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ABSTRACT 

Paxi l l i ne belongs to a large, structural ly and functionally d iverse g roup of 

i ndole-diterpenes and is  synthesised by the fi l amentous fungus Penicillium 

paxilli. A gene cluster for paxi l l i ne b iosynthesis i n  P. paxilli has been identified 

and characterised . However, none of the steps p roposed in the biosynthesis of 

paxi l l i ne or paxi l l ine- l ike i ndole-di terpenes have been val idated . In some 

d iterpene-produci ng fi l amentous fung i ,  i ncluding P. paxilli, two d isti nct copies of 

geranylgeranyl d iphosphate (GGPP) synthase, that catalyses the committed 

step in d iterpene biosynthesis, have been identified . However, the biological 

s ignificance of the presence of two distinct GGPP synthases is not known . I n  

this study, biochemica l analysis of the paxi l l ine gene products i n  P. paxilli and 

subcel lu lar  local isation of the two P. paxilli GGPP synthases , Ggs1 and PaxG , 

were carried out. 

Transfer of constructs contain ing d ifferent combinations of pax genes into a pax 

cluster negative deletion derivative of P. paxilli identified four  Pax prote ins that 

are req u i red for the biosynthesis of a paxi l l i ne intermed iate, paspal ine.  These 

protei ns are PaxG , a GGPP synthase , PaxM, a FAD-dependent 

monooxygenase, PaxB, a putative membrane prote in ,  and PaxC,  a 

prenyltransferase. U sing precursor feed ing experiments, it was confi rmed that 

the indole-diterpenes paspal ine and P-PC-M6 are substrates for the 

cytochrome P450 monooxygenase, PaxP , and are converted to 1 3-

desoxypaxi l l ine .  Fu rther, it was confi rmed that the i ndole-diterpene 1 3-

desoxypaxi l l ine is a substrate for PaxQ , a cytochrome P450 monooxygenase, 

and is converted to paxi l l i ne .  Un l ike PaxQ , PaxP is specific  for indole-d i terpene 

substrates that have a p-stereochemistry . The detection of the indole-d iterpene 

prod ucts was related to the expression of the transgene i n  the pax cl uster 

negative background . 

Reporter fusion studies of the two P. paxilli GGPP synthases ,  Ggs1 a nd PaxG, 

showed that the Ggs1 -EGF P  fusion prote in was local ised to punctuate 

structures whose identity could not be establ ished , and the EGFP-GRV fusion 



protein ,  contain ing the C-termina l  tripeptide GRV of PaxG, was local ised to 

peroxlsomes. 
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CHAPTER ONE 
INTRODUCTION 



1 . 1 Fungal secondary metabolism 

Fung i  produce many secondary metabol i tes that are not d i rectly i nvolved in 

normal g rowth but may serve d iverse survival functions .  Productio n  of such 

metabol ites is genus or species specific  and is  only activated du ri ng particular 

stages of g rowth and development, or d u ring periods of stress caused by 

nutrient l imitation  or interaction with other organ isms . Although such pathways 

are d ispensable, there has been considerable interest i n  secondary metabol ites 

due to their medica l ,  industria l  and agricultural i mportance. Secondary 

metabolites are u sed as competitive weapons against other organ isms ,  metal 

transporting agents, symbiosis agents, sexual hormones a nd d ifferentiation  

effectors. The main  types of b iosynthetic pathways i nvolved form peptides, 

polyketides, isoprenes, ol igosaccharides , a romatic compounds and p- Iactam 

rings (Dema in ,  1 992). 

1 .2 Secondary metabolite gene clusters 

Although the clustering of functional ly related genes i s  less common i n  

eukaryotes than i n  prokaryotes (Keller and Hohn, 1 997), this concept i s  rapidly 

changi ng with the ident ification of many fungal gene clusters involved in 

secondary metabol ism (Table 1 . 1 ). Genera l ly ,  fungal gene clusters can be 

defined as two or more genes that are closely l i nked , co-regu lated , and 

partic ipate in a common metabolic or developmenta l  pathway. Gene clusters 

are often associated with d ispensable metabol ic pathways such as n utrient 

uti l isation pathways (e. g .  proli ne ,  qu inate) and secondary metabolite 

biosynthesis pathways (e. g .  antibiotics , mycotoxins). Dispensable metabol ic  

pathways are either not vital for g rowth or are only i mportant for growth u nder 

particular physiological conditions .  Such pathways are characteristical ly 

expressed u nder suboptimal g rowth conditions or  during  interactions with other 

organisms, and thereby enhance survival  of the producing organism. Besides 

having genes for biosynthetic enzymes, the d ispensable metabol ic pathway 

gene clusters a lso conta in  genes encod i ng for transcription factors , 

transporters, and also for p roducts that provide self-protection .  

2 



Table 1 . 1 Fu ngal secondary metabol ite gene clusters 

Secondary metabolite 
Aflatoxins 
Aflatrem 
AF-toxin 
AK-toxin 
AM-toxin 

Aphidicolin 

Aurofusarin 
Cephalosporin 
Compactin 
Dothistromin 
Ergot alkaloids/ Ergopeptines 
Fumonisins 
Gibberellins 
Gliotoxin 
HC-toxin 
Lolitrem B 
Lovastatin 

Melanin 
Paxilline 
Penicillin 
Peramine 
Sirodesmin 
Sterigmatocystin 
T richothecenes 
T-toxin 
Zearalenone 

* Well characterised organism 

Organism * Type Biological function 
Aspergillus parasiticus, Aspergillus nidulans polyketide carcinogen 
Aspergillus flavus indole-diterpene tremorgen 
Alternaria alternata polyketide pathogenicity factor 
A. alternata polyketide pathogenicity factor 
A. alternata peptide pathogenicity factor 
Phoma betae isoprenoid antiviral 

Fusarium graminearum polyketide electron transport inhibitor 

Acremonium chrysogenum peptide antibiotic 

Penicillium citrinum polyketide HMG CoA reductase inhibitor 
Dothistroma pini polyketide pathogenicity factor 
C/aviceps purpurea peptide plant protection/ anti-mammalian 
Fusarium verticil/ioides polyketide sphingolipid metabolism inhibitor 
Fusarium fujikuroi isoprenoid plant hormone 
Aspergillus fumigatus peptide immunosuppressant 
Cochliobolus carbonum peptide virulence factor 
Neotyphodium lolii indole-diterpene tremorgen 
Aspergillus terrus polyketide HMG CoA reductase inhibitor 

A. alternata polyketide fungal survival 

Penicillium paxilli indole-diterpene tremorgen 
A. nidulans, P. chrysogenum peptide antibiotic 
Epichloe festucae peptide anti-insect 

Leptosphaeria maculans peptide phytotoxin 

A. nidulans, P. chrysogenum polyketide carcinogen 

Fusarium sporotrichioides, F. graminearum isoprenoid protein synthesis inhibitor 

Cochliobolus heterostrophus polyketide virulence factor 
F .  graminearum polyketide estrogen 

in relation to the secondary metabolite. References cited elsewhere in the thesis. 



1 .3 Chemical d iversity of fungal secondary metabolites 

Secondary metabol ites can be classified i nto three ma in  classes: polyketides, 

non-ribosomal peptides a nd isoprenoids/ terpenoids.  

1 .3 . 1  Polyketides 

Polyketides (F igure 1 . 1 )  are one of the most structurally d iverse classes of 

natural products produced by fi lamentous bacteria ,  fung i ,  and plants throug h 

the successive condensation of simple carboxyl ic acid units . This g roup 

includes fungal aflatoxins ,  many cl i n ical ly important antibiotics and  plant 

flavonoids.  The biosynthesis of these secondary metabol ites is  carried out by 

polyketide synthases (PKSs), and is  related to fatty acid metabol ism. The PKSs 

contain various catalytic domains,  namely acyl transferase (AT), �-ketoacyl 

synthase (KS), acyl carrier protei n (ACP), �-keto red uctase (KR), dehydratase 

(OH), enoyl reductase ( E R) and th iol esterase (TE) domains (Fig ure 1 . 1 ). 

These domains determine the order of substrate selection for chai n elongation  

a nd the degree of reduction of each extension un it .  The min imal PKS is  

composed of  the AT, KS a nd ACP domains (the core domain), responsible for 

chain elongation . The ketoester produced by the core domain  is then 

p rocessed by the red uctive domains consisting of ER, KR and OH domains .  

The TE domain  is responsible for the release of  the g rowi ng polyketide .  

Polyketide synthesis differs from fatty acid synthesis in us ing different primer 

and extender un its , the extent that the nascent cha in  is  processed d u ring each 

e longation cycle, the i ntroduction of chiral  centres, and release of the 

processed chain after cycl isation , lactonisation , or amide bond formation .  Thus,  

variations in  primer un its, processing sequences, ch i ral centres and cycl isation 

reactions makes the polyketides structura l ly  d iverse. 

Based on enzyme architecture , PKSs are categorised i nto three famil ies. Type I 

PKSs are mu ltifu nctional enzymes conta in ing one or more modu les, each with 

cata lytic domains for the different biosynthetic steps. Macrocycl ic polyketides 

l ike rifamycin ,  erythromycin ,  rapamyci n ,  monensin and avermect in are 

synthesised by type I enzymes . Several bacterial type I PKS genes have been 

sequenced , in whole or part ,  for secondary metabol ites i ncl uding erythromyci n 

4 



A 

aflatoxin B1 

lovastatin 

B 
KS 

Figure 1.1 Polyketides 

AT 

AF-toxin I 

fumonisin B1 

OH ER KR ACP TE 

(A) Chemical structures of polyketides. (B) Domain structure of fungal polyketide synthase. 
The domains that form the minimal structure a re coloured red and the domains that a re 
optional are coloured blue. KS=B-ketoacyl synthase; AT=acyl transferase; DH=de hydratase; 
ER=enoyl reductase; KR=B-keto reductase; ACP=acyl carrier protein; TE=thiol esterase. 
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(Cortes et al. , 1 990), F K506 (Motamedi and Shafiee, 1 998), rapamycin (Ruan 

et  al. , 1 997) and avermect in  (Yoon et  al. , 2004). Various fungal  type I PKS 

genes have been discovered i nclud ing those for aflatox in  (Yu et al., 2004), AF

tox in  (Hatta et al. , 2002 ; I to et al. , 2004), AK-toxin (Tanaka et al. , 1 999), 

aurofusari n (Malz et al. , 2005), compact in  (Abe et al. , 2002), dothi stromin 

(Bradshaw et al. , 2006), fumonis ins (Proctor et al. , 2003), lovastatin (Kennedy 

et al. , 1 999), sterigmatocyst in  (Brown et al. , 1 996), T-toxi n  (Yang et al. , 1 996) 

and zearalenone (Gaffoor et al. , 2005;  Kim et al. , 2005; Lysoe et al. , 2006). 

Type " PKSs are found i n  bacteria and pla nts and consist of many separate, 

largely single-function proteins i n  which each catalyt ic site i s  on a separate 

p rotein subunit. These enzyme complexes catalyse the formation of cyclic, 

aromatic compounds that do not requ i re extensive reduction or  reduction

dehydration cycles . Polyketides synthesised by type 1 1  PKSs i nclude 

actinorhod in, tetracenomycin ,  anthracycl i ns and tetracycl ins .  

Type I I I  PKS enzymes are homod imers that a re structural ly and mechan istical ly 

different from type I and type" PKSs . These enzymes act d i rectly on the acyl

CoA substrates without the involvement of acyl carrier proteins .  These belong 

to the plant chalcone synthase superfami ly of condensing enzymes, and are 

i nvolved in chalcone and sti l bene biosynthesis i n  plants and polyhydroxyphenol 

b iosynthesis in  bacteria. 

1 .3.2 Non-ri bosomal peptides 

Non-ribosomal peptides (F igure 1 .2) are mainly produced by soi l bacteria and 

fi lamentous fungi . These are secondary metabolites that a re synthesised non

ribosomally via a thiotemplate mechanism on large mu lti-enzyme complexes 

called peptide synthetases (F igure 1 .2). Peptide synthetases i ncorporate a 

wide range of amino acids,  including non-proteinogenic or modified amino 

acids, such as N-methylated amino acids ,  hydroxylated ami no acids and 0-
amino acids, i nto both cycl ic  and l inear peptides to form structural ly diverse 

peptid ic secondary metabol ites (Moffitt a nd Nei lan,  2000). Non-ribosomal 

peptide synthetases are composed of modu les that may be subdivided i nto 

domains (Ooekel and Marahiel ,  200 1 ). The min ima l  elongation modu le 

6 



B 

c 

A o-J-NH 
o 

penicillin G 

ergotamine 

o 

o 
L-a-aminoadipic acid 

+ 

H� 

HO 

0yOH 

H�� 
SH 

L-cysteine 

+ 

o 

sirodesmin PL  

0jOH . 

�N/
y 

L-val ine 

t SH 

o �/)-
H '10 

HO 
o-(L-a-aminoadipyl)-L-cysteinyl-D-valine 

t 
�-Iactam antibiotics 

Figure 1.2 Non-ribosomal peptides 

OH 

(A) Chem ical structures of non-ribos o m a l  peptides. (B)  Modular structure of pe ptide 
synthetase. The minimal module contains the adenylation (A), the thiolation (T) and the 
conden sation domains (C), and are coloured red . The optional domains are coloured blue. 
(C)  Com mitted step in the biosynthesis of �-Iactam a n tibiotics such as penicillin G, 
cephalosporin C. M=N-methylation domain;  E=epimerisation domain ; TE=thioesterase 
domain . 

7 



comprises at least three domai ns: an  adenylation doma i n  for substrate 

recognition and activation ,  a th iolation  domain for covalent i ncorporation  as 

th ioesters on a n  enzyme-bound 4'-phosphopantetheinyl (4'PP) moiety and a 

condensation doma in  for condensation of precursor, which act together to form 

a peptide concatenated to the 4'P P  moiety of the next modu le .  Thioesterase

l ike doma i ns i mplement the release of the processed peptide from the termina l  

4'PP moiety. The substrate can be further modified by other catalytic doma ins 

such as epimerisation domains (for epimerisation of a-carbon atoms) or N

methylation domains (for N-methylat ion of a-amino g roups). I n  fung i , a single 

multifunctional  protein catalyses the multi-step assembly process, but i n  

bacteria more than one multifunctional p rotein may be requ i red . 

Many bacterial and fungal  genes encod ing peptide synthetases have been 

cloned i nclud ing those for AM-toxin (Johnson et aI. , 2000), ergot a lka loids! 

ergopeptines (Correia et al. , 2003 ; Coyle and Panaccione, 2005; Haarmann et 

al. , 2005; Haarman n  et al. , 2006; Panaccione et al. , 200 1 ;  R iederer et al. , 1 996; 

Tsai et al. , 1 995; Tudzynski et al. , 1 999b ; Tudzynski et al., 200 1 b ;  Wang et al. , 

2004), g l iotox in  (Cramer et al. , 2006 ; Gard iner and Howlett, 2005), HC-toxin 

(Ahn et al., 2002 ;  Panaccione et al. , 1 992; Scott-Craig et al. , 1 992), penici l l i n  

( Barredo et al. , 1 989; Diez et al. , 1 990; Smith et al. , 1 990b), peram ine (Tanaka 

et al. , 2005) a nd si rodesmin  (Gard iner et al. , 2004; Gard iner a nd Howlett, 

2 005). 

Non-ribosomal peptides may also act as a backbone for the biosynthesis of 

more complex structures, or may be i ncorporated with fatty acids or 

polyketides. Such structures may be synthesised by mixed or hybrid peptide 

synthetase and polyketide synthase systems . The number of identified 

structurally novel secondary metabol ites produced via th is th iotemplate 

mechanism is rapidly expanding .  

1 .3.3 Isoprenoidsl Terpenoids 

Isoprenoids (F igure 1 .3) are the largest g roup of natura l  products, comprising 

more than 30 , 00 0  known compounds. These metabol ites are synthesised by 
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consecutive condensations of five-carbon compound isopentenyl d iphosphate 

( I PP) to the i somer d imethyla l lyl d iphosphate (OMAPP) by a family of 

prenyltransferases (F igure 1 . 3). The isoprenoid substrates can be derived from 

either a mevalonate pathway that occurs i n  euka ryotes, a rchaebacteria ,  and 

cytosols of h igher plants ,  or from a mevalonate-independent pathway (v ia 1 -

deoxyxylu lose-5-phosphate) that operates in  many eubacteria ,  g reen a lgae and 

chloroplasts of  h igher plants . Linear C 1 0 ,  C 1 5  and C20 i soprenyl 

pyrophosphates are synthesised by geranyl d iphosphate (GPP) synthase, 

farnesyl d iphosphate (FPP) synthase and geranylgera nyl d iphosphate (GGPP) . 

synthase, respectively. FPP and GGPP are key branchi ng points and serve as 

substrates for various prenyltransferases involved in the b iosynthesis of 

sesquiterpenes, sterols, dol ichols, d iterpenes, i ndole-diterpenes and 

carotenoids. 

1 .3.3.1 Trichothecenes 

Trichothecenes are toxic sesquiterpenoid secondary metabol ites produced by 

fungi  i nclud ing Fusarium, Stachybotrys, Myrothecium, Trichothecium, 

Trichoderma, and Cephalosporium, as wel l  as two p lant species (Brown et al. , 

200 1 ; Sharma and Kim, 1 99 1 ). Trichothecenes a re strong i nh ibitors of p rote in  

synthesis  and act as vi rulence factors i n  plant pathogenesis (Harris et  aI. , 1 999 ;  

Proctor et al. , 1 995a). These secondary metabolites have a common 

trichothecene skeleton that consists of cyclopentane,  cyclohexane, and a six

member oxyrane ring with four methyl g roups . 

Trichothecene b iosynthesis has been extensively studied i n  Fusarium 

graminearum (main ly producing the trichothecenes deoxynivalenol a nd 

n ivalenol) and Fusarium sporotrichioides (ma in ly producing the trichothecene 

T-2 toxin) .  In these organisms , trichothecenes are synthesised by the 

cycl isation of the primary metabolite FPP by the Tri5 gene product, trichodiene 

synthase, followed by multiple oxygenation , cycl isation and esterification steps.  

Based on genetic and metabolite feeding studies,  trichothecene b iosynthesis 

genes i n  Fusarium have been identified at four  d ifferent genomic locations.  The 

main  1 2-gene cluster includes the Tri5 sesqu iterpene cyclase gene (Oesjardi ns 

et al. , 1 993; Hohn and Beremand ,  1 989), the Tri4, Tri1 1 and Tri13 cytochrome 
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P450 monooxygenase genes (Alexander et al. , 1 998;  Brown et a/. , 2002 ; Hoh n 

et al. , 1 995;  Lee et a/. , 2002b), the Tri3 and Tri7 acetyltransferase genes 

(Brown et al. , 200 1 ;  Kimura et a/. , 2003; Lee et al. , 2002b ;  McCormick et a/. , 

1 996), the TriB esterase gene (McCormick and Alexander, 2002), the Tri6 and 

Tri10  regu latory genes ( Kimura et  al. , 2003 ; Peplow et  a/. , 2003b ;  Proctor et  al. , 

1 995b;  Tag et al. , 200 1 ) , and the Tri1 2 transport pump gene (Alexander et a/. , 

1 999). A two-gene min i  cl uster incl udes the Tri1 cytochrome P450 

monooxygenase gene ( Meek et  al. , 2003) and the Tri1 6 acyltransferase gene 

( Peplow et al. , 2003a). Another two single-gene locus contains the Tri1 0 1  

trichothecene 3-0-acetyltransferase gene (Kimura et al. , 1 998; McCormick et 

al. , 1 999) and the Tri1S regu latory gene (Alexander et a/. , 2004). 

The trichothecene diversity i n  Fusarium spp. occurs due to the d ifferences i n  

their Tri gene structure , although the arrangement of the core cluster genes is  

a l most identica l .  Un l ike F. sporotrichioides, F .  graminearum contai ns a non

functional Tri7 that gives it a trichothecene phenotype different from that of F. 

sporotrichioides (Brown et al. , 200 1 ). Another F. graminearum stra in ,  F 1 5, d oes 

not conta in  Tri7 and p rod uces 3-acetyldeoxyn ivalenol by the action of only Tri4, 

TriS, and Tri1 1 gene products (Kimura et a/. , 2003). However, the organisation 

and orientation of the homolog ues of Tri4, TriS and Tri6 i n  Myrothecium roridum 

d iffer significantly giving rise to more complex trichothecenes (Trapp et al. , 

1 998). 

1 .3.3.2 G ibbere l l ins 

Gibberel l ins (GAs) a re a large family of structural ly related diterpenoid acids 

produced by g reen plants, fungi and bacteria, some of which act as p lant 

hormones. Fusarium fujikuroi (sexual stage Gibberella fujikuroi MP-C) i s  the 

largest commercial source of GAs , although other fungi  such as Sphaceloma 

manihoticola , Neurospora crassa a nd Phaeosphaeria spp. also prod uce GAs.  

The gibberel l i n  biosynthesis genes have been cloned and characterised i n  F. 

fujikuroi. Seven genes requi red for GA biosynthesis are organised i n  a c luster 

and i ncl ude a GA-specific  GGPP synthase (ggs2) (Mende et al. , 1 997; 

Tudzynski and Holter, 1 998), a bi-functional ent-copalyl-ent-kaurene synthase 
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(cpslks) (Tudzynski et aI. , 1 998), four cytochrome P450 monooxygenases 

(P450- 1 to P450-4) ( Rojas et al. , 200 1 ; Tudzynski et al. , 200 1 a ; Tudzynski et 

al. , 2002 ; Tudzynski et al. , 2003) and a desaturase gene (des) (Tudzynski and 

Holter, 1 998; Tudzynski et al. , 2003). P450-3 is the only gene i n  the GA 

biosynthesis cluster that is not under  the control of  the major n itrogen regulator, 

AREA. This is consistent with the absence of the double GATA sequence 

e lements , wh ich bind the AREA transcriptional regu lator, i n  its promoter. These 

e lements are present in the promoters of the other six genes in the GA gene 

cl uster. A cpr gene encod ing a NADPH-cytochrome P450 reductase (fu nctions 

as an electron donor to P450 monooxygenases) was identified outside the 

g i bberel l in  gene cluster a nd was found to be essential for g ibberel l i n  

b iosynthesis (Malonek et  al. , 2004). Gene function has  been determined by 

gene disruption and by expression of i nd ividual genes in  mutants lacki ng the 

GA biosynthesis gene cluster, where the function of the gene prod ucts could be 

determi ned in isolation .  The GGPP synthase encoded by ggs2 was specific for 

supplying GGPP for GA production and its deletion was not complemented by 

the presence of ggs 1 gene that was specific for the central isoprenoid pathway 

(Mende et aI. , 1 997; Tudzynski and Holter, 1 998). A series of oxidation  

reactions, with in the g ibberel l in  pathway, a re catalysed by the two cytochrome 

P450 monooxygenases , P450-1 and P450-4 , showi ng the versati l ity of the 

P450 monooxygenases (Rojas et al. , 200 1 ; Tudzynski et al. , 200 1 a). 

1 .3 .3 .3 Aphidicol in 

Aph idicol in  is a fungal d iterpene that specifical ly inh ibits DNA polymerase u. A 

gene cluster for aphidicol i n  biosynthesis was identified from the fungus Phoma 

betae (Oikawa et al. , 200 1 ; Toyomasu et al. , 2004). This cluster conta ins the 

PbGGS GGPP synthase gene, the A CS a phid icol in- 1 6�-ol synthase gene, the 

Pb450- 1 and Pb450-2 cytochrome P450 monooxygenase genes , the PbTP 

ABe transporter gene and the Pb TF transcription factor gene. 

1 .3.3 .4 Indole-diterpenes 

I ndole-d iterpenes are a large, structura l ly d iverse g roup of secondary 

metabol ites prod uced ma in ly by the Penicillium, Aspergillus, Claviceps and 
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Neotyphodium species of fi l amentous fungi  (Parker and Scott, 2004; Scott et 

al. , 2004). Most of these metabolites are potent tremorgen ic mammal ian toxins 

(Steyn and Vleggaar, 1 985) and some have anti-insect properties (Gloer, 

1 995). These metabol ites share a common cycl ic d iterpene skeleton obtained 

from GGPP and an i ndole moiety derived from tryptophan or a tryptophan 

precursor (Byrne et al. , 2002 ; de Jesus et al. , 1 983; Laws and Mantle ,  1 989). 

Biosynthetic schemes have been proposed on the basis of chemical 

identification of l i kely intermed iates and precursor feeding studies from the 

organism of interest and related fi lamentous fungi  (Gatenby et al. , 1 999 ;  Mantle 

and Weedon,  1 994; Munday-Finch et aI. , 1 996). Unti l recently, none of the 

proposed steps had been validated by biochemica l  or genetic stud ies. 

I ndole-diterpenes can be broadly categorised i nto paxi l l ine-l i ke a nd other 

indole-diterpenes ( Parker and Scott, 2004). Paxi l l ine-l i ke indole-diterpenes 

possess the basic ri ng structure of paxi l l ine and i ncludes the penitrems, 

janth itrems, lo l itrems, aflatrem, paxi l l ine ,  paspa l ine/ paspal in ine/ paspal itrems , 

terpendoles, shearin i nes and sulph in ines.  Other indole-d iterpenes do not 

possess the paxi l l i ne- l ike carbon skeleton a nd includes emi ndoles, nod ul isporic 

acid ,  petromindole, nomi n ine,  aflavi n i nes, radarins and th iersi n ines (F igure 

1 .4 ) . 

Much work has been done to demonstrate the orig in of indole and diterpene 

pa rts of these metabolites from tryptophan and mevalonate , respectively 

(Ackl in et al. , 1 977; de Jesus et al. , 1 983; Laws and Mantle, 1 989). Recently, it 

was found that rad iolabel led anthrani l ic acid and not tryptop han was 

incorporated i nto nodul isporic acid suggesting that the indole precursor for 

nodul isporic acid is i ndole-3-glycerol phosphate (Byrne et al. , 2002). Very l ittle 

is known about the biosynthetic pathways of indole-diterpenes. However, the 

cloning and characterization of a cl uster of genes from Penicillium paxilli 

necessary for biosynthesis of the i ndole-diterpene, paxi l l ine, has helped to 

understand the genetics and biochemistry of this important class of secondary 

metabolites (Young et al. , 200 1 ). Based on gene d isruption and chemica l 

complementation  stud ies, a cluster of five genes including paxG (encod ing a 

GGPP synthase), paxM (encod ing a FAD-dependent monooxygenase), paxC 
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(encod ing a prenyltransferase), paxP and paxQ (encoding two cytochrome 

P450 monooxygenases) has been shown to be essentia l  for paxi l l i ne 

biosynthesis (McMi l lan et al. , 2003; Young et al. , 200 1 ). Recently, two 

add itional genes, paxA a nd paxB (encod ing two putative membrane proteins),  

have been identified with in  the core cluster and were found to be essential for 

paxi l l i ne b iosynthesis (Monahan and ScoU, unpubl ished results). No stable 

ind ole-d iterpenes have been identified in  deletion mutants of paxG (Young et 

al. , 200 1 ), paxM (McMi l lan and ScoU, unpubl ished results) or paxC (Young et 

al. , unpubl ished results). However, paxP and paxQ deletion mutants 

accumulate paspaline and 1 3-desoxypaxi l l i ne, respectively (McMi l lan et al. , 

2003). U nl ike the gene clusters for aflatoxi n and trichothecene b iosynthesis, no 

pathway-specific regulatory gene has been identified for the paxi l l i ne 

biosynthesis gene cluster. Although the paxR and paxS genes , which encode 

putative transcription factors , have been found to be associated with the 

paxi l l i ne cl uster, their deletion had no effect on paxi l l ine biosynthesis (McMi l lan 

et al. , unpubl ished results). 

Orthologues of paxG, paxM and paxC have been identified in Aspergillus flavus 

(atmG, atmM and atmC, respectively) (Zhang et al. , 2004) and Neotyphodium 

lolii ( ltmG, ItmM and ItmC, respectively) (Young et al. , 2005; You ng et al. , 2006) 

that prod uce the indole-diterpenes aflatrem a nd lol itrem S, respectively. L ike P. 

paxi"i and F. fujikuroi, N. lolii also has a second copy of GGPP synthase (ggs 1 ,  

earl ier known as ggsA) specific for primary metabol ism. The presence of two 

copies of GGPP synthases, one specific  for primary metabol i sm and the other 

specific  for secondary metabol ism could mean compartmental isation of the two 

pathways. Moreover, the presence of two GGPP synthase genes could be a 

molecu lar  signature for d iterpene biosynthesis. 

1 .4 Evolution of secondary metabol ite gene clusters 

Several hypotheses have been proposed to expla in the cl ustering of fungal 

secondary metabol ite genes. Horizonta l gene transfer has been frequently 

proposed as an explanation for clusteri ng of fungal genes (Walton ,  2000). It is 

the process by which genetic i nformation of one organism is  i ncorporated into 

the genome of another organism of the same or a different species, a process 
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wel l  known i n  the evolution  of prokaryotes (Lawrence,  2000). I n  fung i  some 

pathways, for i nstance those for penici l l i n  a nd cephalosporin b iosynthesis , are 

proposed to have arisen from prokaryotes by horizontal gene transfer 

(Brakhage et al. , 2005 ; Buades and Moya , 1 996). I n  Cochliobolus 

heterostrophus, the Tox 1 locus responsible for T-tox in p roduction was 

proposed to be derived from a horizonta l  transfer event. The orig in  of genes 

reg ulati ng He-toxi n ,  AK-toxin ,  and T-toxin was also attributed to horizontal 

gene transfer events (Ahn et al. , 2002; Tanaka et al. , 1 999 ;  Yang et al. , 1 996). 

Co-regulation of genes in a cluster offers another possible exp lanation for gene 

cl usteri ng . H owever, the d ispensable metabol ic pathway genes may a lso be 

d ispersed as has been found for melan i n  b iosynthesis (Kimura and Tsuge, 

1 993). Another hypothesis proposed for d istribution of gene cl usters is vertical 

transmission. In many fungal gene cl usters , i nclud ing tr ichothecenes, 

fumonis ins ,  g ibberel l ins a nd paxi l l i ne, there is  no evidence for horizontal 

transfer events (Brown et al. , 2001 ; Proctor et al. , 2003; Tudzynski and Holter, 

1 998; Young et al. , 200 1 ). These gene cl usters may be ancestral in orig i n .  The 

d iscontinuous d istributions of polyketide synthase genes among fungal species 

are attributed to gene dupl ication and gene loss in different l i neages (Kroken et 

al. , 2003). In N. crassa, a lack of dupl icated genes, probably d ue to repeat

induced point mutations, suggests the importance of gene dup l ication rather 

than horizontal gene transfer in gene diversity (Galagan et al. , 2003). In yet 

another observation ,  adaptive evolution as a consequence of s imu ltaneous 

genomic rearrangements was suggested in the formation  of the 

Saccharomyces cerevisiae OAL cl uster i nvolved in a l lantoi n catabol ism (Wong 

and Wolfe, 2005). The genomic reorgan isation of the OAL genes coincided with 

a biochemica l reorganisation  of the purine deg radation pathway which i n  turn 

was d riven by selection for ab i l ity to g row i n  oxygen l imit ing environments . 

