group on its side chain (the only structural difference between these two aromatic 

amino acids) makes tyrosine much less hydrophobic (Mathews & van Holde, 1990). The 

heme-binding site of ORF2 also contains an arginine residue which is conserved in all 
filamentous fungal and most other P450s (figure 3.21). 

3.3.7 An open reading frame highly similar to ORR can be identified 5' of MSAS in 

Aspergiffits terreus. 

The sequence for A. terreus MSAS submitted to the EMBL/GenBank/DDBJ databases 

(Pazoutova et aL, 1995) fortuitously includes 2 kb of sequence 5' to the coding region of 

the gene. A large open reading frame can be identified in this 5' region between 

nucleotides 643 and 29 of the database sequence which is conserved with P. patulum 

ORF] in both nucleotide and predicted amino acid sequences and is assumed to represent 

the presence of a homologue of this gene in A. terreus. The conserved open reading frames 

observed in these two species did not begin with ATG codons, suggesting the presence of 

an intron in the ORFI gene. Comparison of the regions upstream of ORFI in A. terreus and 

P. patulum revealed further similarity in a different reading frame and between the two 

regions of homology the position of an intron could be deduced (figure 3.23). The 5' splice 

site consensus element for this putative intron is GTAATC, the 3' splice site is CAG and 

an internal consensus of CGCTGAC is situated 18 bp from the 3' end. Protein products for 
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Cytochrome P450 gene Heme-binding motif Position 

Rat CYP2J3 FSMGKRACLG 441-450 

Phaseolus aureus CYP73 FGVGRRSCPG 440-449 

Aspergillusparasiticus CYP60A] FSIGPRNCIG 429-438 

A. nidulans CYP60A2 FEFGPRSCIG 443-452 

A. nidulans CYP59 FEFGPRSCIG 427-436 

Fusarium. sporotrichioides CYP58 FSQGSRQCIG 449-458 

Nectria. haematococca CYP57 FGAGSRSCIG 451-460 

A. niger CYP53 FSTGPRACVG 454-463 

Penicilliumpatulum ORF2 YGAGRRICPG 439-448 

Figure 3.21 Alignment of amino acid sequences in the heme-binding active site of mammalian, plant 

and fungal cytochrome P450 enzymes. 
Conserved amino acids are shown in bold type and the heme-binding cysteine is underlined. GenBank/EMBL 

accession numbers: CYP2J3, U39943; CYP73, L07634; CYP60AI, U62774; CYP60A2, U34740; CYP59, 

U34740; CYP58, U22462; CYP57, X73145; CYP53, X52521. 

I ......... MAPFVPYHYSAGQSTIVKFGGLLTTEFLEPPPGRCFLFRQT 41 

1 MGELFKWPSFSPFVPFHVSAGQTVIRKFGGLLTCEFLPPPPGRSFMMRQT 50 

42 YRHTVEGSIPDNLRKLINSPDRPKGPPPHFHQFQTEYFRVESGVLGISVD 91 

51 YRHSVEGPIPENLRKLIESDHRPDGPPMHFHQWQTEYFKVEEGICVVEVN 100 

92 GVVRRITPEDGEISVKAGSVHNFFIHPDSPESM7VYLSASDSGNDYQLDR 141 

101 GKQTMLTPDDEEISCKAGNIHRFFIHPDSRERMTVILSASDSGVDYQLDR 150 

142 VFFENWYGYWHDALLHDGGIDWIQFLAVSLSSQCIISLPIADMVVDPRRR 191 

151 VFFENWYGYWHDALLYQGGLDFIQTLCVSPQFLYF* .............. 186 

Figure 3.22 Conservation of ORFI predicted amino acid sequence in Aspergillus terreus. 

Upper sequence is predicted amino acid sequence for Penicilliumpatulum ORFI, lower sequence is predicted 

amino acid sequence for Aspergillus terreus ORFI, identified in sequence 5' of A. terreus MSAS (Pazoutova 

et al., 1995). Vertical lines indicate identity between amino acid residues, two dots indicate conserved amino 

acid similarities. 
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ORFI in both species have been predicted and these two proteins are homologous along 

their lengths (figure 3.22). 

Clustering of the gene represented by ORFI with MSAS in these two closely related fungi 

may simply be a consequence of a more general synteny, but the conservation of the 

proximity between ORFI and MSAS in two different organisms adds weight to the case for 

them being part of a secondary metabolic pathway gene cluster. 

3.3.8 Transcriptional control motifs in ORFI. 

The predicted promoter region for ORFI was examined for likely transcriptional control 

motifs. No pyrimidine rich region resembling a CT box could be identified in the region 

adjacent to the putative start of translation. A TATA-like motif (TATATA) is present 124 

bp before the start of translation (figure 3.23,384-389 bp). Eight GATA sites are present in 

the region between the 5' end of ORFI and the 5' end of MSAS, however none of these 

show the correct spacing of 3-40 bp. Five putative metal response elements can be 

identified between ORP and MSAS; as in ORF2 these all differ by a single nucleotide 
from the core consensus sequence (TGCRCNC). 

3.3.9 Functional characterisation of ORF2. 

A P450-like gene (ORF2) linked to MSAS has been isolated; it is now necessary to 

ascertain whether it has a role in the patulin biosynthetic pathway. Confirmation of this 

could be obtained by disruption of the chromosomal copy of the gene in P. patulum and 

analysis of any resulting changes in production of the patulin pathway intermediates. This 

approach was not considered to be practicable because although transformation systems 

based on the use of electroporation (Chakraborty et al., 199 1) and polyethylene glycol 

(Kiuchi et al., 1991) have been developed for P. patulum, integration of the transforming 

plasmid has been predominantly ectopic. The four E coli clones expressing the full length 

GST-ORF2 fusion protein (figure 3.18) are currently being assayed for enzymic function 

capable of catalysing selected reactions in the patulin biosynthetic pathway. Five reactions 
in the patulin biosynthetic pathway are potentially catalysed by cytochrome P450-type 

enzymes, as they involve the insertion of a single atom of oxygen into the substrate and are 

NADPH-dependent. Of these enzymes (indicated with an asterisk in figure 3.1), m-cresol 

methyl hydroxylase (3), m-hydroxybenzyl alcohol 6-hydroxylase (9) and m-cresol 6- 

hydroxylase (8) have previously been proposed as cytochrome P450s (Murphy et al., 1974; 
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Murphy Lynen, 1975). Functional equivalence of the ORF2 gene product with any of these 

enzymes will confirm the involvement of ORF2 in the patulin biosynthetic pathway and the 

linkage of pathway genes. Functional eukaryotic cytochrome P450s, including the soluble 

fungal P450 CYP55, have been successfully expressed in E. coli, although high level 

expression required modification of the N-terminal codons (Barnes et al., 199 1; Okamoto 

et al., 1997; Porter & Larson, 1991). ORF2 was expressed as a GST fusion because it was 

felt that the fusion to GST might prevent the protein from being expressed in a membrane- 

bound form, ensure a high level of expression and facilitate purification of the ORF2 

protein. If no appropriate activity can be detected in crude E. coli extracts, this could be a 

consequence of the fusion to GST affecting enzymic function in which case the fusion 

protein can be affinity purified using a glutathione sepharose matrix and GST removed by 

thrombin cleavage. 
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Figure 3.23 DNA sequence of cloned fragments located upstream of AfSAS with the predicted protein 

sequences for ORFI and ORF2 (cDNA). 

Introns in ORF2 and putative intron in ORFI are indicated by underlining. TATA and polyadenylation signal 

consensus sequences are indicated by bold underlining. GATA sites are indicated by double under- or over- 
lining depending on orientation. Metal Response Element consensus sequences in 5'-3' and 3'-5' orientations 

are highlighted in bold type. Possible CT boxes are shown in grey. 

99 



I AAGCTTCGCAAGATTAATCTCACTGACGGCCAACGGGAATAACCGACGAGTATTGACTTC 60 

61 CCGCCCGTAAGCAGTGACAAGTGGCGATCATGAAAGTGTGTTTAGGGATTTTGAGACGTT 120 

121 GAGGACAAGCCGCCGTCAGCCCTAAGCCTGAATGGGATGCATGCTGATTAACCCAAAGGA 180 

181 GCGCCGGGGATGATTTCTTCAAAGGGTGCCCGTTTAACTGTCTCACCGTTTAGGAACCTT 240 

241 ACAGGAACTCCGTAAACATACTCCGGAGCGAATGTGTATCTAAATATACTCATTTTGATC 300 

301 AGGCCATTTCGACATGCCTTGAAAGGCAGTCCATAGAGGACT=CTCTACATGTGAGCA 360 

361 TAGCAAGGAATCAGGATATCAAGTATATAGGTAGTAGCAGGCGCATCTGGAGTATTTCTA 420 

421 GATATCTTTAGGAGAAGCGCTCAAATATTCATGCTTTTGTTGTAAAAATCCGACTTCGAA 480 

481 CAGCTAGCCAACCATCTGAAGTGTCTTGTTACAATGGCCCCATTTGTGCCCTACCACTAC 540 
MetAlaProPheValProTyrHisTyr 
ORS1 0 

541 TCAGCTGGCCAGTCGACTATTGTCAAGTAATCAATCCCCCTTGTCCTTCTGTATATTAAA 600 
SerAlaGlyGlnSerThrIleValLy 

601 TAAAAACTCTATTGGTCGCTGACGTAGACCCAATTTTGCAGATTTGGTGGCCTTCTGACC 660 
sPheGlyGlyLeuLeuThr 

661 ACCGAATTTCTCGAACCTCCACCAGGCCGTTGCTTTCTGTTCCGACAGACATACCGCCAC 720 
ThrGluPheLeuGluProProProGlyArgCysPheLeuPheArgGInThrTyrArgHis 

721 ACAGTTGAAGGATCAATTCCGGATAATCTGCGCA. AGCTCATCAACAGCCCTGATCGACCA 780 
ThrValGluGlySerIleProAspAsnLeuArgLysLeuIleAsnSerProAspAzgPro 

781 AAGGGTCCGCCGCCGCATTTCCATCAGTTTCAAACCGAGTACTTCCGTGTCGAGAGTGGA 840 
LysGlyProProProHisPheHisGlnPheGlnThrGluTyrPheArgValGluSerGly 

841 GTGCTCGGGATTTCAGTGGATGGAGTTGTCCGCCGCATCACCCCGGAAGATGGAGAAATC 900 
ValLeuGlyIleSerValAspGlyValValArgArgIleThrProGluAspGlyGluIle 

901 TCGGTGAAGGCAGGCAGTGTGCATAACTTCTTCATTCATCCAGATTCCCCCGAGAGCATG 960 
SerValLysAlaGlySerValHisAsnPhePheIleHisProAspserProGluSermet 

961 ACGGTCTACTTGAGTGCATCTGATTCTGGAAACGACTACCAGCTCGATCGGGTTTTCTTT 1020 
ThrValTyrLeuSerAlaSerAspSerGlyAsnAspTyrGlnLeuAspArgValPhePhe 

1021 GAAAACTGGTACGGCTATTGGCACGATGCATTGTTGCATGATGGAGGTATCGATTGGATC 1080 
GluAsnTrpTyrGlyTyrTrpHisAspAlaLeuLeuHisAspGlyGlyIleAspTrplle 

1081 CAGTTCCTTGCAGTAAGTCTCTCTTCTCAGTGCATAATTTCCTTGCCAATAGCTGACATG 1140 
GlnPheLeuAlaValSerLeuSerSerGlnCysIleIleSerLeuProlleAlaAspMet 

1141 GTAGTAGATCCAAGACGGCGGGGATGCCTATACACCCGCTCCCGCATGGTGCCCTTCCGT 1200 
ValValAspProArgArgArgGlyCysLeuTyrThrArgSerArgMetValProPheArg 

1201 CGGCAGGTCGGATACTGGACCTGTGTAATCGTGGGCCGATGGATTGGCGGACTCCTAGGG 1260 
ArgGlnValGlyTyrTrpThrCysValIleValGlyArgTrpIleGlyGlyLeuLeuGly 

1261 TACAAGCCCTTCTTCCGAGAATATACTACGGATTGGGACTTTGCCGTTGCCAAGATGAAG 1320 
TyrLysProPhePheArgGluTyrThrThrAspTrpAspPheAlaValAlaLysMetLys 

1321 GGTTCCTTCTTCCAGCGACATCTGGTGCATGCTGCATTCGAGGAAGAGA. AACCCTGGGCG 1380 
GlySerPhePheGlnArgHisLeuValHisAlaAlaPheGluGluGluLysProTrpAla 

1381 AAACAGGCAGAGCTGGAACCCAAGGCTAAGCCGGAAAATGCCGAGTTTGAGCCGTGGGTT 1440 
LysGlnAlaGluLeuGluProLysAlaLysProGluAsnAlaGluPheGluProTrpVal 

1441 GAGGATATGTCCCCCACACCATTGGCATTGGGTCCAGTGGCCTACGAGGAGGGGCAGTTC 1500 
GluAspMetSerProThrProLeuAlaLeuGlyProValAlaTyrGluGluGlyGlnphe 

1501 AAAGGCGCACAGGCCAAGTCGCTGAATGGGTCCAACGGTCACTCCACAGGGGTGGAAAGG 1560 

LysGlyAlaGlnAlaLysSerLeuAsnGlySerAsnGlyHisSerThrGlyValGluArg 
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1561 AAGTTGGAGCAGTTGGGGTCTTCGACGCAGCGACGAACAGTGGTCAACAATGCGGACAAG 1620 
LysLeuGluGlnLeuGlySerSerThrGlnArgArgThrValValAsnAsnAlaAspLys 

1621 TAGAGAGAGATATGTGACATATTTTCCAAGACTTGAGTTCGAACCTTATTTCCCTTGGCT 1680 
End- 

1681 TCCTCGTAGGGCAAATACAAAATGAACTTCCAATTGACCAAAACCCTGTTCAGGAAGAAG 1740 

1741 GTTTGGGCAATGAAAAGAGTAAATCAGTGGTGACCAAAGGGGAGATAGCATGCCCCCGGG 1800 

1801 TGTATTAATTGTCTTCTAAGTTGTATTGTATGATGACGCCATATTTGTGAAGGTCGAGCT 1860 

1861 TATAGGTCTCATGGCAAAGCTCGTAGGGTCGTAGGGAAAATACAACGCCGAGGATTATTA 1920 

1921 CAGATAGTAACAAGAAGGATGGGAATAATATGAATAGTAATAATAAGGAGAGCAAAGAGA 1980 

1981 TACTAATAGTACTCAGGCTAGTTTCTGTTGCAGGCGAATCGCACAAAGTGGACGAGGATT 2040 

2041 TGTGTAGTATTCATCTTCAACGACTAATTCTTGACCGGAGGGATCCATGGGGAGGCATTC 2100 

2101 GCTTCCTTTTCTGCATGTCATGTCGAACTGATAGTTCCGTATAACTAGTGTAGTTGCCAC 2160 

2161 CTGGACAATAATGACTCTCTGTAAGACAATGAAACTTTATATGCAATCCTGATGCGTCAA 2220 

2221 AGTCAACAACCTCAGGATACTGLATCCTTTACATATAATTTTACGACACTACATATGGAT 2280 

2281 GTAGTATTATGTATATTATACTAGAACATCCTAAGGACTTTCGAAAATGGTAATGCAAGT 2340 

2341 TTACCCTTATTCTACGGCGTTGTCATTTATATTTATAAAGTCAAAGGTTATATATAGGAA 2400 

2401 AGTCGTCTCCACAAATTAAGCGCCTTTCTTTTGGCCGTCAACCTACAAAACTGGCACAGC 2460 

2461 TAAAGAGAATGTATCTGAGGAGACCACTGAAAAGGCTACTCAJkAGGALATCACAAGGCCG 2520 

2521 CTTATCCGGCCGACTATTCTTGTCCTCTTACATAGACTACCAGGTATAGACGGATCGACA 2580 

2581 TCGTGCACTTGATGTCAATAGGGAATGTGAAACTGTCTATTCAGTTGAGGCTCCGATCGT 2640 

2641 ACCTTACATCATTAAGGAGACATCATTGATATTCTCTCGGTTGACAGAATGGGGTGTGCC 2700 

2701 CATAAATAATATATCCATACGTGAGATCTCTATACGAGCAGACTCCGATTCTCCTTTAGG 2760 

2761 AATCTTAAACCATCGCCCACTTAGCTGAFTC-(7C-C-(DýTTFCýAAAGAGGTAGTE[lýC'Ct7Tq 2820 

2821 ATGAGAACA. ATAAGTATGTATAGACAATATTTCTGCCCCGAGGAACAATT 2880 

2881 TTTGGCCATTTGTCAACACTATGGATATCCTACAGTTCGCACCAACGCATCTTCTGGCAA 2940 
MetAspIleLeuGInPheAlaProThrHisLeuLeuAlaI 
ORF2 

2941 TACTGCTTAGCAGTACCAGCGTATTGTTCCTGGTCACGTATCTCCTTCGTGCAGGACATC 3000 
leLeuLeuSerSerThrSerValLeuPheLeuValThrTyrLeuLeuArgAlaGlyHiSA 

3001 GACCCTCAGAACTACCGGACGGTATGTGGTTGCAGTGACGAGCCAAGACTTCATATCTAA 3060 

rgProSerGluLeuProAspG Intron I 

3061 CTAGTTCACAGGTCCTCCAACCGTTCCACTTTTTGGAAATGAGCTGCAGGTGCCAAAATC 3120 

lyProProThrValProLeuPheGlyAsnGluLeuGlnvalProLysSe 

3121 AGATGCACATTTCCAGTAAAGACCAACCACCCTCCGTGATGTATCAAGGCAATGTGCTAA 3180 

rAspAlaHisPheGl Intron II 

3181 GTATTTCGTGTAGGTTCTCCAAGTGGGCCAAGCA-ATATGGCGGCTTTTTCACGCTCAAAC 3240 

nPheSerLysTrpAlaLysGlnTyrGlyGlyPhePheThrLeuLysA 

3241 GATACAACAACACCACCATTGTCATCAGTGACCAGAAACTCATCAAGCAACTGCTGGACA 3300 

rgTyrAsnAsnThrThrIleValIleSerAspGlnLysLeulleLysGlnLeuLeuAspL 

3301 AAAAAAGCAACATATATTCTCACCGACCAGCGTCCCTAGTATCGCACCTTATTACGCAGA 3360 

YSLysSerAsnIleTyrSerHisArgProAlaSerLeuValSerHisLeuIleThrGlnS 

3361 GTGACCATTTGCTCGTTATGCAATATGGTGAGCGATGGCGCATGCTGCGTAAAACCATTC 3420 
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erAspHisLeuLeuValMetGlnTyrGlyGluArgTrpArgmetLeuArgLysThrIleH 