1 .5 Regulation of fungal secondary metabolism 

Secondary metabol ite prod uction usual ly starts at the stationary or resti ng 

phase of the micro-organism. In fung i ,  factors governi ng ind uction of secondary 

metabol ism a re often complex and not wel l  understood . Reg ulation  of fungal 

secondary metabolism may be achieved either by g lobal fungal reg u lators 
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activated by envi ronmenta l  cond itions ( l ike nutrient avai labi l ity, pH of g rowth 

med ia) or  by pathway-specific fungal regulators .  

1 .5. 1 N itrogen source regulation 

Fungi  a re capable of using a wide array of n itrogen-contai n ing compounds. I n  

the absence of primary n itrogen sources such as ammon ia,  g l utamine and 

g lutamate, fungi can uti l ise n itrate, n itrite, purines, ami des, most amino acids 

and proteins as alternate sources . The g lobal nitrogen regulatory genes that 

faci l itate the expression of structural genes for the metabol ism of alternate 

nitrogen sources are areA in Aspergillus, nit2 in Neurospora, gln-3 i n  

Saccharomyces and nre i n  Penicillium (Marzluf, 1 997). These positive-acting 

reg u latory genes encode transcription factors of the GATA family that carry a 

DNA-bi nding domain comprising a single Cys2/Cys2 zin c  finger followed by an 

adjacent basic region that recog nizes the consensus GATA motif i n  promoter 

sequences of target genes (Scazzocchio, 2000) .  Nitrogen metabol ite 

repression affects both primary and secondary metabol ism. I n  Aspergillus 

parasiticus, transcription of the aflR and af/J genes, involved in  aflatoxi n 

biosynthesis ,  is reg ulated by AreA binding to GATA sites in the aflRlaflJ 

intergenic region (Chang et al. , 2000). Although nitrate negatively regulates 

Afl R expression ,  resulting i n  decreased aflatoxin prod uction (Liu and Chu ,  

1 998), under certain cond itions nitrate activates aflatoxin production by 

en hancing the expression of aflJ in a strai n-specific manner (Ehrl ich and Cotty, 

2002). I n  F. fujikuroi, areA-Gf (a homolog ue of areAlnit2) reg ulates gibberel l in  

and bikaveri n (a  polyketide) prod uction thoug h with different mechanisms 

(L innemannstons et al. , 2002 ; Mih lan et al. , 2003; Tudzynski et al. , 1 999a). 

Mutants without this gene cou ld not uti l ise alternate nitrogen sources or 

prod uce g ibberel l in ,  but cou ld prod uce bikaverin .  The pks4 gene involved in 

b ikaverin biosynthesis is overexpressed in !'J.areA mutants (Linnemannstons et 

al. , 2002). In addition to areA-Gf, glnA-Gf (encod ing g l utamine synthetase) is 

also i nvolved in nitrogen reg ulation of secondary metabolite pathways, and its 

deletion blocks the prod uction of both g ibberel l in and bikaverin (Teichert et al. , 

2004). The homologue of areAlnit2 in Penicillium chrysogenum, nre, mediates 
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the n itrogen metabol ite regu lation of penici l l i n  biosynthesis genes ( Haas and 

Marzluf, 1 995; Litzka et al. , 1 999) . 

1 .5 .2 Carbon source regu lation 

Carbon sources affect the metabolism of micro-organisms by the mechanism of 

carbon catabol ite repression . I n  the presence of p referred carbon sources ,  

such as g lucose, the expression of  genes e ncod ing enzymes for ut i l is ing 

alternative carbon sources is repressed . The global regu lator CreA, which 

functions as a negatively acting transcriptional  repressor, is the mai n  regu lator 

of carbon catabolite repression. Th is gene has been isolated from many fungal 

species i ncluding Aspergillus nidulans and Aspergillus niger (creA) (Dowzer 

and Kelly, 1 99 1 ; Drysdale et al. , 1 993), Trichoderma reesei and Trichoderma 

harzianum (cre 1 )  ( limen et al. , 1 996; Takash ima et al. , 1 996), Metarhizium 

anisopliae (crr1 ) (Screen et al. , 1 997) , Sclerotinia sclerotiorum (cre 1 )  (Vautard 

et al. , 1 999) ,  F. fujikuroi (creA-Gf) and Botrytis cinerea (creA-Bc) (Tudzynski et 

al. , 2000) and Cochliobolus carbonum (CREA) (Tonukari et al. , 2003). The 

creA gene encodes a protein with two Cys2/H is2-type zinc fingers that b i nds to 

the consensus sequence 5'-SYGGRG-3' i n  the promoters of the target genes 

(Panozzo et al. , 1 998) . The zinc finger regions of CreA are significantly s imi lar  

(84% at the amino-acid level) to those of S. cerevisiae g lucose repressor Mig 1 

(Gancedo, 1 998), suggesting g lucose repression through a s imi lar manner i n  

related fungi .  Transcription factors other than CreA may be  i nvolved i n  carbon 

catabolite repression/derepression . In F. fujikuroi and B. cinerea, h igh  transcript 

levels of creA on al l  carbon sources indicate that catabolite repression occurs 

at a post-transcriptional level (Tudzynski et al. , 2 000). In  A. nidulans, penici l l in  

b iosynthesis is repressed by glucose by a creA-independent mechan ism,  

suggesting the role of a nother carbon regu latory p rotein (Martin et al. , 1 999) . A 

role for add itional transcriptional factors was a lso impl ied i n  T. reesei where 

catabolite repression was mediated through post-translational mod ification of 

Cre 1  ( limen et al. , 1 996) .  It was also shown that the phosphorylation of C re 1  

was essential for b inding to its target sequence (Cziferszky et al. , 2002). 
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1 .5.3 pH reg ulation 

Reg ulation of gene expression by ambient pH is fou nd in  both prokaryotes a nd 

eukaryotes. This reg ulatory system ensures micro-organisms can g row over a 

wide pH range. pH reg u lation is med iated by the g lobal transcriptional regulator 

PacC (Ti lburn et aI. , 1 995) ,  which has three Cys2/His2 zi nc fingers .  PacC 

activates alkal ine-expressed genes and represses acid-expressed genes a nd 

has been identified in  many fung i  i nclud ing A. nidulans, A. niger, P. 

chrysogenum, S. cerevisiae, Candida albicans, Yarrowia lipolytica (Pena lva 

and Arst, 2002) .  The aflatoxi n and sterigmatocystin biosynthesis genes in A. 

parasiticus and A. nidulans, respectively, wh ich contain PacC b ind ing sites, are 

u nder negative regulat ion by PacC (Kel ler et aI. , 1 997) . The pks4 polyketide 

synthase gene in F. fujikuroi is also negatively regu lated by PacC 

( L innemannstons et al. , 2002) . However, the penici l l i n  biosynthesis gene 

cl usters in P. chrysogenum and A. nidulans are u nder positive PacC regulation 

(Suarez and Penalva , 1 996; Then Bergh and Brakhage, 1 998) . In A. nidulans, 

PacC also positively regulates the sidA gene involved in the biosynthesis of the 

s iderophore,  triacetylfusari n ine C (Eisendle et al. , 2004) .  In Fusarium 

verticillioides, a PacC homologue (PAC 1 )  rep resses fumon isin biosynthesis 

under alkal ine conditions suggesting PAC 1 is a negative reg u lator of fumonis in  

b iosynthesis (Flaherty et aI. , 2003). 

1 .5.4 LaeA reg ulation 

LaeA is a nuclear-local ised protein methyltransferase identified i n  A. nidulans 

that positively regu lates expression of genes in the clusters incl ud ing 

sterig matocysti n ,  penici l l i n  and lovastati n gene c lusters (Bok and Kel ler, 2 004; 

Bok et al. , 2006) . It was also shown to be a positive regulator of virulence 

factors in  Aspergillus fumigatus by affecting the gl iotoxi n b iosynthesis gene 

cluster (Bok et al. , 2005). This reg u lation of mu ltip le gene cl usters by LaeA was 

attributed to its possible i nvolvement in ch romati n remodel l i ng . Although LaeA 

has been shown as a g lobal regu lator of secondary metabol ism i n  Aspergillus 

species, whether the same occurs i n  other fung i rema ins to be shown. 
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1 .5.5 Pathway-specific reg ulators 

The secondary metabol ite b iosynthesis  gene c lusters often conta in  regu latory 

genes that encode transcriptional regu lators of the other genes in the cluster 

( Kel ler and Hohn,  1 997) .  I n  Aspergillus spp . , aflatoxin and sterigmatocysti n 

b iosynthesis genes are co-regu lated by the pathway-specifi c  regulator gene 

a fiR , which encodes a Cys6/Zn2-type DNA-b ind ing p rotein (Ehr l ich et aI. , 

1 999) .  AflR regulates expression of aflatoxin-sterigmatocystin b iosynthesis 

g enes by bind ing to the consensus sequence 5'-TCGNsCGA-3 ' found i n  the 

promoters of most of the biosynthetic genes (Bhatnagar  et al. , 2003; Ehrl ich et 

aI. , 1 999) .  The aflJ gene may also have a pathway-specific regu latory role in 

aflatoxin-sterigmatocystin gene cluster (Meyers et al. , 1 998) . I n  Fusarium spp . ,  

the Tri6, Tri1 0 and Tri1 5 genes regulate the expression of trichothecene 

pathway genes (Alexander et al. , 2004;  Hohn et al. , 1 999;  Tag et al. , 2001 ) .  

Tri6 encodes a Cys2/His2 zinc finger DNA-binding p rotein that b inds  t o  the 

consensus sequence YNAGGCC found in  the upstream reg ion of a l l  Tri 

biosynthetic genes except Tri10. Tri1 0 acts upstream of Tri6 and positively 

regulates Tri6 expression,  and together they regu late the expression of al l  Tr; 

genes within and outside the core Tri cluster, and a lso regulate additional 

isoprenoid biosynthetic genes (Peplow et al. , 2003b) .  Unl ike Tri6 and Tri1 0, 

Tri1 5, which encodes a Cys2/His2 zinc finger protein ,  acts as a negative 

regu lator of some of the tri chothecene b iosynthesis genes (Alexander et al. , 

2004) .  I n  F. ve rticillio ides , ZFR1 (encoding a Cys6/Zn2-type DNA-binding 

protein) acts as a positive regulator of fumonis in biosynthesis genes (F laherty 

and Woloshuk,  2004) .  Whether ZFR 1 only reg ulates the fumonisin pathway 

remains to be shown , as it is located outside the fumonisin gene cluster. In C. 

carbonum, expression of three HC-toxin biosynthesis genes is regu lated by 

TOXE, which encodes TOXEp that contains the bli P  basic D NA-binding and 

the ankyrin domains (Ahn and Walton,  1 998; Pedley and Walton , 2001 ) .  

Recently, a Cys2/Zn6-type D NA-bind ing p rotein G I P2 was shown to positively 

reg ulate the biosynthesis of the pigment au rofusarin in Gibberella zeae (K im et 

aI. , 2 006) . 
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1 .6 Local isation of proteins involved in  fungal secondary metabol ism 

Although many gene clusters involved in  fungal secondary metabol ism have 

been isolated and the enzymes characterised , very few studies have been 

conducted on the subcel l u lar localisation of these enzymes . Given the toxic 

nature of some of the fungal secondary metabol ites, it is tempting to assume 

the enzymes of such pathways are compartmental ised to protect the host 

organism from the deleterious effects of the toxin accumu lating in the fungal 

cel l . 

I n  P. chrysogenum, the penici l l in biosynthesis enzymes, ACV-synthetase, I PN

synthetase and acyltransferase, are d ifferentia l ly local ised in  the fungal 

mycel ium (Lendenfeld et aI. , 1 993;  Mul ler et aI. , 1 991 ; Mu l ler et aI. , 1 992) . A 

combi nation of cel l-fractionation , electron microscopy and label l ing studies 

shows that ACV-synthetase is a vacuolar prote in ,  I PN-synthetase is a cytosol ic  

protein and acyltransferase is  a peroxisomal protein .  The C-terminal end of the 

acyltransferase contains a peroxisomal targeting signal type 1 ( PTS1 )-l i ke 

tripeptide ARL. A truncated acyltransferase without the ARL sequence is not 

targeted to microbodies (peroxisomes) , and transformants expressing the 

truncated protein do not produce penici l l i n  (Mul ler et al. , 1 992) . An a ryl-capping 

enzyme, Phi, which suppl ies an activated substrate to the acyltransferase, also 

contains a C-termi nal consensus peroxisomal targeting sequence (SKI ) ,  

i nd icating the presence of a functional complex for penici l l in  biosynthesis in  

peroxisomes ( Lamas-Macei ras et  al. , 2006).  I n  Acremonium chrysogenum, 

egfp fusion stud ies show that the transcription factor CPCR1 that regulates 

cephalospori n C biosynthesis is a nuclear protein (Hoff et al. , 2005) . A DNA

b i nding domain in CPCR1 is essential both for its loca l isation and function . 

The occurrence of the fi nal step of the penici l l in  b iosynthesis pathway in  

peroxisomes suggests a role for th is  organelle in  secondary metabol ism. In  A. 

nidulans, the fi rst stable intermed iate of aflatoxin and sterigmatocysti n 

b iosynthesis ,  norsolorinic acid , accumulates in peroxisomes (Magg io-Hal l et al. , 

2005) . However, i n  A. parasiticus, Nor-1 and Ver- 1 , representi ng enzymes 

req uired for early and middle enzymatic steps in the aflatoxin biosynthesis 

pathway, are local ised in the cytoplasm (Lee et al. , 2004) .  Another enzyme 
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requi red for catalysing a middle enzymatic step i n  the afl atox in  b iosynthesis 

pathway, VBS, is  also localised in the cytoplasm and in  endoplasmic reticulum

l ike structures (Chiou et al. , 2004) .  The OmtA enzyme, rep resenting an enzyme 

for a late step in th is same pathway, is local ised i n  the cytoplasm and i n  the 

vacuole , the locations depending on the age a nd/or physiological  condit ion of 

the fungal  cel ls .  

Two d ist inct GGPP synthase genes have been found in P. paxilli, F. fujikuroi 

and N. lolii, one specific for secondary metabol ism and the other for primary 

metabol ism (Tudzynski and Holter, 1 998; Young et al. , 2 00 1 ; You ng et al. , 

2005) .  The authors have suggested differential localisation of the two metabol ic 

pathways . Although knowledge of subcel lu lar compartmenta l isation of GGPP 

synthases i n  fi lamentous fungi  is lacking ,  such studies have been done for 

p lant GGPP synthases. GGPP synthases in two d iterpene p roducing p lants , 

Scoparia dulcis and Croton sublyratus, conta i n  putative ch loroplast targeting 

sequences. A fusion protein conta in ing the putative transit peptide of the S. 

dulcis GGPP synthase fused to sGFP local ises in the chloroplast after its 

i ntroduction i nto Arabidopsis leaves (Sitlhithaworn et al. , 200 1 ) .  In Arabidopsis, 

five homologues of GGPP synthase (GGPS 1 , GGPS2 , GGPS3,  GGPS4, 

GGPS6) are local ised i nto different subcel lular  compartments (Okada et al. , 

2000) . All of these GGPP synthases have putative local isation s ignals for 

subcel lu lar  targeting i n  thei r N-termina l  regions .  Reporter fusion studies using 

sGFP show that GGPS 1 and GGPS3 are local ised in the ch loroplast, GGPS2 

and GGPS4 are local ised in the endoplasmic reticulum,  and GGPS6 is  

local ised i n  the mitochondrion (Okada et aI. , 2000) . 

1 .7 Sign ificance of studying paxi l l ine biosynthesis in  Penicillium paxilli 

I ndole-diterpenes possess various bioactivities i ncluding i nsecticidal and 

tremorgen ic  activities. Although the b iosynthesis of these metabol ites by g rass 

endophytes (fi lamentous fung i  forming symbiotic associations with temperate 

grasses) h as ecological benefits , i t  also has detrimental effects on g razing 

l ivestock (F letcher and Harvey, 1 98 1 ; ScoU, 200 1 ) .  Thus there is  considerable 

interest in  maximising the benefits of endophytes to pastoral agriculture by 

selecting fungal stra ins that retain  the beneficial  effects and not the detrimental 
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effects in a symbiotic association . I n  th is context, it is important to understand 

the biosynthesis of these metabol ites by the fungus. In contrast to grass 

endophytes l ike Neotyphodium that produces the an ima l  neurotoxin ,  lol itrem B, 

g rows slowly and not particularly amenable to genetic analysis,  P. paxilli serves 

as a model  organism to study the b iosynthesis of the closely related indole

d iterpene, paxi l l i ne. 

1 .8 Aims a nd o bjectives 

The aim of th is research was to carry out a biochemical analys is of the paxi l l i ne 

biosynthesis gene products in  P. paxilli and also to understand  the biolog ical 

s ignificance of the presence of two GGPP synthase genes, ggs 1 and paxG i n  

P. paxilli. I n  order to ach ieve these aims the fol lowi ng objectives were 

proposed : 

1 .  To defi ne the min imum nu mber of genes req uired for the biosynthesis of 

the fi rst stable indole-d iterpene,  paspal ine .  

2 .  To identify the substrates and prod ucts for PaxP and PaxQ . 

3 .  To  test the involvement of proposed paxi l l ine intermed i ates . 

4 .  To test if the two GGPP synthases , Ggs 1  and PaxG , are d ifferential ly 

compartmenta l ised in the cell . 

I n  the fi rst objective , d ifferent combi nations of paxG, paxA , paxM, paxB and 

paxC genes were cloned into a paxi l l i ne-negative deletion derivative of P. paxilli 

and the resulting strains ana lysed for indole-d iterpenes . In  objectives two and 

three, p recursor feed ing experiments were carried out usi ng  P. paxilli strains 

conta in ing paxP or paxQ only .  To achieve the fi nal objective, cel lu lar  targeti ng 

of Ggs 1 and PaxG fusions with EGFP and DsRed in  P. paxilli was analysed 

using fluorescence microscopy. 
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C H APTER TWO 

MATERIALS AN D M ETH ODS 
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2 . 1  Biological materials 

The plasmids, lambda clones, fungal stra ins  and bacterial  stra ins reported i n  

this study are l isted i n  Table 2 . 1 .  

2.2 Media  

All the media were prepared in  Mi l l i-Q® water and steri l ised a t  1 2 1 °C and 1 5  psi 

for 1 5  min .  

2.2. 1 Bacteria l  media 

2.2. 1 . 1  Luria-Bertani  ( LB) medium 

LB med ium (Mi l ler ,  1 972) conta ined 1 % (w/v) tryptone (Merck , Darmstadt, 

Germany) , 0 .5% (w/v) NaCI and 0 . 5% (w/v) yeast extract (Merck, Darmstadt, 

Germany) . The pH of the med ium was adjusted to 7 . 0  before steril is ing . LB 

agar was p repared by adding agar to a final concentration of 1 . 5% (w/v) .  

2.2. 1 .2 SOB medium 

SOB med ium contai ned 2% (w/v) tryptone ( Merck, Darmstadt, Germany) , 0 . 5% 

(w/v) yeast extract (Merck, Darmstadt, Germany) ,  1 0  mM NaC I ,  2 . 5  mM KCI ,  1 0  

mM MgCI2. The pH of the medi um, without MgCI2 , was adjusted to 7 . 0  before 

steri l is ing and steri le MgCI2 was added just before use. 

2.2 . 1 .3 SOC medium 

SOC med ium (Dower et al. , 1 988) contained 2% (w/v) tryptone (Merck ,  

Darmstadt, Germany) , 0 . 5% (w/v) yeast extract (Merck, Darmstadt, Germany) , 

20 mM g lucose, 1 0  m M  NaCI , 2 .5  mM KCI ,  1 0  mM MgCI2 and 1 0  m M  

MgS04.7H20. 

2.2.2 Fungal media 

2.2 .2 .1  Aspergillus Complete medium (ACM) 

ACM contai ned 2% (w/v) malt extract (Oxoid ,  Basingstoke, England) ,  1 % (w/v) 

mycologica l  peptone (Oxoid , Basingstoke, Eng land) , 2% (w/v) g lucose , 1 .5 %  

(w/v) agar. 
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Table 2 . 1  Biolog ical materials 

Biological Material Strainlldentifier Relevant Characteristics 

Plasmids 

pBluescript 11 KS (+) 
pGEM®-T Easy 

p l l99 
pPN94 
pPN97 

pSF 1 6. 1 7 .cg i 
pSS1 
pSS2 
pSS7 
pSS8 
pSS9 
pSS 1 6  
pSS 1 7  

pSS20 
pSS27 
pSS28 
pSS29 
pSS30 
pSS37 

pSS4 1  
pSS45 
pSS46 

Lambda clones 

ACY55 
ACY56 

AmpR 
AmpR 
AmpR/GenR (PtrpC-npt/l-TtrpC) 

AmpR/HygR (PtrpC-hph); P TEF TtrpC 

pPN94 containing egfp cONA on a 0.7 kb Xba llNotl fragment; AmpR/HygR 

AmpR/GenR (PtrpC-npt/l-TtrpC) 

pl l 99 containing paxP on a 2.7 kb EcoRI fragment; AmpR/GenR 
pl l 99 contain ing paxQ on a 3.0 kb Hind l l l  fragment; AmpR/GenR 
pBlueScript 1 1  KS+ containing paxP on a 3.9 kb EcoRI/Smal fragment; AmpR 

pl l 99 contain ing paxG-paxA-paxM-paxB-paxC on a 1 1 . 0 kb Hindl l l  fragment; AmpR/GenR 

pSS8 MJaxA-paxM-paxB on a 5.0 kb Spel fragment; AmpR/GenR 
pSS9 containing paxM on a 2.3 kb Spel fragment; AmpR/GenR 
pSS9 containing paxM-paxB on a 3.4 kb Spel fragment; AmpR/GenR 
pSS9 containing paxA-paxM on a 3 .9  kb Spel fragment; AmpR/GenR 
pPN94 containing paxG: :egfp cONA; AmpR/HygR 
pPN94 containing egfp: :paxG cONA; AmpR/HygR 
pPN94 containing ggs 1 : :egfp cONA; AmpR/HygR 

pPN94 containi ng egfp: :ggs1 cON A; Am pR/HygR 
pSF 1 6. 1 7 .cgi containing P TEF-MCS-TtrpC on a 1 .4 kb San/BgII I fragment; AmpR/GenR 

pSS37 containing dsred: : SKL cONA; AmpR/GenR 
pSS37 containing dsred cONA; AmpR/GenR 
pPN94 containing egfp: :GRV cON A; AmpR/HygR 

AGEM-1 1 clone from P. paxilli containing paxG-paxA-paxM-paxB-paxC 
AGEM-1 1 clone from P. paxillicontaining paxC-paxP-paxQ-paxD-paxO 

Reference 

Stratagene 
Promega 
Namiki et al. , 2001 

T anaka, unpublished 
T anaka, unpublished 

Foster, unpublished 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
This study 

This study 

This study 
This study 
This study 
This study 
This study 

This study 

Young,  unpublished 

Y oung et al., 2001 



Biological Material Strain/Identifier Relevant Characteristics Reference 

Penicillium paxilli strains 

PN20 1 3  Wild-type; paxil l ine positive Itoh et al. , 1 994 
PN2255 LMG23 PN20 1 3/ �paxG-paxA; HygR;  paxill ine negative Young et al. , 2001 
PN2588 LMG23.v PN2255/pI 199; HygR GenR; paxill ine negative This study 

LMG23.P8-1 PN2255/pSS8; HygR GenR; paxi l l ine positive This study 
PN2498 LMG23.P8-2 PN2255/pSS8; HygR GenR; paxi l l ine positive This study 
PN2499 LMG23. P8-3 PN2255/pSS8; HygR GenR; paxill ine positive This study 

LMG23. P8-4 PN2255/pSS8; HygR GenR ; paxi l l ine positive This study 
PN2290 ABC83 PN201 3/ paxC; HygR; paxilline negative Bryant, unpublished 
PN2500 ABC83.v PN2290/pI 199; HygR GenR; paxill ine negative This study 
PN2501 ABC83. P8-1 PN2290/pSS8; HygR GenR ; paxi l l ine positive This study 
PN2502 ABC83.P8-2 PN2290/pSS8; HygR GenR; paxi l l ine positive This study 

IV ABC83.P8-3 PN2290/pSS8; HygR GenR ; paxi l l ine negative This study 00 
ABC83.P8-4 PN2290/pSS8; HygR GenR; paxi l l ine negative This study 

PN2253 LM662 PN201 3/�paxT-paxD; HygR; paxill ine negative Young et al. , 2001 
PN2503 LM662.V. 1 PN2253/pI 199; HygR GenR; paxil l ine negative This study 
PN2504 LM662.P8-3 PN2253/pSS8; HygR GenR; paxilline negative, paspaline positive This study 

LM662.P8-4 PN2253/pSS8; HygR GenR; paxilline negative, paspaline positive This study 
LM662.P8-6 PN2253/pSS8; HygR GenR ; paxilline negative, paspaline positive This study 

PN2505 LM662.P8-9 PN2253/pSS8; HygR GenR; paxi l l ine negative, paspaline positive This study 
LM662.P8-1 0 PN2253/pSS8; HygR GenR ; paxil l ine negative, paspaline positive This study 
LM662.P8-1 1 PN2253/pSS8; HygR GenR; paxil l ine negative, paspaline positive This study 

PN2506 LM662.P8- 1 2  PN2253/pSS8; HygR GenR; paxil l ine negative, paspaline positive This study 
PN2250 CY2 PN201 3/� pax cluster and flanking sequences; HygR; paxilline negative Young et al. , 1 998 
PN2507 CY2.V. 1 PN2250/pI 199; HygR GenR; paxil line negative This study 

CY2. P8-1 PN2250/pSS8; HygR GenR ; paxilline negative, paspaline negative This study 
CY2. P8-2 PN2250/pSS8; HygR GenR ; paxilline negative, paspaline positive This study 



Biological Material Strain/Identifier Relevant Characteristics Reference 
PN2508 CY2.P8-4 PN2250/pSS8; HygR GenR; paxil l ine negative, paspal ine positive This study 

CY2.P8-5 PN2250/pSS8; HygR GenR; paxill ine negative, paspaline positive This study 
PN2509 CY2.P8-6 PN2250/pSS8; HygR GenR ; paxi ll ine negative, paspaline positive This study 
PN251 0  CY2.P8-8 PN2250/pSS8; HygR GenR ; paxilline negative, paspal ine positive This study 
PN25 1 1 CY2. P8-9 PN2250/pSS8; HygR GenR; paxilline negative, paspal ine positive This study 
PN25 1 2  CY2.v.2 PN2250/p1 199; HygR GenR ; paxilline negative This study 
PN25 1 3  CY2.P 1 6- 1 PN2250/pSS1 6; HygR GenR ; paxil l ine negative, paspaline negative This study 

CY2 .P1 6-2 PN2250/pSS1 6; HygR GenR; paxil l ine negative, paspal ine negative This study 
CY2.P1 6-3 PN2250/pSS 1 6; HygR GenR; paxil l ine negative, paspaline negative This study 
CY2 .P1 6-4 PN2250/pSS1 6; HygR GenR; paxil l ine negative, paspaline negative This study 
CY2 .P1 6-5 PN2250/pSS 1 6; HygR GenR ; paxill ine negative, paspal ine negative This study 
CY2.P1 6-6 PN2250/pSS1 6; HygR GenR; paxil l ine negative, paspaline negative This study 
CY2.P1 6-7 PN2250/pSS 1 6; HygR GenR; paxill ine negative, paspaline negative This study 
CY2 . P 1 6-8 PN2250/pSS16 ;  HygR GenR; paxil l ine negative, paspaline negative This study 
CY2.P1 6-9 PN2250/pSS1 6; HygR GenR; paxill ine negative, paspaline negative This study 

N PN25 1 4  CY2.v.3 PN2250/p1 l99; HygR GenR ; paxilline negative This study \0 
PN25 1 5  CY2. P20-1 PN2250/pSS20; HygR GenR; paxill ine negative, paspaline negative This study 

CY2.P20-2 PN2250/pSS20; HygR GenR; paxi l l ine negative, paspaline negative This study 
CY2.P20-3 PN2250/pSS20; HygR GenR; paxi l l ine negative, paspaline negative This study 
CY2.P20-4 PN2250/pSS20; HygR GenR; paxill ine negative, paspaline negative This study 
CY2.P20-6 PN2250/pSS20; HygR GenR; paxill ine negative, paspaline negative This study 
CY2.P20-8 PN2250/pSS20; HygR GenR; paxil l ine negative, paspal ine negative This study 

PN25 1 6  CY2.v.4 PN2250/p1 199; HygR GenR ; paxil l ine negative This study 
PN251 7  CY2 .P17-1  PN2250/pSS 1 7; HygR GenR ; paxil l ine negative, paspaline positive This study 

CY2 .P1 7-2 PN2250/pSS 1 7; HygR GenR; paxil l ine negative, paspal ine negative This study 
PN25 1 8  CY2.P1 7-3 PN2250/pSS 1 7; HygR GenR ; paxill ine negative , paspal ine positive This study 
PN25 1 9  CY2.P1 7-4 PN2250/pSS 1 7; HygR GenR; paxill ine negative, paspaline positive This study 

CY2.P1 7-5 PN2250/pSS1 7; HygR GenR; paxil l ine negative, paspaline negative This study 
CY2.P1 7-6 PN2250/pSS1 7; HygR GenR; paxil l ine negative, paspaline negative This study 
CY2.P1 7-7 PN2250/pSS1 7; HygR GenR; paxilline negative, paspaline negative This study 
CY2.P1 7-8 PN2250/pSS1 7; HYQR GenR ; paxil l ine neQative, paspal ine neQative This study 



Biological Material Strainlldentifier Relevant Characteristics Reference 
CY2 .P1 7-9 PN2250/pSS17; HygR GenR; paxilline negative, paspaline negative This study 

PN2520 CY2 . P 1 7-10  PN2250/pSS1 7 ;  HygR GenR; paxill ine negative, paspaline positive This study 
PN2258 LMP 1  PN201 3/t.paxp; HygR;  paxil l ine negative McMillan et al. , 2003 
PN2521 LMP 1 .Y. 1 PN2258/p1199; HygR GenR; paxilline negative This study 

LMP 1 .P 1 - 1  PN2258/pSS1 ;  HygR GenR ; paxilline negative This study 
PN2522 LMP 1 . P 1 -2 PN2258/pSS 1 ;  HygR GenR; paxilline positive This study 

LMP 1 .P 1 -3 PN2258/pSS1 ;  HygR GenR ; paxilline negative This study 
PN2523 LMP 1 . P 1 -4 PN2258/pSS1 ;  HygR GenR ; paxilline positive This study 

LMP 1 .P1 -5 PN2258/pSS1 ; HygR GenR; paxilline positive This study 
LMP1 . P 1 -6 PN2258/pSS1 ; HygR GenR; paxilline negative This study 
LMP 1 .P1 -7 PN2258/pSS1 ;  HygR GenR; paxilline positive This study 

PN2524 LMP 1 .P 1 -8 PN2258/pSS1 ;  HygR GenR; paxill ine positive This study 
LMP1 . P 1 -9 PN2258/pSS 1 ;  HygR GenR; paxil l ine positive This study 

PN2525 LMP 1 . P 1 - 1 0  PN2258/pSS1 ; HygR GenR; paxilline positive This study 
PN2259 LMQ226 PN20 1 3/ t.paxQ; HygR; paxilline negative McMillan et al. , 2003 w 

0 PN2526 LMQ226.Y PN2259/p1 l99; HygR GenR ; paxill ine negative This study 
LMQ226.P2-1 PN2259/pSS2; HygR GenR; paxi ll ine positive This study 
LMQ226.P2-2 PN2259/pSS2; HygR GenR; paxi l l ine positive This study 
LMQ226.P2-3 PN2259/pSS2; HygR GenR; paxil l ine positive This study 