3421 ATCAATACTTCATGGAGCCCCGCTGCGAGCGTGAACACTGGAAAGTCCAAGAGGCTGAAG 3480 
isGlnTyrPheMetGluProArgCysGluArgGluHisTrpLysValGlnGluAlaGlUA 

3481 CCAAACAGATGTTGCACGACTTTCTGACCATGCCAGAGGATCACATGCTGCACCCTAAAC 3540 
laLysGlnMetLeuHisAspPheLeuThrMetProGluAspHisMetLeuHisProLySA 

3541 GGTACAGTAACAGTATCACCAACTCTCTTGTCTTTGGTATTCGTACCAAAACTGTCCACG 3600 
rgTyrSerAsnSerIleThrAsnSerLeuValPheGlylleArgThrLysThrValHisA 

3601 ACGAGTATATGAACAAGCTTTTCTACCTGATGGACAAATGGTCATTGGTGCAGGAGCTAG 3660 
spGluTyrMetAsnLysLeuPheTyrLeuMetAspLysTrpSerLeuValGlnGluLeuG 

3661 GCGCCACCCCACCTGTGGACTCGTTCGCTTTGCTGCGTTATGTCCCGCAGTGGCTGTTGG 3720 
lyAlaThrProProValASpSerPheAlaLeuLeuArgTyrValProGlnTrpLeuLeuG 

3721 GTAACTGGCGCAATCGAGCGATCGAAGTGGGTGATCTAATGCAGTCGCTTTACAAGACCG 3780 
lyAsnTrpArgAsnArgAlaIleGluValGlyAspLeuMetGlnSerLeuTyrLysThrV 

3781 TTCTAGATCAGGTTCGGGAGCGCCGCCAGCGGGGTATTCAGCGGGACTCCTTCATGGACC 3840 
alLeuAspGlnValArgGluArgArgGlnArgGlylleGInArgAspSerPheMetAspA 

3841 GAGTACTAGATTCAATGAAACAGACCCCACTCACGGAGA-ATGAGTTGCGATTCCTAGGAG 3900 
rgValLeuAspSerMetLysGlnThrProLeuThrGluAsnGluLeuArgPheLeuGlyG 

3901 GAGTTCTGATGGAAGGAGGGTCCGACACTTCCTCCTCGCTTATATTGACCATTATCCAAG 3960 
lyValLeuMetGluGlyGlySerAspThrSerSerSerLeuIleLeuThrIleIleGlaA 

3961 CTATGACTAAATATCCAGAGGTGCAAGCGAAGTATGCCACTCGGATATTTTCTCCCCATC 4020 
laMetThrLysTyrProGluValGlnAlaLy 

4021 TGTTTCAGGAAAAGCGCTA. ATGGAGCAATCTCACAGGGCCCATGCACAA. ATCGACTCCAT 4080 
Intron III sAlaHisAlaGlnIleAspSerIl 

4081 TGTCGGCCAGGACCGCTCTCCAGCTTGGTCTGATTGGCCTCGGCTGCCCTATATAAACAT 4140 
eValGlyGlnAspArgSerProAlaTrpSerAspTrpProArgLeuProTyrIleAsnMe 

4141 GATCATCAAGGAGTCCCACCGGTGGCGTCCCGTCAGCCCTTTGGGTGTTACTCACGCTGT 4200 
tIleIleLysGluSerHisArgTrpArgProValSerProLeuGlyValThrHisAlava 

4201 CGCTGAAGGTCTGTCTTACAAAATCTTACAAATTTGAATGCATCTTTCGGCATTCCAGAC 4260 
lAlaGluA 

4261 GCCGAAGACCGAGAGAAGAGCGAAAGAACACATTGGCTAATAATATTTTCTAGATGACCA 4320 
Intron IV spAspHi 

4321 CATCGACGGAAAACTCATTCCGCAAGGATCGAGCATCGTTCTCAATGTCTGGGGCATGCA 4380 
sIleAspGlyLysLeuIleProGlnGlySerSerIleValLeuAsnValTrpGlyMetHi 

4381 TCATGATAGTGATCGATGGCAGGAACCAGAGCATTTCCAGCCTGAACGTTTTGCTGATTT 4440 
SHisAspSerAspArgTrpGlnGluProGluHisPheGlnProGluArgPheAlaAspPh 

4441 CCCGGCTTTAGCCTCGACCTACGCCGGCTCCGAGCGGAGGGATCATATTGGTTACGGAGC 4500 
eProAlaLeuAlaSerThrTyrAlaGlySerGluArgArgAspHisIleGlyTyrGlyAl 

450i GGGCCGTCGAATTTGCCCAGGCATCCACTTAGCGr. AGCGAAACTTGATCATAGGCATTGC 4SGO 
aGlyArgArgIleCysProGlyIleHisLeuAlaGluArgAsnLeuIleIleGlyIleAl 

4561 CAAGTTGCTCTGGGCGTTCGAGTTTGTGGAGCCACCTGGCAGTGATAGTGACATTTCGGC 4620 
aLysLeuLeuTrpAlaPheGluPheValGluProProGlySerAspSerAspIleSerAl 

4621 CCACTCTGGAGCTAGCAAAGGCTTCCTCCATTGCCCCAAGGACTACGGATGTGCCATTCG 4680 
aHisSerGlyAlaSerLysGlyPheLeuHiscysProLysAspTyrGlyCysAlaIleAr 

4681 CCTCCGTTCTCCGGAAAAGAGAGCGACCATTATGCGAGAATTTGCCGAGGCACAGGAGGT 4740 

gLeuArgSerProGluLysArgAlaThrIleMetArgGluPheAlaGluAlaGlnGluVa 

4741 GTTCGCTCAATTTGATTAGCTAGATTAGAGAATAAGCACTAGAATACGATTGACCCCTCC 4800 
lPheAlaGlnPheAspEnd 

4801 ATTGGGGGAAAGTTGTTTGAGGGTCCATCGAAAGCACGTATATCCACTCCATGTACGTAC 4860 
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4861 ATGTCAACGGCACTAAAACCCTATTTATTTGCAGATCATCCGTAATAGTGGATACATTTA 4920 

4921 ATGTAAATGAAGTCCACGACTGGTGTAGCTTGCTTCGTAATTGTTCATTTATTGCCTCAA 4980 

4981 TTAAACTCAGTACTTTGCTCATCAAGGAGTGTAAGATTTTAGTAGCAAGAAAGGCAGCAA 5040 

5041 TGAAGGTCCTCATCCTCCATACTAGCAACTGAATCCCGACAAATTGGGCCGTTTGCCATG 5100 

5101 CIL. I\ 7ýýTTTGATCCCTGCAATCAATCAATGCACAACGTATTTTGGAATCACAAACGG 5160 

5161 GCAACTCCGCATCTGCAATATATGCATGTCGCCTAGAGGAGTAGCGGAACAGCGGTCCTC 5220 

5221 ACTCCGATTTCTTCACAGATTAAAGCTAATTTCTGAGATAAGGTGATCTACTCAGCACGC 5280 

5281 CTTCATGCTTGATTGGAGTTCACGGAGTCTCTGAAAAGGCGTGGGGGTGGATAACTTTTT 5340 

5341 GTGAAGAATATCCCTGCACGGCCGGAAGATATTATGGGATCCGAGCTC 5388 
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CHAPTER 4 

PCR-DERIVED PROBES FOR FUNGAL 

POLYKETIDE SYNTHASE GENES 
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4.1 INTRODUCTION 

4.1.1 Cloning genes from filamentous fungi 

The various strategies devised to clone chromosomal genes from filamentous fungi have 

been reviewed by Turner (199 1) and are briefly described below. 

Early strategies for cloning ftmgal genes involved complementation of allelic mutations in 

E. coli (e. g. Kinghorn & Hawkins, 1982) or yeast (e. g. Berse et aL, 1983). The 

development of fungal transformation systems (reviewed by van den Hondel & Punt, 199 1) 

allowed homologous expression of the gene of interest and identification by 

complementation of a mutant. This approach avoided the problems of intron splicing and 

promoter recognition encountered using bacterial and yeast systems. The low 

transformation efficiencies achieved in many fungal species (e. g. 3-5 stable 

transformants/gg DNA in the case of Verticillium dahliae [Dobinson, 1995]) have 

necessitated the use of heterologous systems, which are of limited use. More recent 

developments include a method for rapid complementation analysis of mutant filamentous 

fungi by co-transformation of digested genomic DNA from a donor species with an 

autonomously replicating vector (Bowyer et al., 1994; Gems et al., 1994; Verdoes et al., 

1994). This technique has generally used a genetically well characterised species such as 

Aspergillus nidulans, A. niger or Neurospora crassa as the mutant recipient. Genes have 

been isolated from fungal genetic libraries by the use of techniques including hybridisation 

of degenerate (mixed sequence) oligonucleotides designed to bind to regions coding for 

conserved amino acid sequence, hybridisation of DNA probes derived from highly 

homologous genes and immunological screening of cDNA expression libraries. Where the 

gene product possesses regions of conservation with known sequences, PCR amplification 

employing degenerate primers can provide gene-specific DNA probes for library screening 

or circumvent the lengthy process of constructing and screening gene libraries by 

amplifying the requisite regions of the gene (Compton, 1990; Gould et al., 1989; Lee & 

Caskey, 1990). This procedure, which originally used a cDNA template, is sometimes 

designated MOPAC (mixed oligonucleotide primed amplification of cDNA (Lee & 

Caskey, 1990; Lee et al., 1988). The use of degenerate primers was subsequently 

successfully extended to genomic templates (Gould et aL, 1989). Genes encoding enzymes 

have also been cloned from a filamentous fungus by expression of a cDNA library in 
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Saccharomyces cerevisiae followed by assaying the library clones for the appropriate 

enzyme activity (Dalboge and Heldthansen, 1994). 

Subtractive and differential hybridisations are methods for screening a genomic or cDNA 
library for genes which are expressed under one particular set of conditions, but not another 
(eg. Ehrenshaft and Upchurch, 199 1). This can narrow down the number of clones that 

need to be screened to find the gene of interest. 

4.1.2 Cloning fungal polyketide synthase genes. 
The methods used to clone fiingal PKS genes reported in the published literature are 

surrunarised in section 1.4.2. Heterologous probing, probably the simplest method available 
for cloning a gene, was used only in the cloning of MSAS from A. terreus (Fujii et al., 

1996) suggesting that PKS genes which are not functional homologues are too highly 

divergent in sequence. This contrasts with the type 11 streptomyces PKS genes (Malpartida 

et al., 1987) but is similar to the situation with the streptomyces type I PKS genes (Blanco 

et al., 1993). In addition, two fungal PKS genes have been cloned in this laboratory. A 

genomic fragment (2Y) containing the ketosynthase domain of a putative novel PKS gene 

from Aspergillusparasiticus was isolated from a genomic library by heterologous 

hybridisation, using the condensing domain probe CON 1 (figure 3.2) from the Penicillium 

patulum gene MSAS (Walsh, 1993). Several screening attempts were required before a 

single weakly-hybridising plaque was identified by the heterologous probe. In contrast, 

subsequent use of a subcloned restriction fragment of clone 2Y as a homologous probe 

rapidly identified numerous overlapping clones in an amplified genomic library. The 

complete coding sequence of the putative PKS gene, designated APPKSI, shows a high 

degree of sequence conservation with MSAS and may in fact be a homologue of this gene. 

While bands hybridising strongly to the MSAS ketosynthase and reductase domain probes 

and to a Streptomyces condensing and ACP domain probe (actl) were clearly identifiable 

on Southern blots of A. parasiticus genomic DNA, these did not correspond. to the cloned 

gene (Walsh, 1993). These results suggested that heterologous; probing was not a generally 

applicable method for identifying novel PKS genes and an alternative approach using PCR 

was investigated. Degenerate primers were designed using regions of continuous amino- 

acid conservation between APPKSI and MSAS (the only ftingal PKS sequences available at 

the time) and a cloned PCR product obtained using these primers was used to probe a P. 
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patulum genomic library. A putative second P. patulum PKS gene, homologous to the 

cloned PCR product, was isolated by this method, as described in Chapter 5. ' 

4.1.3 Uses for novel fungal poIyketide synthase genes 
There are several reasons why the ability to clone novel fimgal PKS genes would be 

valuable. As discussed in section 1.4.4, fungal PKS enzymes are thought to possess several 

unusual features not found in the bacterial PKS and these features could be exploited in the 

generation of novel polyketides via combinatorial biosynthesis. Fungal PKS enzymes are 

particularly suitable for heterologous gene expression (Bedford et aL, 1995) and therefore 

the cloning of novel PKS genes may facilitate the industrial production of useful 

polyketides. Lastly there are instances where it may be desirable to disrupt biosynthesis of a 
harmful polyketide metabolite, for example to generate nontoxigenic biocontrol strains of 

mycotoxin-producing fungi. Cloning and characterisation of the PKS genes involved could 

represent a step towards achieving this goal (Linz & Pestka, 1992). 
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4.2 RESULTS 

4.2.1 PCR primer design 

Primer design was based on the four available fungal PKS sequences with the aim of 

extending the range of fungal PKS genes for which homologous probes could be obtained. 

The PKS sequences were observed to fall into two subgroups on the basis of amino acid 

sequence conservation in functional domains; one subgroup consisted of A. nidulans wA 

and C lagenarium PKS 1, the other included P. patulum 6MSAS and A. parasiticus 

APPKSL 

Two pairs of degenerate PCR primers of 20-21 nucleotides in length were designed to bind 

to regions on either side of the condensing domain, where amino acid sequence was 

conserved within these subgroups but not between them (figure 4.1). Sequence identity for 

the regions bounded by the LC primers in these four gene sequences has a mean of 63.5% 

within groups but only 46.5% between groups (GAP program, Devereux. et al., 1984). 

Degeneracies for these primers range from 128 to 1024 fold; these are relatively low values 

as primers with degeneracies of greater than 105 have been used successfully in PCR 

(Gould et al., 1989), and should provide highly specific primers. The use of the universal 

base inosine at positions of four-fold base redundancy kept the complexity of the primer 

mixtures to a minimum. 

To facilitate cloning and sequencing of amplified products from the LC 1/2c primers, longer 

versions of these primers were synthesised with non-degenerate 5' 'tails'. These tails are 

bifunctional: they allow the annealing of sequencing primers complementary to the tail 

sequence on the amplified product and thereby facilitate direct sequencing of the PCR 

product; also they contain restriction sites to make 'sticky-ended' cloning of the product 

possible. The sequences for the extensions to LC1 and LC2c were chosen from 

oligonucleotides already available in the laboratory to contain suitable restriction sites and 

to be suitable for use as sequencing primers (figure 4.2). The oligonucleotide tailing LC I 

was designated BANECO I (GATCGTTGGATCCTCTAG) and that tailing LC2c was 

designated STREPIT (TAAGATCTCGAGCTCTAGAG). 
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it. 

Figure 4.1 Design of LC-series degenerate PCR primers. 

A (following page). DNA sequences are shown for each primer, with the degeneracy ofthe prinici indic; i1cki 

to the right. Beneath is the genomic DNA sequence that the primer is designed to bind to, togethei with ilic 

amino acid sequences from which the primers were designed. Hie universal base inosine is indicated III 111L. 

primer sequence by the letter 1. 

13 (above). This diagram shows the amino-terminal end of tile MSAS coding region (eniply box) with ilik- 

extent of the ketosynthase domain (as defined by Donadio & Katz, 1992) shown by the stippled box I he 

positions of the region encoded by the LC-series primer binding sites and the active site cysteine aic 

indicated, with amino acid numbers shown below the diagram. 
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LClEXT 

Baml-H 
GATCGTTGGATCCTCTAGATCCIAGITTTTTTAATATG 

CC CCC 

LC2cEXT 

BgIII Sad 
TAKGATCTCGAGCTCTAGAGTICCIGTICCGTGCATTTC 

Ac 

A'hoI AbaI 

Figure 4.2 Tailed degenerate PCR primers for sequencing and cloning of amplified PKS fragments. 

Regions corresponding to sequencing primers BANECO I (LC I EXT) and STREP IT (LC2cEXT) are 
highlighted in bold type. Restriction sites are indicated by lines. The universal base inosine is indicated in the 

primer sequence by the letter 1. 

4.2.2 Two sets of PCR products are obtained from deuteromycete genomic DNA 

using the LC1/2c and LC3/5c primer pairs. 

PCR products were obtained from a range of deuteromycete fungal genomes with both sets 

of LC primers (figure 4.3 A). Template DNA concentration was not standardised; a fixed 

amount of undiluted genomic DNA preparation was added to each reaction, resulting in 

template concentrations of 6.4-33.2 ng/ul. PCR products of approximately 700-800 bp in 

length were obtained with both pair of primers from every genome except that of 

Drechslera monoceras, from which the ý0/5c; primers failed to amplify a product. 

Although present in most cases as a single band on electrophoresis (figure 4.3 A), each 

product may be composed of a mixture of comigrating fragments amplified from more than 

one target sequence. 
To ascertain whether these products were indeed derived from structurally related PKS 

genes, they were blotted onto nylon membranes and probed with 32p_labelled P. patulum, 

Cytospora sp. and A. parasiticus PCR products from each primer-pair (figure 4.3, B-1). The 

results show that, in general, products from one primer-pair hybridise strongly to each 

other, but not to products from the other primer-pair. Where cross hybridisation between 

PCR products from different primer pairs was observed (figure 4.3, E) this could be 
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Figure 4.3 Two sets of PCR products were obtained from deuteromycete genomic DNA using LCI/2c 

and LC3/5c primer pairs. 
A. PCR products of approximately 700-800 bp (arrowed) were obtained using genomic DNA templates from 

a range of deuteromycete fungi with the two primer-pairs, LCI/2c (lanesO-7) and LC3/5c (lanes 8-15). 

Thermal cycling parameters for all reactions were: (94* C, T) x 1, (94" C, V; 55* C, V; 72" C, Y) x 34, (72" C, 

10') x 1. PCR primers were used at the following concentrations: LC 1,3.2 pM; LC2c, 0.4 IiM; LO 1.2 pM; 

LC5c, 0.8 pM. Templates were (in 25 pl reaction volume): 0&8, no DNA (negative control); I&9, 

Penicillium patulum (230 ng); 2& 10, Cytospora sp. (830 ng); 3& 11, Penicillium citrinum (160 ng); 4& 

12, Aspergillusparasiticus (550 ng); 5& 13, Phoma sp. C2932 (380 ng); 6& 14, Phoma etheridgli (260 ng); 

7& 15, Drechslera monoceras (560 ng). Reaction products were fractionated on a 1.1 % agarose gel in TAE 

buffer at I 10 mA. M, 100 bp ladder DNA size markers (Gibco-BRL). 

B. -I. Hybridisations of PCR products from LC 1/2c and LC3/5c primer pairs. PCR products shown in A were 
blotted from duplicate gels onto nylon membranes and probed with 32p_labelled PCR products from: B-C, P. 

patulum (= part A, lanes I and 9); D-G, Cytospora sp. (= part A, lanes 2 and 10); 11-1, A. parasiticus (= part 

A, lanes 4 and 12). B, D, F, H were probed with LC 1/2c PCR product; C, E, G, I were probed with LC3/5c 

PCR product. All hybridisations were carried out at 50* C, with washing at: B&C, 50' C; D&E, 55* C; F& 

G, 65' C; H&1,55" C. 
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removed by increasing the temperature of the post-hybridisation washing step and thereby 

increasing its stringency (figure 4.3, G). 

In several cases strong hybridisations to PCR products not distinguishable on the stained 

agarose gel, of approximately 800-900 bp and 1.4-1.5 kb are apparent. These products were 

assumed to be artefacts of the PCR and were not investigated ftuther. The size of the 1.4- 

1.5 kb products suggests that these may be dimers of the 700-800 bp products. The 

products migrating consistently with a size of 800-900 bp are probably single stranded 

copies of the target region arising from asymmetric PCR occurring due to unequal primer 

concentrations (Gyllensten and Erlich, 1988). Single stranded DNA would migrate through 

the agarose gel at a different rate to double stranded DNA and would also fluoresce much 

less after ethidium bromide staining (McCabe, 1989). 

Products of two different sizes were obtained in PCR using the LC 1/2c primers with A. 

parasiticus template DNA (figure 4.3A, lane 4). The minor product is approximately the 

same size as LC 1/2c products from other species while the major product appears to be 

about 50 bp larger. Both bands were labelled and used to probe the other deuteromycete 

PCR products (figure 4.3, ID. Subsequently the two A. parasiticus LC 1/2c products were 

isolated separately by excision from an agarose gel and re-amplification of the minor 

product, labelled and used to probe the set of LC 1/2c and LC3/5c PCR products (figure 

4.4). Differences in hybridisation patterns of the major and minor A. parasiticus products 

are clearly apparent, although both only hybridise to other products of the LC 1/2c primer 

pair. The hybridisation pattern of the major product (figure 4.4, C) is almost identical to 

that seen for the mixed products (figure 4.3, H). 

A PCR product of approximately 750 bp was amplified from the genome of another 

deuteromycete, Verticillium dahliae, using the LC 1/2c primer pair (figure 4.5). No product 

was obtained from V dahliae using the LC3/5c primer pair. Dilution of the genomic DNA 

was required to obtain a product, indicating the presence of PCR-inhibiting substances in 

the original preparation (figure 4.5). 

4.2.3 Hybridisations of PCR products to genomic Southern blots. 

Genomic DNA from P. patulum and A. parasiticus was digested with BamI-H and EcoRI 

restriction enzymes (figure 4.6) and blotted onto a nylon membrane. LC 1/2c and LC3/5c 

PCR products from both genomes were 32p_labelled and used to probe the Southern blots 
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(figures 4.7 and 4.8). Each PCR product hybridised to one or more restriction fragments in 

each genomic digest and showed different patterns of hybridisation to each ftingal genome 
(figures 4.7 and 4.8). 

The 5.2 kb EcoRl and 1.3 kb BamIH fragments seen in the P. patulum genomic digest 

probed with the P. patulum LC3/5c PCR product (figure 4.7, B) are the expected 
hybridisations to known restriction fragments of MSAS (Beck et aL, 1990, Walsh, 1993). 

The strong hybridisations to 15.1 kb EcoRl and 2.0 kb BamFH fragments indicate that the 

LC3/5c primer pair has amplified at least one additional product from the P. patulum 

genome. These fragment sizes are consistent with hybridisation of this probe to the MSAS- 

like PKS gene PKS2 which was cloned from the P. patulum genome (see chapter 5). The 

5.2 and 4.2 kb BamFH and the 12.9 and 4.5 kb EcoRl hybridising bands in the A. 

parasiticus genomic digest probed with the homologous LC3/5c PCR product (figure 4.8, 

C) may be accounted for by the expected hybridisations to APPKSI (Walsh, 1993). 

The LC 1/2c PCR products obtained from P. patulum and A. parasiticus hybridised strongly 

to restriction fragments which did not correspond to any previously described PKS genes. 
Cloning and DNA sequencing the A. parasiticus LC 1/2c PCR products confirmed that they 

were derived from novel PKS genes. 

4.2.4 DNA sequencing of LC1/2c PCR products. 

During the PCR process, errors may be introduced into the nucleotide sequence of the 

product. For Taq DNA polymerase these are mainly T->C transitions and other single base 

substitutions, although single base deletion errors may also occur (Eckert & Kunkel, 1994). 

To obtain PCR products containing the smallest possible number of introduced errors, a 

two stage PCR process was developed which employed a Taq polymerase for the initial 

rounds of amplification to maximise sensitivity, with a proof-reading mixture of enzymes 
(ExpandTm, Boehringer-Mannheim) used for the remainder of the amplification to 

minimise the introduction of PCR errors. Figure 4.9 illustrates the optimisation of template 

concentration for the stage H PCR and shows that yields obtained using Expandm 

proofreading enzyme mixture for stage H PCR are comparable to those obtained using Taq 

polymerase. Direct sequencing of PCR products, while being a relatively rapid process, 

could lead to sequence ambiguities if errors are introduced during early rounds of 

amplification (Sogin, 1990; Wrischnik et aL 1987). Potential problems of this type could 

be avoided by mixing the products of multiple PCR reactions, which should reduce the 
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Figure 4.4 Aspergillusparasiticus major and minor LC1/2c PCR products hybridise differentially to 

other LCI/2c PCR products. 

A. PCR products obtained using genomic template DNA from a range of deuteromycete fungi and 1\\o 

primer-pairs, LC 1/2c (lanes 0-7) and LC3/5c (lanes 8-15). See legend to figure 4.3(A) for reaction conditions 

and template identities. These PCR products were blotted from duplicate gels onto nylon membranes and 

probed "ith 32p_labelled A. parasiticus LC I /2c PCR products. 

B. Probed with minor product. 

C. Probed with major product. 
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Figure 4.5 A PCR product is amplified from Verticifflum dahliae genomic DNA using the LCI/2c 

primer pair. 

PCR was carried out on three different amounts (0.3,1.0 and 3.0 pl DNA/25 IAI reaction) of 1'. dahliat, 

genomic DNA solution (100 ng/pl), a 10-' dilution of the original DNA preparation, using LC 1/2c (A) and 

LC3/5c (B) primer pairs. Thermal cycling parameters for all reactions were: (940 C, Y) x 1, (940 C, V; 55' C, 

V; 72' C, Y) x 40, (72' C, 10') x 1. PCR primers were used at the following concentrations: LCI, 3.2 pM; 

LC2c, 0.4 pM; LO 1.2 pM; LC5c, 0.8 pM. Reaction products were fractionated on a 1.2% agarose gel in 0.5 

x TBE buffer at 80 mA. A PCR product of approximately 750 bp (arrowed) was obtained using the I-C I /2c 

primer pair with I pl of template DNA solution. M, 100 bp ladder DNA size markers (Gibco-BRI, )-, N, no 

DNA (negative control); +, P. patulum genomic DNA (positive control). 
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Figure 4.6 Restriction digests of genornic DNA for Southern blotting. 

Genomic DNA from Penicillium patulum (1,2)and Aspergillus parasiticus (3,4)was digested overnight at 

3 7' C with restriction enzymes BamHl (1,3) and EcoRl (2,4). Approximately 5 Vtg of DNA from each digest 

was fractionated on a 1% agarose gel in TAE buffer at 40 mA/40 V. M, k Hindlll DNA size markers. 
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Figure 4.7 Genontic Southern blots probed with Penicilliumpatulum LCI/2c and LC3/5c P('R 

products. 
Restriction digests shown in fi, 

-, ure 4.6 were blotted onto n Ion membrane and probed with '211-labcllcd P. y 

putulum LC 1/2c and LC3/5c PCR products. Probes were hybriclised to tile membrane and washed at 55" C. 1. 

P. paitilunt DNA digested with BamHl, 2, P. palulum DNA digested with EcoRlý 3_4 purasiticus DNA 

digested with BamHl; 4, A. parasiticus DNA digested with EcoRl. A. probed with LC 1/2c product. It, prohed 

with LC3/5c product. The positions of ý. HindIll DNA size markers are indicated between the panel.,,. 

Hybriclisations in panel B, lanes I and 2, corresponding to restriction fragnients ot'A4S, 4S (Beck ei ut, 1990) 

and pks, 2 (chapter 5) are arrowed. 
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Figure 4.8 Genomic Southern blots probed with Aspergillitsparasificus LCI/2c and LC3/5c IICR 

products. 

Restriction digests shown in figure 4.6 were blotted onto nylon membrane and probed with 32 11-labelled T 

parasiticus LC 1/2c and LC3/5c PCR products. Probes were hybridised to the membrane and washed at 5 5" C. 

1, P. pandum DNA digested with Baniffl; 2, P. patulum DNA digested with EcoRl; 3-4. parasiticus DNA 

digested with BaniH 1; 4, A. parasiticus DNA digested with EcoRl. Blot A, probed with LC 1/2c major 

product; blot B, probed with LC 1/2c minor product; blot C, probed with LC3/5c product. The positions oj'ý 

HindIll DNA size markers are indicated between the panels. Hybridisations in panel C, lanes 3 and 4, 

corresponding to restriction fragments of APPKS1 (Walsh, 1993) are arrowed. t, =1 
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Stage II Super Taq 

Stage Iý Super Taq Expand 

A 
15001 h! ý 

60, 

B 

150o", 

6ok ý, 

Figure 4.9 Optimising template concentration for two-stage PCR using LC-EXT primers with Super 
T" DNA polymerases. Taq and Expand , 

Reactions shown in A used Super Taq (HT Biotechnologies) for stage 11 PCR; Reactions shown in B used 
Expand TM (Boehringer-Mannheim) for stage 11 PCR. Reactions labelled 1-4 used Super Taq tor stage I 11CR, 

reactions labelled 5-8 used Expand TM for stage I PCR. 1&5, negative controls. M, 100 bp ladder DNA size 

markers. Templates were: Stage 1,220 ng A. parasiticus genomic DNA or water (negative control), Stage 11, 

1-5 [il Stage I reaction products or 5 pl Stage I negative control reaction products. Thermal cycling 

parameters were: Stage 1, Super Taq; (94' C, 3') x 1, (94' C, V; 55' C, F; 72' C, 3') x 5, (72' C, 6') x 1. 

Stage 1, Expand' m; (940 C, 2') x 1, (94' C, 15"; 550 C, 30"; 72' C, I') x 10, (72' C, 6') x 1. Stage 11, Super 

Taq; (94' C, 3') X 1, (94' C, 45"; 55' C, 45"; 72' C. 1'30") X 40, (720 C, 6') X 1. Stage 11, Ixpand'*"'ý 

standard thermal cycling program (see chapter 2). Primer concentrations for all reactions were: LCI I ̀XT. 3.2 

pM; LC2cEXT, 0.4 ýM. Reaction products were fractionated on a 1.2% agarose gel in 0.5 xTBF bUff'erit 

55 mA. 

121 

%1 1 

N14 

Stage L Super Taq Expand 

Stage 11: Expand 



effect of errors present in any one reaction. This approach was used to obtain DNA 

sequence for the LC 1/2c PCR product from V dahliae. Stage I and H PCR reactions (figure 

4.9) were carried out in triplicate and the products pooled and sequenced using the 

STREPIT primer (figure 4.2). Although direct sequencing was successful in this instance, 

in general it could not be known whether products arose from a single template gene or 
from a mixture of genes. For this reason sequencing of cloned PCR products was felt to be 

a more generally useful approach. Penicillium patulum and A. parasiticus LC 1/2c PCR 

products were digested at the BamIH and SacI restriction sites introduced by the LC-EXT 

tailed primers and cloned by ligation into the pUB S1 vector. Plasmid minipreps were 

obtained for five clones of each PCR product and a mixed template, consisting of equal 

amounts of DNA from each clone, was sent for automated DNA sequencing. The DNA 

sequences obtained are shown in figure 4.10, together with the predicted amino acid 

sequences they encode. A FASTA similarity search of the GenBank and ENML databases 

indicated that each product was highly homologous to various ftingal and bacterial type I 

PKS genes (figure 4.11). The DNA sequences were checked for the presence of BamIU and 
EcoRI restriction sites; the only site identified was a single EcoRI site in the A. parasiticus 

major product (figure 4.10). This is consistent with the observed strong hybridisations of 

this product to two bands in a Southern blot of EcoRI-digested genomic DNA (figure 

4.8A). 
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Figure 4.10 DNA and predicted amino acid sequences for PCR products obtained using LCI/2cEXT 

tailed degenerate primers. 
The Aspergillus parasiticus and Penicillium patulum DNA sequences were obtained by sequencing of cloned 

PCR products. A gap (-) has been inserted into the A. parasiticus major product predicted amino acid 

sequence to maximise alignment with the other sequences. TheEcoRI restriction site in the A. parasiticus 

major product DNA sequence is highlighted in italic type. 

All sequences are shown in the direction LCI-ýMc and primer binding sites are highlighted in bold type. 

The predicted intron in the major Aspergillus parasificus DNA sequence (section 4.4.2) is underlined. The 

Verticillium dahliae DNA sequence is the complementary strand to that obtained by direct sequencing of the 

PCR product using the STREP IT primer and is incomplete. The predicted amino acid sequence for this 

product has been numbered in alignment with the other PCR products 
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Aspergillusparasiticus major LCl/2cEXT PCR product. 

1 GATCCQAGGT TCTTCAACAT GTCCCGAAAG AACTCTTCAA AAGATCCGAT 

51 GCAGCGATTG GCGCTTGTCA CCGCTTACGA GGCACTGGAG ATGTCTGGAT 

101 ATGTTGGTAA TAGGACACGC TCGACCACTC TAAGTCGTAT TGGGACTTTC 

151 TACGGCCAGA CAAGTGATGA TTATCGGGAT GTCAACGCTG CACAGGATAT 

201 TGGGACGTAT TTCATCACTG GTGGAATTCG TGCATTTGGA CCTGTAGGTG 

251 TTGATGTATA CCCTTTACTA GCGTATCACA TTGCCAACAA TTTTACAGGG 

301 ACGAATCAAT TACTACTTCA AATTCGAAGG TCCCAGTTTT AGTGTAGATA 

351 CTGCCTGTTC CTCTAGCCTG GCTGCGATCC AGCTAGCCTG TACATCACTG 

401 TGGAGTGGTG ATTGCGACAC GGCAGTTACG GGTGGACTCA GCGTACTCAC 

451 GTCGCCTGAT CTCTTTTCAG GATTGAGTCG AGGCCAGTTT CTTTCACAGA 

501 CTGGGTCATG CAAGACCTTT GACAAAGCTG CTGATGGCAA TTGCCGCGCA 

551 GATGGAGTGG GAACGGTGGT TATCAAAAGG CTAAAAGATG CTGAGCTTGA 

601 CAATGATAAT GTTCTGGCTG TAATTCTCGG TGCTGCCACA AATCATTCAG 

651 CGCAGGCAGT CAGCATTACG CATCCACATG CAGAGACCCA ATCCAAGCTA 

701 TATCGCGAGA TCTTGCAACA ATCAGGTGTC GATCCCTTTG ATGTGGGCTA 

751 TGTCGAAATG CACGGCACSG GCAC 

Predicted polypeptide encoded byA. parasificus major PCR product. 

1 DPRFFNMS-R KNSSKDPMQR LALVTAYEAL EMSGYVGNRT RSTTLSRIGT 

51 FYGQTSDDYR DVNAAQDIGT YFITGGIRAF GPGRINYYFK FEGPSFSVOT 

101 ACSSSLAAIQ LACTSLWSGD CDTAVTGGLS VLTSPDLFSG LSRGQFLSQT 

151 GSCKTFDKAA DGNdRADGVG TVVIKRLKDA ELDNDNVLAV ILGAATNHSA 

201 QAVSITHPHA ETQSKLYREI LQQSGVDPFD VGYVEMHGTG 
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Aspergillusparasiticus minor LCl/2cEXT PCR product. 

1 GACCCGAGGT TCTTCAACAT GTCGCCACGC GAAGCCCTCC AGGCAGATCC 

51 CGCTCAAAGA CTTGCATTGC TCACGGCCTA TGAAGCTCTT GAAATGGCCG 

101 GCTTTATCCC CGACAGCACC CCTTCTACCC AGAGGGATCG AGTTGGCCTT 

151 TTCTATGGAA TGACTAGCGA TGACTATCGT GAGATAAATA GTGGTCAAGA 

201 TATTGATACA TACTTTATCC CTGGTGGGAA TCGTGCTTTC ACACCTGGTC 

251 GGATAAACTA CTATTTCAAG TTCAGTGGGC CCAGTGTCAG CGTTGATACA 

301 GCTTGTTCTT CAAGTCTTGC GGCTATTCAT ATGGCTTGCA ATTCGATCTG 

351 GAGAAATGAT TGCGATGCTG CTATTGCTGG AGGTGTCAAT ATATTGACAA 

401 ACCCTGATAA CCATGCCGGT CTCGACCGTG GCCATTTCCT GTCCAGAACC 

451 GGGAATTGTA ACACATTTGA CGATGGTGCT GATGGCTACT GTAGAGCAGA 

501 CGGAGTGGGT ACGATTATCC TCAAGCGGCT GGAAGATGCT CAGGTGGACA 

551 ACGATCCAAT CCTCGGCGTG ATCAATGGGG CCTATACCAA CCATTCGGCA 

601 GAAGCAGTCT CGATTACCCG CCCTCATGTT GGCGCACAAG CGTTTATCTT 

651 TAATAAACTA TTGAACGATG CCAATATCGA CCCAAAGGAC GTCAGCTACG 

701 TTGAGATCCA CGGCACCGGC AC 

Predicted polypeptide encoded by A. parasiticus minor PCR product. 