PN2527 LMQ226.P2-4 PN2259/pSS2; HygR GenR; paxilline positive This study 
PN2528 LMQ226.P2-5 PN2259/pSS2; HygR GenR; paxilline positive This study 

LMQ226.P2-6 PN2259/pSS2; HygR GenR; paxi l line positive This study 
LMQ226.P2-7 PN2259/pSS2; HygR GenR; paxill ine positive This study 

PN2529 LMQ226.P2-8 PN2259/pSS2; HygR GenR; paxilline positive This study 
PN2530 LMQ226.P2-9 PN2259/pSS2; HygR GenR; paxilline positive This study 

LMQ226.P2- 10  PN2259/pSS2; HygR GenR; paxill ine positive This study 
PN2531 LMP 1 .Y.2 PN2258/p1l99; HygR GenR; paxil l ine negative This study 

LMP 1 .Y IP7-2 PN2258/p1l99/pSS7; HygR GenR ; paxilline positive This study 
PN2532 LMP1 .Y/P7-7 PN2258/p1l99/pSS7; HygR GenR ; paxilline positive This study 

LMP 1 .Y/P7-B PN225B/p1 l99/pSS7; HygR GenR ; paxill ine negative This study 
PN2533 LMP1 .Y/P7-1 3 PN2258/p1l99/pSS7; HygR GenR ; paxil l ine positive This study 



Biological Material Strain/Identifier Relevant Characteristics Reference 
PN2534 LMP1 .V/P7-23 PN2258/pI 199/pSS7; HygR GenR ; paxill ine positive This study 
PN2535 LMP1 .Y/P7-26 PN2258/pI 199/pSS7; HygR GenR ; paxilline positive This study 
PN2536 LM662.Y.2 PN2253/pI 199; HygR GenR; paxil l ine negative This study 
PN2537 LM662. P 1 -2 PN2253/pSS 1 ;  HygR GenR; paxilline negative This study 
PN2538 LM662.P1 -1 0 PN2253/pSS 1 ;  HygR GenR ; paxilline negative This study 
PN2539 CY2'y.5 PN2250/pI 199; HygR GenR; paxilline negative This study 
PN2540 CY2. P1 -9 PN2250/pSS 1 ;  HygR GenR; paxil l ine negative This study 
PN2541 CY2.P1 - 10  PN2250/pSS1 ; HygR GenR; paxil l ine negative This study 
PN2542 LM662.Y.3 PN2253/pI l99; HygR GenR; paxilline negative This study 
PN2543 LM662.P2-9 PN2253/pSS2; HygR GenR; paxill ine negative This study 
PN2544 LM662. P2-1 4  PN2253/pSS2; HygR GenR; paxil l ine negative This study 
PN2545 CY2.Y.6 PN2250/pI l99; HygR GenR ; paxil l ine negative This study 
PN2546 CY2. P2-7 PN2250/pSS2; HygR GenR; paxill ine negative This study 
PN2547 CY2. P2- 1 0  PN2250/pSS2; HygR GenR; paxilline negative This study 
PN2548 WT.pPN97- 1 0  PN201 3/pPN97; P TEF-egfp; HygR This study 

w PN2549 WT'p30-5 PN201 3/pSS30; PTEF-egfp: :ggs 1 ;  HygR This study 
PN2550 WT.P30-6 PN201 3/pSS30; PTEF-egfp: :ggs 1 ;  HygR This study 
PN2551 WT.P30-7 PN201 3/pSS30; PTEF-egfp: :ggs 1 ;  HygR This study 
PN2552 WT.P30-8 PN201 3/pSS30; PTEF-egfp: :ggs 1 ;  HygR This study 
PN2553 WT.P29-7 PN201 3/pSS29; PTEF-ggs1 : :egfp; HygR This study 
PN2554 WT.P29-9 PN201 3/pSS29; PTEF-ggs 1 : :egfp; HygR This study 
PN2555 WT.P29-1 2 PN201 3/pSS29; PTEF-ggs 1 : :egfp; HygR This study 
PN2556 WT.P29-1 6  PN201 3/pSS29; PTEF-ggs 1 : :egfp; HygR This study 
PN2557 WT.P27-2 PN201 3/pSS27; PTEF-paxG: :egfp; HygR This study 
PN2558 WT.P27-4 PN201 3/pSS27; PTEF-paxG: :egfp; HygR This study 
PN2559 WT.P27-1 3 PN201 3/pSS27; PTEF-paxG: :egfp; HygR This study 
PN2560 WT.P27-14  PN201 3/pSS27; PTEF-paxG: :egfp; HygR This study 
PN2561 WT.P46-1 PN201 3/pSS46; PTEF-egfp: : GRV; HygR This study 
PN2562 WT.P46-5 PN201 3/pSS46; PTEF-egfp: : GRV; HygR This study 
PN2563 WT.P46-8 PN201 3/pSS46; PTEF-egfp: :GRV; HygR This study 
PN2564 WT.P46- 1 0  PN201 3/pSS46; PTEF-egfp: : GRV; HygR This study 
PN2565 WT.P45-1 PN201 3/pSS45; PTEF-dsred; GenR This study 



Biological Material 
PN2566 
PN2567 
P N2568 
PN2569 
PN2570 
PN2571 
PN2572 
P N2573 
P N2574 
PN2575 

Bacterial strains 

DH5a 
XL 1 -Blue 
P N 1 994 
PN1 995 
PN1 996 
PN1 997 
P N 1 998 
PN1 999 
PN4000 
PN4002 
PN4003 
PN4004 
PN4005 
PN4006 
PN4007 
PN4008 
PN4009 
PN40 1 0  

Strainlldentifier 
WT.P4 1 - 1  
WT.P4 1 -2 
WT.P4 1 -9 
WT.P4 1 -1 0 
WT .P4 1 . 1  /P46-4 
WT.P4 1 .1 /P46-7 
WT .P41.1 /P46-9 
WT.P4 1 . 1 /P46-1 1 
WT.P29. 1 2/P4 1 -2 
WT.P29. 1 2/P4 1 -1 (2) 

- - - - - - -----

Relevant Characteristics 
PN20 1 3/pSS4 1 ; P TEF-dsred: : SKL; GenR 
PN20 1 3/pSS41 ; P TEF-dsred: :SKL; GenR 
PN20 1 3/pSS41 ; P TEF-dsred: : SKL; GenR 
PN20 1 3/pSS4 1 ; P TEF-dsred: : SKL; GenR 
PN2566/pSS46; P TEF-dsred: : SKL P TEF-egfp::GRV; GenR HygR 
PN2566/pSS46; P TEF-dsred: : SKL P TEF-egfp::GRV; GenR HygR 
PN2566/pSS46; P TEF-dsred:: SKL P TEF-egfp::GRV; GenR HygR 
PN2566/pSS46; P TEF-dsred: : SKL P TEF-egfp::GRV; GenR HygR 
PN2555/pSS41 ;  P TEF-ggs 1 : :egfp P TEF-dsred::SKL; HygR GenR 
PN2555/pSS4 1 ;  P TEF-ggs 1 : :egfp P TEF-dsred::SKL; HygR GenR 

supE44 MacU1 69 (4)80 lacZ L'1M 1 5) hsdR1 7 recA1 endA1 gyrA96 thi-1 relA1 
supE44 hsdR1 7 recA1 endA1 gyrA46 thi relA1 lac' F' [proAB+ lacfl lacZ �M1 5  Tn 10 (Tef)] 
XL 1 -Blue/pSS 1 
XL 1 -Blue/pSS2 
DH5a/pSS7 
DH5a/pSS8 
DH5a/pSS9 
DH5a/pSS1 6  
DH5a/pSS1 7  
DHSa/pSS20 
DH5a/pSS27 
DHSa/pSS28 
DH5a/pSS29 
DHSa/pSS30 
DHSa/pSS37 
DHSa/pSS4 1 
DHSa/pSS45 
DHSa/pSS46 

PN numbers are assigned to the materials selected for laboratory culture stock. 

Reference 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 

Hanahan, 1 983 
Bullock et al. , 1 987 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 



2.2.2.2 Czapex-Oox Yeast Extract (COYE) med ium 
C OVE med ium contained 3 . 34% (w/v) Czapex-Oox (Oxoid ,  Basingstoke, 

England)  and 0 .5% (w/v) yeast extract (Merck, Oarmstadt, Germany) . COVE 

med ium was supplemented with 0 .5% (v/v) trace elements mix (Section 

2 .2 .2 . 5) .  

2.2 .2 .3  Potato Dextrose (PO)  medium 

PO med i um contai ned 2 .4% (w/v) PO broth (Oifco™, Sparks, MO ,  USA) . The 

pH of the med ium was adjusted to 6 .5  before steri l is ing . PO agar (POA) was 

prepared by adding agar to a final concentration of 1 .5% (w/v) .  Where 

necessary, POA was supplemented with 5 mM oleic acid (Sigma) in methanol . 

2.2.2.4 Regeneration ( RG) med ium 

RG med ium contained AC M med ium (Section 2 .2 .2 . 1 )  supplemented with 0 .8  

M sucrose . RG medium,  for an overlay, contained 0 .8% (w/v) agar. 

2.2.2.5 Trace elements m ix 

Trace elements mix conta ined 0 .05% (w/v) FeS04.7H20, 0 .05% (w/v) 

ZnS04.7H20 , 0 .01 % (w/v) MnS04. H20, 0 .005% (w/v) CuS04.5H20 and 

0 . 004% (w/v) CoCI2.6H20 in 0 .6 N HCI. COVE med ium (Section 2 .2 .2 .2)  was 

supplemented with 0 . 5% (v/v) trace elements mix. 

2.2.3 Media supplements 

Where necessary the med ia were supplemented with ampici l l i n ( 1 00 119/ml) , 

hyg romycin ( 1 00 119/ml) ,  genetici n ( 1 50 119/ml ) ,  I PTG (40 I1g/ml) and X-gal (40 

I1g/ml) .  

2.3 Growth conditions 

2.3 .1  Bacterial growth cond itions 

Escherichia coli cultures were g rown at 37°C in LB broth or on LB agar plates 

(Section 2 . 2 . 1 . 1 )  supplemented with ampici l l in  ( 1 00 119/ml ) ,  where necessa ry .  

When grown in  l iqu id med ia ,  E. coli cu ltures were shaken at  1 50 - 200 rpm. 
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2.3.2 Fungal g rowth conditions 

P. paxilli stra ins were routinely grown at 22°C on ACM plates (Section 2 .2 .2 . 1 )  

and RG medi u m  (Section 2 .2 .2 .4) for 4 - 6 days . Cultures were then 

maintained at 4°C .  Spore suspensions were made by resuspendi ng a block of 

med ia ,  conta in ing sporulating cultures, in 0 .0 1 % (v/v) Triton X- 1 00 .  Spore 

concentration was then determined using a h aemocytometer sl ide. Spore 

suspensions were stored at 4°C.  

For protop last preparation (Section 2 . 1 3 . 1 ) ,  l iqu id  cultures were started us ing 

an i nocu lum of 5x 1 06 spores per 25  ml of C OV E  medi u m  supplemented with 

trace elements mix (Section 2 .2 .2 .2 ) ,  and i ncubated at 28°C with shak ing at 

200 rpm for 30 h .  

For DNA isolation (Section 2 .5 .2 ) ,  l iqu id cultures were started using  a n  

i noculum o f  5 x 1 06 spores per 2 5  m l  o f  P O  broth (Section 2 .2 .2 .3) a n d  i ncubated 

at 22°C with shaking at 200 rpm for 2 - 3 days. For RNA isolation (Section 

2 . 1 5) and indole-diterpene analysis (Section 2 . 20) , l iqu id cultures were started 

using an i noculum of 5x 1 0
6 

spores per 25 ml of C OVE med ium supplemented 

with trace elements mix (Section 2 .2 .2 .2) ,  and i ncubated at 28°C with shak ing 

at  200 rpm for 6 - 7 days. After harvesting ,  mycel ia were washed in  Mi l l i -Q® 

water and either freeze-dried (mycel ia for DNA isolation and i ndole-diterpene 

analysis) or snap-frozen i n  l iqu id nitrogen (mycel ia for RNA isolation) .  

2.4 Glycerol  stocks 

Bacterial and fungal cultures were stored at -80°C i n  1 0% (v/v) g lycerol . 

2.5 DNA isolation and p urification 

2 .5 . 1  Plasmid DNA isolation and purification 

2 .5. 1 . 1  Quantum Prep® Plasmid Miniprep Kit (Bio-Rad) 

E. coli cells were grown overn ight at 37°C with shaking in 2 ml of LB broth 

( Sect ion 2 .2 . 1 . 1 ) conta ini ng  the appropriate antibiotic ( Section 2 . 2 . 3) .  Cel ls 
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were pelleted by centrifugation at 9 ,000 rpm for 30 sec and resuspended 

completely in  200 f.!1 of cell resuspension solution .  The resuspended cel ls were 

lysed by addition of 250 f.!1 of cell lysis solution and then neutral ised by addition 

of 250 f.! 1  of neutral isation sol ution . Th is suspension was centrifuged at 1 4 ,000 

rpm for 5 min and the supernatant mixed with 200 f.!1 of Quantum Prep matrix. 

The supernatant was then transferred to a spin fi lter and centrifuged at 1 4 , 000 

rpm for 30 sec. The matrix in  the spin fi lter was washed twice with 500 f.!1 of 

wash buffer by centrifugation at 1 4, 000 rpm for 30 sec and 2 min ,  respectively. 

DNA in the matrix was then e l uted with steri le Mi l l i-Q® water and its 

concentration determi ned by the method described in Section 2 .6 .2 .  

2.5. 1 .2 H igh Pure Plasmid Iso lation  Kit (Roche) 

E. coli cel ls were g rown overnight at 37°C with shaki ng in  2 ml of LB broth 

(Section 2 .2 . 1 . 1 )  conta in ing the appropriate antib iotic (Section 2 . 2 . 3) .  Cells 

were pel leted by centrifugation at 9 ,000 rpm for 30 sec and resuspended in 250 

f.!1 of suspension buffer contain ing RNase. The resuspended cel ls were lysed 

by add ition of 250 f.!1 of lys is buffer followed by incubation at room temperature 

for 5 min .  The suspension was neutral ised by add ition of 350 f.!1 of chi l led 

binding buffer followed by incubation on ice for 5 min .  It was then centrifuged at 

1 4 ,000 rpm for 1 0  m in .  The supernatant was transferred to a H igh Pure filter 

tube and centrifuged at 1 4 ,000 rpm for 1 min .  The filter was washed with 700 �d 

of was h  buffer 1 1  by centrifugation at 1 4 ,000 rpm for 1 min .  DNA in the fi lter was 

then el uted with 1 00 f.!1 of elution buffer by centrifugation at 1 4 ,000 rpm for 30 

sec and its concentration determined by the method descri bed in  Section 2 .6 .2 .  

2.5. 1 .3 Plasmid DNA purification by a lka l ine lysis 

2.5. 1 .3 . 1  Solution I 

Solution I contai ned 50 mM g lucose, 25 m M  Tris-HCI (pH 8 .0) and 1 0  mM 

Na2EDTA (pH 8 .0) .  

2.5. 1 .3.2 Solution 1 1  

Sol ution 1 1  contained 0 .2 N NaOH and 1 % SOS.  
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2.5 .1 .3.3 Solution I I I  

Solution I I I  conta ined 3 M potassi um acetate and 2 M g lacia l  acetic acid . 

2.5 .1 .3.4 Alka l ine lysis method 

E. coli cel ls were grown overnig ht at 37°C with shaking in 2 ml of LB broth 

(Section 2 .2 . 1 . 1 )  contain i ng the appropriate antib iotic (Section 2 . 2 . 3) .  Cel ls  

were pel leted by centrifugatio n  at 9 ,000 rpm for 30 sec and resuspended i n  1 00 

III of ice-cold Sol ution I (Section 2 .5 . 1 .3 . 1 ) . Cel ls were then lysed by addit ion of 

200 III of Sol ution 1 1  (Section 2 . 5. 1 . 3 .2) fol lowed by i ncubation on ice for 5 mi n .  

I n  o rder to neutral ise the suspension, 1 50 III of ice-cold Sol ution I I I  (Section 

2 . 5 . 1 . 3 . 3) was added , fol lowed by incubation on ice for a nother 5 mi n .  Cel lu lar 

debris were then pel leted by centrifugation  at 1 4 , 000 rpm for 1 0  m in .  The 

supernatant was extracted with an eq ual vol ume of phenol-chloroform and the 

DNA was precip itated with an equal vol ume of ice-cold isopropanol and 

pelleted by centrifugation at 1 4 ,000 rpm for 1 0  min. The DNA pel let was then 

washed in  70% ethanol and a i r  dried at 37°C .  DNA was then resuspended in 

steri le Mi l l i -Q® water and its concentration determined by the method described 

in Section 2 .6 .2 .  

2.5.2 Genomic DNA isolation 

2.5.2. 1  Genomic DNA isolation from fungal spores for peR screen ing 

P. paxilli stra ins were g rown for sporulation at 22°C on ACM plates (Section 

2 .2 .2 . 1 )  for 4 - 6 days (Section 2 . 3 .2 ) .  A 0.3 cm x 0.3 cm block of med ia 

conta in ing spores was then suspended i n  1 ml of TE ( 1 0  m M  Tris-HCI ,  pH 7 .5 ,  

1 mM Na2EDTA) with 0 . 0 1 % (v/v) Triton X- 1 00 .  One h und red III of spore 

suspen sion was transferred into a 2 ml micro-tube pp (Sarstedt, Germany) 

contain i ng steri le g lass beads (425 - 600 Ilm) . The spores were then disrupted 

in  a FastPrep® Cell Disrupter F P 1 20 (Thermo Savant, NY, U SA) for 20 sec at 4 

m/sec fol lowed by centrifugation at 1 3 , 000 rpm for 1 0  m i n  to pellet the cell 

debris and the glass beads .  The supernatant was col lected and a 5 III sample 

was used as the template for PCR (Section 2. 1 4 .2) .  
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2.5.2 .2 Genomic DNA isolatio n  from fungal mycelia using mod ified Yoder 

method 

Genomic DNA was isolated from fungal mycel ia using modifications  of the 

method described by Yoder (Yoder, 1 988) .  Freeze-d ried mycel ium ( 1 5 - 30 

mg) was ground to a fine powder with l iqu id n itrogen i n  a 2 ml microcentrifuge 

tube. The powder was thoroug hly suspended in 500 III of extraction buffer ( 1 00 

mM LiC I ,  1 0  mM Na2EDTA, 0 .5% SOS,  1 0  mM Tris-HCI ,  pH 7 .4) .  This 

suspension was extracted with 1 ml of phenol-chloroform-isoamyl alcohol 

(25 : 24 : 1 )  and centrifuged at 1 3 ,000 rpm for 1 0  min .  The aqueous p hase was 

then extracted with 500 III of chloroform-isoamyl a lcohol (24: 1 ) . DNA was 

precipitated with two vol umes of 95% ethanol and pel leted by centrifugation at 

1 3 ,000 rpm for 5 min .  The DNA pellet was then washed in  70% etha nol and a i r  

d ried at  37°C .  The DNA was resuspended in steri le Mi l l i-Q® water and its 

concentration determi ned by method described in Section 2 .6 .2 .  

2.5.3 Purification of  PCR prod ucts using QIAquick PCR Purification Kit 

(Qiagen) 

Five vol umes of Buffer PB were added to 1 vol ume of the PCR prod uct . The 

sample was appl ied to a Q IAq uick col umn and centrifuged at 1 3 , 000 rpm for 1 

min .  The DNA bound to the column was washed with 0 .75 ml of Buffer PE and 

fol lowed by centrifugation at 1 3 ,000 rpm for 1 min .  The DNA was e l uted with 30 

- 50 III of either Buffer EB or steri le M i l l i -Q® water by centrifugation at 1 3 , 000 

rpm for 1 min .  

2.5.4 Extraction and purification of DNA from agarose gels us ing  

QIAq uick Ge l  Extraction Kit (Qiagen) 

The gels were prepared and run as described i n  Section 2 . 9 . 2 .  The DNA 

fragment was excised from the agarose gel under long wavelength UV l ight. 

Three vol umes of Buffer QG were added to 1 volu me of gel ( 1 00 mg - 1 00 , .. d) 
and incubated at 50°C for 1 0  min .  One gel volume of isopropanol was added to 

the sample and appl ied to a Q IAquick column.  The sample was centrifuged at 

1 3 ,000 rpm for 1 min and the bound DNA was then washed with 0 .75 ml of 

Buffer PE by centrifugation at 1 3 ,000 rpm for 1 mi n .  DNA was e l uted with 30 -
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50 fll of either Buffer EB or steri le Mi l l i-Q® water by centrifugation at 1 3 ,000 rpm 

for 1 min .  

2.6 DNA quantitation using fl uorometer 

2.6 . 1  Solutions 

2.6. 1 . 1  1 0X TNE buffer stock solution 

TN E buffer ( 1 0X) contained 1 00 m M  Tris base, 1 0  mM Na2EDTA and 1 M NaCI 

with the p H  adjusted to 7 .4 .  

2.6. 1 .2 Hoechst 33258 stock dye solution 

Hoechst dye solution contai ned 1 mg/ml Hoechst 33258 dye (Sigma).  

2.6. 1 .3 Ca lf thymus DNA 

Calf thymus DNA was resuspended at 1 00 ng/�tI in  1 X TNE buffer (Section 

2 .6 . 1 . 1 ) . 

2.6. 1 .4 Assay solution 

Assay solution contained 0. 1 flg/ml Hoechst dye (Section 2 .6 . 1 .2) i n  1 X TN E 

buffer (Section 2 .6. 1 . 1 ) . 

2.6.2 Quantitation method 

DNA concentration was measured using the Hoefer® DyNA Q uant® 200 

fluorometer (Amersham Pharmacia Biotech ,  San F rancisco, CA, U SA) . The 

fluorometer was blanked against the assay sol ution (Section 2 .6. 1 .4) and 

calibrated to 1 00 ng/ml usi ng a 1 000 fold d i l ution of calf thymus DNA ( 1 00 

ng/fll) (Section  2 .6. 1 . 3) i n  the assay solution .  The concentration of DNA was 

measured in a 1 000 fold d i l ution of the sample in the assay sol ution .  

2 .7  Restrictio n  endonuclease d igestion of  DNA 

Restriction d igests were ca rried out in the buffer that was suppl ied with the 

restriction endonuclease.  The DNA was cut using an excess of enzyme at the 
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recommended temperature and then checked by agarose gel electrophoresis 

(Section 2 . 9 .2) . 

2.8 DNA l igations 

2 .8 .1  Dephosphorylatio n  of plasmid DNA 

Plasmid DNA (- 5 ).1g) was cut using an excess of restriction enzyme. The 

restriction enzyme was inactivated by heating at  65°C for 1 0  mi n and an al iq u ot 

was removed as a pre-treatment control . The remaini ng l inearised plasmid 

DNA was dephosphorylated by add ition of 1 /1 0  volume of 1 0X 

dephosphorylation buffer and 0 .5  U of calf intesti ne alkali ne phosphatase 

( Roche) fol lowed by incubation at 37°C for 30 min .  After the i ncubation period , 

the phosphatase enzyme was inactivated by addition of SOS and Na2EDTA 

(pH 8 .0) to fi nal concentrations of 0 .5% and 5 mM, respectively. To th is 

mixture,  Protei nase K (Roche) was added to a fi nal concentration of 50 ).1g/ml 

and incubated at 56°C for 30 min .  The mixture was extracted once with phenol 

and once with phenol-chloroform. The DNA was ethanol  precip itated , 

resuspended i n  steri le Mi l l i-Q® water and its concentration determined (Section 

2 .6 .2 ) .  Both pre-treated and treated plasmid DNA was used for l igations. 

2.8.2 Preparation of pBluescript 1 1  KS (+)-T vector 

Five ).1g of pBl uescript 1 1  KS (+) was cut in 1 X  SuRe/Cut Buffer B with 50 U of 

EcoRV ( Roche) in a reaction vol u me of 1 00 ).11 by incubating overnight at 37°C .  

After i ncubation ,  the l i nearised vector was purified using the Q IAq uick Gel 

Extraction Kit (Qiagen) (Section 2 . 5 .4) and fi nal ly el uted in 50 ).11 of steri le Mi l l i 

Q® water. A T resid ue was added to the termi nal 3'-hydroxyl g roups of the 

l i nearised vector by incubati ng 1 00 ).1 1 reaction volume conta in ing 50 ).11 of 

l i nearised vector, 1 0  ).11 of 1 0X PCR reaction buffer, 2 ).11 of 1 00 mM dTTP 

(Roche) , 1 ).11 of Taq DNA Polymerase (5 U/).1I) (Roche) and 37 ).11 of sterile Mi l l i 

Q® water at  70°C for 2 h .  The concentration of the pBl uescript 1 1  KS (+)-T vector 

was determi ned (Section 2 .6 .2)  and used i n  TA cloning ( Section 2 .8 .3 ) .  
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2.8.3 DNA l igations 

PCR products were l igated either i nto the pGEM®-T Easy vector (Promega) or  

into the pBluescript 1 1  KS (+)-T vector (Section 2 . 8 .2 )  using the pGEM®-T Easy 

Kit (Promega) .  The l igations were performed in a 1 0  I .. d reaction volume and 

contained 1 X l igation buffer, either 25 ng of pGEM®-T Easy vector (Promega) 

or 22 ng of pBluescript 1 1  KS (+)-T vector, PCR prod ucts at a 1 :3 vector: insert 

molar ratio and 3 Weiss units of T4 DNA l igase (Promega) .  

L igations of restriction enzyme d igested samples were performed after thei r 

purification on agarose gels (Section 2 .5 .4) .  Ligations were carried out in  a 20 

I .. d reaction vol u me and contained 1 X  l igation buffer, 1 5  - 20 ng of vector DNA, 

insert DNA at a 1 : 3 vector: i nsert molar  ratio and 1 60 U of T4 DNA l igase (New 

England Biolabs) .  

Three-way l igations were performed i n  a 1 6  )..1. 1 reaction volume and contained 

1 X  l igation buffer,  1 5  ng of vector DNA, insert DNA at a 1 : 3 vector: i nsert molar 

ratio and 3 Weiss units of T4 DNA l igase (Promega) .  

A l l  l igation reactions were incubated overnight at  4°C .  After incubation ,  an 

al iq uot of the l igation mixture was checked for completion of l igation by agarose 

gel electrophoresis (Section 2 .9 .2) before transforming E. coli cel l s  (Section 

2 . 1 2) .  

2.9 Agarose g e l  e lectrophoresis 

2.9.1 Solutions 

2.9.1 . 1  1X TBE buffer 

TBE ( 1 X) buffer contained 89 mM Tris (pH 8 .2 ) ,  89 mM boric acid and 2 . 5  mM 

Na2EDTA. 
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2.9.1 .2 SOS gel-loading dye 

SOS gel-loading dye contained 1 % (w/v) S OS, 0 .02% (w/v) b romophenol blue, 

20% (w/v) sucrose and 5 mM Na2EDTA (pH 8 .0) .  

2.9.1 .3 Eth id ium bromide solution 

Eth id ium bromide solution contained 1 ).lg/ml eth id ium bromide d issolved i n  

M i l l i -Q® water. 

2.9.2 Agarose gel electrophoresis 

Horizontal agarose gel electrophoresis was performed either i n  a HORIZON® 

58 (Gibco Brl) apparatus for 1 - 2 h or in a BI O-RAD SUB-CELL ® GT 

apparatus for several hours to overnight .  Agarose ( Roche) gels at desired 

concentrations were made in 1 X TBE buffer (Section 2 .9 . 1 . 1 ) . The gels were 

loaded with samples mixed with SOS dye (Section 2 . 9. 1 .2 ) .  Electrophoresis 

was performed at 1 00 V for shorter runs and at 20 - 30 V for longer overn ight 

runs. After the SOS dye had travel led a desired d istance, the gel was stai ned 

with eth id ium bromide (Section 2 . 9 . 1 . 3) for 1 5  - 20 m in  and then destai ned i n  

M i l l i -Q® water. The bands on the gel were visual ised on  a UV transi l luminator 

and photographed usi ng the Gel Doc system (Bio-Rad) .  DNA frag ment sizes on 

the gel were then determined by comparing with molecular markers of known 

size such as 1 kb+ ladder, A. Hind 1 1  I ladder. 

2 . 1 0 Southern Blotting 

2.1 0 . 1  Sol utions 

2.1 0.1 .1 Depurination so lution 

Depuri nation solution contai ned 0 .25 M HCI .  

2.1 0.1 .2 Denaturation so lution 

Denaturation solution contained 0 . 5  M NaOH and 0 . 5  M NaCI . 
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2. 1 0. 1 .3 Neutral isation buffer 

Neutral isation buffer contained 2 .0  M NaCI a nd 0 .5  M Tris-HCI  (pH 7 .4) .  

2 .1 0 . 1 .4 20X SSC 

SSC (20X) contai ned 3 .0  M NaCI and 0 .3  M sod ium citrate . Th is stock was also 

used to prepare appropriate d i lutions as req u i red . 

2 . 10. 1 .5 Hybrid isation  solution 

Hybrid isation solution contained 50 mM H EPES (pH 7 . 0) ,  3X SSC (Section 

2 . 1 0 . 1 .4) , 1 8  !lg/ml phenol-extracted herri ng sperm DNA (Sigma) ,  20 !lg/ml E. 

coli tRNA, 0 . 1 % (w/v) SOS, 0 . 2% (w/v) F icol l  (Sigma) ,  0 .2% (w/v) 

polyvi nylpyrrol idone (Sigma) ,  0 .2% (w/v) bovine serum albumin (Sigma) . 

2. 1 0 . 1 .6 STE buffer 

STE buffer contai ned 1 00 mM NaCI ,  1 0  mM Tris-HCI (pH 8 .0) and 1 m M  

Na2EDTA. 

2. 1 0.2 Southern blotting : capi l lary transfer 

The fractionated DNA was transferred from the gel to a positively charged 

nylon membrane (Roche) using the method based on that of Southern 

(Southern, 1 975) . The D NA fragments to be transferred to the membrane were 

fractionated based on size by electrophoresis through agarose gel and then 

sta ined, visual ised and photographed as described in Section 2 . 9 .2 .  The gel 

conta in ing the fractionated DNA was placed in a tray to prepare the gel for DNA 

transfer. The gel  was gently agitated for 1 5  m in  i n  depuri nation solution 

(Section 2 . 1 0 . 1 . 1 )  to n ick the DNA. After depuri nation ,  n icked DNA was 

denatured by gently ag itati ng the gel for 30 - 45 m in  in a lkal ine denaturation 

solution (Section 2 . 1 0 . 1 .2 ) .  This was fol lowed by neutra l isation by gentle 

ag itation of the gel for 30 - 60 min in neutral isation buffer (Section 2 . 1 0 . 1 .3 ) .  