1 DPRFFNMSPR EALQADPAQR LALLTAYEAL EMAGFIPDST PSTQRDRVGL 

51 FYGMTSDDYR EINSGQDIDT YFIPGGNRAF TPGRINYYFK FSGPSVSVDT 

101 ACSSSIAAIH MACNSIWRND CDAAIAGGVN ILTNPDNHAG LDRGHFLSRT 

151 GNCNTFDDGA DGYCRADGVG TIILKRLEDA QVDNDPILGV INGAYTNHSA 

201 EAVSITRPHV GAQAFIFNKL LNDANIDPKD VSYVEMHGTG 
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Penicilliumpatulum LCl/2cEXT PCR product. 

1 GATCCGAGGT TCTTCAACAT GTCTCCCCGC GAAGCCCTTC AAGCAGACCC 

51 TGCTCAGCGT CTGGCACTTC TTACTGCTTA CGAGGCTTTG GAGATGGCAG 

101 GCTTTATCCC TGATAGCACT CCCTCCACGC AGAAAAATCG CGTGGGTGTC 

151 TTCTATGGAA TGACCAGTGA TGACTACCGT GAGGTCAATA GTGGGCAGGA 

201 TATTGATACC TACTTCATCC CTGGTGGTAA CCGTGCTTTC ACTCCCGGTC 

251 GCATCAATTA CTATTTCAAG TTCAGCGGTC CAAGTGTCAG CGTGGATACA 

301 GCTTGCTCGT CAAGTCTTGC GGCAATTCAT GTCGCCTGTA ATTCCTTGTG 

351 GAGGAATGAA AGTGATTCTG CCGTGGCTGG CGGCGTCAAT ATCCTGACAA 

401 ATCCTGACAA CCATGCTGGT CTTGATCGTG GACATTTCCT GTCAAGGACT 

451 GGAAACTGCA CCACATTTGA TGATGGTGCT GATGGTTATT GTAGAGCAGA 

501 TGGAATTGGC TCCGTTGTGT TGAAGAGACT CGAGGATGCT CAGGCAGACA 

551 ACGATCCGAT TTATGGTATC ATTGGAGGAG CCTACACCAA CCACTCAGCG 

601 GAGGCTGTGT CAATTACTCG GCCTCACGTA GGGGCTCAGT CTTTTATCTT 

651 TGACAAGCTT CTCAACGAGT CCAACAGCGA TCCAAAAGAG GTCAGCTACA 

701 TCGAGATGCA TGGCACCGGC AC 

Predicted polypeptide encoded by P. patulum PCR product. 

1 DPRFFNMSPR EALQADPAQR LALLTAYEAL EMAGFIPDST PSTQKNRVGV 

51 FYGMTSDDYR EVNSGQDIDT YFIPGGNRAF TPGRINYYFK FSGPSVSVDT 

101 ACSSSLAAIH VACNSLWRNE SDSAVAGGVN ILTNPDNHAG LDRGHFLSRT 

151 GNCTTFDDGA DGYCRADGIG SVVLKRLEDA QADNDPIYGI IGGAYTNHSA 

201 EAVSITRPHV GAQSFIFDKL LNESNSDPKE VSYIEMHGTG 
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Verticillium dahliae LCl/2cEXT PCR product. 

1 ACATTTTACG TTCAGACTTC GGATGATTGG CGAGAGATCA ATGCCGCACA 

51 GGAAGTGGAA ACATATTTCA TCACGGGGGG AGTACGCGCC TTTGGCCCTG 

101 GCAGAATCAA CTACCACTTC GGTTTCAGTG GACTTAGTCT GAACATCGAT 

151 ACAGCCTGTT CTTCCAGTGC CGCAGCTCTG CAAATCGCAT GCACTTCGCT 

201 cTGGGCCAAG GACTGTGACA CGGCAGTCGT TGGCGGCTTG TCTTGCATGA 

251 CCAACCCCGA TATTTTCTCA GGACTCAGCC GTGGCCAGTT CTTGTCCAAG 

301 ACTGGTCCCT GTGCTACGTT TGACAATGGA GCTGATGGTT ACTGCCGAGC 

351 TGATGGCTGC GCCTCCGTCA TTGTGAAGCG TCTGGATGAT GCCATTGCCG 

401 ACAAGGACAA TGTCCTGGCG GTCATCCTGG GCACGGCTAC CAACCATTCT 

451 GCCGACGCCA TATCGATTAC CCATCCTCAT GGACCTACGC AGTCGATCCT 

501 ATCATCAGCC ATTCTCGATG AGGCTGGCGT CGTCCTCTCG ATGTTGATAC 

551 GTCGAGAGCA C 

Predicted polypeptide encoded by V. dahliae PCR product. 

so T 

51 FYVQTSDDWR EINAAQEVET YFITGGVRAF GPGRINYHFG FSGLSLNIDT 

101 ACSSSAAALQ IACTSLWAKD CDTAVVGGLS CMTNPDIFSG LSRGQFLSKT 

151 GPCATFDNGA DGYCRADGCA SVIVKRLDDA IADKDNVLAV ILGTATNHSA 

201 DAISITHPHG PTQSILSSAI LDEAGVVLSM LIRREH 
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Figure 4.11 Results of similarity searches of GenBank database using the LCI/2c PCR products as 

query sequences. 
The GenBank database was searched for sequences similar to the LCI/2c PCR products fromA. parasiticus, 
P. patulum and V. dahliae, using the FASTA program (Wisconsin package version 9.0, Genetics Computer 

Group) using a gap creation penalty of 16 and a gap extension penalty of 4 The five sequences with the 

highest z-scores (z-sc) , i. e. the most similar to the query sequence, are shown for each LC 1/2c PCR product. 
Multiple database entries for a single sequence have been removed. The E( ) score represents the number of 

sequences expected to produce a z-score by chance equal or greater to that obtained in the search. Genbank 

sequence ID and accession number for each sequence is shown, along with the locations of the beginning and 

end of homology to the query sequence. 
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A. parasticus minor product 

The five best scores are: 
1. Gb 

- 
Pl: Anwa Begin: 3011 End: 3732 

X65866 A. nidulans wA 
2. Gb 

- 
Pl: Cogpksi Begin: 1852 End: 2573 

D83643 C. lagenarium PKSI 
3. Gb_Pl: Asnpksl Begin: 187S End: 2S96 
L42? 65 A. parasiticus pksLI 
4. Gb 

- 
Pl: Appksagen Begin: 2897 End: 3618 

Z47198 A. parasiticus pksA 
S. Gb_Pl: Emestca Begin: 2211 End: 2932 
L39121 A. nidulans pksST... 

A. parasiticus major product 
The five best scores are: 
1. Gb 

- 
Pl: Anwa Begin: 3247 End: 3732 

X65866 A. n1dulans wA 
2. Gb 

- 
Pl: Asnpksl Begin: 2113 End: 2596 

L42765 A. parasiticus pksLI 
3. Gb_PI: Appksagen Begin: 3135 End: 3618 
Z47198 A. parasiticus pkSA 
4. Gb 

- 
Pl: Emestca Begin: 2457 End: 2932 

L39121 A. nidulans pksST 
S. Gb_Pl: Cogpksi Begin: 1852 End: 2098 
D83643 C. lagenarium PKSI 

P. patulum 

The five best scores are: 
1. Gb 

- 
Pl: Anwa Begin: 3011 End: 3732 

X65866 A. nidulans wA 
2. Gb 

- 
Pl: Cogpksl Begin: 1852 End: 2573 

D83643 C. lagenarium PKSI 
3. Gb_Pl: Asnpksl Begin: 1875 End: 2596 
L42765 A. parasiticus pksLI 
4. Gb_Pl: Appksagen Begin: 2897 End: 3618 
Z47198 A. parasiticus pksA 
S. Gb_Pl: Emestca Begin: 2211 End: 2932 
L39121 A. nidulans pksST 

V. dahliae 

The five best scores are: 
1. Gb_Pl: Cogpksl Begin: 1999 End: 2562 
D83643 C. lagenarium PKSI 
2. Gb Pl: Anwa Begin: 3161 End: 3716 
X6586ý A. nidulans wA 
3. Gb 

- 
PI: Appksagen Begin: 3066 End; 3602 

Z47198 A. parasiticus pksA 
4. Gb 

- 
Pl: Asnpksl Begin: 2044 End: 2580 

L42765 A. parasiticus pksL2 
S. Gb_Pl: Emestca Begin: 2380 End: 2849 
L39121 A. nidulans pksST 

Z-BC E(588376) 

2191.2 0 

1321.9 0 

1175.1 0 

1174.8 0 

1133.6 0 

Z-sc E(589198) 

859.9 0 

776.0 0 

775.7 0 

734.5 3.9e-34 

541.0 2.8e-23 

Z-sc E(589198) 

2199.9 0 

1375.6 0 

1232.4 0 

1232.1 0 

1164.7 0 

z-ac E(584793) 

1697.5 0 

805.4 0 

584.5 le-25 

584.8 I. le-25 

543.9 1.6e-23 
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4.3 DISCUSSION 

4.3.1 The LC-series primers amplify fragments from two structurally distinct groups 

of PKS ketosynthase domains. 

Using two pairs of degenerate primers, designed to amplify fragments containing PKS gene 

condensing domains, products of similar size were obtained from a range of deuteromycete 

fungi (figure 4.3). Hybridisations between PCR products from different genomes showed 

that the set of products from each primer-pair was structurally related, while the two sets of 

products were structurally distinct (figures 4.3 and 4.5). This pattern of hybridisation may 
indicate two subclasses of PKS genes, both widely distributed amongst the filamentous 

fungi. Cross-hybridisation between the two sets of PCR products is minimal in Southern 

blotting of both genomic DNA and PCR products (figures 4.3,4.5,4.7 and 4.8), suggesting 

that heterologous probing for genes in one subgroup with a gene from the other subgroup 

would not be effective. The PCR primers presented here may facilitate the cloning of a 

range of novel ftingal PKS genes by providing highly homologous probes for library 

screening. 

When used to probe genomic southern blots, these PCR products hybridised to multiple 

restriction fragments even at fairly high stringency (figures 4.7 and 4.8). This may indicate 

the presence of multiple PKS genes in each fungal genome. As some genera of filamentous 

fungi are known to produce several polyketide metabolites, requiring more than one class 

of polyketide backbone, the presence of multiple PKS genes in a single strain would be 

expected. 

4.3.2 The major LC1/2c PCR product from A. parasiticus contains a putative intron. 

The fact that the size of the PCR products obtained using these primers was so well 

conserved across a range of ftingal genera suggested that the LC 1/2c primers may have 

been amplifying across an intron in the A. parasiticus genome to produce the major PCR 

product from this species, which is approximately 50 bp larger than the other products. By 

comparing regions of continuous homology of predicted amino acid sequence between this 

PCR product and the other LC 1/2c PCR products, a putative intron of 55 bp was identified 

within the A. parasiticus ma or product (figure 4.10). This putative intron possesses perfect j 

5' and 3' splice site consensus sequences of GTAGGT and CAG, although the nearest 
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match to the consensus internal element sequence (NNCTRAY) is TACTAGC at 26 bp 

from the 3' end (see section 3.3.1 for a description of consensus sequences). The proposed 

position of this intron is not conserved in any other fungal PKS sequence published to date. 

4.3.3 Alignment of predicted protein sequences encoded by the sequenced LCl/2c 

PCR products reveals a high degree of conservation with other PKS ketosynthase 

domains. 

Available fungal PKS condensing domain sequences were aligned with the predicted 

protein sequence for the LC 1/2c PCR products and with non-fungal PKS and FAS 

condensing domains (figure 4.12). Sequence similarity between the fungal FAS and PKS 

condensing domains was so low it was not possible to include a fungal FAS in the 

alignment using the software available. The similarity between the fiingal PKS and the 

mammalian FAS is much closer, suggesting that the fungal PKS genes have not evolved 
from the ftingal FAS, but possibly from the FAS of some ancestral organism. To quote 
Vining (1992), "... the concept of fatty acid synthase gene duplication and subsequent 

evolution giving rise to a polyketide synthase in each individual organism appears 

untenable". The condensing domains of the type I PKS and FAS proteins are conserved 

throughout most of the region examined, however the extent of conservation with the type 

II condensing domain from Streptomyces coelicolor (actI) is much lower. 

The region around the active site cysteine identified as binding the acetyl CoA substrate in 

the goose FAS (Poulose et aL, 1984) is absolutely conserved within each of the predicted 

two subgroups of fungal PKS. Interestingly though, the MSAS-like PKSs are divergent 

from the other fiingal and non-fungal PKSs and from the mammalian FAS examined in this 

region. All the sequenced LC 1/2c PCR products and other genes in the wA-type subgroup 

exhibit the motif DTACSSSL (except for C lagenarium PKS1, which diverges at the final 

residue) which is absolutely conserved with the mammalian FAS and the eryA 
ketosynthase active sites, while the MSAS-type genes possess the active site motif 

DAACASSL. 
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Figure 4.12 Alignment of cloned LCI/2c PCR products with other PKS and FAS ketosynthase 

domains. 

Various ketosynthase regions were aligned to LC 1/2c PCR product sequences using the PILEUP program 
(Wisconsin Package, Devereux et aL, 1984). Sequence conservation of 80% or greater (including 

conservative substitutions) in a column is indicated by shading of the conserved residues. 'Me active site 

cysteine is indicated by an arrow. Sequence identification codes are: Colletotrichum lagenarium PKS 1, 

Clpkslks; Aspergillus parasitims major PCR product, Lce)ý_aprnaj; A. nidulans wA Anwa; A. parasiticus 

minor PCR product, Lcex-Apmin; Penicillium patulum MSAS, Lcex_Ppks; A. nidulans pksST, Emestcaks; 

A. parasiticus pksL 1, Pksl I ks; A. terreus MSAS, At6msasks; P patulum PKS2, Pppks2ks; Cochliobolus 

heterostrophus PKSI, Chpkslks; Saccharopolyspora e? ythraea eryA, Ery2cks; Rat FAS, Ratfasks; 

Streptomyces coelicolor ActI-Orfl, Actiks. 
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Clpkslks : 
Lcex_Apmaj: 
Anwaks 
Lcex_Apmln: 
Lcex_Ppks 
Ernestcaks 
Pksllks 
Atý 6ms asks 
Pp6msasks 
Appkslks 
Pppks2ks 
Chpkslks 
Ery2cks 
Ratfasks 
Aýtiks 

Clpkslks : 
Lcex_Apma3: 
Anwaks r 
Lcex_Apm,,,: 
Lcex_PpkE . Ernestcaký : 
Pksllks 
At 6n, s ask 
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4.3.4 Phylogenetic analysis groups the LC1/2c PCR products with fungal PKS genes 

involved in spore pigment, melanin and aflatoxin biosynthetic pathways. 

A cladogram has been constructed for the predicted proteins encoded by the LC 1/2c PCR 

products, together with various other PKS and FAS genes (figure 4.13). The type H Actl 

ketosynthase from Streptomyces coelicolor has been included as an outgroup and used to 

root the tree. This diagram indicates possible evolutionary relationships between the 

different fungal PKS genes and the genes represented by the LC 1/2c PCR products. As 

expected, the Rmgal PKS genes fall into two distinct clusters: the "MSAS-type" genes are in 

one cluster and the spore pigment, melanin and aflatoxin genes in the other cluster along 

with the LC 1/2c PCR products. Genes in one cluster probably shared a common progenitor 

with each other more recently than with genes in the other cluster. A significant distinction 

between genes in the two clusters may be the presence or absence of a ketoreductase 

domain. The PKS and FAS genes clustering with MSAS all possess ketoreductase domains, 

while the identified PKS genes clustering with A. nidulans wA lack ketoreductase domains 

(figure 1.6), although this is as yet unconfirmed for the genes represented by the LC 1/2c 

PCR products. The low bootstrap values for the grouping of non-fungal type H PKS and 

FASs within the "MSAS-type" gene cluster indicate that this grouping is probably not 

significant. Within the second cluster, the major A. parasiticus product is most closely 

related to the C lagenarium melanin PKS, while the minor A. parasiticus and P. patulum 

products are more closely related to the A. nidulans wA gene product. The bootstrap values 

for these clusterings are high, suggesting that they reflect genuine evolutionary 

relationships. This arrangement suggests that the A. nidulans wA and the PKSs involved in 

biosynthesis of the octaketide aflatoxins and sterigmatocystin have evolved from a PKS 

involved in biosynthesis of the pentaketide 1,8-dihydroxynaphthalene (DBN) melanins. A 

similar evolutionary relationship between aflatoxins and octaketide spore pigment 

precursors in Aspergillus, based on structural similarities, has previously been proposed 

(Brown & Salvo, 1994). In the actinomycete Streptomyces coelicolor, a PKS gene involved 

in spore pigment biosynthesis has been suggested as a possible ancestor to the PKS genes 

responsible for antibiotic production, via the introduction of a promoter allowing 

expression in the substrate mycelium. (Davis & Chater, 1990). 

The predicted amino acid sequence for the V dahliae PCR product (figure 4.10) was not 

included in the phylogenetic analysis shown in figure 4.13 because only a partial DNA 
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Figure 4.13 Phylogenetic relationships of LCI/2c PCR products and other PKS and FAS ketosynthase 

domains. 

This tree was generated using the PHYLIP software package (J. Felsenstein, University of Washington). 

SEQB OOT was used to calculate 100 bootstrapped data sets from the sequence alignment shown in figure 

4.12, which were then converted into a distance matrix by the program PROTDIST using Kimura's 

approximation to PAM distance. This protein distance matrix was converted into a set of trees by the program 

NEIGHBOR using the UPGMA method of clustering and from these the consensus tree shown was 

constructed using the program CONSENS. The resulting tree was displayed and printed using TREEVIEW 

(R. D. M. Page, University of Glasgow) with the Actl outgroup sequence used to root the tree. Bootstrap 

values are displayed at each node of the tree and relate to the group consisting of the species to the right of 

the node. For sequence identification codes see the legend to figure 4.12. 
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sequence had been obtained. This sequence is extremely close to that of the C. lagenarium 

melanin biosynthesis gene PKSI (as discussed in section 4.3.5) and would cluster with this 

gene if included in the analysis. 

4.3.5 Speculation on the function of the putative PKS genes amplified by PCR using 

the LC-series primers. 
Polyketides known to be produced by the Rmgal strains used in this study are listed in table 

4.1. The PKS involved in the biosynthesis of any of these metabolites could be encoded by 

one of the putative PKS genes amplified with the LC-series degenerate primers. 

The LC 1/2c primer pair is likely to have primed on PKS genes involved in the biosynthesis 

of melanins or other spore pigments. The minor A. parasiticus and the P. patulum PCR 

products obtained using these primers show a very high degree of similarity to the A. 

nidulans wA gene (Mayorga & Timberlake, 1992) in both amino acid and DNA sequence, 

suggesting that they may be homologues of this gene. wA is required for the production of a 

yellow pigment intermediate in the biosynthesis of a dark green conidial pigment which 

confers resistance to ultraviolet light (Aramayo et aL, 1989). Green to blueish-green 

conidial pigments with similar properties have also been identified in A. parasiticus 

(Moreno et aL, 1987) and P. cyclopium (Ha-Huy-Ke & Luckner, 1979). The conidia of P. 

patulum exhibit a greenish grey pigmentation which may be of similar origin. Phylogenetic 

analysis of these sequences (figure 4.13) groups the minor A. parasiticus product with A. 

nidulans wA and the major product with Colletotrichum lagenarium PKS1, a gene involved 

in melanin biosynthesis. The pentaketide DHN melanins are extremely widespread among 

the ascomycetes and deuteromycetes and melanins of this type are certainly produced by V 

dahliae (Wheeler, 1983). The sequenced PCR product from V dahliae is extremely similar 

to the PKSI gene involved in DFIN melanin biosynthesis in Colletotrichum lagenarium 

(Takano et aL, 1995), with an identity of 80.3 % at the nucleotide level and 92.1 % at the 

amino acid level, and has probably been amplified from a homologue of this gene. 

Experiments using inhibitors of DHN melanin biosynthesis have indicated that green 

conidial pigments derived from pentaketide metabolites are widespread in the genera 

Penicillium and Aspergillus (Wheeler & Klich, 1995). Interestingly the same study found 

no evidence for these compounds in A parasiticus, which is believed to synthesise its 

conidial pigment from the heptaketide intermediate parasperone A (Brown et aL, 1993). 
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The latter finding may indicate that the major A. parasiticus LC 1/2c PCR product, which is 

obviously closely related to C lagenarium PKSI, has been amplified from an inactive 

pseudogene. 
The LC3/5c oligonucleotides may have primed on a range of PKS genes involved in the 

biosynthesis of reduced polyketides. Alternatively, it is possible that these primers amplify 

homologues of MSAS from each fungal genome. The hybridisations to P. patulum genomic 

DNA seem to indicate a mixed PCR product from these primers, deriving from MSAS and 

the PKS gene designated PKS2. However, no evidence of expression of PKS2 has been 

obtained (chapter 5) and it may be a pseudogene copy ofMSAS. While not all of the 

species examined in this study are known patulin producers, this does not disqualify them 

from carrying the genes required for biosynthesis of 6-MSAS, although whether these 

genes would be properly expressed is another matter. Using a multiplex PCR method 

Geisen (1996) has found sequences homologous to aflatoxin biosynthesis genes in non- 

producing species of Aspergillus and Penicillium. The MSAS gene may also be involved in 

other biosynthetic pathways requiring 6-MSAS as an early intermediate. 
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Chapter 5 

Sequence analysis of a putative PKS gene 

from Penicillium patitlum 
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5.1 Introduction 

Early attempts in this laboratory to screen genomic libraries for potential PKS genes using 

heterologous; probes were largely unsuccessful and certainly inefficient (chapter 4 and 

Walsh, 1993). For this reason, degenerate PCR primers were designed with the aim of 

amplifying fragments from novel PKS genes for use as homologous probes. Primer 

sequences were derived from regions of Penicillium patulum MSAS and Aspergillus 

parasiticus PKS1 encoding continuously conserved amino acid sequence. The two primers 

PKSUN15A (GARCARATGGAYCCNCARCA) and PKSUN13A 

(CCNGTRGCNCGNGTYACC) amplified a PCR product of 1.4 kb from P. patulum 

genomic DNA. When used to probe Southern blots of P. patulum genomic DNA, this PCR 

product hybridised strongly to bands corresponding to MSAS restriction fragments and also 

to another set of bands. Restriction analysis of this PCR product suggested that it was 

mixed, deriving from two different target sequences. The mixed product was blunt-end 

ligated into the vector pUBS 1, and transformed into E. coli. Among the transformants three 

clones, designated pDK4/13/16, were identified as containing the fragment derived from a 

putative novel PKS gene. This cloned DNA was subsequently used as a homologous probe 

to screen a P. patulum genomic library, resulting in the isolation of several positive phage 

clones. The MSAS-derived probes CONI and RED3 (figure 3.2) were then used to identify 

a 6.5 kb Sstl fragment from one of these phage clones that was likely to contain the 

complete PKS2 sequence and which was subcloned for further analysis. This chapter 

reports the sequencing of the complete 6.5 kb fragment and analysis of the predicted gene 

product encoded therein. 
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5.2 Results 

5.2.1 Sequence analysis of the 6.5 kb genomic fragment containing PKS2 

The cloned chromosomal fragment was sequenced on both strands using a mixture of 

manual and automated methods (figure 5.1). Problems of sequence ambiguity were 

occasionally encountered in manual sequencing and were resolved either on the 

complementary strand, by designing new primers or by re-sequencing the uncertain region 

using automated methods. The cloned fragment of 6654 bp contains a single long open 

reading frame encoding a polypeptide of 1783 amino acids, similar in size to other ftingal 

PKS enzymes such as MSAS (1774 residues). This predicted gene product is highly 

homologous to various PKS and FAS enzymes, in particular to MSAS (figure 5.2), and 

was designated PKS2. 

The region of chromosome 3' of the stop codon predicted for PKS2 was translated into all 

six possible reading frames and compared to sequences in the SwissProt database using the 

program BlastX (Gish & States, 1993) to check for the presence of genes linked to PKS2. 

Two shorter open reading frames on the opposite strand to PKS2 were revealed by this 

similarity search, both encoding polypeptides highly homologous to regions of cytochrome 

p450 monooxygenase enzymes (figure 5.3). 

5.2.2 Northern analysis of PKS2 transcription 

Total RNA from P. patulum myceliurn and conidiating cultures of various ages was 

subjected to northern blot analysis to compare transcription of PKS2 with transcription of 

MSAS (figures 5.4 and 5.5). Initial experiments showed that in total RNA from cultures 

that were expressing the MSAS transcript no mRNA of a similar size hybridised to tile 

PKS2 ketosynthase domain probe (figure 5.4). Subsequently a transcript of approximately 

2.4 kb that hybridised weakly to the PKS2 probe was observed in total RNA from 

mycelium and conidiating cultures (figure 5.5). 
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Figure 5.1 DNA sequence of a P. patulum genomic fragment containing a putative polyketide synth2se 

gene PKS2. 

The ketosynthase acyl-binding cysteine (KS), acyltransferase pantetheine-binding serine (AT), dehydratase 

active histidine (DH), ketoreductase NADPH binding site motif (KR 1) ketoreductase active site motif (KII 

2) and acyl carrier protein phosphopantetheine-binding serine (ACP) are highlighted in bold type. Primer 

binding sites for PKSUN15A (549-568 bp) and PKSUN13A (193 5-1952 bp) are underlined. 
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1 GAGCTCCTATTGGAGTTAGAGGAAGTATAGACATAGCGAGGTCGTAGAATCTTCATATTA 60 

61 ATACATAGAGAGGAAGATTTATTGGTTTGAATTGACCACGAGGGAGATTAAAATCTTCAC 120 

121 ATCACCTTACTTAATCCATTGTCATAGAGTCTACATTACACAGCATAATGATTGCTTCAA 180 
1 MetIleAlaSerT 5 

181 CCAGCAGCACAGAGGCCCTTACCCCCACCGGGGATTCCAATAGTAAAGGCACAACGACTC 240 
6 hrSerSerThrGluAlaLeuThrProThrGlyAapSerAanSerLyaGlyThrThrThrP 25 

241 CCGCAACCAGCACCGAAGACACTGAGATGCAAGGTGATCTCAACCACAATGATACCCATG 300 
26 roAlaThrSerThrGluAapThrGluMetG1nGlyAspLeuAanNieAsnAopThrHinA 45 

301 ATGACATTGCCATAATAGGGATGGCATGTCGCGTCCCAGGAGATGTGAAGTCCCCOTCTG 360 
46 spAspIleAlaIleIleGlyMetAlaCy9ArgValProGlyAspvalLysSerProSerA 63 

361 CACTGTGGCAGTTCCTCCTCCAGAAAGGTGATGCTTCAGGCGACATGCCCTC=GCGTT 420 
66 laLeuTrpG1nPheLeuLeuG1nLysGlyAspAlaSerGlyAspMetProSerTrpArgT 8s 

421 GGGATCCCTATCGACAGCGCCATCCTCGCAATGCGGCCGCACTGGCAAAAACAACGGCCA 460 
86 rpAspProTyrArgGlaArgHisProArgAanAlaAlaAlaLeuAlaLysThrThrAlaL 105 

481 AGGGTTACTTCGTCAACGATATCGATCACTTCGATGCCGCCTTCTTTGCCATCTCCCCTC 340 
106 ysGlyTyrPheValAsnAspIleAspHiaPheAspAlaAlaPhePheAlaIleSerProA 125 

541 GCGAGGCGGýC; CAGATGGAýCCCCAGCAGCGCATTGCGCTCGAGGTTGCCTGGGAGGCGT 600 
126 rgGluAlaGluGlnMetAspProG1nG1nArgIleAlaLeuGluValAlaTrpG1uAlaL 145 

601 TGGAGAATGCAGGCATCTCTCCTTCCCGTCTTGCGGGCTCAGACACTTCAGTATACATCO 660 
146 euGluAsnAlaGlyI1eSerProSerArgLeuAlaGlySerAopThrSerValTyrMotG 165 

661 GTGTCAACTCCGATGACTATGGCAAGCTG(3TCTTGGAAGACCTCACCOGTOTCGOTGCAC 720 
166 1)(ValAsnSerAspAspTyrGlyLysLeuValLeuGluAspLeuThrC; lyv&IGIyAlsH les 

721 ATATGGGCGTTGGCACGGCCTACTGCGGAATCCCTAGCCGCATATCATATCTOCTAGATT 780 
186 isMetGlyValGlyThrAlaTyrCysGlylleProSerArgIleSerTyrLeuLeuAspL 205 

781 TGATGGGTCCTAGCGTTGCACTGGATGCAGCCTGTOCATCATCCCTGGTGGCC; GTACACC 840 
206 euMetGlyProSerValAlaLeuAspAlaAlaCYNAlaSerSerLeuV&IAI&ValHisH 225 KS 

841 ATGCACGACAGGCTATCCGTGCTGGTGAGACCCATCTTGCCATCGCAOCTOOTGTCAACO goo 
226 isAlaArgGlnAlaIleArgAlaGlyGluThrAspLeuAlalleAlaGlyGlyV&lA&nA 245 

901 CACTCTTGGGACCCGGGTTGACCAGGGTGCTGGATGAAGCGGGAGCTATCTCCCCGOATO 990 
246 laLeuLeuGlyProGlyLeuThrArgValLeuAspGluAlaGlyAlatleSerAlaAspa 265 

961 CAAAGTGTCOTTCTTTCGATGACTCTGCTAACGGGTATGGCCGAGGCGAAGGAGCGOOTO 1020 
266 lyLysCysArgSerPheAspAspSerAlaAanGlyTyrGlyArgGlyaluGlyAl&GlyV 28S 

1021 TGGTTATCCTAAAGCGTCTGGAAAAAGCTCTAACAGACGOTGACCGAGTTCTAGCTOTOC 1080 
286 alVal1leLeuLySArgLeuGluLysAlaLauThrAspalyAspArgValLeuAlaValL 305 

1081 TCAAGGGCAGTGCAGTGGCCTCAGATr. GCAAGACOCTAGC; AATTATOOCCCCCAATGCGC 1140 
306 eULysGlySerAlaValAlaSerAspOlyLysThrLeuOlylleMetAlaProAsnAlaO 325 

1141 AGGCACAGATCCTCGTTGCCCAAAAGGCACTCAAAGAGGCGAGOOTAACACCTOACTCCA 1200 
326 lnAlaGlnlleLeuValAlaGInLyzAlaLeuLysGluAlaArgvalThrProAspS*rr 34S 

1201 TCAGCTATATTGAGGCACATGCCACTTCCACCTCATTGGGAGATCCTACAGAaACGAC; To 1260 
346 leSerTyrIleGluAlaHisAlaThrSerThrSerLeuGlyAxpProThraluThrS&rA 36S 

1261 CCCTAGCTGGAGTATATGGTGCTGGATCTGGACOCCATCCATGCAATCC(3TGCTATATCO 1320 
366 laLeuAlaGlyvalTyrGlyAlaGlySerGlyArgHisProCynAsnProCysTyrtleG 3GS 

1321 GTTCCATCAAGCCCAATATCGGTCATTTAGAGGCTGGTGCCGGTGTCATGOGTCTCATCA 1300 
386 lySerTleLysProAsnIleGlyHisLeuGluAlaGlyAlaGlyValMotOlyLeuTleL 40S 

1381 AGGCGGTTCTTGTGCTTCGCCATGGCCAGGTCCCCCCGCAGGCCAATCTGCAGACOCTGA 1440 
406 ysAlaValLeuValLeuArgHisOlyGlnValProProGlnAlaAsnLeuGInThrLouA 425 

1441 ATAGCAAAATCGCGTGGAAGAAGAGCTTACTATGCCCGGCCCGCGAOCTGGTGACATTGC isoo 
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426 snSerLysIleAlaTrpLysLysSerLeuLeuCysProAlaArgGluLeuValThrLeuP 44S 

1501 CTCATGGTACCCCATCGCGACCATTGCGGGCCGCTGTAGCATCATACGGATATAGTGGCA IS60 
446 roHisGlyThrProSerArgProLeuArgAlaAlaValAlaSerTyrGlyTyrSerGlyT 46S 

1561 CAGTATCTCATGCAATTATCGAGGCCTTCGCAGGAGGATTCTTGTGCACCGATCGACCGG 1630 
466 hrVa 1 SerHi sAlaI le 11 eGluAl a PheAl aG lyGlyPheLauCysThrAspArg ProA 48S 

1621 CCCAGCCTCCAGACAGTGATGGTGCACCAGTCCTCCTTCTCTTGTCCCTGCCTCAAGCOA 1680 
486 laGlnProProAspSerAspGlyAlaProValLeuLeuLeuLeuSerLeuProGlnAlaA 505 

1681 ACCGAATATCAACAACAGCTCATGCCCTAAGCCAATGGCTGCGACATACTGATCOGGCCA 1740 
SOS snArgIleSerThrThrAlaAspAlaLeuSerGlnTrpLeuArgHisThrAspOlyAlaI S2S 

1741 TATCCCTCGC; LACGGTCGCCTCGACACTGTCACAGCGCCGCGCGCATCATCGCTTCCGCC 1800 
526 leSerLeuAlaThrValAlaSerThrLeuSerGlnArgArgAlaHi3HisArgPheArgH S45 

1801 ACCCCATTGTTGCTGATTCCGTCGCAAACGCCATCGCTACTCTCGATCATCTGTCCAAAA 1960 
546 isAlalleValAlaAspSerValAlaAsnAlaIleAlaThrLeUA3pAgpLeuSerLy3A S65 

1861 ATGTGCCAAATCGCTGGGCAATCAACAACCGAATTGGAACCGAGGCAGCAAAAGGCCCGG 1920 
566 snValProAsnArgTrpAlaIleAsriAsnArgIleGlyThrGluAlaAlaLy3GlyProv SOS 

1921 TGTGGGTATTCTCACCCCAýOGTGCGCACTrGCCCGACATGGGTCGCGAATTATTTCACT 1980 
S86 alTrpValPheSerGlyHisGlyAlaGInTrpProAspMotGlyArgGluLouPheHlaS 60S 

1981 rTAGCCCGGTGTTCGGGGAAGTGGTGCGCAACCTGGAGCCAATTATTCAAGCAGAOCTAG 2040 
606 erSerProValPheGlyGluValValArgAsnLeuGluProllaIleGlnAlaGluLauG 62S 

2041 GTTTCTCTGCAATTGAATCCCTGCAAGCTGGCTGTCTAAATCGCACTGAT(3TTGTTCAGO 2100 
626 lyPheSerAlaIleGluSerLeuGlnAlaGlyCysLeuAsnArgThrAspvalvalOlnA 64S 

2101 CAATCACATTTCTCATGCATCTGGGCATCGCCCCCOTGCTCGAGGCGGAC3TCTGGTCCTC 2160 
646 laMetThrPheLeuMetHisLeuGlylleAlaAlaValLeuGluAlaGluSerGlyProP 66S 

2161 CTACTGCTGTCGTGGGGCATTCCCTGGGCGAGGCTGCAGCGGCCGTCOTTTCTGGGOCTC 2220 
666 roThrAlaValValGlyHisS*rLeuGly0luAlaAlaAlaAlaValValSorC; IyAlaL 685 -+ AT 

2221 TAACTTGGCATGAGGGAGCCCTAGTAGTCTGTCGACGAGCGCGTCTTTACCGTGAGTTCA 2280 
686 euThrTrpHisGluGlyAlaLeuValValCysArgArgAlaArgLeuTyrArgGluPhoI 70S 