The gel was then soaked for 2 m in  in  2X SSC (Sect ion 2 . 1 0 . 1 .4) with constant 

g entle agitation .  
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The transfer apparatus for DNA transfer was assembled as described . Two 

sheets of 3 MM b lotting paper (Whatman) were wetted with 20X SSC (Section 

2 . 1 0 . 1 .4) and placed on  a plastic trough with wel l s  at both ends. The ends of 

the paper draped over the edges of the troug h i nto the wel ls and served as 

wicks. The wel ls  were fi l led with 2 0X SSC and the whole set covered with 

plastic wrap .  A rectangle with a sl ig htly sma l ler size than the gel was cut from 

the wrap .  The gel was then centred on the wet blotting paper so that it 

overlapped the cut edges of the plastic wrap .  A positive ly charged nylon 

membrane (Roche) s l ightly larger in size than the gel was soaked in  2X SSC 

and placed on top of the gel . Two sheets of 3 MM blotting paper with a s l ightly 

smal ler size than the gel were soaked in 2X SSC and p laced on the wet 

membrane fol lowed by another two d ry sheets of 3 MM paper of the same size. 

A stack of paper towels was then placed on the blotting papers and weighed 

down with appropriate weight. The DNA was a l lowed to transfer overnight .  Next 

day, the transfer apparatus was d isassembled and the positions of the gel slots 

on the membrane were marked with a lead penci l .  The membrane was then 

soaked in 2X SSC for 5 min with gentle ag itation and i rrad iated to cross-l ink  the 

DNA to the membrane using 1 20, 000 !J.J/cm
2 

of energy in  a Cex-800 Ultra-Lum 

Electronic UV Crossl i nker (U ltra-Lum Inc, Paramount, CA, U SA) . 

2.1 0.3 Preparation of rad iolabel led DNA probes 

For rad iolabel l ing ,  30  ng of DNA in 1 2  !J.I volume was denatured by boi l i ng for 3 

min and then placed immed iately on ice to cool . Four !J.I of High Pr ime solution 

(Roche) and 4 !J.I of [a32P]-dCTP (3000 Cilmmol ,  Amersham) was added to the 

denatured DNA, mixed and i ncubated at 37°C for 1 h . The reaction was 

stopped by add ition of 35 !J.I of STE buffer (Section 2 . 1 0 . 1 .6 ) .  The 

un incorporated label led nucleotides were removed from the label l ing reaction 

mixture using a ProbeQuantTM G-50 Micro Column (Amersham) . The vortexed 

col umn was pre-spun at 2 ,050 rpm for 2 min to remove the void vol u me from 

the column in a 1 . 5 ml microcentrifuge tube . The labelled probe was appl ied to 

the column placed i n  a new 1 . 5 ml microcentrifuge tube and spun at 2 ,050 rpm 

for 2 min .  The purified labelled probe col lected in the microcentrifuge tube was 

boi led for 3 min to denature the probe and cooled on ice prior to use. 
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2 .1 0.4 Hybrid isation of label led probes to DNA fixed on membranes 

The membrane conta in ing the fixed DNA ( Section 2 . 1 0 .2) was prehybrid ised for 

at least 2 h in hybrid isation solution (Section 2 . 1 0 . 1 .5 )  at 65°C .  The denatured 

pu rified label led probe (Section 2 . 1 0 .3 )  was added and hybrid ised overn ight at 

65°C.  Next day, the membra ne was washed three times with gentle ag itation i n  

2 X  SSC (Section 2. 1 0 . 1 .4) contain ing 0. 1 % SOS for 1 5  m i n  a t  50°C .  

2.1 0 .5 Autoradiography 

The hybridised membrane (Section 2 . 1 0.4) was covered with plastic wrap and 

exposed to X-ray fi lm (Fuj i )  for an appropriate time at  -80°C with an intensifyi ng 

screen. The fi lm was developed using 1 OOPlus ™ Automatic X-ray Processor 

(Al l -Pro Imaging Corp ,  NY, U SA) . 

2 . 1 0.6 Stripping of hybrid ised membranes 

The hybrid ised membranes were stripped in  a solution of boi l ing 0 . 1  % SOS 

with gentle agitation until the sol ution had cooled to room temperature . This 

process was repeated several times and final ly the stripped membrane was 

checked by autoradiography (Section 2 . 1 0 . 5) to ensure that no sig nal from the 

probe remained . 

2. 1 1  DNA sequencing 

DNA fragments were sequenced by the d ideoxynucleotide chain-termi nation 

method (Sanger et al. , 1 977) using Big-Dye (Version 3) chemistry ( Perki n

Elmer, App l ied Biosystems, Foster City, CA, USA) with o l igonucleotide pr imers 

(Sigma Genosys) .  For seq uencing plasmids, 300 ng of plasmid DNA was 

mixed with 3 . 2  pmol of primer  in a 20 III reaction volume. For seq uencing PCR 

prod ucts, 2ng/1 00 bp of PCR product was mixed with 3 .2  p mol of primer i n  a 20 

�d reaction volume. Prod ucts were separated on an ABI  Prism 377 sequencer 

(Perkin-Elmer Appl ied Biosystems) . DNA sequences were assembled into 

contigs using Sequencher™ 4 .2 .2  (Gene Codes Corporation ) .  Sequences were 

then annotated and d iagrammatical ly represented using either MacVector™ 

7 .2 .3  (Accel rys) or Discovery Studio Gene v 1 . 5 (Accel rys) .  
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2.1 2 Escherichia coli transformation 

2 . 1 2. 1  Preparation of electrocompetent E. coli 

Electrocompetent E. coli cel ls  of strain X L  1 -Blue were prepared by inoculating 

1 000 ml of LB b roth (Section 2 .2 . 1 . 1 )  with 1 0  ml of E. coli cu lture g rown 

overnight in LB broth at 37°C with ag itation .  The culture was incubated at 37°C 

with ag itation until the optical density (A6oo) of the culture was between 0 .5  and 

1 .0 .  The culture was then chi l led on ice for 20 min and the cel ls harvested by 

centrifugation at 4 ,000 g for 1 0  min at 4°C .  The cel ls were resuspended and 

harvested twice in  ice-cold water, first i n  1 000 ml and then in  500 ml ,  and then 

in 20 ml of ice-cold 1 0% g lycerol by centrifugation at 4 ,000 g for 1 0  min at 4°C .  

F inal ly, the cel l  pel let was resuspended i n  4 m l  of ice-cold 1 0% glycerol and 

stored in  40 III a l iq uots at -SO°C.  

2 . 1 2 .2  Transformation of E. coli by e lectroporation  

Electrocompetent E. coli cel ls (40 Ill) ( Section 2 . 1 2 . 1 )  were thawed and mixed 

with 1 - 2 III of l igation mixture (Section 2 . S .3) and incubated on ice for 1 mi n .  

The electroporation apparatus Gene Pulser (Bio-Rad) was set to del iver an  

electrical pulse of 25  IlF capacitance , 2 . 5  kV, and  200 ohm resistance. The 

DNA/cel l  mixture was p ipetted into an  ice-cold 0 .2  cm electroporation cuvette 

(Bio-Rad) and pulsed at the settings i nd icated above. If a time constant of 4 - 5 

mi l l isecond was registered on the machine, 1 ml of sac med ium (Section 

2 .2 . 1 . 3) was immediately added to the electroporated mixtu re at  room 

temperature. The electroporated cel ls  were then incubated a t  37°C for 30 min -

1 h with gentle agitation .  After incubation,  the cel ls were plated at suitable 

d i l utions on LB agar plates (Section 2 .2 . 1 . 1 )  conta in ing ampici l l i n ,  I PTG and X

gal (Section 2 .2 .3) ,  where necessary.  

2.1 2.3 Preparation of competent E. coli us ing CaCb 

E. coli cel ls  of strain DH5a were incubated overnight in  2 ml of LB broth 

(Section 2 . 2 . 1 . 1 )  at 37°C with agitation .  The overnight culture was transferred 

to 200 ml of SOB med ium (Section 2 .2 . 1 .2) and incubated at 22°C with 

ag itation unti l the optical density (A600) of the culture was between 0 .4 and O . S .  
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The culture was then chi l led on ice for 1 0  min and the cel l s  harvested by 

centrifugation at 4 ,000 9 for 1 0  min at 4°C.  The cel ls  were resuspended in 67 

ml of ice-cold I noue transformation buffer (55 mM MnCI2 .4H20, 1 5  m M  

CaCb.2H20 ,  2 5 0  m M  KCI ,  1 0  m M  PIPES,  pH 6 .7) ( I noue e t  al. , 1 990) and 

incubated on ice for 10 min .  The cel ls  were harvested by centrifugation at 4 ,000 

g for 1 0  min  at 4°C and the cel l  pel let was gently resuspended in  1 6  ml of ice

cold I noue transformation buffer fol lowed by the addition of 1 .2 ml of DMSO. 

The competent cel ls were then snap-frozen in l iqu id nitrogen in 50 �I al iquots 

and stored at -SOoC .  

2. 1 2.4 Tra nsformation of  CaCh-treated E. coli 

E coli cel l s  treated with CaCb (Section 2 . 1 2 .3 )  were thawed and mixed with 1 

- 2 �I of l igation mixture (Section 2 . S . 3) and i ncubated on ice for 2 0  min .  The 

DNA/cel l  mixture was incubated at 42°C i n  a water bath for exactly 1 min and 

then immediately cooled in  ice for 1 - 2 min .  After cool ing , 450 �I of SOC 

med ium (Section 2 .2 . 1 . 3) was added to the sample and incubated at 37°C for 

30 min - 1 h with ag itation .  After incubation , the cel ls were p lated at su itable 

d i lutions on LB agar plates (Section 2 . 2 . 1 . 1 )  contain ing ampici l l i n ,  I PTG and X

gal (Section 2 .2 . 3) ,  where necessary. 

2.1 2.5 Screening of recombinant bacterial colonies 

CloneChecker™ System (Gibco Brl) was used to screen recombinant bacterial 

colonies for the presence of target p lasmid DNA Bacterial colonies from 

overnight incubated LB agar plates (Section 2 .2 . 1 . 1 )  were suspended i n  6 �I of 

LB broth (Section 2 .2 . 1 . 1 ) and mixed wel l .  Three �tI of suspended colonies were 

thoroughly mixed with S �I of Green Solution and incubated at 1 00°C for 30 sec 

and then cooled to room temperature. A digestion mix conta in ing 1 �I of 1 0X 

reaction buffer and 1 III ( 1 0 U) of restriction enzyme was added to each sample 

and i ncubated at the appropriate temperature for 1 0  min .  Two III of B lue 

Loading Buffer was added to each sample and analysed by agarose gel 

e lectrophoresis (Section 2 . 9 .2) .  If a colony was found to contai n  the target 

p lasmid DNA, its remain ing 3 III of suspended colony was used to i noculate an 

overnight culture for further ana lysis .  
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2. 1 3  Penicillium paxil/i transformation 

2 . 1 3 .1  Preparation of P. paxi/li protoplasts 

2. 1 3. 1 . 1  Solutions 

2 .1 3 . 1 . 1 .1 OM buffer 

OM buffer contained 1 .2 M MgS04 and 1 0  mM Na2H P04. The pH was adjusted 

to 5 .8  with 1 00 mM NaH2P04 .2H20.  

2.1 3.1 . 1 .2 G l ucanex solution 

Gl ucanex was d issolved in OM buffer (Section 2 . 1 3 . 1 . 1 . 1 )  to a concentration of 

1 0  mg/ml and filter steril ised before use .  

2.1 3 . 1 . 1 .3 ST buffer 

ST buffer contai ned 0 .6 M sorbitol and 1 00 mM Tris-HCI (pH  8 .0) .  

2. 1 3. 1 . 1 .4 STC buffer 

STC buffer contai ned 1 M sorbitol , 50 mM CaCb and 50 m M  Tris-HCI (pH 8 .0) .  

2. 1 3 . 1 . 1 .5 PEG buffer 

PEG buffer contained 40% (w/v) PEG 4000 , 50 mM CaC I2, 1 M sorbitol and 50 

mM Tris-HCI (pH 8 .0) .  

2. 1 3 . 1 .2 Preparation of protoplasts 

For protoplast preparation ,  five 25 ml l iqu id cultures of each fungal stra in were 

grown for 30 h as described in Section 2 . 3 .2 .  Liquid cultures for each strai n 

were pooled and mycelia harvested by fi ltering throug h a steri le nappy l iner, 

and washed th ree times with steri le Mi l l i-Q® water. Mycel ia were rinsed with 

OM buffer (Section 2 . 1 3 . 1 . 1 . 1 ) , collected in a flask and resuspended i n  

g l ucanex sol ution (Section 2 . 1 3 . 1 . 1 .2 )  (20 m l  g lucanex solution/ g wet mycel ia) . 

Mycel ia were then incubated at 30°C for 1 6  h with gentle shaking at 80 - 1 00 

rpm. After incubation,  a smal l  sample was checked u nder the microscope for 

n u mber of protoplasts. Protoplasts were collected by fi ltering the samples 
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through a ster i le nappy l i ner i nto steri le  centrifuge tubes with each tube 

containing approximately 5 ml of sample . The protoplast suspension from each 

tube was overlaid with 2 ml of ST buffer (Section 2 . 1 3 . 1 . 1 . 3) and the tubes 

were centrifuged at 2 ,2 1 0  g for 5 min at 4°C .  Protoplasts , banded at the 

interface between g lucanex and ST buffer solutions, were transferred to a fresh 

tube and washed three times in 5 ml of STC buffer (Section 2 . 1 3 . 1 . 1 .4) by 

centrifugation at 2 ,2 1 0  g for 5 min at 4°C .  Protoplasts were pooled after each 

wash and final ly resuspended in STC buffer to a final  concentration of 1 .25x 1 0
8 

protoplasts per m l .  At this stage, protoplasts (SO Ill) were either used for fu ngal 

transformation or  mixed with 20 �d of PEG buffer (Section 2 . 1 3 . 1 . 1 . 5) for 

storage at -SOoC .  

2.1 3.2 Transformation of P. paxilli protoplasts 

Protoplasts of P. paxilli (Section 2 . 1 3 . 1 .2 )  were transformed with 5 Ilg of 

ci rcular plasmid D NA. For co-transformation ,  protoplasts were co-tra nsformed 

with 5 Ilg each of g eneticin-resistant vector p l l 99 and the recombinant plasmid . 

For each transformation ,  a "protoplast only" contro l ,  without any D NA, and a 

positive "vector on ly" control , with p 1 l99,  was a lso incl uded . 

Circular plasmid D NA was added to SO III  of protoplasts with 20 III of PEG 

buffer (Section 2 . 1 3 . 1 . 1 .5 ) ,  5 III of hepari n (5  mg/ml in  STC buffer ,  Section 

2 . 1 3 . 1 . 1 .4) and 2 III of 50 mM spermid ine ,  and incubated on ice for 30 min .  

N ine hundred III of P EG buffer was added to the sample and incubated on ice 

for 1 5  - 20 min .  A 1 00 III al iquot of the sample was mixed by vortexi ng with 3 

ml of O .S% RG agar ( Section 2 .2 .2 .4) equ i l ibrated to 50°C and overlaid on a RG 

medium agar p late (Section 2 .2 .2 .4) .  This p rocess was repeated for the 

remain ing sample mix and al l  the plates incubated overnight at 22°C .  Next day, 

another overlay with antibiotic selection (hygromycin to a fi nal concentration of 

1 00 Ilg/ml and geneticin to a fi nal concentration of 1 50 Ilg/ml) (Section 2 . 2 .3)  

was performed and the plates incubated at  22°C for 4 - 6 days . 
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2 . 1 3 .3  Purification of transformants 

Genetici n-resistant colonies  of P. paxilli transformants were p lated for single 

colonies on ACM (Sect ion  2 .2 .2 . 1 ) , with genetic in (Section 2 .2 .3) ,  and 

i ncubated at 22°C for 4 days. S ingle colonies were p icked i nto 50 jll of 0 . 0 1  % 
Triton X- 1 00 and plated on ACM, with geneticin ,  and i ncubated at 22°C for 4 -

6 days . After incubation, the transformants were either screened as described 

i n  Section 2 . 5 . 2 . 1  or used to prepare spore suspensions ( Section 2 .3 .2) for 

further analysis .  

2.14 PCR 

2 . 1 4. 1  Reagents 

2 . 1 4. 1 . 1  dNTPs 

d NTPs (Roche) were prepared at concentrations of either 1 .25  m M  or 2 mM of 

each d NTP. 

2 . 1 4.1 .2 Ol igonucleotide primers 

Ol igonucleotide primers were synthesised by Sigma Genosys and resuspended 

to a stock concentration of 1 00 pmolljll . The primer stocks were d i l uted to 1 0  

pmolljll for PCR and to 3 . 2  pmolljll for seq uencing reactions. Al l  primers were 

stored at -20°C .  Primers cited in this thesis are l isted in Table 2 . 2 .  

2 . 1 4. 2  Sta ndard PCR 

Standard PCR was carried out in 25 or 50 jll reaction vol ume conta in ing 1 X  

PCR reaction buffer ( 1 . 5  mM MgCb) , 1 00 jlM of each dNTP, 200 nM of each 

pr imer, 1 or 2 U of Taq D NA polymerase (Roche) and either 1 0  ng of genomic 

DNA or 5 jll of genomic DNA prepared from spores (Section 2 . 5 .2 . 1 )  as the 

template. The thermocycle conditions used were one cycle at 94°C for 2 m i n ,  

30 cycles at 94°C for 30  sec, 55°C for 3 0  sec a n d  72°C for 1 m in  (per kb) a nd 

one cycle at 72°C for 5 m in .  
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Table 2.2 List of primers cited in  this thesis 

Primer name Sequence (5' - 3') Used for 

ggpps1 6  TTGCTTCACTATTGCGAGTT paxGAMBC PCR screening 

ggpps31 GGGTAGTTGGGAACGGATTT paxGAMBC PCR screening 

pax2 14 CACCACAAGACTCCACAG paxGAMBC PCR screening 

CYP-6 GACAAGGGACATATCTTGAC paxGAMBC PCR screening 

pax1 22 GCAGATAGTAGGTACTAC paxGAMBC. paxGMC. paxGAMC and paxGMBC PCR screening 

pax127 GGATTTGACCATGATGCG paxGAMBC PCR screening 

p 1 199-3 GGCTGGCTTAACTATGCG paxGAMBC. paxGMC. paxGAMC and paxGMBC PCR screening 

p1 l99-4 CCCAGAATGCACAGGTAC paxGAMBC. paxGMC. paxGAMC and paxGMBC PCR screening 

Etub2 AGGCGTTGGCATTACGGC tub2 PCR 

Etub3 CCGACGAGACCTTCTGTATC tub2 PCR 

paxMSpeF2 GGACTAGTCCGCTTCTTAGGATCAAC paxM PCR 
VI paxMSpeR GTACTAGTGTCAGAGTACCCCTCTGC paxM and paxMB PCR 0 

pax64 ACTGCATAGTTTGATATCTGC paxGMC. paxGAMC and paxGMBC PCR screening 

SS9 TGACTAGTCACAGGTCGTG paxAM PCR 

paxMSpeF1 TTACTAGTGATCGGCAGTTGAGGGTG paxAM PCR 

SS8 AGACTAGTTTAGATCTTGCAGGATCTCC paxMB PCR 

paxPEcoRIF2 TTGAATTCATGCATGGTAAGCAGCCG paxP PCR 

paxPEcoRIR GGGAATTCCGGCCATTCAATCTCAAG paxP PCR 

paxQHindl l lF2 GAAAAGCTTTACTCTGACACACTCCGC paxQ PCR 

paxQHind l l lR  TTGAAGCTTCCTTATTGTGGCGCAGTC paxQ PCR 

SS1 TTCACGGACCACGTTGGTGG paxP RT-PCR 

SS2 TGCTCATGGCACTGGTGTGC paxP RT-PCR 

SS3 GGAAGTCTGCATCTGCAACG paxQ RT-PCR 

SS4 AGAACCTGGGTCGTGGTATG paxQ RT-PCR 
ggs1 -Xb-F CCTCTAGAATGAGTTCTTCCTTTC Ggs1 PCR 
ggs1 -Xh-R ACTCGAGTTGGGCACCTTCATC Ggs1 PCR 



Primer name Sequence (5' - 3') Used for 

ggs1 -Xh-F CCTCGAGAGTTCTTCCTTTCAACC Ggs1 PCR 

ggs1 -No-R TGCGGCCGCCTATTGGGCAC Ggs1 PCR 

paxG-Sp-F GCACTAGTATGTCCTACATCCTTGC PaxG PCR 

paxG-Xh-R ACTCGAGAACTCTTCCTTTCTC PaxG PCR 

paxG-Xh-F2 GCTCGAGTCCTACATCCTTGCAGA PaxG PCR 

paxG-No-R2 GCGGCCGCTTAAACTCTTCCTTTCTC PaxG PCR 

EGFP-Xb-F GTCTAGAATGGTGAGCAAGGG EGFP and EGFP.GRV PCR 

EGFP-Xh-R TCTCGAGCTTGTACAGCTCGTC EGFP PCR 

EGFP-Xh-F ATCTCGAGGTGAGCAAGG EGFP PCR 

EGFP-No-R AGCGGCCGCTTACTTGTAC EGFP PCR 

PTEF-Sall-F GTCGACGGTAGCAAACGGTGGTC PTEF-TtrpC PCR 

TtrpC-Bgl I l-R CCGGCAGATCTATTGTATACCC PTEF-TtrpC PCR 
DsRed-Xbal-F TCTAGAATGGCCTCCTCCGAGGAC DsRed and DsRed.SKL PCR 

v-. DsRed-No-R GCGGCCGCCTACAGGAACAG DsRed PCR --
SKL-No-R GCGGCCGCTTACAGCTTGCTCAGGAAC DsRed.SKL PCR 

GRV-No-R GCGGCCGCTTAAACTCTTCCCTTGTACAG EGFP.GRV PCR 

TBg CCGAGATCTATTGTATACCC PCR Screening 

TEFsl2 ATGTCGACGGTAGCAAACGG PCR Screening 



2 . 14.3 PCR using Expand High Fidel ity PCR System (Roche) 
High fidelity PCR was carried out i n  25 or 50 fll  reaction vol ume conta in ing 1 X 

Expand HF buffer ( 1 . 5 mM MgCI2) , 50 or 200 flM of each d NTP, 200 or 300 n M  

of each primer, 0 .75 o r  2 .6  U of Expand H igh F idel ity Enzyme M i x  ( Roche) and 

either 1 0  ng of plasmid or 5 - 15 ng of genomic D NA as the template . The 

thermocycle conditions used were one cycle at 94°C for 2 mi n ,  30 cycles at 

94°C for 30 sec, 55°C for 30 sec and 72°C for 1 min (per kb) and one cycle at 

72°C for 5 min .  

2.1 4.4 PCR using TripleMaster® PCR System (Eppendorf) 

TripleMaster® PCR was performed i n  20 or 50 fll reaction vol ume conta in ing 1 X  

H ighFidelity buffer (2 . 5  mM Mg
2+) ,  200 flM of each d NTP, 200 n M  of each 

primer, 0 .75 or 1 . 5 U of TripleMaster Polymerase Mix ( Eppendorf) and either 1 

ng of plasmid or 1 00 ng of genomic DNA as the template. Two d ifferent 

thermocycle conditions used were (a) one cycle at 94°C for 2 mi n ,  30 cycles at 

94°C for 20 sec, 55°C for 20 sec and 72°C for 1 min (per kb) and one cycle at 

72°C for 3 min ,  and (b) one cycle at 94°C for 2 min ,  25 cycles at 94°C for 20 

sec, 50°C for 20 sec and 72°C for 1 min (per kb) and one cycle at 72°C for 3 

min .  

2 . 14.5 RT-PCR 

2 .1 4.5.1 RT-PCR using cDNA 

RT-PCR was carried out using reactions and thermocycle conditions as 

described for Expand H igh  Fidel ity PCR System (Section 2 . 1 4 . 3) and 

TripleMaster® PCR System (Section 2 . 1 4 .4) with 1 fll and 0.8 fll of cDNA 

(Section 2 . 1 8) ,  respectively ,  as the template. 

2 . 14.5.2 RT-PCR using SuperScri peM One-Step RT-PCR with Platinum® 

Taq ( Invitrogen) 

RT-PCR was performed in  25 fll reaction volume conta in ing 1 X  Reaction Mix 

(200 flM of each dNTP, 1 .2 mM MgS04) ,  200 nM of each primer, 0 . 5  fll of RTf 

Platinum® Taq Mix ( I nvitrogen) and 1 00 ng of DNased RNA. The thermocycle 
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cond itions used were one cycle at 50°C for 30 mi n and 94°C for 2 min ,  35 

cycles at 94°C for 30 sec, 55°C for 30 sec and 72°C for 1 min (per kb) and one 

cycle at 72°C for 1 0  min .  

2.1 5 RNA isolation using TRlzol® Reagent (Invitrogen) 

Total RNA was isolated from P. paxilli mycel ia using TRlzol® reagent 

( I nvitrogen).  Snap-frozen mycel ia (0.5 - 1 g)  (Section 2 .3 .2) were g round to a 

powder with l i qu id n itrogen using a pestle and mortar. The powdered mycel ia  

were mixed to a paste with 10  ml of  TRlzol® reagent a nd left to thaw. The 

mixture was transferred to a 1 4  ml  Fa lcon™ tube and centrifuged at  1 2 ,000 x 9 
for 1 0  min at 4°C .  The supernatant contain ing RNA was mixed thoroughly for 

1 5  sec with 2 ml of chloroform and i ncubated at room temperature for 3 m in .  

The mixture was then centrifuged a t  1 2 ,000 x 9 for 15  m in  a t  4°C .  The upper 

aq ueous phase was mixed with 5 ml of isopropanol to precipitate the RNA. The 

mixture was i ncubated at room temperature for 1 0  min and then centrifuged at 

1 2 ,000 x 9 for 1 0  min at 4°C. The R NA pel let was washed with 1 0  ml of 75% 

ethanol and centrifuged at 7 ,500 x 9 for 5 min at 4°C.  The RNA pel let was a i r

d ried and resuspended i n  200 III of T E  ( 1 0 : 1 )  buffer ( 1 0 mM Tris-HCI , pH 8 .0 ,  1 

mM Na2EDT A) . 

2 . 1 6  RNA q uantitation  

The concentration and purity of isolated total RNA (Section 2 . 1 5) was 

determined by measu ring the absorbance at 260 and 280 nm .  To determine 

RNA concentration the absorbance of a 1 00 fold d i lution of RNA in  TE ( 1 0 : 1 )  

buffer (Section 2. 1 5) was measured . The absorbance at 260 nm was multipl ied 

by the d i l ution factor and by 40 Ilg/ml ,  s ince an absorbance of 1 at 260 nm is  

equ ivalent to a concentration of 40 Ilg/ml . RNA purity was determined by 

calculating the A2601 A280 ratio ,  with a ratio of 1 . 8 to 2 .2  ind icating pure RNA. 

2 . 1 7  DNase I treatment of RNA 

Before cDNA synthesis, RNA was treated with DNase I ,  Ampl ification Grade 

( I nvitrogen) . The treatment was performed in 50 III reaction vol ume conta in i ng 

5 Ilg of RNA, 1 X  D Nase I Reaction Buffer and 5 U of DNase I ,  Amp Grade 
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( I nvitrogen) .  The samples were incubated at room temperatu re for 1 5  m in .  After 

incubation ,  DNase I was inactivated by the add ition of 5 J.l1 of 25 mM EDTA 

fol lowed by heati ng at 65°C for 1 0  m in .  The concentration of DNased RNA was 

then determi ned by measuri ng the absorbance of a 50 fold d i l ution of the 

DNased RNA in DEPC-treated water as described in Section 2 . 1 6 .  

2.1 8 cDNA synthesis us i ng SuperSc ripeM First-Strand Synthesis System 

for RT -PCR ( Invitrogen) 

A 1 0  J.l 1  reaction volume contain ing approximately 5 J.lg of total R NA, 1 mM of 

d NTP mix and  0 . 5  J.lg of O l igo(dT) 1 2-1 8 ( I nvitrogen) was incubated at 65°C for 5 

min and then placed on ice for at least 1 mi n .  To this RNA/primer mixture ,  9 J.l1  

of reaction mixture contain ing 2 �tI of 1 0X RT buffer, 4 J.l1 of 25 mM MgCI2 , 2 J.l1 

of 0 . 1 M OTT and 1 �tI of RNaseOUT™ Recombinant R Nase I nhibitor 

( I nvitrogen) was added . This mixture was i ncubated at 42°C for 2 min and then 

1 J.l1 (50 U) of SuperScript™ 11 RT ( I nvitrogen) was added . The mixture was 

then i ncubated at 42°C for 50 m in .  After incubation ,  the reaction was 

terminated at 70°C for 1 5  min  and ch i l led on ice. To th is mixture, 1 J.l1 of RNase 

H was added and i ncubated at 3rC for 20 mi n .  Ampl ification of cDNA was 

then performed using either 0 .8 or 1 .0 J.l1 of cDNA in  a 20 J.l1 or 25  J.l1 reaction 

vol ume (Section 2 . 1 4 .5 . 1 ) , respectively .  

2. 1 9  Chemical synthesis of PC-MS a nd paxitriol 

Authentic PC-M6 and paxitriol were synthesised from 1 3-desoxypaxi l l i ne and 

paxi l l ine ,  respectively ,  usi ng the method d escribed by Mi les et al. (M i les et al. , 

1 992) si nce these indole-diterpenes were commercial ly not avai lable .  

2 . 1 9 . 1  Extractio n  and purification of 1 3-desoxypaxi l l ine 

I n  order to synthesise PC-M6,  1 3-desoxypaxi l l ine was extracted and pu rified 

from the deletion mutant LMQ226 that accumulated 1 3-desoxypaxi l l ine .  

Approximately 2 - 3 9 of freeze-dried mycel i um (Section 2 . 3 .2)  was extracted in 

40 - 50 ml of chloroform-methanol (2 :  1 )  (Section 2 .20) .  The extract was 

centrifuged at 1 0 , 000 rpm for 1 0  min and the supernatant dried in vacuo. The 

dried extract was redissolved in chloroform-acetone (9:  1 )  and purified by flash 
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chromatography (chloroform-aceton e  9 :  1 ) . The purified substance was d ried in 

vacuo and red issolved in  methanol . On  RP-H PLC analysis (Section 2 .20) , a 

major peak was observed at Rt = 7 . 5  min that corresponded to authentic 1 3-

desoxypaxi l l i ne .  The fractions corresponding to this peak were collected by RP

H PLC and pooled . The pooled fractions were snap-frozen i n  l iquid n itrogen 

before freeze-d rying .  The purified 1 3-desoxypaxi l l ine was checked by RP

HPLC to ensure that no other compound was present in  it. 

2 . 1 9.2 Synthesis of PC-M6 

Conversion of 1 3-desoxypaxi l l i ne to PC-M6 requ i red a reduction at the C-1 0 

position , which was effected by the reduci ng agent sod ium borohydride. 