2281 TCGGTGAAGGTGCGATGGCGCTGGTTCGGCTGCCAGCGTCTGAGGCCCGTGCGCOTATTG 2340 
706 leGlyGluGlyAlaMetAlaLeuValArgLeuProAlaSerGluAlaArgAlaArgIleA 72S 

2341 CCACGCACCTCGGCGCGTCGGTCGCAATCGAGGCATCACCAACCOTGTGCGTGATATCCO 2400 
726 laThrHisLeuGlyAlaSerValAlalleGluAlaSerProThrValCysVallleSera 14S 

2401 GTACTATTGACGCCGTTCAGAAGATCTCTCAAACATGGCGTGAAGAAGGTATCGAGGTOC 2460 
746 lyThrIleAspAlaValGlnLysIleSerGlnThrTrpArgGluGluGlylloOluValA 16S 

2461 GTCCCGTCGCCACGGATGTGCCCTTCCATACACCACTCCTGGAGA6AGCTAGCAGGTCCCC 2S20 
766 rgProValAlaThrAspValProPheHisThrProLeuLouGluLyaLauAl&GlyPraL 785 

2S21 TCCGAGACGCGCTGAAAGGCGAGCTTCACCCTCAAGTACCGCGTCGGACGCTCTATTCGA 2580 
786 euArgAspAlaLeuLysGlyGluLeuHisProGlnValProArgArgThrLeuTyrSerT los 

2581 CTTCGCTGTTGGATCCACGTTTAGAAGTACCACGCGATGTCGAATACTGOGTOACGAATA 2640 
806 hrSerLeuLeuAspProArgLeuGluValProArgAspValGluTyrTrpV&lThrAsnM 025 

2641 TGATCCAACCGGTCCGACT=GTCGACAGTGGCCGCACTCGTGGACGACGGATTCCGCO 2700 
826 etIleGlnProValArgLeuGlnSerThrValAl&Al&LeuValAspAspGlyPheArgA 845 

2701 CATTTGTGGAGCTGGCGAGTCATCCCATAATAACACACTCGATAGTCGAGACTGTCA002 2760 
846 laPheValGluLeuAlaSerHisProllelleThrHisSerIleVal0luThrvalSerG 865 

2761 AGCGGACAACCGATCGGTTTATGGTGACACCCACAATGTTGCGTAAGCAGCCGOTACTCA 2820 
866 luArgThrThrAspArgPheMetValThrProThrMatLeuArgLysGlnProValLeuL eas 

2821 AGAGCATCTTGGCTGCCGTGGGCCGTCTGCACTGCTTCGGCTGCACTGTGAAATACACAG 2880 
886 ysSerIleLeuAlaAlaValGlyArgLeuHisCysPheGlyCyaThrValLysTyrThrA 90S 

2881 ATCTCGACCCGGCTGCGcCATGGAGTTCATCTGTGCCCGGTACAATTTGGAATCGCCAGC 2940 
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906 spLeuAspProAlaAlaProTrpSerSerSerValProGlyThrileTrpAsnArgGlnP 92S 

2941 CGTTCTACCGCGCTGTGAGCACAATCACGGCTGCACAGTTGGCGCCAACACACAAACCTG 3000 
926 roPheTyrArgAlaValSerThrMetThrAlaAlaGlnLeuAlaProThrHisLysProA 94S 

3001 CCGCAAATGACCTGCTAGGTACTCGTACCGCGCTGTGGGGAACGGACGAGGTGCTTTATC 3060 
946 laAlaAsnAspLeuLeuGlyThrArgThrAlaLeuTrpGlyThrAspGluValLouTyrO 96S 

3061 AAACCCGCCTCGAGGAAGACAATCGACCTTTTCCCGGCCGTCACCCACTGCATGGATCAG 3120 
966 lnThrArgLeuGluGluAspAsnArgProPhaProGlyArgHimProLeuHioGlySerG 985 -. 0 DH 

3121 AGATAGTACCTGCCGCTGTGCTATTGCATACATTTTTGCGCGCACTCTCTCCTAOTAGCG 3180 
986 luIleValProAlaAlaValLeuLeuHisThrPheLeuArgAlaLeuSerProSerSerV loos 

3181 TGGAGGATGTGTCGCTGCTGGTGCcTGTAGTGGTGTCTCCGGCCCGTGAGATCCAGATCC 3240 
1006 alGluAspValSerLeuLeuValProValValValSerProAlaArgGluIleGlnll*A 102S 

3241 GGCATAACACGCGTGAGATCGCTATCACATCTCGCCTGGAGGAGTCTACGAGCAACGAAG 3300 
1026 rgHisAsnThrArgGlulleAlalleThrSerArgLeuGluGluSerThrSerAsnOlUA 1045 

3301 ACGGCTCGTGGCTTGTCAATACCATCGCGACTAGGGGCGCTACTGATGTAGCAACCTCCA 3360 
1046 spGlySerTrpLeuValAsnThrIleAlaThrArgGlyAlaThrAspValAl&ThrSerI 1065 

3361 TCAGCCATATCAACATAGCTGA; LATCAGGAAAAGACTGCCACAGAAGCTGTCGGACAACT 3420 
1066 leSerHisIleAsnIleAlaGluIleArgLysArgLeuProGlnLysLeuSerAspAsnP loes 

3421 'fCTCAATGGATTACCTCGCCTCTGTAGGCGTGTCTGCCATGGGATTTCCATGGCGGOTAA 3480 
1086 heSerMetAspTyrLeuAlaSerValGlyValSerAlaMetGlyPheProTrpArgValT 1105 

3481 CTCAGCATGTGGCCAGTGACGACGAGATGCTGGCCATGGTAAACGCCAATCCGGACAACC 3540 
1106 hrGlnHisValAlaSerAspAspGluMetLeuAlaMetValAsnAlaAsnProAspAsnL 112S 

3541 TACCTGGCATGGACCATTTTTTGGTGTCCGTCATGGATGCATCAACGTCCATCOCATCAA 3600 
1126 euProGlyMetAspASpPheLeuValSerValMotAspAlaSerThrSerlIsAlaSerT 1145 

3601 CCCTCTGGCATTGTATGCCCCGCCTCCGTATGCCCACAGCTGTCCGTCGCATCGTGOCCO 3660 
1146 hrLeuTrpHi3CysMetProArgLeuArgMetProThrAlaValArgArgIleValAlaV 1165 

3661 TTGATGTAGCCACCCCACAAGTCGTGTACATCCACTGCAGCAAGGCAAAATCOTCCGTCG 3720 
1166 alAspValAlaThrProGlnValValTyrIleHisCynSerLysAlaLysSerSerV&IA Ills 

3721 ACGCAGCTGATGTGATAATCACTAGTGAGGATGGTACCGTTCTGATGGAGATCCAGGOAA 3780 
1186 spAlaAlaAspValIleIleSerSerGluAspGlyThrValLeuMetOlulleOlnGlyM 1205 

3781 TGGCCTTCGCCOGTGTCGAGGGCGACTCGTTGTCACGAAAAAATACCTCTGGCCTCOTOC 3840 
1206 etAlaPheAlaGlyValGluGlyAspSerLeuSerArgLysAsnThrSerGlyL*uValH 1225 

3841 ACCAAATCAGCTGGCCACCGGCCGCTCTGGTTGAGGAGCCOTTAGAATTTTCCCACOTCO 1900 
1226 isGlnlleSerTrpProProAlaAlaLeuValGluGluProLeuGluPhoSerHinV&lA 124S 

3901 CCTTTCTCGCACCAGATGCCGCGACGACTTACGTGGAAACCTACCAGATGCAOCTTGAGA 3960 
1246 laPheLeuAlaProAspAlaAlaThrThrTyrValGluThrTyrGlnMetoInLouGluS 12is 

3961 GCAGAGGTATCTCCACGTCTATCCATGATTATGCCTCAGACTTGCCCTTGACAGCTCATT 4020 
1266 erArgGlyIleSerThrSerIleHisAspTyrAlaSerAspLeuProLouThrAlaHisS 1285 

4021 CGTCTATGGCGGTTGTCTATCTCCCTCAAGTCACCGATCAAATTTTCGAGACCGCCACCA 4080 
1286 erSerMetAlaValvalTyrLeuProGlnValThrAspGlnllePheOluThrAlaThrS 130S 

4081 GCGCCTGCAGTCGCCTCGTATCGGCAGCCCAGTTTATTTTATCCTTCTCOAAAAAACCCA 4140 
1306 erAlaCysSerArgLeuValSerAlaAl&GlnPhalleLeuSerPheSerLyaLymProT 1325 

4141 CCGTCCGCCTCTTCACTCTCACCTCCGAAACCAATCTAGGCCACAGCGCCCTCACAGGCC 4200 
1326 hrValArgLeuPheThrLeuThrSerGluThrAsnLeuGlyHisSerAl&L*uThrOlyL 1345 

4201 TCGGCCGGATTCTGCACACCGAACACCCCGAGATCTGGGGTAGTGTCATCGATATTGAA(3 4260 
1346 euGlyArgIleLeuHisThrGluHisProGlulleTrpalySerVal1leAspIleOluA 136S 

4261 ATCCCTCGOTCTTCCCGCTTATGGCAATGCGCTATGTGCGTAATACTGACATTATCAAGA 4320 
1366 spProSerValPheProLeuMetAlaMetArgTyrValArgAnnThrAspIlelleLysI 138S 

4321 TCCAGGATGGGGTCCCGCGCACTGCATGCCTCCGTCCGCTCCGCTCCACCCCGCTCCACC 4380 
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1386 leGInAspGlyValProArgThrAlaCysLeuArgProLeuArgSarThrProLeuHisP 1405 

4381 CCGCTTCTGGACCCGCTGCTCTCACTTTCTCCTTGGCATCCACGTATCTAATCACCGGTG 4440 
1406 roAlaSerGlyProAlaAlaLeuThrPheSerLeuAlaSerThrTyrLeuIleThrolya 1425 

4441 CACTGGGCTGTCTCGGTCTCTCCGTAGCCGAGTGGATGGTCACTCAAGGCGCGAAACGCA 4SOO 
1426 lyLeuGlyCysLeuGlyLeuservalAlaGluTrpMetValThrGlnGlyAlaLysArgI 1445 -4 KR I 

4501 TTCTGCTACTCTCTCGTCGCTCACTACCCCCGAGGTCCACCTGGACCACCTCGCATAAAc 4S60 
1446 leLeuLeuLeuSerArgArgSerLeuProProArgSerThrTrpThrThrSerHisLysP 146S 

4SG1 CCGAGACCTCGTCTATCATTCA; LAGTATCCTCTCTCTTGAACGCCTTGGTGCCACTATCC 4620 
1466 roGluThrSerSerIleIleGlnSerIleLeuSerLeuGluArgLauGlyAlaThrIleH 148S 

4621 ACACCCTAGCCATCGATATTTCCCATCCATCCGCTGTGGTGAGTCTTCGCTCGGCOCTCA 4680 
1486 isThrLeuAlaIleAspIleSerHisProSerAlaValValSerLeuArgSerAlaLouT isos 

4681 CCACACTCAACCTCCCGCCCGTTGCTGGCGTAGTTCACGCCGCTGGCATAATCCACGACC 4740 
1SO6 hrThrLeuAsnLeuProProValAlaGlyValValHisAlaAlaGlyllelleHisAmpO IS25 

4741 AGCTCATCGGGCA; LATTACTCCAGATGTGTTTGATGCCGTCCTTCCACCGAAGATCGCAG 4800 
1S26 lnLeulleGlyGlnIleThrProAspValPheAspAlaValLeuAlaProLyalleAlaG 1S4S 

4801 GCGCCTTGGTGTTGGACACCOTCTTCCCTCCCAATTCCCCTGAGCTGGACTTCTTCATCC 4660 
1546 lyAlaLeuValLeuAspThrValPheProProAsnSerProGluLeuAspPhaPholleL 1565 

4861 TCTTCTCTTCTTGCGGTCAACTCTTGGGATTCCCGGGTCAGGCGTCATACGCGAGTGGAA 4920 

1566 euPheSerSerCysGlyGlnLeuLeuGlyPheProGlyalnAlaSerTyrAlaSerGlyA Ises -4 KR 2 

4921 ATTCGTTTTTGGACGCCTTGGCGCGGTCACGCAGAAAGGAGGGTGATAATTCCATCTCTC 4980 
1586 anSerPheLeuAspAlaLeuAlaArgSerArgArgLysGluGlyAspAsnSerIleSerL 1605 

4981 TTCTTTGGACGTCTTGGCGGGGCATGGGTATGGGA=AGTTCTAATGGAGCCCTAGAGO 5040 
1606 euLeuTrpThrSerTrpArgGlyMetGlyMetGlyAlaSerSerAsnGlyAlaLeuGluA 162S 

5041 CGGAACTCTATGCTCGTGGAATTACAGATGTGACTCCTGAAGAGGCOTTCCGGGCTTGGA sloo 
1626 laGluLeuTyrAlaArgGlyIleThrAspValThrProGluGluAlaPheArgAlaTrpS 164S 

slol GTGCTATCTCTGCAGTTGAGGGTGCCGATCATGGAGTTGTGCTTCOTGCTCGGCCGCTTO 5140 
1646 arAlaIleSerAlaValGluGlyAlaAspHisGlyValValLeuArgAlaArgProLouG Ists 

5161 AATCTCGGGAACCGCTGCCACATGCGATTCTOAGAGATATTGTCACGAGGAAAGAGAGAA S220 
1666 luSerArgGluProLeuProHisAlaIleLeuArgAspIleValThrArgLysOluArgI 169S 

5221 TTGGGGATGACGAGAGTGGGGAAAAGGAAAAACAAAGGAACAAATTGACTGOCAAAGGAT 5280 
1686 leGlyAspAspGluSerGlyGluLysCluLysGlnArgAsnLysLeuThrGlyLysOlyL 170S 

5281 TGGCGGAACATTTGCGTGTCGTTGTGAAAAAGTGTGTGTCGACGACATTATCGATCCCTO S340 
1706 euAlaGluHisLeuArgValValValLysLysCysValSerThrThrLauSerlIeProo 172S 

5341 AAGATGAAGTAGACGAGACAGTGGCGTTGCCAGAGATGGGCATGGACTCTGTCATGACAO S400 
1726 luAspGluValAspGluThrValAlaLeuProGluMetGlyMetAspS*rValMotThrV 1745 -4 ACP 

S401 TGAACTTCCGCATGAGCCTGCAGCAGACGCTGATGGTGGOTGTTGGGCCAAC(3TTGOTAT S460 
1746 alAsnPheArgMetSerLeuGlnGlnThrLeuMetValGlyValolyProThrLeuVaIT 176S 

5461 GGAAGTACCCTACGATACATCATCTGGTTGAATATTTCTGTCAGGTATTGGAAC3AATAOT SS20 
1766 rpLysTyrProThrIleHisHisLeuValGluTyrPheCysGlnValLauGluGluEnd 1784 

5521 TTTAGCTATCGTTCCATTGGAGACTTGTATATAGTTCTATTTTACTTCTTCTTCTAATCT SSOO 

S581 TGCAACTCGGAATATAAATCATATCACTAACTATAAAGACAGATGGTCTAATAAAGGCAT S640 

S641 ATCAATCTATAATTTGTAGGACATAACATCGCCAACTATAGAATCAACCACGTAGAGACA S700 

5701 TCTCCATCTATACCTAATCTTCTCTCCGTTTCGTCAATGCTAGGAACTCTCCOTGAAACT S760 

5761 GGGGAACAACCATATCATCCCACTTCATATCCTCCACGGTCGTTCCTACTAGGTCCAAAT S820 

5821 CGAATCGTCGCACAATATATGCAATGGCCATATACATCTCCATATACGCCATACTAAACA SOSO 

S881 ACAAATTCGTTAGTCACATTTATTTCATGAACCAAGGGGGGCACATACTTGATCCCCAGA 5940 
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5941 CAAGACCGACTCCCTCGTGAAAACGGTACTAGAAATTTAGCTCTCTCTGCTGTCACCTCG 6000 

6001 GACCCCTGGAGCCATCGCTCTGGATCAAACACACGAGGATTCTCGAAAAGCGTCTCATTO 6060 

6061 TAGTGAATATGGTAAATGGCCATGCCTACCCGAGTTCCCGCAGGOATAAACCGGCCGTCT 6120 

6121 GGAAGACGGACACCACCTGGCGGAACAAGACGGGGAGTGCGA(3AGGCTGCGGGAGAGGAA 6180 

6181 TATCTGAGGCCCTCTTTTATTACTGCAGTCTGTTTTGTGCCATATAAGC M AGTTCAAT 6240 

6241 TGTTTTTAGGAGTAAGAATAGGATACAAAGTACGGACCAGATATGGTAGCGCTTCAAGCT 6300 

6301 GAATATACGAGACATGAGAATTGGACGTCGGCATGACAOTTTTCAGTTCCGCTAGAAC; TC 6360 

6361 GGTCATGGATTTCACGGTCATTGAAGATATTGAAAAGAGTGACTGTGTTGGCAATTCCGO 6420 

9421 TGGTATCGTCCCCAGCGGAGATCACGGTAAGAAGCTCATCACGGAGACCCTGTTTGTCCO 6480 

6481 GTACTGCATAACCCTTCTCAGGAAGCGGAATGAGCAGCCTCTCCATGAGAGTCGGGAAGC) 6540 

6541 CAGGGGTTTTGCCCGCTGCTGCGGCGGCGATATATTCATCAATGCGACCAGCAGCGAACT 6600 

6601 GGTAGAACTAATTAGTATAGATGAGGTTGCTGACGGAACGTATAAGTCGAGCTC 6654 
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Figure 5.2 Matrix comparison of predicted gene product A patulum PKS2 with A. n1dulans 1VA. 
The matrix data files were calculated using a window size of 30 and a stringency of 25 with die program 
COMPARE and plotted using the program DOTPLOT (Devereux. el at, 1984). 
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Figure 5.3 BlastX search of the SwissProt database Indicates the presence of a Cytochrome P450 gene 
downstream of P. patulum PKS2. 

A. Query sequence and locally aligned high-scoring regions from database sequences 
The upper line represents the 1134 bp of chromosome immediately downstream ofPKS2. This query 

sequence has been translated into all six reading frames and used to search the SwissProt database using the 

BlastX program (Gish & States, 1993); beneath this are shown the positions of the two aligned regions in the 

ten highest-scoring protein sequences (HSPs). All are cytochrome p450 sequences (identity codes shown to 

the left) and are aligned to translations of reading frames on the complementary strand to PKS2. 