Approximately 9 mg (0 .02 1 mmol)  of authentic 1 3-desoxypaxi l l ine (Section 

2 . 1 9 . 1 )  was d issolved in 9 ml of methanol .  To this sol ution ,  approxi mately 1 2  

mg (0 . 3 1 7  mmol) of sod ium borohyd ride was added while sti rring .  The p rod ucts 

of the reaction were checked by N P-TLC (chloroform-acetone 9 .5 :0 .5) after 1 0  

mi n ,  and no starti ng material could be detected . Ten ml of de-ionised water was 

added to the reaction mixtu re fol lowed by the addition of 2 ml of 1 0% HC I .  The 

prod ucts were extracted four  times with 1 0  ml of d ich loromethane and the 

pooled extract was analysed by N P-TLC (chloroform-acetone 9 .5 :0 .5 )  for the 

prod ucts . The extracts were dried by the add ition of a nhyd rous MgS04 and 

filtered through a si ntered funnel .  The fi ltrate was d ried in vacuo and the 

residue red issolved in methanol .  A sample of this was run on RP-HPLC 

(Section 2 .20) wh ich detected two peaks, one at Rt = 5 .85  min and the other at 

7 .75 min (Appendix 5 . 1 ) . A sample was a lso run on LC-MSMS (Section 2 .20) 

and was confi rmed to contain  PC-M6. The fractions corresponding to the two 

peaks were separated by RP-HPLC and pooled . The pooled fractions were 

snap-frozen i n  l iquid n itrogen and freeze-dried . The purified prod ucts were 

checked by RP-H PLC to ensure that no impu rity was present. The reduction of 

1 3-desoxypaxi l l ine thus gave two d iastereomers that were named as a-PC-M6 

(Rt = 5 .85 min) and �-PC-M6 (Rt = 7 .75 min) based on their  conversion 

products (Section 3 .3 .5 ) .  
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2 . 1 9.3 Synthesis of paxitriol 

Similar to the conversion of 1 3-desoxypaxi l l i ne to PC-M6, conversion of 

paxi l l ine to paxitriol a lso requ i red a C-1 0 reduction using sod ium borohyd ride.  

Approximately 9 mg (0.021 mmol) of authentic paxi l l i ne (Ag Research ,  Ruakura ,  

New Zealand) was d issolved in  9 m l  of methanol .  Approximately 9 mg (0 .238 

mmol) of sod ium borohydride was added to the sol ution wh i le sti rring . The 

prod ucts of the reaction were checked by N P-TLC (chloroform-aceton e  9 .5 :0 . 5) 

after 1 0  min ,  and no starting material cou ld be detected. De-ionised water ( 1 0  

ml) was added to the reaction mixture fol lowed by the add ition of 2 m l  of 1 0% 

HCI .  The prod ucts were extracted four  t imes with 1 0  ml of d ichloromethane a nd 

the pooled extract was analysed by NP-TLC (ch loroform-acetone 9 . 5 : 0.5)  for 

the products. The organic layer was d ried by the addition of an hydrous MgS04 

and filtered throug h  a si ntered funnel . The filtrate was d ried in vacuo and the 

resid ue redissolved in methanol .  A sample of this was run on R P-HPLC 

(Section 2.20) wh ich detected two peaks, one at Rt = 3 .55 min and the other at 

4 .30 min (Appendix 5 . 1 ) . Since the two peaks observed did not resolve wel l  

with 85% methanol ,  80% methanol  was used for separating the two peaks. I n  

80% methanol , the two peaks had retention times of 4 . 75 min and 6 . 2  m i n .  The 

fractions correspond i ng to these two peaks were separated by RP-H PLC using 

80% methanol a nd pooled . The pooled fract ions were snap-frozen in l iqu id 

nitrogen and freeze-dried . The purified prod ucts were checked by RP-H PLC to 

ensure that no impurity was present. The reduction of paxi l l ine thus gave two 

d iastereomers that were named as a-paxitriol (Rt = 4.30 min) and f3-paxitriol (Rt 
= 3 .55 min) based on comparison to authentic standards (Ag Research ,  

Ruakura ,  New Zealand ) .  

2.20 Feed ing of precursor metabol ites to P. paxilli 

Mycel ium from l iquid cu ltures of P. paxilli was g rown for 4 days i n  C DYE,  

supplemented with trace elements mix  (Section 2 . 3 .2) .  On day 4,  mycel i u m  

was washed three times with 1 0  ml  of 1 m M  MOPS buffer (pH 6 . 5) a n d  0 .5  g of 

washed mycel ium resuspended i n  1 2 . 5  ml of 20 mM MOPS buffer (pH 7 . 0) 

contai ning 4% (v/v) g lycerol ,  i n  d upl icates . To one set of cultures, precursor 

metabol ite was added in  two equal doses of 1 00 )..lg ( in 1 00 )..ll of acetone) at 24 
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h interval during incubations at 28°C with shaking at 200 rpm. To the other set 

of cultures, 1 00 III of acetone was added as an external control . On day 6 ,  

myce l ium was harvested as described in  Section 2 . 3 .2  for i ndole-diterpene 

a nalysis (Section 2 .2 1 ) . 

2.21 Indole-diterpene analysis 

Approximately 0.2 - 0.5 g of freeze-d ried myce l ium (Section 2 . 3.2) was 

extracted with 1 0  ml of chloroform using a Virtis "45" Homogenizer. Five ml of 

methanol was added to the sample a nd mixed for 1 - 2 h by rotation on a 

sp inn ing wheel .  A 2 ml sample of each extract was centrifuged at 1 0 ,000 rpm 

for 1 0  min and the supernatant d ried overnight in  a fume hood . 

For N P-TLC analysis ,  the d ried extract was red issolved in  50 III of chloroform

metha nol (2 : 1 ) . A 1 0  III a l iquot was spotted on a SIL G TLC plate (Macherey

Nage l ,  Germany) along with authentic i ndole-diterpenes. The samples were 

fractionated usi ng chloroform-acetone (9 : 1 )  mixture. After fractionation, the 

i ndole-diterpenes were identified by spraying the TLC plate with Ehrl ich 's 

reagent [2% (w/v) p-d i methylaminobenzaldehyde in  1 2% (v/v) HCI and 50% 

ethanol] fol lowed by heati ng at  1 20°C for 1 5  - 20 m in .  

For  RP-H PLC analysis ,  the dried extract was red issolved in  1 ml of metha nol 

and fi ltered through 0 . 2  IlM nylon membrane (Phenomenex) before analysis . 

The analytical runs were performed with 1 0  - 50  III of samples and 5 Ilg of 

authentic indole-diterpenes on a Dionex Summit (D ionex Corporation , CA, 

U SA) HPLC system eq uipped with a Luna ( Phenomenex, CA, USA) C 1 8 

column (5  Ilm partic le size , 4 .6 x 250 mm) .  I ndole-diterpenes in  the samples 

were eluted with 85% methanol at a flow rate of 1 . 5 ml/min a nd UV detection at 

either 230 or 280 nm .  The characteristic feature of an i ndole moiety showi ng an 

absorption maximu m at  230 nm and an absorption min imum at 280 n m  was 

employed to confi rm the presence of an i ndole-d iterpene i n  a sample. However, 

in th i s  thesis, all the RP-H PLC traces are shown for 230 nm wavelength. 
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For LC-MSMS analys is ,  an a l iq uot of the sample prepared for RP- H PLC 

analysis was provided to the LC-MSMS ana lytical faci l ity at AgResearch 

Grasslands,  Palmerston North ,  New Zealand .  LC-MSMS ana lysis was 

performed on a Thermo F inn igan Surveyor (Thermo F inn igan ,  CA, U SA) H PLC 

system equ ipped with a Luna (Phenomenex) C 1 8  column ( 5  flm particle s ize ,  2 

x 1 50 mm) at a flow rate of 200 fll/min with a solvent g radient starti ng with 

acetonitri le-water (60:40) in  0 . 1  % formic acid and increasing to 95% acetonitri le  

over 30 min fol lowed by a column wash at 99% aceton itri le .  Mass spectra were 

determi ned with l inear i on trap mass spectrometer (Thermo L TO , Thermo 

Finnigan ,  CA, USA) us ing electro spray ionization ( ESI )  in positive mode .  The 

spray voltage was 5 .0  kV and the capi l lary temperature was 275°C .  The flow 

rates of sheath gas, auxi l iary gas and sweep gas were set to 20 ,  5 and 1 0  

(arbitrary units) , respectively. Other parameters were optimized a utomatica l ly  

by i nfusi ng authentic paspal ine i n  water-acetonitri le-formic acid (75 :25 :0 . 1 

v :v:v) at a flow rate of 200 fll/mi n .  I ndole-diterpenes were detected i n  s ing le 

reaction mon itoring (SRM) mode, selecting 422 m/z ± 2, 35% col l ision energy 

fol lowed by data dependent fragmentation of the three most i ntense ions i n  the 

mass spectru m above a 1 00 0  (arbitrary un it) th reshold . 

2.22 Stain ing of P. paxilli cu ltures 

Samples were p repared by inoculati ng 1 06 spores in  1 ml of PO broth (Section 

2 . 2 .2 .3) and i ncubati ng at 2 2°C with shaking at 1 50 rpm for approxi mately 2 

days. For sta in ing with MitoTracker® Red CMXRos (Molecular Probes) a nd F M  

4-64 (Molecular Probes) , 9 0 0  fll and 200 fl l of mycel ia l  suspension was used , 

respectively. 

2.22.1  Sta in ing with MitoTracker® Red CMXRos (Molecular Probes) 

A working stock solution of 1 nghtl was prepared i n  PO broth from a 

MitoTracker® stock sol ution of 1 fl9/fll in  OMSO. Hundred fll of working stock 

sol ution was added to 900 fll of mycel ial  suspension and mixed thoroughly .  The 

sample was i ncubated for 30 mi n at 22°C with shaking at 1 50 rpm in dark. After 

i ncubation ,  the mycel ia were pel leted by centrifugation at 1 3 ,000 rpm for 1 min  

and washed twice i n  500 fl l  of  P O  broth at  1 3 ,000 rpm for 1 min .  The pellet was 
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resuspended i n  50 III of 1 0% g lycerol and a 1 0  III al iquot was transferred to a 

microscope sl ide for microscopy (Section 2 .23) .  

2.22.2 Sta in ing with FM 4-64 (Molecular Probes) 

A F M  4-64 stock solution of 1 Ilg/1l1 was p repared i n  DMSO. Two III of stock 

sol ution was added to 200 III of mycel ia l  suspension and mixed thoroughly .  The 

sample was i ncubated for 30 min at 22°C with shaking at 1 50 rpm in dark .  After 

i ncubation ,  the mycel ia were pel leted by centrifugation at 1 3 ,000 rpm for 1 min 

and washed twice in  500 III of PO broth at 1 3 ,000 rpm for 1 mi n .  The pel let was 

resuspended in 50 III of 1 0% g lycerol and a 1 0  III al iq uot was transferred to a 

microscopic sl ide for microscopy (Section 2 . 23) .  

2.23 Microscopy 

For primary screening ,  the fungal strains were plated on ACM (Section  2 .2 .2 . 1 )  

and i ncubated at  22°C for 3 - 4 days . After incubation ,  the samples were 

observed with an Olympus SZX 1 2  microscope using a GFPA fi lter for EGFP 

fluorescence and a RFP1  fi lter for OsRed fl uorescence. 

For localisation stud ies, samples were p repared by inoculating 1 III of 1 06 

spores on POA or  POA supplemented with oleic acid (Section 2 .2 .2 . 3) mounted 

on a steri le microscopic sl ide and incubati ng at 22°C for approximate ly 2 days . 

After i ncubation ,  1 0% g lycerol was added to the sample before microscopy. 

The stained samples for microscopy were prepared as described i n  Section 

2 .22 .  Fungal mycel ia were observed with an Olymp us BX5 1 fl uorescence 

microscope using a F ITC fi l ter for EGF P  fluorescence and a CY3 filter for 

MitoTracker® Red CMXRos and FM 4-64 fluorescence. All ima ges were 

captured at 1 00X magn ification with a MagnaF i re ™ d igital camera and 

software (Optronics). The images were stored as TIF fi les and processed with 

Canvas 1 0  software (AC O Systems I nternational) .  
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6 1  

CHAPTER THREE 
RESULTS 



3. 1 Genes req uired for paspal i ne biosynthesis  

Systematic gene d isruption and chemical complementation studies have shown 

that at least five enzymes cata lyse the formation  of paxi l l i ne i n  P. paxilli 

(McMi l lan et al. , 2003; Young et al. , 200 1 ) .  Deletion mutants of paxG (encodes 

a GGPP synthase), paxM (encodes a FAD-dependent monooxygenase) 

(McMi l lan  and Scott, unpubl ished results) and paxC (encodes a 

prenyltransferase) (Young et al. , u n publ ished resu lts) are u nable to synthesise 

any detectable i ndole-d iterpenes. However, deletion mutants of paxP and paxQ 

(both encode cytochrome P450 monooxygenases) accumulate the i ndole

d iterpenes paspal ine and 1 3-desoxypaxi l l i ne ,  respectively (McMi l lan et al. , 

2003) .  These studies led Parker a nd Scott to propose that PaxG, PaxM and 

PaxC are requ i red for biosynthesis  of the first stable indole-d iterpene product 

paspal ine, a nd PaxP and PaxQ for the further transformations to paxi l l ine 

(Parker and Scott, 2004) . Recently, Monahan and Scott identified two 

additional pax genes with i n  the cl uster, paxA and paxB (putative membrane 

proteins) ,  deletions of which are also unable to synthesise a ny detectable 

i ndole-d iterpenes (Monahan and Scott, unpubl ished results) .  Taken together, 

these results suggest that at least five gene prod ucts (PaxG , PaxM , PaxC, 

PaxA and PaxB) are needed for paspa l ine biosynthesis. In order to determine 

how many of these genes are requ i red for paspa l ine biosynthesis a series of 

constructs were p repared containing different combinations of these genes and 

transformed in to paxi l l i ne-negative deletion derivatives.  

3. 1 . 1 Preparation and functional analysis of pSS8 

A Hind l l l  restriction fragment (- 1 1 kb) from the lambda c lone,  ACY55, 

contai n ing the five pax genes viz. paxG, paxA, paxM, paxB a nd paxC was 

cloned into the Hind l l l  site of the genetic in-resistant vector p l l 99 to generate 

pSS8 ( F ig ure 3 . 1 ) . This fragment was missing the last six amino acids and the 

stop codon of PaxC . Hence, the functional ity of the genes at either end of the 

restriction fragment, i .e .  paxG and paxC, was checked by transforming pSS8 

into the P. paxilli deletion mutants LMG23 (.6.paxGA) and ABC83 (.6.paxC) 

(Section 2 . 1 3 .2 ) .  Subsequent to the generation of the LMG23 mutant Monahan 
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Figure 3.1 pSS8 (paxGAMBC) construct 
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paxB 
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CYP-6 

� 
paxC 

Hind 1 1  I 

The construct pSS8 was made by clon ing the Hind 1 1  I fragment contain ing paxG, 
paxA , paxM, paxB and paxC from the lambda clone, t..CY55, into the Hind l l l  site of 
p 1 l99. 
Restriction sites used for clon ing and posit ions of primers used for screen ing 
transformants are shown in g reen and pink , respectively. 
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showed that the paxG deletion also i ncluded 370 bp of the 3 '  cod ing seq uence 

of paxA (unpubl ished results) . 

Protoplasts of LMG23 and ABCS3 were transformed with 5 f.lg of ci rcular p l l 99 

or pSSB. The transformants were selected on RG med ium supplemented with 

1 50 f.lg/ml of geneticin .  Four to seven stable transformants were colony purified 

and screened by TLC analysis (Section 2 .2 1 )  for thei r abi l ity to synthesise 

paxi l l ine or other indole-diterpenes, which sta in  g reen with Ehr l ich 's reagent 

(F ig u re 3 .2 ) .  No  indole-diterpenes were detected in  extracts of the paxGA 

mutant or paxGA mutant with p l 199 (F igure 3 .2A) . However, a l l  the four  LMG23 

transformants conta in ing pSSS, LMG2 3 . PS- 1 to 4 ,  were able to complement 

the paxGA deletion .  These transformants had i ntense g reen bands with R, 
val ues similar to authentic paxi l l ine .  In addition to paxi l l ine ,  other g reen bands, 

s imi lar to those consistently observed i n  extracts of wi ld-type P. paxilli, were 

also observed. As wi l l  be shown later, these correspond to other indole

diterpenes includ i ng �-paxitriol , PC-M6, paspal ine and 1 3-desoxypaxi l l ine .  

These compounds have been proposed to be paxi l l i ne i ntermediates (Munday

F inch et al. , 1 996) . 

Extracts of paxC mutant or paxC mutant with p l l 99 d id not accumulate any 

detectable i ndole-diterpenes (F igure 3 .2B) .  Two out of fou r  ABCS3 

transformants conta in ing pSSS, ABCS3. PS- 1 and ABCS3. PS-2 , were able to 

complement the paxC deletion .  Since the transformants were not screened for 

the presence of i ntact copies of the integ rating construct, and were arbitrari ly 

selected as genetici n-resistant colonies, the i ndole-diterpene negative 

phenotype of the other two ABCS3 transformants , ABCS3 . PS-3 and ABCS3. PS-

4, could be due to the absence of intact copies of pSSS. Un l ike the paxGA 

complementation ,  paxC complementing transformants d id  not accumulate any 

indole-diterpene intermediates, but just the fi nal  product paxi l l ine .  These resu lts 

confirmed that paxG and paxC present at either end of the Hind 1 1  I restriction  

fragment were functiona l .  
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Figure 3 .2  N ormal P hase (NP)-TLC a na lysis of 
paxG and paxC complementations 

N P-T LC a n a l ys is  of (A) paxGA d e l et ion  m uta nt 
L MG23 and (8) paxC deletion mutant ABC83, con
t a i n i n g  t h e  c o m p le m e n ta t i o n  c o n st r u c t  p S S 8  
(paxGA MBC) .  Mycel i u m  was g rown fo r 7 days in  
C O V E ,  s u p p l e m e nted  w i th  t ra ce  e l e m e n t  m i x 
(Section 2 .3 .2 ) ,  at 28°C with shak ing at 200 rpm ,  
f reeze-d r ied  and  e x t racted i n  2 :  1 c h l o rofo r m 
methano l  m ixtu re (Sect ion 2 . 2 1 ) .  V=p 1 l 9 9  vector ;  
P8=pSS8.  
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3 . 1 .2 pSS8 transformation of pax deletion mutants LM662 a nd CY2 

In order to defi ne the min imum number of genes requ i red for paspal ine 

biosynthesis pSS8 was introd uced into two d ifferent genetic backgrounds .  The 

first was LM662 (Young et al. , 200 1 )  that lacks the entire pax cluster i .e .  paxG, 

paxA, paxM, paxB, paxC, paxP and paxQ. The other background was CY2 

(Young et al. , 1 998) that lacks the enti re pax cluster p lus considerable flanki ng 

seq uences . The reason for selecti ng two d ifferent pax negative backgrounds 

was to check i f  there were any other pax genes o utside the reg ion defined by 

the LM662 deletion .  Protoplasts of  LM662 and CY2 were transformed with 5 j.lg 

of ci rcular p l l99 or pSS8 (Section 2 . 1 3 .2) and geneticin-resistant transformants 

selected on RG med ium supplemented with 1 50 J..lg/ml of genetici n .  

Twelve geneticin-resistant LM662/pSS8 transformants were arbitrari ly selected 

and screened for integration of the pSS8 insert by PCR ampl ification (Section  

2 . 1 4 .2) with primer sets designed to ampl ify each end of  the insert (Fig u re 

3 .3A) . Seven out of twelve transformants were found to have both products . 

The absence of PCR prod ucts with pax primers was not due to D NA template 

qual ity as confi rmed by the presence of produ cts in a l l  templates when 

ampl ified with primers to tub2. These positive transformants were analysed 

further by Southern blotting and hybridisation (Section 2 . 1 0) us ing a e2
PJ

labelled Hind 1 1  I fragment from pSS8 as the probe (F ig ure 3. 38) .  Th is a nalysis 

showed that al l  seven transformants contained at least one complete copy of 

the Hind 1 1 I frag ment. The copy number was calculated by comparing the sig nal 

obtained with wi ld-type. 8y this comparison ,  the additional weaker hybrid is ing 

bands found in  some transformants cou ld be due to the integration of partia l 

cop ies of the insert. 

Extracts of the seven transformants that contai ned the pSS8 insert were then 

analysed by TLC (Section 2 . 2 1 )  for indole-diterpenes ( Fig ure 3 .4A) . A g reen 

band with an R, value simi lar to authentic paspal ine was visible for three of the 

seven transformants viz. LM662. P8-3 , LM662 . P8-9 a nd LM662 . P8-1 2 .  These 

transformants had at least th ree cop ies of the Hind 1 1  I fragment contai n ing 

paxGAMBC (Figu re 3 .38) .  Extracts of all seven LM662/pSS8 transformants 
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Figure 3.3 PCR screening and Southern analysis of LM662 transformants containing 
pSSB (paxGAMBC) 

(A) PCR screening for pSS8 (paxGAMBC) in LM662 background .  Each transformant was 
screened with one primer set at e ither end of the construct (ggpps 1 6/31 and pax2 1 4/CYP-
6). The transformants (labelled black) that gave a PCR product for both sets of primers 
and a lso LM662 and LM662.v. 1 (negative control and vector on ly contro l ,  respectively) 
were screened further by Southern ana lysis as shown in (8). See Fig ure 3 . 1  for primer 
positions. tub2 was used as a contro l  (ampl ified with primer set Etub2/3). (8) Southern 
a na lys is  of LM662/paxGAMBC tra nsfo rmants .  Hind l l l -d igested genomic  DNA from 
LM662/paxGAMBC transformants hybridised with the [32P]-labelled Hind 1 1  I fragment from 
the pSS8 construct. The numbers on the left correspond to the sizes of ),D NA/Hind 1 1 I frag
ments and that o n  the right correspond to the expected size of the restriction fragment that 
hybrid ised to the probe . 
Al l  fragment sizes are shown in kb. P8=pSS8; V=p1l99 vector. 

Standard PCR components (Section 2 . 1 4 .2 )  were used with the following thermocycle con
d itions: 1 cycle of 94°C for 2 min;  30 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 
either 2 min (for ggpps1 6/3 1 )  or 3 min (for pax2 1 4/CYP-6) or 1 m in (for Etub2/3); 1 cycle of 
72°C for 5 min. 
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F i g u re 3 .4 N P-TLC and Reverse P h a se ( RP)-H P L C  a na l ys is  of 
LM662/pSS8 transformants 

LM662 transformants contain ing the construct pSS8 (paxGAMBC) were 
analysed by (A) NP-TLC a nd (8) RP-H PLC for the presence of indole
d iterpenes (Section 2 .2 1 ) .  Myce l ium was g rown for 7 days i n  C OVE, 
supplemented with trace element mix (Section 2 . 3 .2) ,  at  2 8°C with shak
ing at 200 rpm ,  freeze-dried and extracted in 2 : 1  chloroform-methanol 
mixture . V=p 1 199 vector ;  P8=pSS8; 1 3-dp= 1 3-desoxypaxi l l ine.  
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were further a nalysed by H PLC (Section  2 .2 1 ) .  This analysis s howed that a l l  

transformants contained a metabol i te that had the same retention t ime (Rt = 

20 .5  min) as a uthentic paspal ine (F igure 3.48) showing a n  absorption 

maxi mum at 230 nm and an absorption min imum at 280 nm characteristic of an 

indole moiety. The low levels of paspal i ne detected compared to wi ld-type 

probably reflects the ectopic integ ration of pSS8. The hig hest levels of 

paspal ine coincided with transformants conta in ing multiple copies of pSS8. 

Ten arbitrari ly selected genetici n-resistant CY2/pSS8 transformants were 

screened for i nteg ration of the pSS8 i nsert by PCR ampl ifi cation (Section 

2 . 1 4 .2 )  with primer sets designed to ampl ify each end of the insert (F igure 

3 . 5A) . Seven out of ten transformants gave both products . Al l templates gave a 

prod uct when ampl ified with primers to tub2 confi rming that the absence of 

prod ucts with the pax primers was not due to template q ual ity . These positive 

transforma nts were fu rther analysed by Southern blotting a nd hybrid isation  

(Section 2 . 1 0) using a e2
P]-labelled Hind I I I  fragment from pSS8 as the probe 

( Figure 3 . 58) .  This analysis showed that at least one copy of the Hind l l l  

frag ment was present i n  a l l  transfo rmants . The additional weaker hybrid is ing 

bands observed in  some transformants could be due to the integ ration of 

incomplete copies of the insert. 

TLC analysis of extracts of the seven positive transformants (see above) 

showed a g reen band with an R, val ue simi lar  to authentic paspal ine i n  al l  

transformants except CY2 . P8- 1 (F igure 3 .6A) . This result was further confi rmed 

by HPLC ana lysis (Fig ure 3 .68) .  The i nabi l ity of the transformant CY2 . P8-1 to 

synthesise paspal ine, despite contain ing the five pax genes , cou ld be due to 

the position of integration of the construct i n  the genome (Malonek et al. , 

2005a) . 

It was confi rmed that the introd uction of pSS8 i nto LM662 and CY2 restored to 

these stra ins the abi l ity to synthesise paspal ine. The fact that both 

LM662/pSS8 and CY2/pSS8 transformants synthesised paspal ine suggested 

that either genetic background was su itable for further complementation 

analysis and that there were no other pax genes outside the region defi ned by 
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F igure 3.5 PCR screen ing and Southern analysis of CY2 transformants contain ing 
pSS8 (paxGAMBC) 

(A) PCR screen ing for pSS8 (paxGAMBC) in CY2 background . Each transformant was 
screened with one primer set at either end of the construct (p I l99-3/pax 1 22 and p 1 199-
4/pax1 27). The transformants (labelled black) that gave a PCR product for both sets of 
p r imers and  a l so  CY2 a nd CY2.  V . 1 ( n egat ive contro l  a n d  vect o r  o n ly contro l ,  
respectively) were screened further by Southern analysis a s  shown i n  (8) .  See Figure 
3 . 1 for primer positions. tub2 was used as a control (amplified with primer set Etub2/3). 
(8) Southern analysis of CY2/paxGAMBC transformants. Hind l l l-digested genomic DNA 
from CY2/paxGAMBC transformants hybridised with the [32P]-label led Hind 1 1  I fragment 
from the p S S8 con struct .  The  numbers  o n  the l eft correspond to the s izes of 
ADNA/Hind l l l  fragments and that on the right correspond to the expected s ize of the 
restriction fragment that hybridised to the probe. 
All fragment sizes are shown in kb .  P8=pSS8; V=p1 l99 vector. 

Standard PCR components (Section 2 . 1 4.2) were used with the following thermocycle 
conditions: 1 cycle of 94°C for 2 min; 30 cycles of 94°C for 30 sec, 55°C for 30 sec, 
72°C for either 2 min (for p I l99-3/pax1 22)  or 3 min (for p I l99-4/pax1 27 )  or 1 min (for 
Etub2/3); 1 cycle of 72°C for 5 min .  
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Figure 3.6 N P-TLC and RP-HPLC analysis of CY2/pSSB transformants 

CY2 tra n sfo rma nts conta i n i n g  the co nstruct p S S 8  (paxGAMBC) were 
a n a lysed by (A) N P-TLC and  (8 )  RP-HPLC for the  p resence of indo le
d iterpenes (Section 2.2 1 ) .  Mycel ium was grown for 7 days in COVEt supple
mented with trace element mix (Section 2 .3 .2 ), at 28°C with shaking at 200 
rpm ,  freeze-dried and extracted in  2:1 chloroform-metha nol mixtu re .  V=p 1 l99 
vector; P8=pSS8; 1 3-dp= 1 3-desoxypaxi l l ine. 
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the LM662 deletion .  Hence, only one genetic background i .e .  CY2 was used for 

fu rt her transformations.  

3.1 . 3  Preparation of pSS1 6 

To determine if the combination of paxG, paxM and paxC would be able to 

restore the paspal ine biosynthesis abi l ity to the pax deletion mutant CY2 , the 

construct pSS 1 6  was prepared . A paxM fragment conta i n ing 479 bp of the 

seq uence 5' of the paxM ATG , a l l  1 559 bp of the paxM gene sequence and 2B2 

bp of the 3' seq uence was ampl ified from pSSB (Section 2 . 1 4 . 3) usi ng the 

primers paxMSpeF2 and paxMSpeR, both with introduced Spel sites (F igure 

3 .7) .  The product was subcloned i nto pGEM®-T Easy vector (Promega) to 

generate the plasmid pSS 1 1 and subsequently sequenced .  Seq uence a nalysis 

showed no PCR-i ntroduced errors . The Spe l  fragment from this p lasmid ,  

conta in ing paxM, was used to replace the Spel  fragment from pSSB,  conta in ing 

paxA-paxM-paxB, to generate pSS 1 6  (paxGMC) . 

3 .1 .4 pSS1 6 transformation of pax deletion mutant CY2 

Protoplasts of CY2 were transformed with 5 IJg of ci rcu lar p l l 99 or pSS 1 6  and 

genetici n resistant transformants selected on RG med ium supplemented with 

1 50 IJg/ml of geneticin (Section 2 . 1 3 .2) .  Ten arbitrari ly selected geneticin

resistant CY2/pSS 1 6  transformants were screened for i ntegration of the i nsert 

pSS 1 6  by PC R (Section 2 . 1 4.2) using primer sets desig ned to ampl ify both 

ends of the insert ( F ig ure 3 .BA) . N ine out of ten transformants gave both 

prod ucts . As a control for the qual ity of the DNA template tub2 was ampl ified 

and this confirmed that the absence of products with pax primers was not d ue 

to template qual ity . These transformants were fu rther analysed by Southern 

blotting and hybrid isation  (Section 2. 1 0) using a e2
P]-label led Hind 1 1  I restriction  

fragment from pSSB as the probe (Figure 3 .B8) .  S ince the Spel fragment (5004 

bp) in  pSSB was replaced by a Spel-digested paxM PCR product of 253B bp ,  

the size of the Hind l l l-hybrid is ing fragment i n  CY2/pSS 1 6  transformants (-B. 5 3  

kb) was d ifferent from that in  wi ld-type (-1 1 kb) . Southern data showed that a l l  

CY2/pSS 1 6  transformants had at least three copies of the Hind 1 1  I fragment 

contain ing paxGMC, except CY2 . P 1 6-3 ,  which d id not contain any complete 

copies of the restriction frag ment. 
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Figure 3.7 pSS 1 6  (paxGMC) construct 

The construct pSS 1 6  was made by replacing the Spel fragment containing paxA, 
paxM and paxB from pSS8 with a copy of paxM ampl ified with Expand High Fidel i
ty peR System using the primer pair paxMSpeF2 and paxMSpeR.  
Restriction s ites used for clon ing and positions  of  primers used for peR and  
screen ing transforma nts are shown in  green and pink, respectively. * ind icates 
restriction site introduced by peR. 

73 



A 

pHGG.31pax122 

pll9t-4'paxU 

Etub2l3 

.. :> .. .. > > u u 
. ..  - _  . .. . - -

- - - - - - - - - - - . 

23.1 

1.& 

- 0.3 4.4 -

2.3-

2.0-

Figure 3.8 PCR screen ing and Southern analysis of CY2 transfonnants contain ing 
pSS1 6 (paxGMC) 

(A) PCR screen ing for pSS 1 6  (paxGMC) in CY2 background .  Each transformant was 
screened with one primer set at either end of the construct (p I 199-3/pax1 22 and p 1 l99-
4/pax64). The transformants ( labelled black) that gave a PCR product for both sets of 
p rimers and a lso  CY2 and  CY2.V .2  ( nega t ive co ntro l  a n d  vecto r o n l y  cont ro l , 
respectively) were screened further by Southern analysis as shown in (B). See Figure 
3 .7  for primer positions. tub2 was used as a control (amplified with primer set Etub2/3). 
(B )  Southern analysis of CY2/paxGMC transformants . Hindl l l-digested genomic DNA 
from CY2/paxGMC transformants hybrid ised with the [32P]- label led Hind I I I  fragment 
from the pSS8 construct .  T h e  nu mbe rs on  the left correspond to the sizes of 
ADNNHindl l 1  fragments and those on the right correspond to the expected sizes of the 
restriction fragments that hybrid ised to the probe. 
All fragment sizes are shown in kb. P 16=pSS 1 6; V=p1 l99 vector. 