B. High scoring local alignments of CP42_RAT cytochrome p450 IVA2 (lauric acid *-hydroxylase) to 

translations of complementary strand of query sequence. 

The upper diagram shows the position of the alignrnents I and 2 on the complete CP42_RAT polypeptide 

(504 amino acids). A consensus sequence is shown between the query sequence (PKS2 downstream) and the 

cytochrome p45O sequence; amino acid similarities are indicated by +. The conserved hcme binding motif 

FXXGXXXCXG is highlighted in bold type. 
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Figure 5.4 Northern blot of Penicilliumpatulum total RNA showing that PKS2 is not transcribed 

under the same culture conditions as MSAS. 

Total RNA was extracted from myceliurn of different ages (indicated as number ofliours post-inoculitiol, 

beneath each lane), fractionated on duplicate formaldehyde denaturing agarose gels and blotted onto nylon 

membranes. These northern blots were probed with 32 P-labelled DNA as follows: RED3, MX-IS 

ketoreductase domain restriction fragment (see figure 3.2); DK16, PKS2 ketosynthase domain PCR product 

(see section 5.1). Bands corresponding to theMSAS transcript and degraded MSAS transcript co-migrating 

with 28S and 18S ribosomal RNAs are indicated by arrows. 
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Figure 5.5 Northern blot of Penicillium patulum total RNA extracted from mycelium and couidiating 

cultures showing weak hybridisation of PKS2 ketosynthase domain to 2.4 kb transcript. 

Total RNA was extracted from 24 h mycelium, 41 h and 58.5 h conidiating cultures (indicated beneath each 
lane), fractionated on duplicate formaldehyde denaturing agarose gels and blotted onto nylon membranes. 
These northern blots were probed with 32P-labelled DNA as follows: CON 1, probed with APý4S ketosynthase 

domain probe (see figure 3.2); DK1 6, PKS2 ketosynthase domain PCR product (see section 5.1 ). Bands 

corresponding to the MSAS transcript and to transcripts co-migrating with 28S and 18S ribosomal RNA are 

indicated by arrows. 
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5.3 Discussion 

5.3.1 Transcriptional control motifs and predicted sites of initiation and termination 

of translation for PKS2 

Only a limited region (167 bp) 5' of the putative start of translation for PKS2 was cloned 

and sequenced (figure 5.1). This region has been examined for the presence of common 

transcriptional control motifs (see section 3.3.3 for a discussion of the functional 

significance of these motifs). Within this distance from the start of translation one might 

expect to find a TATA box (Unkles, 1992); the closest match in this region is TATAGA, 

situated 142 bp before the predicted start of translation (figure 5.1). No CT box can be 

identified 5'of PKS2. 

The predicted sites for initiation and termination of translation for PKS2 are based on the 

assumption that the gene consists of a single large open reading frame and are consistent 

with the homology between PKS2 and other "MSAS-type" genes. The predicted start of 

translation for PKS2 is in the context of the sequence AGCATAATGA, a very rough 

appproximation to the consensus for a eukaryotic initiation site GCCRCCAUGG (Lewin, 

1997; section 3.3.5). However the predicted initiation sequence for PKS2 does possess an 
A at the important position -3 with respect to the AUG codon, as found in 64% of 
filamentous ftmgi (Gurr et aL, 1987; Unkles, 1992). 

The predicted stop codon for PKS2 is followed by a pyrimidine (thymine), found in only 

3 0% of filamentous ftingal genes (Unkles, 1992). Downstream I 10 bp from this stop codon 
is a perfect AATAAA polyadenylation signal motif (see section 3.3.4). 

5.3.2 Analysis of amino acid sequence around the predicted active sites of PKS2 

Five enzymic domains have been identified in the predicted PKS2 gene product by 

sequence homology to other PKS and FAS enzymes, more specifically by the presence of 

active site motifs known to be conserved in PKS and FAS enzymes (figure 5.6). Dot matrix 

comparison of the predicted gene products PKS2 and MSAS of P. patulum (figure 5.2) 

indicates almost continuous homology along the lengths of the proteins, suggesting that 

PKS2 possesses the same five enzymic domains as MSAS. As discussed in chapter 4, the 

known fungal PKS genes appear to fall into two subgroups: the "MSAS-type and the "wA- 

type". The dot matrix comparisons of PKS2 with representative gene products from each of 
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these subgroups (figure 5.2) clearly indicate that sequence homology between PKS2 andA. 

nidulans wA is much lower than that between PKS2 and MSAS and is limited mainly to 

the ketosynthase domain, which is highly conserved between all type I PKS and FAS 

(Aparicio et al., 1996). This places PKS2 in the MSAS-type subgroup, which is consistent 

with the phylogenetic analysis of PKS ketosynthase domains discussed in chapter 4. 

Local frequency of non-conservative mutation, measured by the comparison of two 

homologous gene product sequences has been used as an indicator of domain boundary 

location in the animal FAS (Witkowski et al., 199 1). A modified approach was used to 

assess likely domain boundaries in PKS2 by comparison of this protein sequence with 

MSAS (figure 5.7). The rationale behind this analysis is that interdomain regions may 

primarily serve a linker or spacer function and may be less highly conserved than the 

ftinctional domains (Donadio & Katz, 1992; Witkowski et al., 199 1). Therefore the regions 

of highest homology between these two amino acid sequences may represent the extent of 

the enzymic domains while areas of lower homology may represent linker or spacer 

regions. The predicted limits of each domain were correlated with the consensus sequences 

identified at the domain boundaries of the EryA and EryB gene products (Bevitt et al., 

1992; Donadio & Katz, 1992). Identification of the boundaries of each domain will 

facilitate comparison of PKS2 with other type I PKS enzymes and may allow the over- 

expression of single domains in heterologous systems, a prerequisite for analysis of domain 

structure and fimction. Knowledge of the extent of each functional domain will also be 

required for the design of recombinant fungal PKS enzymes which may be used in the 

biosynthesis of novel polyketide metabolites. 

5.3.2.1 Ketosynthase domain 

The ketosynthase active site consensus sequence GPxxxxxxxCxSxL (Cortes et al., 1990) 

can be identified in the deduced PKS2 amino acid sequence around CYS216. The amino acid 

sequence around the active cysteine is highly conserved with the two MSAS sequences 

from P. patulum and A. terreus, and PKS I from A- parasiticus. It is also conserved to a 

lesser, but significant degree with other type I PKS and FAS ketosynthase enzymes (figures 

5.5 and 4.12). Both of the histidine residues noted by Aparicio et al. (1996) as possibly 

involved in increasing the nucleophilicity of the active site cysteine are conserved in PKS2 

at HiS351 and HiS393- Conserved sequence motifs have been identified at the N-terininal and 
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C-terminal boundaries of the ketosynthase domain: PiAiVgmaCR and GTNAHvIeE 

respectively, where upper case letters represent invariant residues (Donadio & Katz, 1992). 
These motifs can be clearly identified in PKS2 at positions 46-55 and 464-472, suggesting 
a domain size of 427 amino acids which is similar to the 425 amino acids assigned to this 
domain in the EryA proteins (Donadio & Katz, 1992). 

5.3.2.2 Acyltransferase domain 

Polyketide and fatty acid synthase complexes require acyltransferase activity to catalyse the 

transfer of acyl-CoA ester extender units onto the acyl carrier protein. The presence of the 

signature motif GHSxG around the catalytic residue Ser672 identifies an acyltransferase 
domain within the PKS2 polypeptide. An arginine residue which is positionally conserved 

in all multifunctional PKS and FAS enzymes has been identified as playing an important 

role in the binding of malonyl and methylmalonyl moieties to the transacylase domain 

(Rangan & Smith, 1997; Serre et al., 1995). This residue is present in PKS2 along with the 

other universally conserved active site residue, HiS774 (Serre et al., 1995). Other conserved 

active site residues that can be identified in the acyltransferase domain of PKS2 are Gln594, 

Gln6", Phe773, Thr805, Asn824 and Va1829 (Serre et al., 1995), all of which are positionally 

conserved in the other 'IMSAS-type" enzymes. 

In the ftingal PKS, along with the FAS and actinomycete type 11 PKS enzymes, the 

extender unit is usually malonyl-CoA (see section 1.3.1). In contrast, the modular 

actinomycete PKS enzymes responsible for biosynthesis of reduced or complex polyketides 

utilise both malonyl and methylmalonyl-CoA extender units. The presence of a separate 
AT domain for each extension step in these modular enzymes has enabled the 

identification of divergent sequence motifs specific for both malonyl and methylmalonyl 

transferase activities (Haydock et al., 1995). The derived consensus sequence motif 
identified by Haydock et al. for the methylmalonate transferase domain is RVDVV-7- 

MxSxAXhW, where h represents an aliphatic hydrophobic amino acid, X is either 

arginine, serine, alanine or glutamic acid and those residues found in all AT domains are 

omitted. The consensus sequence proposed for the malonyl transferase domain is ETGYA- 

7-QxAxFGLL. As can be seen in the sequence alignments shown in figure 5.6, the fungal 

MSAS sequences are reasonably similar to the malonyl transferase consensus, particularly 
in the latter half of this region, although they also match the methylmalonyl transferase 
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motif in several places. In contrast, the corresponding sequence in PKS2, RTDVV-7- 

IFILGIAAVL, is a much better fit to the methylmalonyl consensus motif and is less similar 
to the malonyl consensus motif. This suggests the possibility that PKS2 may possess a 

methylmalonyl transferase activity, but as this would be unprecedented for a fungal PKS it 

seems more likely that the consensus motifs of Haydock et aL may not be usefully 

applicable to the fungal PKS enzymes. 
In the multifimctional type I animal FAS, the acyltransferase domain is also known to be 

responsible for translocation of the acetyl starter unit onto the acyl carrier protein. While 

this dual specificity for acetyl-CoA and malonyl-CoA must have a structural basis in the 

acyltransferase domain, this has not yet been elucidated (Rangan & Smith, 1997). 

The conserved amino acid motif vfvFPQGaQW that bounds the acyltransferase domain at 
the N-terminus (Donadio & Katz, 1992) can be clearly identified in PKS2 between residues 
586-595. The C-terminal end of the domain, identified by the conserved motif Gvavdwxxa 

in the EryA polypeptides (Donadio & Katz, 1992) is positioned in the PKS2 sequence at 

residue 906, resulting in a domain of 321 amino acids. Domain lengths for the EryA 

acyltransferase domains have been variously reported as 345-350 amino acids (Donadio & 

Katz, 1992) and 414-43 0 amino acids (Bevitt et aL, 1992). 

5.3.2.3 Dehydratase domain 

A conserved sequence element of HxxxGxxxxP has been identified around the active site 

histidine residue in several PKS and FAS enzymes (Bevitt et aL, 1992; Donadio & Katz, 

1992; Joshi & Smith, 1993). The histidine residue at the beginning of this motif has been 

shown to have an important role in catalysis of the dehydration reaction (Joshi & Smith, 

1993). As can be seen from the alignment shown in figure 5.6, this motif is clearly 

conserved in PKS2 as in the other "MSAS-type" PKS enzymes, although the Glycine 

residue is not universally conserved among PKSs. The region around the active site 
histidine is highly conserved between P. patulum PKS2 and other "MSAS-type" fungal 

PKS systems (figure 5.6). Although the boundaries of this domain have not been precisely 
defined to date, the N-terminus in MSAS appears to be located close to the boundary of the 

acyltransferase domain with no intervening linker region (Bevitt et aL, 1992). The extent of 

homology between PKS enzymes in this region suggests that the dehydratase domain is 

relatively short (Bevitt et aL, 1992; Donadio & Katz, 1992), extending for 140 to 170 
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amino acids to its C-terminus, which is consistent with the size of the type II E. coli FabA 

dehydratase (170 amino acids). 

5.3.2.4 Ketoreductase domain 

The ketoreductase domain of PKS2 possesses two conserved functional motifs, both of 

which have been identified in many PKS and FAS enzymes. The sequence GxGxxG, 

which is believed to bring about a turn between the first strand of a B-sheet and the start of 
the following cc-helix (Wierenga et aL, 1985), indicates the position of the NADPH 

binding site. This feature has been identified in many PKS and FAS enzymes and also in a 

slightly modified form in NADPH-dependant dehydrogenases (Scrutton et aL, 1990). The 

ketoreductase domain active site can be identified by its homology to the FSSXXXxxG 

motif (Cortes et aL, 1990, figure 5.6). The consensus sequence PxGTvLv identified in 

EryA (Donadio & Katz, 1992) which defines the beginning of this domain can be identified 

in PKS2 at residues 1416-1422. As yet, a C-terminal consensus sequence for this domain 

has not been defined. Donadio and Katz (1992) suggested that this domain extends for 

about 190 amino acids from the NADPH binding site, resulting in a size of approximately 
200 amino acids in PKS2; however the size attributed to the MSAS ketoreductase domain 

by Bevitt et aL (1992) is some 50 residues larger than this and this latter size fits in better 

with the extent of similarity between MSAS and PKS2 (figure 5.7). 

5.3.2.5 Acyl carrier protein 
The acyl carrier protein is responsible for binding the growing polyketide backbone, via a 

thioester linkage to its phosphopantetheine arm. This domain can be clearly identified at 

the C-terminal end of the predicted PKS2 gene product by homology to other "MSAS-type" 

PKS enzymes. The putative phosphopantetheine binding active site residue, Ser1741, is 

located within a sequence motif that differs from the established consensus LGxDS (Cortes 

et aL, 1990) at the first residue, which is methionine in PKS2. This is a fairly conservative 

substitution, of hydrophobic amino acids, which is also apparent in A. parasiticus PKS I 

(Walsh, 1993). Consensus sequences defining the boundaries of this domain have not as 

yet been identified, although the N- and C-termini in MSAS of P. patulum have been 

assigned by alignment with the Ery2 ACP domains (Bevitt et aL, 1992). Alignment of 

PKS2 with the three other "MSAS-type" predicted gene products suggests an N-terminus 

157 



for its ACP domain at Va11717 and a C-terminus at Phe1777, resulting in a domain size of 61 

amino acids. 

5.3.2.6 No enoy1reductase or thioesterase domain can be identified in the predicted 

PKS2 gene product 
The continuous homology to MSAS (figure 5-2) suggests that the predicted PKS2 

polypeptide will possess the same finictional domains, viz. the five discussed above, and 

will lack enoylreductase and thioesterase catalytic sites. To confirm that these functional 

domains were not present in PKS2 the amino acid sequence was examined for the presence 

of signature motifs for these active sites in regions of unassigned function. As the linear 

order of enzymic domains is conserved between the various type I FAS and PKS enzymes 

characterised to date, the region of predicted PKS2 gene product on the C-terminal side of 

the dehydratase domain would be the best candidate for an enoylreductase domain; 

however no close matches to the enoylreductase NADPH binding site conserved motif 

LlHxxxGGxGx. A (Yang et aL, 1996) could be found within this region. Hence the 

polyketide product of PKS2 must show incomplete processing of its keto groups, resulting 

in the possible presence of keto, hydroxyl and enoyl, but not alkyl, functional groups on the 

carbon chain. 

Some fiingal PKS enzymes, such as A. nidulans pksST and A. parasiticus pksL I are known 

to possess a serine-dependant thioesterase domain which is thought to be responsible for 

the release of the completed PKS molecule from the enzyme (Feng & Leonard, 1995; Yu & 

Leonard, 1995). In contrast, no such thioesterase domain has been identified in the MSAS 

gene product and this enzyme is believed to employ a different mechanism for product 

release (see section 1.3.3.2.1). PKS2 shows almost continuous homology to MSAS along 

its length and contains only one region, between the predicted dehydratase and 

ketoreductase domains (figure 5.7), of sufficient size to contain a thioesterase domain and 

which is not already assigned an enzymic function. No motif resembling the consensus for 

the thioesterase active site (Feng & Leonard, 1995) could be identified within this region 

nor in any reading frame after the predicted stop codon (figure 5.1, nucleotides 5517-5519). 
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Figure 5.6 Alignment of the regions around the active sites of P. patulum PKS2 with other PKS and 
FAS enzymes. 
The KS acyl-binding cysteine, AT pantetheine-binding serine, DH active histidine and ACP 

phosphopantetheine binding serine are indicated with asterisks, along with conserved residues in the NADPH 

binding and active site motifs of the ketoreductase domain. The acyltransferase sequences are shown aligned 

with the consensus motifs proposed by Haydock et al. (1995) beginning at the first residue. 
Sequence identity codes are: PpPKS2, P. patulum PKS2; PpMSAS, P. patulum MSAS; AtMSAS, A. terreus 
MSAS; ApPKS 1, A. parasiticus PKS 1; ApPKSLI, A. parasiticus PKSLI; ChPKS 1, Cochliobolus 

heterostrophus PKS 1; CIPKS 1, Colletotrichum lagenarium PKS 1; AnwA, A. nidulans wA; RatFAS, Raltus 

norvegicus FAS; RmNODF, Rhizobium meliloti NODF; SeEry 1 /2/3, Saccharopolyspora erythraea Ery 1 /2/3; 

EcFabD, E. coli FabD; MbMAS, Mycobacterium bovis MAS. 
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Ketosynthase 

PpPKS2 RISYLLDLMGPSVALDAACASSLVAVEliARQAIRA 
AtMSAS RISYHLNLMGPSTAVDAACASSLVAIHHGRQAILQ 
PpMSAS RISYELNLMGPSTAVDAACASSLVAIHHGVQAIRL 
APPKS1 RISYHLNLMGPSTAVDAACASSLVAIHLGRQAILS 
clpKsl RINYHFGFSGPSLNVDTACSSSAAALNVACNSLWQ 

AnWA RINYYFKFSGPSVSVDTACSSSLAAIHLACNSIWR 
AnStcA RINFCFEFSGPSYSNDTACSSSLAAIHLACNSLWR 

ApPKSL1 RINFCFEFAGPSYTNDTACSSSLAAIHLACNSLWR 
ChPKSJ RISYSFDLKGPSVLVDTACSGGLTALHLACQSLLV 
SeERY2 RISYTMGLEGPSISVDTACSSSLVALHLAVESLRK 
RatFAS RLSFFFDFKGPSIALDTACSSSLLALQNAYQAIRS 
SCACtl EVAWAVGAEGPVTMVSTGCTSGLDSVGNAVRAIEE 

Acyltransferase 

PPPKS2 RTDVVQAMTFLMHLGIAAVL. EAESGPPTAVVGHSLGEAAAAVVSGALTWHE 
AtMSAS SSIKVQVLTYLVQVGLAAIL. RSKGLEPQAVIGHSVGEIAASVAAGCLTAEE 
ApPKS1 SSDQVQVLTYLMQIGLSEVL. RSLGVSCGAVIGHSVGEIAASVAAGCITPA. E 
PpMSAS SSDRVQILTYVMQIGLSALL. QSNGITPQAVIGHSVGEIAASVVAGALSPAE 

APPKSL1 APVVVQLAITCLQMALTN. LMTSFGIRPDVTVGHSLGEFAALYAAGVLSASD 
ClPKS1 SPVIVQLGLCCFEMALAR. LWASWGIRPSAVMGHSLGEYAALNAAGVLSASD 
ChPKS1 KALYSOPLCTALQIALVDLLV. SWGIYAQSVTGHSSGEIAAAYAAGALSLSD 

AnwA SPVVVQLGTTCVQMALSS. FWASLGITPSFVLCHSLGDFAAMNAAGVLSTSD 
RatFAS IVHSFFVSLTAIQIALIDLLT. SMGLKPDGIIGHSLGEVACGYADGCLSQRE 

MbMAS GIDKVQPAVFAVQVALAATMEQTYGVRPGAVVGHSMGESAAAVVAGALSLED 
SeERY3 RVDVVQPALFAVMVSLAA. LWRSHGVEPAAVVGHSQGEIAAAHVAGALTLED 
EcFABD KTWQTQPALLTASVALYRVWQQQGGKAPAMMAGHSLGEYSALVCAGVIDFAD 

Dehydratase 

PpPKS2 RLEEDNRPFPGRHPLHGSEIVPAAVLLHTFL 
ApPKS1 RVDEQTKPFPGNHPVHGCEIIPAAVLMNTFL 
PpMSAS RLDNDTKPFPGSHPLHGTEIVPAAGLINTFL 
AtMSAS QMDDQTKPFPGSHPLHGSEIVPAAALVNTFL 
SeERY2 RLSTDEQPWLAEHWGGRTLVPGSVLVDLAL 
RatFAS ASSESSDHYLVDHCIDGRVLFPGTGYLYLVW 

MbMAS DVGTSVLSWLSDHQVHNVAALPGAAYCEMAL 
ChPKS1 VIRLSELPWLQDHKIQSSILYPVAGYIAMAI 
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Ketoreductase: NADPH binding site ep 

PpPKS2 TYLITGGLGCLGLSVAEWMVTQ. GAKRILLLSRR 
AtMSAS TYLITGGLGALGLEVAQFLVEK. GARRLILVSRR 
PPMSAS TYLITGGLGVLGLEVADFLVEK. GARRLLLISRR 
APPKS1 TYLITGGLGDLGLATADFLVQK. GARRIILVSRR 
ChPKS1 SYLLVGGVGGLGSATALWMSTR. GARHLLLLNRS 
RatFAS SYIITGGLGGFGLELARWLVLR. GAQRLVLTSRS 

MbMAS SYIITGGLGGLGLFFASKLAAA. GCGRIVLTARS 
SeERY3 TVLVTGGTGGIGAHVARWL. ARSGAEHLVLLGRR 
SeERY2 TVLITGGTGTLGRLLARHLVTEHGVRHLLLVSRR 

Ketoreductase: active site 
* 

PpPKS2 LDFFILFSSCGQLLGFPGOASYASGNSFLD 
AtMSAS LDFFMLFSSCGOLLGFPGQASYASGNA. FLD 
ApPKS1 VDFMVLFSSCGQFFGFPGQASYASGNAFLD 
PpMSAS VDFFVMFSSCGNLVGFTGQASYGSGNAFLD 
SeERY3 LDAFVLFSSNAGVWGSPGLASYAAANAFLD 
ChPKS1 LDFFILESSISGIIGNPGQAAYAAANTFLD 

MbMAS LDWFCLFSSGAALLGSPGQGAYAAANSWVD 
SeERY1 LTAFVLFSSFASA. FGAPGLGGYAPGNAYLD 
RatFAS LDYFVAFSSVSCGRGNAGQSNYGFANSTME 

Acyl Carrier Protein 

PpPKS2 VDETVALPEMGMDSVMTVNFRMSLQQTL 
ApPKS1 VASQEPLSNMGMDSVMTVHLRGRLQKSL 
AtMSAS VDSKAALSDLGVDSVMTVSLRGQLQKTL 
PpMSAS VDSKAALADLGVI)SVMTVTLRRQLQLTL 

ClPKSla LADNIAFTDLGCDSLMALTVSGRMREEL 
AnwA2 MSDDLVFADYGVDSLLSLTVTGKYREEL 

ClPKSib IIAAPDLAALGMDSLMSLSILGTLREKS 
AnwAl IKSDENLNELGMDSLLSLTVLGKIRESL 

ChPKS1 VHTTKSLQDYGIDSLVAVELRNWLIKDM 
RatFAS INLDSSLADLGLDSLMGVEVRQILEREH 
RmNODF LTAATELTALGVDSLGLADIIWDVEQAY 
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5.3.3 Interdomain regions 
As can be seen from the domain structure shown in figure 5.7, there are relatively short 
interdomain regions situated between ketosynthase-acyltransferase, acyltransferase- 

dehydratase and ketoreductase-ACP domains. B evitt et aL (1992) speculated that similar 

interdomain regions in EryA function either as rigid connectors, keeping domains apart, or 

as flexible linkers between enzymic domains which are important in facilitating catalysis 

and transfer of the growing polyketide between active sites. In the animal FAS these 

poorly-conserved linkers have been shown to be susceptible to proteolysis and are therefore 

believed to be exposed at the surface of the folded protein (Witkowski et aL, 199 1). A 

much larger region of undefined function is located between the dehydratase and 

ketoreductase domains, and a similar extensive interdomain region is present in many other 

type I PKS and FAS between DH and ketoreductase/enoylreductase domains. The region is 

highly conserved in some modular PKS enzymes and is also resistant to limited proteolysis 

(Aparicio et aL, 1994; Aparicio et aL, 1996; Donadio & Katz, 1992), indicating that it has 

a specific functional significance, as yet unknown. A similar long interdomain region in the 

animal FAS is believed to located in the core of the functional dimer formed by this 

enzyme and is involved in stabilising subunit contacts (Joshi & Smith, 1993; Witkowski et 

aL, 1991). 

5.3.4 Possible polyketide products for PKS2 

6-methylsalicylic acid is an important precursor in the biosynthesis of fungal metabolites 

and is known to be involved in the biosynthesis of P. patulum metabolites other than those 

in the patulin pathway (figure 3.1). Examples include 6-formylsalicylic acid and 3- 

hydroxyphthalic acid which are formed by successive oxidations at the methyl group of 6- 

methylsalicylic acid (Bassett & Tanenbaum, 1958). While these metabolites may simply be 

by-products of the patulin biosynthetic pathway, it is possible that their biosynthesis 

involves a dedicated functional homologue of MSAS encoded by a separate gene which 

has diverged in sequence. Penicillium patulum is also known to produce the antibiotic 

griseofulvin along with several other heptaketide metabolites: fulvic acid, norlichexanthone 

and griseoxanthones C and B, which are all believed to be by-products of griseofulvin 

biosynthesis (Turner & Aldridge, 1983). These heptaketide metabolites are all believed to 

be derived from the benzophenone intermediate shown in figure 5.8. The carbon chain of 
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this parental compound has keto, hydroxy and enoyl functional groups consistent with the 
ketoreductase and dehydratase catalytic sites of PKS2. Optimal culture conditions for 

griseofulvin and patulin production by P. patulum are known to be different (Jimenez et 

aL, 1990); if this is due to differences in transcriptional regulation of the respective 
biosynthetic pathway genes, it could explain why PKS2 does not appear to be expressed 

under the same conditions as MSAS (figures 5.4,5.5). 

Lastly PKS2 may represent an inactive copy of a gene (or pseudogene) which in related 
strains of Penicillium is involved in the biosynthesis of polyketide metabolites not 

produced by P. patulum M 92273 (the strain used for this study). The 2.4 kb transcript 
that hybridises to the PKS2 ketosynthase domain probe (figure 5.4) may be a truncated (and 
hence inactive) transcript arising from PKS2. Alternatively this band may represent 
hybridisation to the transcript of another, shorter, gene the product of which possesses a 

structurally related ketosynthase domain. Non-expressed homologues of aflatoxin 
biosynthesis genes have been identified in non-aflatoxigenic species of Aspergillus 
(Geisen, 1996; Klich et aL, 1995; Watson et aL, 1995). 

5.3.5 A cytochrome p450 monooxygenase enzyme gene is closely linked to PKS2 on 
the chromosome. 
Similarity searches of the SwissProt database indicated the presence of a cytochrome p450 

gene located immediately downstream from PKS2 and transcribed in the opposite direction 

(figure 5.3). The two regions of homology to cytochrome p450s are encoded by different 

reading frames on the complementary strand; along with the positions of these regions on 
the chromosome this suggests that there is an intron located between them. A heme binding 

site (see section 3.3.6) and the conserved ExxR motif (Yu et aL, 1997) can be identified in 

the predicted protein product. As previously discussed (section 1.5.2), cytochrome p450 

enzymes are often involved in the pathways of secondary metabolism and genes involved 

in the same secondary metabolic pathway tend to be clustered on the chromosome in 

filamentous fungi. This closely linked gene could well play a role in the processing of the 

polyketide product of PKS2. 
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CHAPTER 6 

CONCLUSION 
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6.1 Putative patulin pathway genes 

The experiments described in chapter 3 were directed towards the identification and 

characterisation of genes involved in the patulin biosynthetic pathway. Linkage to MSAS and a 

strong similarity to cytochrome P450 genes make ORF2 a good candidate for a pathway gene, 

although there is no direct evidence for such a role. Cytochrome P450 enzymes are often 
involved in the biosynthesis of natural products, in addition to industrial biotransformations 

such as steroid compound production (Ohkawa et al., 1990). The identification and 

characterisation of a putative novel fungal cytochrome P450 gene is of additional interest 

because information on these genes is limited (Hohn et al., 1995). As prolific producers of 

natural products, the filamentous fungi may be assumed to possess a large number of these 

enzymes, as they are often involved in secondary metabolism. An E. coli expression vector 

was used in an attempt to assay the enzymatic activity of ORF2 protein as this was the 

simplest system available. This system has previously been used to produce functional fungal 

cytochrome P450 enzymes as discussed in section 3.3.9. Preliminary results from these assays 
have failed to identify any activity corresponding to a patulin pathway enzyme in crude cell 

extracts. This may mean that this enzyme is not involved in patulin biosynthesis, alternatively 

the protein expressed in E. coli may be inactive. The main use of E. coli expression systems 
has been for the expression of soluble, prokaryotic forms of cytochrome P450 and it is possible 
that expression of an authentic, functional ORF2 protein will require the use of a system more 

closely related to P. patulum. Yeast (Saccharomyces cerevisiae) and baculovirus expression 

vectors are a well-established means for the expression of fimctional eukaryotic cytochrome 
P450 enzymes (Gonzalez et aL, 199 1; Gonzalez & Korzekwa, 1995; Guengerich et al., 199 1). 

In this laboratory both expression systems are currently in use (Lazarus & Macdonald, 1996; 

Macdonald et al., 1994) and could be used if the protein expressed in E. coli appears to be 

non-functional. Additional characterisation of the structure of ORF2 may also be worthwhile, 
in particular to identify the beginning and end points of transcription. 

This study focused on ORF2 as it was possible to make some predictions about the function of 
the protein. Characterisation of ORF I is currently in progress, following a similar approach to 

that taken for ORF2, and E. coli clones expressing what appears to be a full length protein have 

been produced. The gene product will be subjected to a similar functional analysis as is 
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underway with ORF2, although there is no indication as yet from sequence analysis that the 

ORF1 gene encodes a pathway enzyme. Novel classes of enzyme are being added continuously 

to protein databases; regular checking of the predicted protein sequence of ORF I against these 

databases may yet provide some clue as to the function of this polypeptide. 

Patulin biosynthesis is one of the best understood pathways of secondary metabolism, so 

elucidation of the genetics and enzymology involved is of great interest. If the assay of 

enzymatic ftinction for the protein encoded by ORF2 should reveal that it is capableof 

catalysing a reaction in the patulin biosynthetic pathway, then this would be taken to confirm 

that the pathway genes are clustered around MSAS on the chromosome. Sequence and northem 
blot analysis of the second chromosomal fragment upstream ofMSAS, obtained by the 

chromosome walk described in section 3.2.2, would be of immediate interest. Further 

chromosome walking may also be worthwhile, in order to assess the extent of a gene cluster. 

The lack of a good system for homologous integration of DNA into the chromosomes of P. 

patulum may represent a problem in terms of identification of open reading frames involved in 

patulin biosynthesis. As in this study, heterologous expression of functional protein may 

provide an indication of the role of such genes. The use of a high efficiency transformation 

system such as that described by Chakraborty et aL (199 1) may provide a low level of 
homologous integration sufficient for these purposes. Finally the research group of Dr. G. M. 

Gaucher at the University of Calgary have identified and characterised several patulin pathway 

mutants (Gaucher et aL, 1981), which could be useful in complementation analysis. 

6.2 Novel molecular tools for the study of PKS genes 
The LC-series PCR primers discussed in Chapter 4 will certainly be of interest to researchers 
interested in elucidating the molecular genetics of polyketide melanin or pigment biosynthesis 

in filamentous fungi. It is not possible to predict the range of fungal PKS genes that these 

primers are likely to amplify, as knowledge of sequence divergence between fungal PKS 

ketosynthase domains is very limited. Nonetheless, the LCl/2c primer pair might provide 
homologous probes for the PKS gene involved in a particular biosynthetic pathway and 

thereby a means for cloning it. For instance, a PCR product was obtained from the genome of 

Verticillium dahliae, an economically important pathogen of crop plants such as cotton, 
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tomato and potato. This could be used as a probe to facilitate cloning the corresponding PKS 

gene, which is likely to be involved in melanin production. The usefulness of the LC3/5c 

primer pair really depends on whether they are amplifying fromMSAS homologues in the 

species examined or from a range of PKS genes. In the latter instance they may provide a 

useful molecular tool for any researcher wishing to isolate a novel PKS gene. As this primer 

pair appears to amplify from PKS2 and MSAS in P. patulum (section 4.3.2), a functional 

analysis of PK32 (see below) may indicate whether LC3/5c will be useful for the isolation of 

novel PKS genes. 
The phylogenetic tree constructed using the LC 1/2c PCR product sequences (figure 4.13) gives 

a limited amount of information about the evolutionary relationships between the fungal PKS 

genes. This is a consequence of the small number of protein sequences that are available for 

analysis, and could be improved upon if more of the PCR products obtained using the LC- 

series primers (section 4.3.1) were sequenced. The cladogram does broadly support the 

division of the fungal PKS genes into two 'subgroups', the basis for the design of the LC-series 

primers. Cloning and sequence analysis of the genes to which these primers bind would help to 

confirm the hypothesis that the two 'subgroups' of fungal PKS genes differ in their ability to 

process keto groups (section 4.4.4). 

6.3 Characterisation of PKS2 

Polyketide biosynthesis in the filamentous fungi is a subject worthy of study both as a model 

for secondary metabolism in general and also because many of the end products are of 

economic or medical importance. Any new fungal PKS gene is interesting both in terms of its 

product and also for the elucidation of structure-function relationships in the PKS enzyme. 

While a certain amount of useful information has been derived from the PKS2 gene sequence 

discussed in chapter 5, this only takes on real scientific value once the product of this gene can 

be identified. The immediately striking feature of the PKS2 enzyme is its similarity to MSAS. 

If PKS2 is found to catalyse a significantly different set of reactions to MSAS, for example 

producing the benzophenone intermediate shown in figure 5.8, this would raise interesting 

questions about the structural basis of the mechanistic differences between the two enzymes. 

Further studies of PKS2 expression should be carried out to see if the gene is transcribed under 
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different culture conditions from those used in this study, in particular under conditions that 

are optimal for griseofulvin production. As discussed above, a high-efficiency transformation 

system for P. patulum might allow the product of PKS2 to be identified by gene disruption. 

Alternatively the activity of the gene product could be assessed via expression in the 

Streptomyces coelicolor CH999 system (Bedford et aL, 1995), which is capable of expressing 
large ftingal PKS enzymes in an active form. 
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ABBREVIATIONS 

6MSA 6-methylsalicylic acid 
6MSAS 6-methylsalicylic acid synthase 
A adenosine 
ACP acyl carrier protein 
bp base pair 
C centigrade 
C cytosine 
cDNA complementary deoxyribonucleic acid 
CHS chalcone synthase 
CLF chain length factor 
CoA coenzyme A 
DEBS 6-deoxyerythronolide B synthase 
DH dehydratase 
DHN dihydroxynapthalene 
dNTP deoxynucleotide triphosphate 
EDTA ethylenediaminetetra-acetic acid 
EtBr ethidium bromide 
FAS fatty acid synthase 
9 standard acceleration of gravity 
G guanosine 
kb kilobase 
IPTG isopropyl- I -thio-B-D-galactoside 
LCFA long chain fatty acid 
min minute 
mRNA messenger ribonucleic acid 
N4RE metal response element 
NADPH nicotinamide adenine dinucleotide phosphate (reduced form) 
OD optical density 
ORF open reading frame 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PKS polyketide synthase 
RNA ribonucleic acid 
RNase ribonuclease 
rpm revolutions per minute 
RS resveratrol synthase 
RT reverse transcription 
SAM S-adenosyl-L-methionine 
SDS sodium dodecylsulphate 
SSC standard saline citrate 
ST sterigmatocystin 
STS stilbene synthase 
T thymine 
TAE Tris-acetate buffer 
TBE Tris-borate buffer 
TE Tris-EDTA 
TE thioesterase 
Tris 2-amino-2-hydroxymeth)4propane-1,3-dioI 
U uracil 
UV ultra violet 
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