Standard PCR components (Section 2 . 1 4.2)  were used with the following thermocycle 
conditions: 1 cycle of 94°C for 2 min; 30 cycles of 94°C for 30 sec, 55°C for 30 sec, 
72°C for either 2 min (for p1 l99-3/pax1 22 and p I l99-4/pax64) or 1 min (for Etub2/3); 1 
cycle of 72°C for 5 min. 
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The TLC analysis ( Section  2 .2 1 )  of extracts of CY2/pSS1 6  transformants 

conta i ni ng the pSS 1 6 i nsert showed no detectable i ndole-d iterpenes (Figu re 

3 .9A) . This was further confirmed by HPLC ana lysis (Section 2 .2 1 )  (Fig u re 

3 . 98) .  These results confirmed that the introduction of pSS 1 6  i nto CY2 was not 

sufficient to restore the abi l ity to synthesise paspa l ine.  

3.1 .5 Preparation of pSS20 

Since the i ntrod uction of pSS 1 6  i nto CY2 fa i led to restore the abi l ity to 

synthesise paspal ine the con struct pSS20 conta in ing paxGAMC was prepared . 

To p repare this construct, a paxA-paxM fragment contain ing 479 bp of the 

seq uence 5' of the paxM ATG ,  all 1 559 bp of the paxM gene seq uence,  al l  752 

bp of the sequence between paxM and paxA, al l  1 1 3 1 bp of the paxA gene 

seq uence and 22 bp of the sequence fla nking the 3 '  end of paxA was PCR 

ampl ified from wi ld-type genomic D NA (Section 2 . 1 4 .4) using the primers SS9 

and paxMSpe F 1 , contai ning native and introduced Spel sites, respectively 

(F ig u re 3 . 1 0) .  The paxA-paxM PCR prod uct was subcloned into pGEM®-T Easy 

vector (Promega) to generate pSS 1 9  and subseq uently sequenced. A clone 

without any PCR-i ntrod uced error was then used to obtain the Spel  fragment, 

contai n ing paxA-paxM, which was then l igated into the Spel site of pSS8 to 

generate pSS20.  

3.1 .6 pSS20 transformation of pax deletion mutant CY2 

Protoplasts of CY2 were transformed with 5 I-Ig of ci rcu lar pl l99 or pSS20 and 

geneticin-resistant transformants selected on RG med ium supplemented with 

1 50 !-Ig/ml of geneticin (Section 2 . 1 3 .2) . Ten arbitrari ly selected geneticin 

resistant CY2/pSS20 transformants were screened for i ntegration of the pSS20 

insert by PCR (Section 2 . 14 .2)  using primer sets designed to ampl ify each end 

of the insert (F igure 3 . 1 1A) .  Eight out of ten transformants showed both 

products . The absence of PCR prod ucts i n  two transformants was not due to 

template q ual ity as confi rmed by the amp l ification of tub2 prod uct in these 

transformants . The positive transformants were fu rther analysed by Southern 

blotting and hybrid isation (Section 2 . 1 0) using a e2
P]-label led Hind l l l  restriction 

frag ment from pSS8 as the p robe (F igure 3 . 1 1 B) .  I n  these transformants the 

size of the hybrid ising fragment (-9 .94 kb) was different from that in wild-type 
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Figure 3.9 NP-TLC and RP-HPLC analysis of CY2/pSS1 6 transformants 

CY2 transformants containing the construct pSS 1 6  (paxGMC) were analysed 
by (A) N P-TLC a n d  (8) R P-HPLC for the p resence of indo le-d iterpen es 
(Section 2 .2 1 ) .  Mycel ium was g rown for 7 days in COVE, supplemented with 
trace e lement m ix (Section 2 .3 .2 ), at 28°C with shaking at 200 rpm, freeze
dried and  ext racted in 2 :  1 ch lorofo rm-metha nol mixtu re. V=p l l 99 vector ;  
P 1 6=pSS 1 6 ;  1 3-dp= 1 3-desoxypaxi l l ine.  
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Figure 3 . 1 0  pSS20 (paxGAMC) construct 

The pSS20 construct was made by l igating a peR generated copy of paxA-paxM 

( amp l if ied with Trip leMaster
@ peR System us ing the pr im e r  pa i r  S S 9  a n d  

paxMSpeF1 ) into the Spel-d igested pSSB. 
Restrict ion s ites used for c lon ing and posit ions of pr imers used for peR and  
screening t ransformants are shown i n  green and pink , respectively. * ind icates 
restriction site introduced by peR. 
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Figure 3.1 1 PCR screening and Southern analysis of CY2 transformants con
taining pSS20 (paxGAMC) 

(A) PCR screen ing for pSS20 (paxGAMC) in  CY2 background. Each transformant 
was screened with one primer set at either end of the construct (p I 199-3/pax1 22 and 
p I l99-4/pax64). The transformants (labelled black) that gave a PCR product for both 
sets of primers and also CY2 and CY2 V3 (negative control and vector on ly control, 
respectively) were screened further by Southern analysis as shown in (8) .  See Fig
u re 3. 1 0  for primer positions.  tub2 was used as a control (amplified with primer set 
Etub2/3). (6) Southem analysis of CY2/paxGAMC transformants. Hind l l l-digested 
genomic DNA from CY2/paxGAMC transformants hybrid ised with the [32P]-labelled 
Hind 11 I fragment from the pSS8 construct. The numbers on the left correspond to 
the sizes of ADNA/Hind l l l fragments and those on the r ight correspond to the 
expected sizes of the restriction fragments that hybrid ised to the probe. 
All fragment sizes are shown in  kb. P20=pSS20; V=p1 l99 vector. 

S ta n d a rd P C R  components (Sect i on  2 . 1 4 . 2 )  we re u sed with t h e  fo l lowi n g  
thermocycle conditions: 1 cycle of 94°C for 2 min ;  30 cycles of 94°C for 30 sec, 
55°C for 30 sec, 72°C for either 2 min (for p I l99-3/pax1 22 and p I 199-4/pax64) or 1 
m in (for Etub2/3) ;  1 cycle of 72°C for 5 min . 
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(-1 1 kb) ,  since the Spel fragment (5004 bp) from pSS8 was replaced by the 

Spel -d igested paxA-paxM PCR product of 3955 bp .  The Southern hybridisation 

data showed that al l  CY2/SS20 transformants had at least one copy of the 

Hind 1 1  I fragment conta in ing paxGAMC. 

Analysis of extracts (Section 2.2 1 )  of CY2/pSS20 transformants showed that a l l  

transformants were negative for any indole-d iterpene (F igure 3 . 1 2A & 8) . Thus, 

the i ntrod uction  of pSS20 i nto CY2 mutant was unable to restore to these 

strains  the abi l ity to synthesise paspal ine. 

3. 1 .7 Preparation of p551 7 

The resu lts described above showed that combinations of paxGMC and 

paxGAMC fai led to restore the paspal ine biosynthesis abi l ity to CY2 . To test if 

the paxGMBC combination was able to restore the paspal ine b iosynthesis 

abi l ity, the construct pSS 1 7 conta in ing paxGMBC was prepared . In order to 

prepare this construct a paxM-paxB fragment conta i n ing 25 1  bp of the 

seq uence 5' of the paxB ATG ,  all 8 1 9  bp of the paxB gene sequence, al l  479 

bp of the seq uence between paxB and paxM, al l  1 559  bp of the paxM gene 

seq uence and 282 bp of the sequence flanking the 3 '  end of paxM was PCR 

ampl ified from pSS8 (Section  2 . 1 4 .3) using the primers paxMSpeR and SS8, 

conta in ing introduced and native Spel sites, respectively (F igure 3 . 1 3) .  The 

paxM-paxB PCR product was subcloned into pGEM®-T Easy vector (Promega) 

to create the plasmid pSS 1 5 and subseq uently seq uenced . Error-free clones 

were selected to obtain the Spel fragment conta in ing paxM-paxB, which was 

then l igated into Spel-digested pSS8 generating the construct pSS 1 7 .  

3 . 1 .8 p55 1 7  transformation of  pax deletion mutant CY2 

Protoplasts of CY2 were transformed with 5 j.Jg of ci rcu lar p l l 99 or pSS1 7 a nd 

the genetici n-resistant transformants selected on RG med ium supplemented 

with 1 50 j.Jg/ml of geneticin (Section 2 . 1 3 .2 ) .  Ten arbitrarily selected genetici n

resistant CY2/pSS 1 7  transformants were screened for i ntegration of the pSS 1 7  

i nsert by PCR ampl ification (Section 2 . 1 4 .2) using primer sets desig ned to 

a mp l ify each end of the i nsert (F igure 3 . 1 4A) . Al l the transformants showed 

both p rod ucts and were further analysed by Southern blotting a nd hybridisation 
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Figure 3 . 1 2  N P-TLC and RP-HPLC analysis of CY2/pSS20 transformants 
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CY2 transformants containing the construct pSS20 (paxGAMC) were ana lysed by 
(A) NP-TLC and (8) RP-HPLC for the presence of indole-diterpenes (Section 2 . 2 1 ) .  
Mycel ium was g rown for 7 days in CDYE, supplemented with trace element m ix 
(Section 2 .3 .2 ), at 28°C with shaking at 200 rpm, freeze-dried and extracted i n  2 : 1  
ch loroform-methanol mixtu re .  The mobility of paxi l l ine and 1 3-dp is a lso shown on 
the TLC. V=pl l99 vector; P20=pSS20; 1 3-dp= 1 3-desoxypaxi l l ine. 
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The construct pSS1 7 was made by l igating a peR generated copy of paxM-paxB 
(amplified with Expand High Fidelity peR System using the primer pair  SSB and 
paxMSpeR) into the Spel-d igested pSSB. 
Restrict ion s ites used for clon ing and position s  of primers used for peR and  
screen ing transformants are shown i n  green and  pink, respectively. * i nd icates 
restriction site introduced by peR. 
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Figure 3.14 PCR screening and Southern a nalysis of CY2 transformants con
ta ining pSS 1 7  (paxGMBC) 

(A) PCR screen ing for pSS 1 7  (paxGMBC) in CY2 background. Each transformant 
was screened with one primer set at either end of the construct (p I l99-3/pax1 22 
and p I 199-4/pax64). The transformants (labelled black) that gave a PCR product for 
both sets of primers a nd also CY2 and CY2 .v.4 (negative control and vector on ly 
control ,  respectively) were screened further by Southern analysis as shown in (8) .  
See Figure 3 . 1 3 for primer positions.  tub2 was used as a control (amplified with 
pr imer set Etu b2/3).  ( 8) Southern ana lys is of CY21paxGMBC transfo rma nts .  
Hind 1 1  I-digested genomic DNA from CY21paxGMBC transformants hybrid ised with 
the [32P]-labelled Hind 1 1  I fragment from the pSS8 construct. The numbers on the 
left correspond to the sizes of "-DNA/Hind 11 I fragments and those on the right corre
spond to the expected sizes of the restrictio n  fragments that hybrid ised to the 
probe. 
All fragment sizes are shown in kb. P 1 7=pSS1 7 ;  V=p l l99 vector. 

Sta ndard PCR components (Sect ion 2 . 1 4 . 2 )  we re u sed with the  fo l lowing 
thermocycle cond itions: 1 cycle of 94°C for 2 min ;  30 cycles of 94°C for 30 sec, 
55°C for 30 sec, 72°C for either 2 min (for p1 l99-3/pax1 22 and p I l99-4/pax64) or 1 
min (for Etub2/3) ;  1 cycle of 72°C for 5 min .  
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(Section 2 . 1 0) us ing a [3
2
P]- l abelled Hind I I I  restriction fragment from pSS8 as 

the probe (F igure 3 . 1 48) .  In CY2/pSS 1 7  transformants the size of the 

hybrid is ing fragment (-9 .38 kb) was d ifferent from that in wi ld-type (-1 1 kb) 

s ince the Spel fragment (5004 bp) from pSS8 was replaced by the Spel 

d igested paxM-paxB PCR prod uct of 3392 bp.  The Southern hybridisation data 

showed that a l l  transformants had at least two copies of the Hind 1 1  I fragment 

contain ing paxGMBC. 

TLC analysis (Section 2 .2 1 ) of extracts of CY2/pSS 1 7  transformants showed 

that three out of ten transformants viz. CY2. P 1 7-3, CY2 . P 1 7-4 , CY2 . P 1 7- 1 0 

had a g reen band with an R, value si mi lar to authentic paspal i ne (F igure 

3 . 1 5A) . On HPLC ana lysis (Section 2 .2 1 ) ,  one more transformant, CY2 . P 1 7- 1 , 

was found to contain the same metabol ite with retention time (RI = 20 .5  min)  

s imi lar to authentic paspal i ne (F igure 3. 1 58) .  These results showed that the 

i ntrod uction of pSS1 7 i nto CY2 mutant was able to restore to this strain the 

ab i l ity to synthesise paspal i ne .  

In  add ition to paspal i ne ,  another green band , i nd icated by red rectangles in  

F igu re 3. 1 5A, was vis ib le i n  extracts of the transformants CY2 . P 1 7- 1 , CY2 . P 1 7-

3 and CY2 .P1 7-4 that was not present i n  extracts of wild-type P. paxilli. The 

p resence of this novel indole-d iterpene metabol ite was confirmed by H PLC 

a nalysis and had a retention  ti me of 1 0 .5  min ( F igure 3 . 1 58) .  However, this 

novel metabol ite was not detected in  CY2. P 1 7- 1 0 in  wh ich high levels of 

paspal ine were detected . 

I n order to confi rm the identity of the novel metabol ite , an extract of CY2 . P 1 7-3 

was analysed by LC-MSMS (Section 2 .2 1 )  (F igu re 3 . 1 6  & Figure 3 . 1 7) .  This 

analysis confi rmed the presence of two major i ndole-diterpenes both with m/z 

values of 422 and with RI 1 5 . 8  min a nd 24.2 m in  i n  the CY2 . P 1 7-3 extract 

(F igure 3 . 1 6) .  The fragmentation pattern of the metabol ite eluting at 24.2 min 

was consistent with that of authentic paspal i ne (F igure 3 . 1 7) .  The 

fragmentation pattern of the metabol ite el uti ng at 1 5 . 8  min was very s imi la r  to 

that of paspal i ne and showed just loss of two water molecu les, while PC-M6 

(the only other known indole-diterpene with an m/z of 422) shows loss of three 
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CY2 transformants containing the construct pSS 1 7  (paxGMBC) were ana lysed by 
(A) N P-TLC and (8) RP-HPLC for the p resence of indole-diterpenes (Section 2 .2 1 ). 
Mycel ium was g rown for 7 days in C OVE, supplemented with trace element m ix 
(Section 2 .3 .2) ,  at 28°C with shaking at 200 rpm, freeze-dried and extracted in 2 : 1  
ch loroform-methano l  m ixtu re .  T h e  mobi l ity o f  novel metabol i te (ma rked b y  red 
rectang les ) ,  paxi l l i ne and 1 3-dp is a l so s h own on t he  TLC .  V=p l l9 9  vector ;  
P 1 7=pSS 1 7; 1 3-dp= 1 3-desoxypaxil l ine. 
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Figure 3 . 1 6 LC-MSMS analys is of CY2/pSS1 7 (paxGMBC) transformant, 
CY2.P1 7-3 

Extract of CY2 . P 1 7 -3 ,  CY2 tra n sform a n t  conta i n i ng  the  construct p SS 1 7  
(paxGMBC),  was a nalysed by LC-MSMS (Section 2 .2 1 ) for the p resence of 
indole-d iterpenes and to confirm the identity of a novel metabolite detected in the 
extracts by NP-TLC/ RP-HPLC analysis (See Figure 3. 1 5) .  (A) UV trace at 275 
nm. (8) LC-MSMS trace showing 422 ions (MS1  spectra) conta in ing 1 30 m/z 
fragments characteristic of an indole moiety. 
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Figure 3.1 7 LC·MSMS analysis of CY2/pSS1 7  (paxGMBC) transformant, CY2.P1 7·3 

Mass spectra of (A) 422 ions (MS2 spectra) and ( 8) 406 ions (most intense fragment in the mass spectrum of 
422 mlz) (MS3 spectra) of (a) paspal ine in CY2 . P 1 7-3, (b) novel metabol ite in CY2 . P 1 7-3 and (c) authentic 
paspa line. 
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water molecules. The presence of a 406 ion,  as the most intense fragment i n  

the MS2 spectrum (Figure 3 . 1 7  A) , suggested the presence of a hydroxyl group 

at  C-24 to g ive the abil ity to lose CH4. The d istinct d ifference between  the mass 

spectra of the novel metabol ite and paspal ine was the higher i ntensity of the 

404 ion which ind icates that the oxygen in the F-ring was present as a free 

hyd roxyl g roup .  Th is was confi rmed by the presence of an ion with m/z 330 i n  

the MS3 spectrum (F igure 3 . 1 7B) which resu lts from the loss of water 

consistent with a loss of the right end tai l  up to C-1 6 . Such a loss i n  paspal ine 

would be much more d ifficult and would result in  an ion with m/z 332.  Thus,  the 

structure of the novel metabol ite eluting at 1 5 .8  min i s  predicted to be different 

from paspal ine in havi ng an open F-ring ( F igure 3 . 1 8) .  The accumu lation of this 

novel metabol ite may be due to the absence of the complete paxi l l i ne 

b iosynthetic mach inery. Partial cycl isation products l ike emindoles and 

emeniveol have been i solated from Emericella species suggesti ng the 

poss ib i l ity of a lternative cycl isation pathways of i ndole and d iterpene moieties 

without skeletal rearrangement or with only one epoxidation of the two terminal 

a lkenes of the geranylgeranyl moiety (Kimura et al. , 1 992; Nozawa et al. , 

1 988a , b ;  Nozawa et al. , 1 988c) . 

3 . 1 .9 Summary 

The a nalyses of the P. paxilli stra ins conta in ing different combinations of pax 

genes confi rmed that four  proteins PaxG, PaxM, Pax B and PaxC were req u i red 

for the biosynthesis of the i ndole-d iterpene paspal ine.  A scheme was proposed 

for paspal ine biosynthesis (F igure 3 . 1 9) in wh ich PaxG cata lyses a series of 

iterative condensations of IPP with DMAPP, GPP, then FPP,  to form GG PP .  

Although the p recise detai ls  of the mechanism of condensation of the GGPP 

a nd i ndole moiety, and subseq uent epoxidation and cyclisation events are not 

clear, roles for Pax M and PaxC are p roposed in  these steps. PaxM, a FAD

dependent monooxygenase, catalyses the epoxid ation of the two termi na l  

a l kenes of  the geranylgeranyl moiety of the 3-geranylgeranyl indole 

i ntermed iate and PaxC, a prenyl transferase , catalyses the cation ic cycl isat ion 

g iving rise to paspal ine. The condensation of indole-3-g lycerol phosphate with 

GGPP may be catalysed by either PaxG or PaxC. Although  PaxB was req u i red 

for paspal ine biosynthesis ,  its role was not clear .  The secondary structure 
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Figure 3 . 1 8 Structures of paspal ine and the novel metabol ite detected i n  the CY2/pSS1 7 tra nsformant, 
CY2.P1 7·3 

Based on the LC-MSMS analysis of the extract of CY2/pSS1 7  transformant CY2.P1 7-3, the novel metabolite is pre
dicted to be a partia l ly cycl ised indole-d iterpene in which the F-ring is open. 
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Figure 3.1 9 Proposed scheme for paspaline biosynthesis in P. paxilli 

(A) Organisation of paxi l l ine (pax) gene cluster. Paspal ine-associated genes are shown as 
striped arrows. The proposed enzymatic function of  each gene product, except PaxA and 
PaxB (no enzymatic function identified ), is also ind icated. (8) The proposed pathway for 
paspaline biosynthesis .  I PP - isopentenyl d iphosphate ; DMAPP - d imethylallyl diphosphate; 
GGPP - geranylgeranyl diphosphate. 
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analysis of PaxB suggested that it may be a transporter. U nl ike the major ATP

b ind ing cassette (ABe) and major faci l itator superfamily (MFS) fungal 

transporters, PaxB conta ined seven transmembrane d o mains .  Most ABe and 

MFS transporters associated with secondary metabol ite gene clusters appear 

to have a role in  self-protection of the producing organism from the toxic effects 

of the metabol ite ( Del Sorbo et aI. , 2000; Gard iner et a/. , 2 005) . Given the novel 

structure of PaxB and the indole-d iterpene negative phenotype of the paxB 

mutant (Monahan and Scott, u npubl ished results) , PaxB was proposed to have 

a role in transporting substrate(s) to the vicin ity of the biosynthetic enzyme 

complex, rather than a role i n  self-protection .  
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3 .2  paxP and paxQ com plementations 

The deletion mutants of  paxP and paxQ are blocked for paxi l l i ne biosynthesis 

and accumulate the indole-d iterpenes paspa l ine and 1 3-desoxypaxi l l ine ,  

respectively ( McMi l lan et al. , 2003). This suggested that paxP a nd paxQ are 

essential for paxi l l ine biosynthesis and that paspal ine and 1 3-desoxypaxi l l ine 

are the most l i kely substrates for the corresponding enzymes. To test if the 

b lock for paxi l l i ne biosynthesis in  LMP1  (6.paxP) and LMQ226 (6.paxQ) mutants 

could be released by complementatio n ,  paxP and paxQ complementation  

constructs were prepared . These complementation constructs were also used 

to investigate if paspal ine and 1 3-desoxypaxi l l ine are the true substrates for the 

corresponding enzymes and a lso to test the participation of other proposed 

i ntermed iates i n  paxi l l i ne biosynthesis ( Section 3 . 3) .  

3.2. 1 Preparation o f  paxP and paxQ complementation constructs 

To test if the paxP deletion i n  LMP 1  mutant could be complemented , a paxP 

complementat ion construct pSS 1 was prepared . A paxP frag ment conta in ing 

583 bp of the seq uence 5 '  of the paxP ATG, al l  1 849 bp of the gene seq uence 

and 243 bp of the 3' sequence was peR ampl ified from wi ld-type genomic DNA 

(Section 2 . 1 4 . 3) using the primers paxPEcoRIF2 and paxPEcoR IR ,  conta in i ng 

i ntroduced EcoR I  sites (Figure 3 .20A) . This product was subcloned into 

pGEM®-T Easy vector (Promega) and subsequently seq uenced . This analysis 

identified one PeR-introd uced error but was outside of paxP 60 bp downstream 

of the transcription stop site .  The EcoR I  fragment conta in ing paxP was then 

cloned into the EcoR I  site of p l l99 to generate pSS 1 (F igure 3 .20A). 

In order to test if the paxQ deletion in LMQ226 mutant could be complemented , 

a paxQ complementation construct pSS2 was prepared . A paxQ fragment 

consisting of 63 1 bp of the seq uence 5' of the paxQ ATG, al l  2 087 bp of the 

gene seq uence and 297 bp of the 3' sequence was peR ampl ified from wi ld

type genomic DNA (Section 2 . 1 4 .3)  using the primers paxQ H i nd l l l F2 and 

paxQHind l l l R , conta in ing i ntrod uced Hind 1 1  I sites (F igure 3.208) .  
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Figure 3.20 paxP and paxQ complementation constructs 

(A) pSSl contains the PCR-amplified copy of paxP from wild-type r? paxilli 
cloned into the EcoRl site of p1199. (6) pSS2 contains the PCR-amplified copy 
of paxQ from wild-type t? paxilli cloned into the Hindlll site of p1199. 
Restriction sites used for cloning and positions of primers used for PCR are 
shown in green and pink, respectively. * indicates restriction site introduced by 
PCR. 



The paxQ PCR product was subcloned i nto pGEM®-T Easy vector (Promega) 

and subsequently seq uenced . Seq uence analysis confi rmed that there were no 

PCR-i ntroduced errors .  The Hind l l l  fragment containing paxQ was then l igated 

into the Hind l l l  site of p l l99 to generate pSS2 (F igure 3 .20B) .  

3.2 .2 Complementation  of I1.paxP and I1.paxQ stra ins 

Protoplasts of LMP 1  (l1.paxP) and LMQ226 (l1.paxQ) mutants were transformed 

with 5 )lg of ci rcu lar pSS1 (paxP) and pSS2 (paxQ) , respectively, and a lso with 

c i rcu lar p l l 99 vector (Section 2 . 1 3 .2) .  The transformants were selected on RG 

med i u m  supplemented with 1 50 flg/ml of genetic in .  Ten arbitrari ly selected 

genetici n-resistant LMP 1 /pSS1 and LMQ226/pSS2 transformants were colony

purified and screened by TLC analysis (Section 2 .2 1 )  for thei r abi l ity to make 

paxi l l i ne ( Figure 3 .2 1 ) . 

Extracts of LMP1 and LMP 1 /p 1 l99 contained a s ing le indole-d iterpene with an 

R, value s imi lar to authentic paspal ine ( Figure 3 .2 1 A) .  The presence of green 

bands with R, values simi lar  to authentic paxi l l i ne in seven out of ten 

LMP 1 /pSS 1 transformants a nalysed confi rmed that pSS1 was able to 

complement the paxP deletion i n  LMP 1 (F igure 3 .2 1A) .  These transformants 

had other g reen bands simi la r  in mobil ity to those consistently observed i n  

extracts of wi ld-type P. paxilli a n d ,  a s  shown later, correspond to other indole

d iterpenes i ncl ud ing p-paxitriol , PC-M6, paspal ine and 1 3-desoxypaxi l l i ne. The 

variable levels of paxi l l ine detected among the transformants could be due to 

the position of integration of the construct i nto the genome and/or d ifferences i n  

copy number (Malonek et al. , 2005a) ,  o r  the presence of an incomplete 

promoter sequence i n  pSS1 . 

TLC analysis of extracts of paxQ mutant a nd paxQ mutant with p l l99 detected 

intense g reen bands with R, values simi lar to authentic 1 3-desoxypaxi l l ine a nd 

other less intense green bands correspond ing to other i ndole-diterpenes 

(F ig u re 3 .2 1  B) . Al l the ten LMQ226/pSS2 transformants ana lysed had intense 

g reen bands with R, val ues s imi lar  to authentic paxi l l i ne suggesti ng that pSS2 

was able to complement the paxQ deletion in  LMQ226 mutant (F igure 3.2 1 B) . 
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Figure 3.21 NP-TLC analys is  of paxP and paxQ complementations 

NP-TLC analysis of (A) paxP deletion mutant LM P 1  containing the comple
mentation construct pSS 1 ( l ines are d rawn to show the mobi l ity of g reen 
bands corresponding to authentic paxi l l ine and paspal ine) and (B) paxQ dele
tion mutant LMQ226 contain ing the complementation construct pSS2, for the 
presence of indole-d iterpenes (Section 2 .2 1 ). Mycel ium was g rown for 7 days 
in CDYE, supplemented with trace element mix (Section 2 . 3 .2) ,  at 28°C with 
shaking at 200 rpm,  freeze-dried and extracted in 2: 1 ch loroform-methanol 
mixture .  V=p 1 l99 vector; P1 =pSS1 ; P2=pSS2; 1 3-dp=1 3-desoxypaxi l l ine .  
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Un l i ke the paxP complementation ,  the level of paxi l l i ne  detected i n  each of the 

LMQ226/pSS2 transformants was s imi lar. Additiona l  green bands simi lar  to 

those consistently observed in extracts of wi ld-type stra in were a lso observed . 

As wi l l  be shown later, these correspond to other i ndole-diterpenes . 

3.2 .3 Preparation of pSS7 with longer paxP promoter sequence 

To test if the variable levels of paxi l l ine detected in  LMP 1 /pSS1 transformants 

(Section 3 .2 .2) was due to an incomplete promoter sequence in  pSS 1 , a 

second paxP complementation construct, pSS7, was prepared that contained a 

longer paxP promoter seq uence ( 1 584 bp) than in  pSS1 (583 bp) .  A 9 1 5 bp 

EcoR I/Smal frag ment, conta in ing part of  the paxP gene sequence (483 bp)  and 

432 bp of the 3' untranslated region ,  from the lambda clone ",CY56 (Young et 

al. , 200 1 )  was cloned i nto the EcoRIISmal  site of the pBlueScript 1 1  KS vector to 

generate pSS3 (Figure 3 . 22A) . A 2950 bp Smal  fragment, conta in ing 1 584 b p  

of the seq uence 5' of the paxP ATG plus the remai n ing part of the paxP gene 

seq uence ( 1 366 bp) , was cloned from ",CY56 i nto the Smal site of pSS3 in  the 

correct orientation to generate pSS7 (F ig ure 3.22B) . 

3.2 .4 Complementation of !1paxP stra in  with pSS7 

Protoplasts of paxP deletion mutant LMP1  were co-transformed with 5 Ilg of 

c i rcular p l l99 vector and pSS7 (Section 2 . 1 3 .2) .  Twenty six arb itrari ly selected 

geneticin-resistant transformants were colony-pu rified and PCR-screened 

(Section 2 . 1 4 .2)  for integration of the pSS7 i nsert . Six positive transformants 

were further screened by TLC a nalysis (Section 2 .2 1 )  for their abi l ity to make 

paxi l l i ne .  TLC analysis of extracts of LMP1 and LMP 1 /p 1 199 identified green 

bands with Rf values si mi lar  to authentic paspal ine (F igure 3 .23) .  Five out of six 

genetici n-resistant LMP 1 /p I l 99/pSS7 transformants had green bands with Rf 
val ues simi lar  to authentic pax i l l i ne suggesti ng that the paxP deletion i n  LM P 1  

mutant was complemented by pSS7 (F ig ure 3 .23) .  These transformants had 

other green bands that correspond to other indole-d iterpenes . Although pSS7 

was able to complement LMP1 , variable levels of paxi l l i ne were once aga in  

observed . 
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Figure 3.22 paxP complementation construct with d ifferent promoter 
length 

(A) EcoRl/Smal fragment, contain ing part of paxp, from ACY56 was cloned 
into pBlueScript 1 1  KS to g ive pSS3 . (8) Smal fragment, contain ing the pro
moter and remain ing part of paxp, from ACY56 was cloned into pSS3 to 
g ive pSS7. pSS7 plasmid was used with p l 199  in a co-transfo rm ation of 
LMP1 (L'lpaxP) protoplasts. 
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Figure 3.23 NP-TLC analysis of paxP com plementation with pSS7 

N P-TLC ana lysis of paxP de letion mutant LMP1  conta in ing the comple
mentation construct pSS7 (contains a longer paxP promoter than i n  the 
co nstruct pSS 1 ) , for the p rese nce of indo le-d iterpe nes (Section  2 . 2 1 ) .  
Mycel ium was grown for 7 days in COVE, supplemented with trace element 
m ix  (Section 2 .3 .2 ) , at 2 8°C with shaking at 200 rpm ,  freeze-d ried and 
extracted in 2 : 1  chloroform-methanol mixture . V=p1 l99 vector; P7=pSS7. 
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Given the primary a im of these experiments was to confi rm that the paxP and 

paxQ constructs were functional , no deta iled molecu lar  analysis was carried 

out to confirm whether the variable levels of paxi l l ine reflected copy n umber or  

position of  integration . 
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3.3  Feedi ng studies with pax i l l i ne precursor 

metabol ites 

Previous work confi rmed that just four p roteins were requ i red in  the early steps 

in paxi l l i ne biosynthesis pathway to synthesise the fi rst stable i nd ole-diterpene 

metabol ite ,  paspaline (Section 3 . 1 ) . Later steps in  the paxi l l i ne biosynthesis 

pathway i nvolve two cytochrome P450 monooxygenases, PaxP and PaxQ , that 

are proposed to uti l ise paspal ine and 1 3-desoxypaxi l l i ne as their  respective 

substrates (McMi l lan et al. , 2003) . These compounds together with paspa l ine 

B ,  PC-M6 and �-paxitriol have been proposed to form a metabol ic g rid for 

paxi l l i ne biosynthesis (Figure 3 .24) ( Munday-F inch et al. , 1 996) .  Given the 

versati l i ty of cytochrome P450 enzymes to catalyse mu ltiple steps (Ro et al. , 

2005;  Tudzynski , 2005) , it was considered possible that PaxP alone cou ld 

catalyse the conversion of paspal ine to PC-M6. The formation of paxi l l i ne from 

PC-M6 could occur either via 1 3-desoxypaxi l l i ne or via �-paxitriol . Conversion 

of PC-M6 to �-paxitriol req u i res a C-1 3 hydroxylation  that could be catalysed by 

PaxQ , s ince th is reaction  is simi lar to the conversion of 1 3-desoxypaxi l l i ne to 

paxi l l i ne .  Further, the conversion of PC-M6 to 1 3-desoxypaxi l l ine and �-paxitriol 

to paxi l l i ne both req u i re a C-1 0 oxidation suggesti ng the need for a 

dehydrogenase function .  To test whether the metabol ic scheme proposed by 

Munday-Fi nch et al. (Munday-Finch et aI. , 1 996) is correct and whether a n  

add itional u nidentified dehydrogenase is requ i red the proposed intermed iates 

were purified and fed to P. paxilli delet ion mutants and strains contain ing 

i ntroduced pax genes, paxP or paxQ, i n  a pax cluster negative background for 

further analysis (Fig ure 3 .25) .  

3.3.1  pSS1 transformation of pax deletion mutants LM662 a nd CY2 

Protoplasts of LM662 and CY2 were transformed with 5 Ilg of ci rcular p l 1 99 

vector or pSS 1 (Section  2 . 1 3 .2) and geneticin-resistant transformants selected 

on RG med ium supplemented with 1 50 Ilg/ml of genet icin .  An arbitrary 

selection of geneticin-res istant LM662/pSS1 a nd CY2/pSS1 transforma nts 

were PC R-screened (Section 2 . 1 4 .2) ,  usi ng the primers paxPEcoRIF2 and 

paxPEco R I R  (data not shown) ,  for i nteg ration of the i nsert from pSS 1 . 
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LM662 mutant lacks the entire pax cluster and CY2 mutant lacks the entire pax cluster as well as sequences to the left and right of 
the cluster. Broken l ines indicate the deletion in LM662 and CY2. Circular constructs pSS1 (paxP) and pSS2 (paxQ) were individu
ally transformed into LM662 and CY2. Transformants conta in ing the ectopically integrated gene of interest were used for feeding 
precursors and the product(s) analysed by TLC/HPLC. 



Transformants contain ing a PCR product of the correct s ize were further 

assessed for paxP expression by RT-PCR analysis (Section 2 . 1 4 .5 .2 )  using 

primers that spanned one of the i ntrons so that targets only from RNA or  cDNA 

would be pri med ( Figure 3 .26A) . The tub2 was also ampl ified as a positive 

control for template qual ity .  

A h igh level of paxP expression was detected in  a l l  LM662/pSS1 transformants 

(Figure 3 .268) .  However, the level of paxP expression was comparatively lower 

i n  CY2/pSS1 transformants (Figure 3 .26C) .  Two LM662/pSS1  transformants 

viz. LM662 . P 1 -2 & LM662 . P1 - 1 0 and two CY2/pSS1 transformants viz. 

CY2 . P 1 -9 & CY2 . P 1 - 1 0 , with comparatively h igh  levels of paxP expression ,  

were selected for paspal ine feeding studies.  

3.3.2 Paspal ine feed ing of LM662/pSS1 a nd CY2/pSS1 transformants 

One h undred )1g of paspal ine was added to the mycel ia of LM662/pSS 1 and 

CY2/pSS1 transformants , together with appropriate contro ls ,  on  day four  and 

day five (Section 2 .20) .  Fungal mycel ia that d id not receive paspal ine were a lso 

included as controls .  Al l  fungal mycel ia were harvested on day six and freeze

dried for further analysis (Section 2 . 2 1 ) .  

TLC analysis of extracts of paspaline-fed LM662 and LM662/p l l 99 detected a 

s ingle i ndole-diterpene corresponding to the added paspal i ne (F igu re 3 .27A) . 

However, extracts of LM662/pSS1 transformants fed with paspal i ne contained 

a second major i ndo le-diterpene besides the added paspal ine (Fig u re 3 .27A) . 

HPLC analysis of these extracts confi rmed that the second i ndole-diterpene 

had the same retention time as authentic 1 3-desoxypaxi l l ine (Rt = 7.7 min)  

(Figure 3 .278) .  A minor additional peak (Rt = 8 .25 min)  corresponding to 

another indole-diterpene was also observed i n  the extracts of paspaline-fed 

LM662/pSS1 transformants. It is not surpris ing that this indole-diterpene was 

not visible on the TLC, g iven its trace amount (Fig ure 3 .27 A) . The retention 

time of this metabol ite, as shown later, corresponded to �-PC-M6. The two 

LM662 transforma nts conta in ing pSS 1 d iffered i n  their abi l ity to convert 
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Figure 3 .26 Expression analysis of paxP in LM662 and CY2 backgrounds 

RT- P C R  a n a l ysis of R N A i so lated fro m 6 d a y o ld m yc e l i a  u s i n g  th e 
SuperScript™ One-Step RT-PCR system ( I nvitrogen) . tub2 was used as a 
positive contro l .  Primer positions are shown in p ink. Primer SS1 spans intron 
2 and hence would only prime from RNA and cDNA targets, 
All fragment sizes are shown in bp. V=p1 199 vector; P 1 =pSS1 , 

The PCR com ponents used pe r reaction were : 1 00 ng of tota l R NA, 1 x 
SuperScript™ One-Step RT-PCR ( I nvitrogen )  reaction mix, 200 nM of each 
primer and 0,5 III of RTf Platinum® Taq mix in a 25 III reaction volume. The 
cycl ing conditions used were: 1 cycle of 50°C for 30 min ,  94°C for 2 m in ;  3 5  
cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min ;  1 cycle of 72°C for 
1 0  min .  
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Figure 3.27 NP-TLC and RP-HPLC analysis of LM6621pSS1 transformants fed 
with paspaline 

LM662 transformants conta in ing pSS 1 (paxP) were fed with paspa l ine (Section 
2 .20) and analysed by (A) NP-TLC ( '-' without paspal i ne; '+ ' with paspa l ine; the 
mobil ity of paspal ine and 1 3-dp are shown) and (8) RP-HPLC (black traces - with
out paspa l ine ;  red traces - with paspa l i ne) ,  for p resence of indole-d iterpenes 
(Section 2 .2 1 ) .  Precursor fed is labelled red. V=p 1 l99 vector; P1  =pSS 1 ;  1 3-dp= 1 3-
desoxypaxi l l ine. 
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paspal i ne to 1 3-desoxypaxi l l i ne and �-PC-M6, with LM662 . P 1 - 1 0  havi ng h igher 

levels of 1 3-desoxypaxi l l i ne than the other transformant LM662 .P 1 -2 .  

No other indole-d iterpenes except the added paspal ine were detected i n  

extracts of paspaline-fed CY2 a n d  CY2/p l l99 (F igure 3 .28A) .  I n  addition to the 

added paspal ine,  extracts of paspa l i ne-fed CY2/pSS1 transformant, CY2 . P 1 -9 ,  

contai ned two more i ndole-d iterpenes, one with R, va lue simi lar to 1 3-

desoxypaxi l l ine and the other (marked by red rectangle) ,  as shown later ,  

corresponded to �-PC-M6 (F igure 3 .28A) . Although accumulation of 1 3-

desoxypax i l l ine and �-PC-M6 i n  paspal ine-fed CY2 . P 1 - 1 0  extracts was not 

evident from TLC, HPLC analysis confi rmed the accumulation of paspa l ine, 1 3-

desoxypaxi l l ine and �-PC-M6 in  extracts of both CY2 . P 1 -9 and CY2 . P1 -1 0 

transformants (F igure 3 .288) . The better conversion of paspal ine to 1 3-

desoxypaxi l l i ne and �-PC-M6 by the CY2 . P 1 -9 transformant could be attributed 

to the comparatively hig her level of paxP expression i n  CY2 . P 1 -9 than i n  

CY2 . P 1 - 1 0  transformant (F igure 3 .26C) . Although this is on ly  a l imited analysis ,  

the CY2/pSS1 transformants appear to  be less efficient i n  convert ing paspal ine 

than the LM662/pSS 1 transformants . 

It was confi rmed that paspal ine is a substrate for PaxP a nd is converted to the 

major prod uct 1 3-desoxypaxi l l ine and also to �-PC-M6,  and that PaxP is 

capable of catalys ing more steps than orig inal ly proposed (McMi l lan  et al. , 

2003) .  I n  addition ,  the paspal ine feed ing resu lts also support the proposed 

metabol ic grid involving these metabol ites as i ntermed iates in paxi l l ine 

biosynthesis (F igure 3 .24) . 

3.3 .3 pSS2 tra nsformation of pax deletion  mutants LM662 and CY2 

Protoplasts of LM662 and CY2 were transformed with 5 )..I.g of circular p l l99 

vector or pSS2 (Section 2 . 1 3 .2) and the geneticin-resista nt transformants were 

selected on RG medium supplemented with 1 50 )..I.g/ml of geneticin .  An arbitrary 

selection of geneticin-resistant LM662/pSS2 and CY2/pSS2 transformants 

were PCR-screened (Section 2 . 1 4 .2 ) ,  using the primers paxQHind l l l F2 and 

paxQH ind l l l R  (data not shown) ,  for i ntegration of the insert from pSS2 into the 
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Figure 3.28 NP·TLC a nd RP-HPLC analysis of CY2/pSS1 transformants fed with 
paspal ine 

CY2 transformants containing pSS1 (paxP) were fed with paspaline (Section 2.20) 
and analysed by (A) N P-TLC ('-' without paspaline; '+' with paspaline) and (8) RP
HPLC (black traces - without paspaline; red traces - with paspal ine), for presence of 
indole-d iterpenes (Section 2 .21 ) .  Precursor fed is labelled red . The mobil ity of P-PC
M6 (marked by a red rectangle) is also shown on TLC. V=pl l99 vector; P 1 =pSS 1 ; 
1 3-dp= 1 3-desoxypaxi l l i ne. 
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genome. The transformants that gave a PCR product of the correct size were 

further assessed for paxQ expression by RT-PCR ana lysis (Section 2 . 1 4 . 5 . 2) 

us ing primers that spanned one of the i ntrons so that targets only from RNA or  

cDNA would be primed (F igure 3 .29A) . The tub2 gene was a lso i ncl uded as a 

positive control for template qual ity. 

Expression of paxQ was observed in all LM662/pSS2 a nd CY2/pSS2 

transformants ( Figure 3 .29B & C). However, i n  CY2/pSS2 transformants the 

level of paxQ expression was comparatively lower than that in LM662/pSS2 

transformants. In al l transformants mu ltiple prod ucts were observed that could 

be the result of d ifferen ces in  spl icing . For 1 3-desoxypaxi l l ine feeding stud ies,  

two LM662/pSS2 transformants viz .  LM662. P2-9 & LM662 . P2- 1 4  and two 

CY2/pSS2 transformants viz. CY2 . P2-7 & CY2 . P2- 1 0 were selected . 

3.3 .4 1 3-desoxypaxi l l i ne feed ing  of LM662/pSS2 a nd CY2/pSS2 

transformants 

One hundred )...lg of 1 3-desoxypaxi l l i ne was added to the fungal mycel ia of 

LM662/pSS2 and CY2/pSS2 transfo rmants , together with appropriate contro ls ,  

on day four and day five of their growth period (Section 2 .20) . Fungal mycel ia 

that did not receive 1 3-desoxypaxi l l i ne were a lso included as controls.  Al l  

fungal mycel ia were harvested on day s ix and freeze-dried for further analysis 

(Section 2 . 2 1 ) . 

TLC analysis showed that no i ndole-diterpenes but the added 1 3-

desoxypaxi l l i ne were detected in  extracts of 1 3-desoxypaxi l l ine-fed LM662 a nd 

LM662/p 1 1 99 strains ( Figure 3 . 30A) . However, extracts of 1 3-desoxypaxi l l i ne

fed LM662/pSS2 transformants each showed a n  intense green band with R, 
value simi lar to authentic paxi l l i ne ( Fig ure 3 . 30A) . HPLC analysis of extracts of 

these transformants confi rmed the accumulation of paxil l i ne a nd traces of 1 3-

desoxypaxi l l ine (Figure 3 .30B) ind icating almost complete conversion of the 

added 1 3-desoxypaxi l l i ne to paxi l l i ne .  In the extract of LM662 deletion mutant 

that did not receive 1 3-desoxypaxi l l ine (Fig ure 3 . 30B),  the signal  observed at 

the same retention time as 1 3-desoxypaxi l l ine was not d ue to an i ndole-
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Figure 3.29 Expression analysis of paxQ in  LM662 and CY2 backgrounds 

RT- P C R  a n a lys i s  of R N A  i so la ted fro m 6 d a y  o l d  myce l i a  u s i n g  t h e  
SuperScript™ One-Step RT-PCR system ( l nvitrogen). tub2 was used as a pos
itive control. P rimer positions are shown in pink. Primer SS4 spans intron 7 and 
hence would only prime from RNA and cDNA targets . 
Al l  fragment s izes are shown in bp. V=p1 l99 vector; P2=pSS2. 

The PCR com ponents used per react ion were : 1 00 ng of tota l  RNA, 1 x 
SuperScript™ One-Step RT-PCR ( I nvitrogen) reaction mix ,  200 nM of each 
primer and 0 . 5 )11 of RTf Platinum® Taq mix in a 25 )11 reaction volume. The 
cycl ing conditions used were: 1 cycle of 50°C for 30 min ,  94°C for 2 min ;  35 
cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min ;  1 cycle of 72°C for 
1 0  min. 
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Figure 3.30 NP-TLC and RP-HPLC analysis of LM662/pSS2 transformants fed 
with 1 3-desoxypaxill ine 

LM662 transformants conta in ing pSS2 (paxQ) were fed with 1 3-desoxypaxi l l ine 
(Section 2 .20) and analysed by (A) NP-TLC ( '-' without 1 3-desoxypaxill ine; '+' with 
1 3-desoxypaxil l ine) and (8) RP-HPLC (black traces - without 1 3-desoxypaxil l ine; red 
traces - with 1 3-desoxypaxi l l ine), for presence of indole-diterpenes (Section 2.2 1 ). 
Precursor fed is labelled red. V=p"99 vector; P2=pSS2; 1 3-dp=1 3-desoxypaxil l ine. 
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diterpene as it d id n ot had the characteristic absorption feature of a n  i ndole 

moiety (Section 2 .2 1 ) . TLC analysis of extracts of 1 3-desoxypaxi l l i ne-fed CY2 

and CY2/p 1 l 99 stra ins detected the accumulat ion of a s ing le indole-d iterpene 

corresponding to the added 1 3-desoxypaxi l l i ne (Figure 3 . 3 1 A) .  Extracts of 

CY2/pSS2 transformants incubated with 1 3-desoxypaxi l l i ne accumulated a 

second i ndole-diterpene corresponding to paxi l l ine besides the added 1 3-

desoxypaxi l l i ne (F igure 3 . 3 1 A) .  These results were further confi rmed by H PLC 

analysis (Figure 3 . 3 1 8) .  U nl ike LM662/pSS2 transformants , extracts of 

CY2/pSS2 transformants accumulated substantial  amounts of the fed p recu rsor 

1 3-desoxypaxi l l ine suggesti ng that the added 1 3-desoxypaxi l l i ne was more 

efficiently converted by PaxQ i n  the LM662 background than i n  the CY2 

background.  These studies confirmed 1 3-desoxypaxi l l ine as a substrate for 

PaxQ and thus supporti ng the proposed metabol ic scheme for paxi l l ine 

biosynthesis (F igu re 3 .24). 

3.3.5 PC-MS feed ing of pax deletion mutants 

The sod ium borohyd ride red uction of 1 3-desoxypaxi l l ine gave PC-M6,  which 

was confi rmed by LC-MSMS (Section 2 . 1 9 .2 ) .  This red uction gave two 

products that were identified as the two d iastereomers of PC-M6 , a- and �-PC

M6 (ratio of a : �  ca 2 : 3) ,  based on thei r feed ing stud ies (see below) . The two 

d iastereomers were p urified by RP-HPLC and tested for the i r  i nvolvement as 

intermed iates in paxi l l i ne biosynthesis .  These d iastereomers were ind ivid ual ly 

fed to the pax deletion  mutants LMP 1  (l1paxP) , LMQ226 (l1paxQ) , LM662 and 

CY2 ; LM662 and CY2 mutants contain ing p l l 99 vector; and LM662 and CY2 

mutants conta in ing paxQ viz. LM662. P2-9 and CY2 . P2-7 . The paxP deletion 

mutant was included to test whether PC-M6 was metabol ised in absence of 

PaxP , thereby supporti ng the concept of a separate dehyd rogenase enzyme. 

The paxQ deletion muta nt was selected as a negative control .  LM662 a nd CY2 

deletion mutants were included to test if the dehydrogenase function  was 

encoded by an enzyme with in  the reg ion defi ned by the LM662 deletion or that 

defined by the CY2 deletion . LM662 and CY2 strains conta in ing paxQ were 

included to test if PC-M6 was a substrate for the corresponding enzyme PaxQ . 

LM662 and CY2 stra ins  contain ing p l l99 vector were selected as vector-only 
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Figure 3.31 NP-TLC and RP-HPLC a nalysis of CY2/pSS2 transformants fed with 
1 3-desoxypaxill ine 

CY2 tran sformants co nta i n i ng pSS2 (paxQ) were fed with 1 3-desoxypaxi l l i ne  
(Section 2 .20) and analysed by (A) NP-TLC ('-' without 1 3-desoxypaxil l ine; ' +' with 
1 3-desoxypaxil l ine) and (8) RP-HPLC (black traces - without 1 3-desoxypaxil l ine; red 
traces - with 1 3-desoxypaxi l l ine), for presence of indole-diterpenes (Section 2.2 1 ). 
Precursor fed is labelled red . V=p1 l99 vector; P2=pSS2; 1 3-dp=1 3-desoxypaxill ine . 
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controls. One hundred ).I.g of a- or �-PC-M6 was added to the mycel ia of a l l  

these strains on day four a nd day five of thei r  growth period (Section 2 .20) .  

Fungal mycel ia that did not receive the precursors were a lso i ncl uded a s  

controls .  Al l fungal myce l ia  were harvested o n  day six and freeze-d ried for 

fu rther analysis (Section 2 . 2 1 ) .  

T LC ana lysis of extracts of al l  stra ins when fed a-PC-M6 showed a si ngle 

g reen band that had an R, val ue s imi lar to authentic a-PC-M6 and authentic 

paxi l l ine which ran together on the TLC (Figure 3 .32A) . This metabol ite was 

shown to be a-PC-M6 and not paxi l l i ne by H PLC a nalysis where it had a 

retention time (Rt = 5 .85 min)  simi la r  to authentic a-PC-M6 and not to authentic 

paxi l l i ne (F igure 3 . 33A & Figure 3 . 34A) . However, al l th ree PaxQ conta in ing 

strains ,  LM662 . P2-9, CY2 . P2-7 and LMP 1 ,  after i ncubations with a-PC-M6, 

accumulated a nother indole-diterpene with R, value simi lar  to authentic a

paxitriol besides the added a-PC-M6 (F ig ure 3 . 32A) . The accumulation of a

paxitriol in these extracts was further confi rmed by H PLC analysis where it was 

found to have the same retention time (Rt = 4.30 min)  as authentic a-paxitriol 

(F ig ure 3 . 33A & Fig ure 3. 34A) .
* 

Althoug h the extracts of al l  the stra ins that d id  

not receive a-PC-M6 appears to have a-paxitriol in  them, none of these strains 

showed the presence of an indole conta in ing metabol i te at the same retention  

t ime as a-paxitriol as confi rmed by the absence of  the characteristic absorption  

feature of an indole moiety at  230 nm and 280 nm (Section 2 .2 1 ) . I nteresting ly ,  

LMP1 mutant a lso showed an increased accumulat ion of paspal ine in  response 

to a-PC-M6 feed ing . Extracts of a-PC-M6-fed LMQ226 mutant conta ined the 

added a-PC-M6, and other i ndole-diterpenes that were also present in extracts 

of LMQ226 mutant that d id  not receive a-PC-M6 ( Figure 3 . 32A & Figure 

3 . 33A) . The presence of the added a-PC-M6 and the absence of a-paxitriol 

suggested that none of the added a-PC-M6 was metabol ised by this mutant. 

"'
These results form the basis of identification of the two sodium borohydride reduction products 

of 1 3-desoxypaxi l l ine as a- and �-PC-M6. Conversion of the putative a-PC-M6 i nto a-paxitriol 
by PaxQ confi rms it to be a-PC-M6. In addit ion, LC-MSMS analysis confirmed the presence of 
only PC-M6 in the 1 3-desoxypaxil l ine reduction product (Section 2. 1 9 .2) .  These results 
together confirm the other compound in the reduction product to be �-PC-M6. 
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F igure 3.32 NP-TLC a n a lys i s  of P. paxilli deletio n  m uta nts, LM662/pSS2 and 
CY2/pSS2 transformants fed with a- and �-PC-M6 

LM662 and CY2 stra ins conta in ing pSS2 (paxQ) and P. paxilli deletion mutants LMP1 
(L'lpaxP) and  L MQ226 (L'lpaxQ) were fed wi th  a- and � -PC-M6 (Sect ion 2 .20)  a n d  
analysed by NP-TLC for presence of indole-diterpenes (Section 2 .21 ). (A) NP-TLC analy
sis of a-PC-M6-fed P. paxilli cu ltu res.  (8) NP-TLC ana lysis of �-PC-M6-fed P. paxilli 
cultures. '-' without a- or �-PC-M6;  '+' with a- or �-PC-M6; precursor fed is labelled red . 
V=p1 l99  vector; P2=pSS2; 1 3-dp=1 3-desoxypaxi l l ine.  
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Figure 3_33 R P-HPLC ana lysis of P. paxi/li deletion m utants, LM662/pSS1 a nd 
LM662/pSS2 transformants fed with a- and P-PC-M6 

LM662 strains contain ing pSS 1 (paxP) and pSS2 (paxQ) and P. paxilli deletion mutants 
LMP1 ( paxP) and LMQ226 ( paxQ) were fed with a- and P-PC-M6 (Section 2 .20) and 
analysed by RP-HPLC for p resence of  indole-d iterpenes (Section 2 .21 ) .  (A) RP-HPLC 
analysis of a-PC-M6-fed P. paxilli cultures. (8) RP-HPLC ana lysis of j3-PC-M6-fed P. 
paxilli cultures. black traces - without a- or f3-PC-M6; red traces - with 0.- or  f3-PC-M6; 
p recursor fed is labelled red . P1 =pSS 1 ;  P2=pSS2;  1 3-dp=1 3-desoxypaxi l l ine. 
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Figure 3.34 RP-HPLC analysis of CY2/pSS2 transformants fed with 0.- and p-PC
M6 

CY2 strains containing pSS2 (paxQ) were fed with a- and P-PC-MS (Section 2.20) and 
analysed by R P-HPLC for presence of indole-diterpenes (Section 2 . 2 1 ) .  (A) RP-HPLC 
ana lys is of a-PC-MS-fed transforma nts .  (8) RP-H PLC a n a lysis of P-PC-MS-fed 
transformants. black traces - without a- or P-PC-MS; red traces - with a- or P-PC-MS; 
precursor fed is label led red . P2=pSS2 ;  1 3-dp= 1 3-desoxypaxill ine . 
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F rom the results described above it was observed that a l l  the PaxQ contain i ng 

strains were able to convert the added a-PC-M6 to a-paxitriol . Although these 

results suggested that a-PC-M6 was a substrate for PaxQ , it is most un l ikely to 

be an intermed iate in paxi l l ine biosynthesis s ince paxi l l i ne precursors have a C-

1 0  p-stereochemistry . Moreover, a-paxitriol is a p roposed p recursor in  a 

pathway leading to the production  of i ndole-diterpenes l ike lol itrems and 

terpendoles that have a C-1 0 a- stereochemistry ( Parker and Scott, 2004) . 

Simi lar i ncubations with P-PC-M6 were carried out with the same stra ins .  The 

precursor-fed L M662 and CY2 mutants , a nd LM662 and CY2 stra ins conta in ing 

p \ l 99 vector were unable to metabol ise the added P-PC-M6 and showed the 

presence of the added P-PC-M6 only ( Fig ure 3 . 328 ,  Figu re 3 . 33 8  & Figu re 

3 . 348) . Simi la rly, cultures of LM662 and CY2 stra ins conta in ing paxQ, 

LM662 . P2-9 and CY2 . P2-7 , respectively, were a lso unable to metabolise the 

added P-PC-M6 and conta ined only the added P-PC-M6 (Figure 3 . 328,  F igure 

3 . 338 & F igure 3 .348) . However, extracts of p-PC-M6-fed LMP1  mutant 

showed an i ncreased accumulation of paspa l ine simi lar to that observed i n  

extracts of a-PC-M6-fed LMP1 mutant (F ig ure 3 . 32 & F igure 3 . 33) . Extracts of 

p-PC-M6-fed LMQ226 mutant accumulated an i ncreased amount of 1 3-

desoxypaxi l l i ne (Figure 3 .32 8  & Figu re 3 . 338) wh ich cou ld be the result of 

catalysis by PaxP. This result was a lso s upported by the paspal ine feedi ng 

study i n  which PaxP converted paspal ine i nto 1 3-desoxypaxi l l i ne and p-PC-M6 

(Section 3 .3 .2 ) .  This suggested that P-PC-M6 could be a substrate for PaxP. 

In order to test if either a- or  P-PC-M6 was a substrate for PaxP , i ncubations 

with a- or P-PC-M6 were carried out with an LM662 stra in  contain ing paxP, 

LM662 .P 1 - 1 0 , since this strain efficiently converted paspal ine to 1 3-

desoxypaxi l l ine (Section 3 .3 .2) .  Analysis of extracts of a-PC-M6-fed 

LM662/pSS1 transformant, LM662 . P 1 . 1 0 , showed no conversion of a-PC-M6 

and detected the added a-PC-M6 ( Figure 3 .33A & F igure 3 .35) .  However, 

ana lysis of extracts of p-PC-M6-fed LM662 . P1 - 1 0  transformant detected the 

added P-PC-M6 and a second indole-diterpene that had the Rf value simi lar to 
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LM662 strain  conta in ing pSS1 (paxP) was fed with 
a- and I3-PC-M6 and et- and �-paxitriol (Section 2 .20)  
and ana lysed by N P-TLC for p resence of i ndo le
d iterpenes (Section 2 . 2 1 ) .  '-' without any p recursor; 
p recu rso rs fed a re l a be l l e d  red . P 1  = p S S 1 ; 1 3-
dp= 1 3-desoxypaxi l l ine. 
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authentic 1 3-desoxypaxi l l ine (Figure 3 .338 & F igure 3 . 35 ) ,  which was 

confirmed by H PLC analysis (Fig ure 3 .338) .  These results confi rmed that �

PC-M6 is a substrate for PaxP and is converted to 1 3-desoxypaxi l l ine .  The 

conversion of �-PC-M6 to 1 3-desoxypaxi l l i ne by PaxP a lso suggests that PaxP 

is  able to catalyse the C- 1 0  oxidation reaction  which means that no d istinct 

dehydrogenase enzyme needs to be involved for th is conversion other than 

PaxP.  

3.3.6 Paxitriol  feeding of pax deletion mutants 

Simi lar to the chemical synthesis of PC-M6 d iastereomers ,  the sod ium 

borohydride reduction of  paxi l l i ne also gave two paxitriol d iastereomers, a- and 

�-paxitriol (ratio a:� ca 1 :2)  (Section 2 . 1 9 .3) ,  which were tested for their 

i nvolvement as intermed iates in  paxi l l i ne biosynthesis .  

80th a- and �-paxitriol were individual ly fed to pax deletion mutants LM662, 

CY2 and LMQ226 (t�paxQ) , and LM662 stra in contai n ing paxP viz. LM662 . P 1 -

1 0 . The LM662 and CY2 mutants were i ncl uded to further test the i nvolvement 

of a separate dehydrogenase enzyme. The paxQ mutant was selected to test if 

�-paxitriol was metabol ised in the absence of PaxQ . The LM662 strain 

contain ing paxP, LM662 . P 1 - 1 0 , wh ich was earl ier shown to convert �-PC-M6 to 

1 3-desoxypaxi l l ine (Section 3 . 3 .5) ,  was chosen to test if PaxP was also able to 

convert paxitriol to paxi l l ine wh ich also requ i res a C- 1 0  oxidation .  One hundred 

I1g of a- or �-paxitriol was added to the mycel ia of al l  these fungal stra ins on 

day four  a nd day five of their growth period (Section 2 . 20) .  Fungal mycel ia  that 

d id  not receive the precursors were a lso incl uded as controls .  All fungal mycel ia 

were harvested on day six and freeze-dried for further analysis (Section 2 .2 1 ) .  

TLC analysis of extracts of a-paxitriol-fed LM662 and CY2 mutants , and 

LM662 . P 1 - 1 0 transformant identified a single indole-diterpene corresponding to 

the added a-paxitrio l  ( Fig ure 3 .35 & F igure 3 . 36A) , wh ich was confi rmed by 

HPLC a nalysis (F igure 3 .37 A & Figure 3 . 38 ) .  Extracts of a-paxitriol-fed 

LMQ226 mutant contained the added a-paxitriol i n  addition  to the indole

diterpenes that also accumulated in extracts of LMQ226 mutant that did not 
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Figure 3.36 NP-TLC a nalysis of P. paxilli mutants fed with a- and �-paxitriol  
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+ 
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P. paxilli m utants LM662 , CY2 and LMQ226 (�paxQ) were fed with a- and f3-paxitriol (Section 
2 .20)  and analysed by NP-TLC for p resence of indole-diterpenes (Section 2 .2 1 ). (A) NP-TLC 
analysis of a-paxitriol-fed P. paxilli mutants and (8) NP-TLC analysis of f3-paxitrio l-fed P. paxilli 

mutants. '-' without a- or f3-paxitrio l ;  '+ ' with a- or p-paxitriol ;  precursor fed is labelled red. 1 3-
dp= 1 3-desoxypaxi l l ine. 
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Figure 3.37 RP-HPLC analysis of P. paxil/i mutants and LM662/pSS1  transformants 
fed with 0.- and �-paxitriol 

LM662 strain containing pSS1 (paxP) and P. paxilli deletion mutant LMQ226 (t.paxQ) 
were fed with a- and j3-paxitriol (Section 2 .20) and analysed by RP-HPLC for presence 
of indole-diterpenes (Section 2 .21 ). (A) RP-H PLC ana lysis of a-paxitriol-fed P. paxilli 
cultures. (8) RP-HPLC analysis of j3-paxitriol-fed P. paxilli cultures. black traces - without 
a- or j3-paxitriol ;  red t races - with  a- or j3-paxitrio l ;  precu rsor fed is label led red . 
P 1 =pSS1 ; 1 3-dp=1 3-desoxypaxi l l ine. 
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Figure 3.38 RP-HPLC analysis of P. paxilli m utant CY2 fed with 0.- and �-paxitriol 

P paxilli mutant CY2 was fed with a- and (3-paxitriol (Section 2.20) and analysed by 

RP-HPLC for presence of indole-diterpenes (Section 2.2 1 ) . black traces - without a- or 

(3-paxitriol ;  red trace - with p-paxitriol ; blue trace - with a-paxitriol; precursors fed are 
label led red or blue. 1 3-dp=1 3-desoxypaxi l l ine. 
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receive a-paxitriol (F igure 3 .36A & Fig ure 3 . 37A) . These results suggested that 

a-paxitriol is not a substrate for any Pax enzymes and hence not a true 

intermed iate in paxi l l ine biosynthesis.  

Analysis of extracts of �-paxitriol-fed LM662 and CY2 mutants detected the 

added �-paxitriol (F igure 3 .368 ,  Figu re 3 .378 & Figure 3 . 38) .  However, extracts 

of LMQ226 mutant incubated with �-paxitriol accumulated an i ndole-diterpene 

that had an R, value simi lar to authentic paxi l l ine ,  besides conta in ing the added 

�-paxitriol and the indole-d iterpenes that also accumulated in  extracts of 

LMQ226 mutant that did not receive �-paxitriol (F ig u re 3 . 368) .  This was 

confirmed by HPLC analysis (Fig u re 3 . 378) .  The �-paxitriol-fed cultures of 

LM662. P 1 - 1  0 also accumulated paxi l l ine ,  in add ition to the added �-paxitrio l  

(F igure 3 . 35 & Figure 3 .378) .  Although none of the Pax enzymes were able to 

produce �-paxitriol , it was fou nd to be a substrate for PaxP. The conversion  of 

�-paxitriol to paxi l l i ne by the LMQ226 mutant suggests that the metabolism of 

�-paxitriol occurs after the steps catalysed by PaxQ . Taken together ,  these 

results suggest that �-paxitriol is not a true i ntermediate in paxi l l ine 

biosynthesis. These results further confi rm that the oxidation  at  C- 1 0  is a 

catalytic function of PaxP, which catalyses the conversion  of �-PC-M6 to 1 3-

desoxypaxi l l ine and �-paxitriol to paxi l l ine ,  both req ui ring C- 1 0  oxidation .  

3.3.7 Summary 

8ased on the precursor feed ing stud ies, paspal ine was fou nd to be a substrate 

for PaxP a nd was converted to 1 3-desoxypaxi l l ine and �-PC-M6. These studies 

also showed that 1 3-desoxypaxi l l i ne was a substrate for PaxQ and was 

converted only to paxi l l i ne. However ,  the conversion of the substrates by both 

PaxP and PaxQ was more efficient i n  the LM662 background than in the CY2 

backg round wh ich could be due to the higher level of expression of the 

correspond ing genes i n  the LM662 backg round .  a-PC-M6 was a substrate on ly 

for PaxQ and was converted to a-paxitriol .  However, �-PC-M6 was a substrate 

for PaxP and was converted to 1 3-desoxypaxi l l ine .  Thus ,  PaxP is able to 

catalyse the steps involved i n  the conversion of paspal ine to 1 3-
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desoxypaxi l l ine ,  via f3-PC-M6. Unl ike a-paxitrio l ,  which was not a substrate for 

any Pax enzymes, f3-paxitriol was found to be a substrate for PaxP and was 

converted to paxi l l i ne .  Based on these res u lts, a scheme for paxi l l ine 

biosynthesis is proposed (Fig ure 3 . 39) .  PaxP, a cytochrome P450 

monooxygenase, catalyses the conversion of paspa l ine to f3-PC-M6 via 

paspal ine B as proposed by Munday-F inch et al. (Munday-Finch et al. , 1 996) . 

Further, PaxP also catalyses the C-1 0 oxidation of f3-PC-M6 to form 1 3-

desoxypaxi l l i ne. As a side reaction ,  PaxP cata lyses a s imi lar C-1 0 oxidation  of 

f3-paxitriol to paxi l l ine .  No evidence for the proposed bifurcation (Figure 3 .24) 

in the pathway between PC-M6 and paxi l l ine was found .  PaxQ , another 

cytochrome P450 monooxygenase, catalyses the C-1 3 hyd roxylation of 1 3-

desoxypaxi l l i ne to form paxi l l i ne .  PaxQ also catalyses a side reaction i nvolving 

the C- 1 3  hydroxylation of a-PC-M6 to form a-paxitriol . 
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Figure 3.39 Formation of paxil l ine from paspaline 

OH 

OH 

(A) Organisation of paxil l ine (pax) gene cluster.  The proposed enzymatic function of 
each gene product, except PaxA and PaxB , is also ind icated. No enzymatic function 
has been identified for PaxA and PaxB .  (8) The proposed steps from paspal ine to 
paxi l l ine. (C) Side reaction catalysed by PaxQ. I P P  - isopentenyl d iphosphate; DMAPP 
- dimethya l lyl d iphosphate; GGPP - geranylgeranyl diphosphate. 
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3.4 Subcel l ular local isation of Ggs1 and PaxG 

P. paxilli conta i ns two copies of GGPP synthase genes viz .  ggs1 a nd paxG that 

a re specific for primary and secondary metabolism, respectively (Young et al. , 

200 1 ) . To test whether the two prote ins are d iffere ntial ly local ised enhanced 

GFP (EGFP) and Os Red fusion constructs of ggs1 and paxG cONA were 

transformed i nto wi ld-type P. paxilli and analysed by fluorescence microscopy . 

3.4.1 Search for subcellu la r  local isation signals 

A BlastP (Altschu l  et aI. , 1 997) analysis of PaxG identified homologous 

seq uences from other fi lamentous fungi  incl ud ing A nidulans (AN0654, 

AN 1 592 and AN8 1 43) ,  A fumigatus (AfA6E3. 050c and Afu8g02400) , A flavus 

(AtmG) ,  F. graminearum (FG 1 0097 and FG04591 ) , F. fujikuroi (Ff-Ggs1 and Ff

Ggs2) ,  Magnaportha grisea (MG00758) ,  N. crassa (AI-3) and N. lolii (N I-Ggs1  

and LtmG) wh ich were a l igned using ClustalX ( Figure 3 .40) .  This mu ltip le 

seq uence a l ignment showed variation among the sequences at their  N-termina l  

reg ion .  Putat ive local isation  signals at  the N-terminus of GGPP synthases h ave 

been reported in other organisms (Okada et al. , 2000) suggesting that the 

variable N-terminal reg ion observed among the PaxG homologues may 

harbour specific signals i nclud ing that for loca lisation for the corresponding 

proteins .  Phylogenetic a nalysis of these sequences revealed two d istinct 

g roups (Figure 3 .4 1 ) .  One group contained Ggs 1 -related sequences and the 

other PaxG-related sequences. The sequences with i n  the PaxG group were 

more d ivergent than those with in  the Ggs 1  group.  

A PSORT 1 1  (Nakai and Horton ,  1 999) analysis of these sequences for 

subcel lu lar local isation signals identified peroxisomal targeting signals 

( i ndicated as red letters in F igure 3 .40) in  four  of the PaxG-related sequences 

i nclud ing PaxG, AtmG, AN8 1 43 and FG04591 . Although this search identified a 

peroxisomal targeting signal G RV i n  the C-termi nus of PaxG , PaxG was 

p redicted to be a cytoplasmic p rotein .  Many variations of the C-terminus 

peroxisomal targeting s ignal type 1 ( PTS 1 )  have been described with the 

consensus sequence (S/AlC/G)(KlR/H) (UM) (Aitch ison et al. , 1 99 1 ; Gould et 

al. , 1 989) . The PaxG C-terminal  tripeptide cou ld be one of the variations of the 
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F i g u re 3 .40 Mult i p le sequence a l ig n m e nt of GGPP synthases from 
filamentous fungi 

The amino acid sequences of P paxilli GGPP synthases were compared with 
those of other f i lamentous fu ng i .  Amino acids identica l in more tha n fou r 
sequences are indicated i n  white on black. Chemical ly conserved residues are 
ind icated in white on gray. Amino acid residues that are sim i lar to the conserved 
motif (R/K)(U I )xxxxx( H/Q )(UA) or  (S/A/C/G )(K/R/H )( UM)  of peroxisomal  
proteins are shown as red letters. The sequences are grouped into G 1  (Ggs 1 -
related) and G2 (PaxG-related) based on a phylogenetic analysis (Figure 3 .41 ). 
Accession numbers of the corresponding sequences are as follows: A. nidulans 
AN0654 - EAA65430, AN1 592 - EAA64299, AN8 143 - EAA59 1 65; A. fumigatus 
AfA6 E 3 . 0 5 0 c  - CAF32 0 3 2 ,  Afu 8g02400 - EAL84928 ; A .  flavus At m G  -
AAT657 1 7; P paxilli Pp-Ggs1 - AAK1 1 525, PaxG - AAK1 1 53 1 ; F fujikuroi Ff
G g s 1  - CAA6 5644 , Ff-Ggs2 - CAA7 5 568 ; F. gramin ea rum F G 1 0 0 9 7 -
EAA68323 , FG04591  - EAA72205;  N. lolii N I-Ggs1 - AAW885 1 3 , LtmG -
AAW8851 0 ;  M. grise a MG00758 - EAA491 00; N. crassa AI-3 - P24322 . 
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A1·3 NI-Ggs1 MG00758 Ggs1 -related 

Figure 3.41 Phylogeny of G GPP synthases from fi lamentous fungi 

A phylogenetic tree based on neighbour  join ing method was drawn us ing the 
TreeView program.  The accession numbers of the corresponding sequences 
are as follows: P. paxilli Pp-Ggs1 - AAK1 1 525, PaxG - AAK 1 1 53 1 ; A. flavus 
Atm G  - AAT65 7 1 7;  A .  fumigatus AfA6 E3. 050c - CAF32 032 , Afu8g02400 -
EAL84928 ; A. nidulans AN0654 - EAA65430, AN 1 592 - EAA64299, AN8 1 43 -
EAA59 1 65;  F. graminearum FG1 0097 - EAA68323, FG04591 - EAA72205; F. 
fujikuroi Ff-Ggs 1 - CAA65644, Ff-Ggs2 - CAA75568; M. grisea MG00758 -
EAA491 00; N. crassa AI-3 - P24322; N. lolii N I-Ggs 1 - AAW885 1 3, LtmG -
AAW8851 0. 
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PTS 1 .  The PSORT 1 1  analysis predicted P. paxilli Ggs 1 and a related protein 

M G00758 as mitochondria l  proteins.  The N-termina l  sequence of P. paxilli 

Ggs1  is over-represented by the amino acids Ser, Ala and Arg and lacks the 

negatively charged amino acids Asp and G lu ,  featu res characteristic of 

mitochond rial targeting peptides (Emanuelsson et al. , 2000) .  

3.4.2 Preparation of N - and C-terminal fusions of EGFP with ggs1 cDNA 

Plasmid pPN94 (Fig ure 3 .42A) (Tanaka,  unpubl ished results) carrying the 

Aureobasidium pullulans TEF promoter (Vanden Wymelenberg et al. , 1 997) ,  

the A. nidulans trpC terminator (Mu l laney et al. , 1 985) ,  and the hph gene for 

selection of transgenic stra ins was used for clon i ng a nd constitutive expression 

of the EGFP fusion constructs. A 1 . 1 2  kb Xbal/Xhol  fragment and a 0 .72 kb 

Xhol/Notl fragment contai n ing the enti re open read ing frames (ORFs) of Ggs1 

a nd EGFP,  respectively, were cloned i nto the Xbal/Notl sites of pPN94 to 

generate pSS29 (Fig ure 3 .43A) .The XbaI/XhoI fragment was obtained by 

d igesting a PCR product that was ampl ified with the primers ggs 1 -Xb-F and 

ggs1 -Xh-R using wi ld-type cDNA as template (Section 2 . 1 4 .4) .  The Xhol/Notl 

fragment was p repared by d igesting a PCR prod uct ampl ified with the primers 

EGFP-Xh-F and EGFP-No-R using pPN97 (Fig ure 3 .42B) (Tanaka, 

u npublished results) as template (Section  2 . 1 4 .3) .  

P lasmid pSS30 (Fig ure 3 .438) was prepared by clon ing a 0 .72 kb XbaI/XhoI 

fragment and a 1 . 1 2  kb Xhol/Notl fragment conta in ing the enti re ORFs of 

EGFP and Ggs 1 , respectively into the Xbal/Notl sites of pPN94. The 0 .72 kb 

a nd 1 . 1 2  kb fragments were prepared by digesting PCR products that were 

ampl ified with the primers EGF P-Xb-F/EGFP-Xh-R (Section 2 . 1 4 . 3) and ggs 1 -

Xh-F/ggs 1 -No-R (Section 2 . 1 4.4) usi ng wild-type cDNA and pPN97 as 

templates,  respectively. 

Al l  the primers contained mismatches relative to the wi ld-type seq uence to 

i ntrod uce the appropriate enzyme recognition s ites . All the PC R prod ucts were 

cloned i nto pBluescript 1 1  KS (+)-T vector (Section 2 .8 .3) and the sequences 

verified before their digestion with appropriate restriction endonucleases . 
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Figure 3.42 pPN94 and pPN97 constructs 

-

0.2 kb 

(A) pPN94 construct (Tanaka, unpubl ished results ) .  This was used as the base 
vector to p repare egfp fusion con structs . It conta ined the TEF promoter of 
Aureobasidium pullulans (Vanden Wymelenberg et aI. , 1 997), the trpC termina
tor of A.  nidulans (Mu l laney et al. , 1 985) and the hph gene for selection of 
transgenic strains.  (8) p PN97 construct (Tanaka,  unpubl ished resu lts). This was 
used as the 'egfp-only' control .  Primers TE Fsl2ITBg were used for PCR screen
ing of the transformants.  The orange bar ind icates the fragment used as the 
hybridisation probe. Ndel restriction sites were used for Southern ana lysis. 
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Figure 3.43 Construction of reporter gene egfp fusions with ggs1 
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(A) pSS29 construct. ggs 1 and egfp cDNAs were amplified with primers ggs 1 -
Xb-F/ggs1 -Xh-R and EGFP-Xb-F/EGFP-No-R,  respectively, sequence verified 
after TA-cloning, d igested with Xbal/Xhol and XhollNotl , respectively, and cloned 
into XballNotl-d igested pPN94 (Figure 3 .42A). (8) pSS30 construct. egfp and 
ggs 1 cDNAs were amplified with primers EGFP-Xb-F/EGFP-Xh-R and ggs1 -Xh
F/ggs1 - No-R , respectively, sequence verified after TA-clon ing, d igested with 
Xbal/Xhol and XhollNotl , respectively, and cloned into XballNotl-digested pPN94 
(Figure 3.42A). 
Primers TEFsI2/TBg were used for peR screen ing of the transformants.  The 
orange bars indicate the fragments used as the hybrid isation probe. Ndel and 
Sphl  restriction sites were used for Southern analysis. 

1 3 1  



3.4.3 Subcel lu lar localisation of Ggs1 

Protoplasts of wi ld-type P. paxilli were transformed with 5 Ilg of either ci rcular 

pSS29 (Ggs1 -EGFP) or ci rcular  pSS30 (EG FP-Ggs1 ) (Section 2 . 1 3 .2 ) . Circular 

p lasmid pPN97 contain ing EGFP alone was also i ncl uded as a control . The 

resu lt ing transgenic strains were selected on RG med ium conta in ing 

hyg romyci n ( 1  00 �lg/ml) .  At least ten transgenic stra ins from each 

transformation were subjected to a pri mary screening by microscopy for EGFP 

fl uorescence (Section 2 .23) .  Four  stra ins from each transformation ,  that 

showed comparatively high levels of EGFP fl uorescence ,  were screened by 

PCR (data not shown) (Section  2 . 1 4.2)  with the primers TEFsl2 a nd TBg that 

flank the insert i nclud ing the TEF promoter and the trpC terminator. These 

stra ins were further analysed by Southern blotti ng and hybrid isation (Section 

2. 1 0) .  Only one EGFP contain ing stra in  was used for Southern a nalysis. The 

Southern data showed that the transgenic strains contained at least one copy 

of the integrating construct (F igure 3 .44) .  F luorescence microscopy analysis 

(Section 2 .23) of the stra in  carryi ng EGFP a lone showed cytoplasmic 

distribution of EGF P  fluorescence (Fig ure 3 .45B) . Simi larly, the EGFP-Ggs 1 

fusion was found to express predomi nantly in  the cytoplasm of a l l  the fou r  

stra ins analysed ( Figure 3 .450,  H ,  J ,  P) . However, i n  stra ins WT. P30-5 and 

WT. P30-7, the EGFP-Ggs1 fusion was observed to be local ised in punctuate 

organel les i n  a few hyphae (Fig ure 3 .45F,  L, N) .  I n  contrast to the EGFP-Ggs1  

fusion ,  the Ggs 1 -EGFP fusion was local ised predomi nantly i n  punctuate 

organel les in a l l  the four stra ins analysed (F igure 3 .460, E, F, G) .  Althoug h 

Ggs 1  is  predicted to be a mitochond rial  protein (Section 3 .4 . 1 ) , the pattern of 

Ggs 1 local isation was not characteristic of mitochond rial  local isation wh ich 

typical ly forms a tubu lar network along the hyphae ( Inoue et al. , 2002 ; Maggio

Hal l  and Keller, 2004) .  

To test if the p unctuate organel les identified were mitochondria ,  the 

mitochond rial  specifi c  dye MitoTracker® Red CMXRos was used for sta in ing 

(Section 2 .22 . 1 )  mycel ia of the strain WT. P29- 1 2 , s ince this stra in  showed 

comparatively more punctuate organel les expressing the ch imeric p rotei n .  

However, the pattern of Ggs1 -EGFP fusion local isation was different from that 
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F ig u re 3 .44 Southern a n a lys i s  of wi ld-type stra ins  conta in ing  
pSS29 (Ggs1 -EGFP) and pSS30 (EGFP-Ggs1 )  

Ndel-d igested ge nomic  D NA of wi ld-type stra ins  conta i n ing Ggs 1 -

EGFP and EGFP-Ggs1 was hybrid ised with the [32P]-la be l led ggs 1 
probe (probe , F igu re 3 .43A; probe 1 ,  Figu re 3 .438). The n umbers on 
the left correspond to the s izes of ADNA/Hind l l 1  fragments and those 
on the rig ht correspond to the expected sizes of the restriction frag
ments that hybrid ised to the probe. The numbers label led red corre
spond to the expected sizes of the restriction fragments in the parent 
wi ld-type stra in .  Al l  fragment sizes a re shown i n  kb. WT=wi ld-type ;  
P29=pSS29 ;  P30=pSS30 . 
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Figure 3.45 Subcellular localisation of EGFP-Ggs1 fusion 

BF EGFP 

Wild-type strains containing pPN97 (EGFP-only) and pSS30 (EGFP-Ggs1 ) were grown on PDA at 22°C for 2 days (Section 2 .23). 
Mycelia were observed by fluorescence microscopy. A, C, E ,  G ,  I ,  K, M, 0 - Bright Field (BF) images; B,  D, F ,  H ,  J ,  L, N,  P -
EGFP fluorescence images. WT=wild-type; P30=pSS30. Bars=1 0  �lm. 



WT.P29-7 WT.P29-9 WT.P29-1 2 WT.P29-1 6 

BF 

EGFP 

Figure 3.46 Subcel lu lar  local isation of Ggs 1 -EGFP fusion 

Wild-type strains contain ing pSS29 (Ggs1 -EGFP) were grown on PDA at 22°C for 2 days (Section 2 .23) .  
Mycel ia were observed by fluorescence microscopy. A-C Bright Field (BF)  images; D-G EGFP fluores
cence images. WT=wild-type ;  P29=pSS29 . Bars=1 0 �m. 



observed with MitoTracker (F igure 3.47) ,  which stai ned mitochondri a  in  a 

characteristic tubular pattern along the hyphae. These data suggested that the 

organelles expressing the Ggs1 -EGFP fusion are not mitochondria.  A 

membrane-selective fluorescent dye FM 4-64 was a lso used to check if the 

observed organel les are stained (Section 2 .22 . 2) .  However, this dye also fai led 

to sta in  the punctuate organelles (F igure 3 .48) . 

3.4.4 Preparation of N- and C- terminal fusions of EGFP with paxG c DNA 

A 1 . 1 1  kb Spel/Xhol fragment and a 0 .72 kb XhollNotl fragment conta in ing the 

cod ing regions of PaxG and EGFP ,  respectively ,  were cloned into the XballNotl 

sites of pPN94 to generate pSS27 (Figu re 3 .49A) . The SpeIIXhoI  frag ment was 

prepared by digesting a peR product ampl ified with the p rimers paxG-Sp-F and 

paxG-Xh-R using wi ld-type cDNA as template (Section 2 . 1 4 .3 ) .  The Xhol/Notl 

fragment was prepared by d igesting a peR product ampl ified with the primers 

EGFP-Xh-F and EGFP-No-R using pPN97 (F igure 3 .42B) as template (Section 

2 . 1 4 .3 ) .  

P lasmid pSS28 (Figure 3 .498) was prepared by cloning a 0 .72 kb XballXhol 

fragment and a 1 . 1 1  kb Xhol/Notl fragment containing the codi ng regions of 

EGFP and PaxG , respectively, into the Xbal/Notl sites of p PN94 .  The 

Xbal/Xhol fragment was p repared by digesting a peR product ampl ified with 

the primer set EGFP-Xb-F and EGFP-Xh-R usi ng pPN97 as template (Section 

2 . 1 4 .3) .  The Xhol/Notl fragment was prepared by digesting a peR product 

ampl ified with the primer set paxG-Xh-F2 and paxG-No- R2 using wild-type 

cDNA as template (Section 2 . 1 .4 .4) .  

Al l  the p rimers were d esig ned to generate the appropriate enzyme recognition 

sites and the peR products were subcloned i nto pBluescript 1 1 KS (+)-T vector 

(Section 2 .8 . 3) for sequence verification before their d igestion with appropriate 

restriction endonucleases. 
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BF EGFP MitoTracker 

F igure 3.47 Visual isation of Ggs1 -EGFP fusion 

Strain WT.P29-1 2  (Ggs1 -EGFP) was grown in PO broth at 22°C with shaking at 1 50 rpm for 2 days (Section 2 .22). 
Mycelia were stained with MitoTracker® Red CMXRos for 30 min (Section 2.22. 1 )  and observed by fluorescence 
microscopy. The same hypha I region is shown in all the images. A - Bright Field (BF) image; B - EGFP fluorescence 
image; C - MitoTracker staining image; 0 - merged image of B & C. Bars=1 0  Ilm . 



BF EGFP FM 4-64 merged 

F igure 3 .48 Visua l isat ion of Ggs1 -EG F P  
fusion 

Strain  WT. P29-1 2 (Ggs1 -EGFP)  was g rown in  
PO broth at  22°C with shaking at  1 50 rpm for 
2 days (Section 2 . 22 ) .  Mycelia  were stained 
with FM 4-64 for 30  min  (Section 2 .22 .2 )  and 
observed by f luorescence microscopy. The 
same hyphal region is  shown in  a l l  the images. 
A - Bright F ield (BF) image; B - EGFP fluores
cence image; C - F M  4-64 stain ing image; 0 -
merged image of B & C .  Bars=1 0  ).lm . 
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Figure 3.49 Construction of reporter gene egfp fusions with paxG 

-
0.2 kb 

-
0.2 kb 

(A) pSS27 construct. paxG and egfp cDNAs were amp lified with p rimers 
p ax G - S p - F/paxG-X h - R  a n d  E G F P-X b - F /EG F P - N o- R ,  re s p ect ive l y, 
seq uence verified after TA-clon ing,  d igested with SpellXhol and XhollNotl , 
respectively, and cloned i nto Xba l lNotl-d igested p P N94 (F ig u re 3 .42A).  
S ince paxG has a Xbal  restriction site with in  the cod ing reg ion , a Spe l  
restriction site was introduced by P C R  at the 5 '  end o f  paxG cDNA t o  g ive a 
Xbal compatible 5' overhang for cloning i nto pPN94 .  (B) pSS28 construct. 
egfp and paxG cDNAs were ampl ified with primers EGFP-Xb-F/EGFP-Xh-R 
a nd paxG-Xh-F2/paxG-No-R2,  respectively, seq uence ve rified after TA
clon ing , digested with Xba l lXhol a nd XhollNotl , respectively, and cloned 
i nto XballNotl-d igested pPN94 (Figu re 3 .42A). 
Pr imers TEFsl2/TBg were used for PCR screening of the transformants. 
The o range bar i nd icates the fragment used as the hybrid isat ion probe. 
Ndel restriction sites were u sed for Southern analysis .  
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3.4.5 Subcel lu lar local isation of PaxG 

F ive f.lg of either ci rcular pSS27 ( PaxG-EGF P) or c i rcular pSS28 (EG F P-PaxG) 

was transformed i nto protoplasts of wild-type P. paxilli (Sect ion 2 . 1 3 .2 ) .  The 

resulti ng transgenic stra ins were selected on RG med ium conta in ing 

hygromycin ( 1 00 f.lg/ml) .  The introduction of pSS28 i nto protoplasts of wi ld-type 

P. paxilli did not g ive stable transformants .  However, stable transformants were 

obtained with pSS27. At least ten transgen ic stra ins were subjected to a 

primary screening by observing under the microscope for EGF P fluorescence 

(Section 2 .23) .  No EGFP fluorescence was observed for the transgenic stra ins 

contain ing pSS27.  Four pSS27 conta in ing stra ins were arb itrari ly selected for 

PCR screen ing (data not shown) (Section 2 . 1 4 . 2) with the primers TEFsl2 and 

TBg that flank the i nsert i ncluding the TEF promoter and the trpC termi nator to 

ensure that their inabi l ity to fluoresce was not d ue to the absence of the PaxG

EG FP fusion construct. These strains were further analysed by Southern 

b lotting and hybridisation (Section 2 . 1 0) which showed that a l l  four  strains 

contai ned the construct although with variab le copy numbers ( Fig ure 3 . 50 ) .  

3.4.6 Preparation of  EGFP fusion with PaxG C-terminal  tripeptide G RV 

Since i ntrod uction of the EGFP construct with fu l l  length PaxG gave both 

u nstable transformants and stable transfo rmants that fa i led to express the 

PaxG-EGFP fusion (Section 3 .4 .5) ,  a C-termina l  EG FP fusion construct with 

the PaxG tripeptide GRV, a putative peroxisomal targeti ng motif (Section 

3 .4 . 1 ) , was made. This plasmid pSS46 was p repared by clon ing a 0 .73  kb 

Xbal/Notl fragment conta in ing the G RV tripeptide in frame at the C-term inus of 

the EGFP cod ing reg ion i nto the correspond i ng restriction sites of pPN94 

( Figure 3 . 5 1 ) .  The Xbal/Notl fragment was p repared by d igesting a PCR 

product that was ampl ified with the primers EGFP-Xb-F a nd G RV-No-R, 

contain ing introduced Xbal  and Notl sites, respectively, using pPN97 as 

template (Section 2 . 1 4 .3 ) .  The primer G RV-No-R was desig ned to add the 

G RV tripeptide,  in frame, to the C-termi nus of the egfp gene. The sequence of 

the PCR product was verified by TA-clon i ng before restriction d igestion .  
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F i g u re 3 .50 Southern ana lys is of wi ld-type stra ins conta i n i ng 
pSS27 (PaxG-EG FP) 

Ndel-d igested genomic DNA of wild-type stra i ns conta in ing PaxG

EGFP wa s hybr id ised with the [32P]- labe l led paxG probe (F igure 
3 . 4 9A ) .  T h e  n u m be rs o n  t h e  l eft c o r re s po n d  to t h e  s i z e s  o f  
""DNA/Hind l l l  fragments a n d  those on the rig ht correspond t o  the 
expected s izes of the restriction fragments that hybrid ised to the probe. 
The numbers label led red correspond to the expected sizes of the 
restriction fragments in the parent wild-type stra in .  All fragment sizes 
are shown in  kb. WT=wi ld-type; P27=pSS27 .  
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Figure 3.51 Construction of reporter gene egfp fusion with GRV tripeptide 

pSS46 construct. egfp cDNA was ampl ified with primers EGFP-Xb-F/GRV-No-R. 
The 3' flanking primer, GRV-No-R, was designed to add in frame 9 additional 
base pai rs ,  corresponding to GRV tripeptide, to the C-terminus of egfp cDNA. 
The PCR prod uct was TA-cloned and sequence verified before d igesting with 
XballNotl and cloning into the corresponding restriction sites of pPN94 (Figure 
3 .42A). 
Primers TEFsl2ITBg were used for PCR screening of the transformants.  The 
orange bar indicates the fragment used as the hybridisation probe. Ndel restric
tion sites were used for Southern analysis. 
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3.4.7 Subcel lu lar  local isation of EGFP-GRV fusion 

Protoplasts of wild-type P. paxilli were transformed with five Ilg of ci rcular 

pSS46 ( EGFP-G RV) (Section 2 . 1 3 .2) .  At least ten stable transformants were 

subjected to a pr imary screen ing by microscopy (Section  2 .23) . Almost a l l  the 

stra ins showed EGFP fluorescence under UV l ight and four  of these stra ins ,  

that exh ibited comparatively h igh levels of EGFP fluorescence, were screened 

by PCR (data not shown) (Section 2 . 1 4 . 2) and then analysed by Southern 

b lotting and hybridisation  (Section 2 . 1 0) for the presence of the ch imeric 

construct. The EGFP-GRV stra ins contai ned at least one copy of the insert 

(F ig ure 3 .52) .  Strain WT. P30-8 that contai ned one copy of the chimeric egfp

ggs 1 gene (Figure 3 .44) was used as a control for copy number. When 

examined by fluorescence microscopy (Section 2 .23) ,  this fusion p rotein was 

observed to be local ised i n  punctuate organel les i n  a l l  the four stra ins analysed 

(F igure 3 . 538, 0, F, H) .  Cytoplasmic expression of the EGFP-G RV fusion was 

a lso observed . The expression level of the EGFP-GRV fusion was variable 

among the stra ins and was not related to the copy n umber. 

3.4.8 Preparation of DsRed-SKL fusion 

In order to test if the punctuate organelles expressing the EGF P-GRV fusion  

(Section 3 .4 .7) were peroxisomes a reporter fusion construct with the 

consensus PTS 1 motif, SKL, was made .  Vector pSS37 (Figure 3 .54) was 

p repared to clone DsRed and DsRed-SKL fusion constructs . Plasmid pSS45 

(F igure 3 . 55A) was prepared as a control by l igating a 0.67 kb Xbal/Notl 

fragment conta in ing DsRed alone i nto the corresponding restriction sites of 

pSS37 . The DsRed fragment was prepared by digesting a pe R product 

ampl ified with the p rimers DsRed-Xbal-F and DsRed-No-R, contain ing 

i ntroduced Xbal  and Notl sites, respectively, using p Pgpd-DsRed as template 

(Section 2 . 1 4 . 3 ) .  

P lasmid pSS4 1 (F igure 3 . 558) was prepared by  clon ing a 0 .69 kb  Xbal/Notl 

fragment conta in ing DsRed-SKL into the corresponding restriction sites of 

pSS37. The Xbal/Notl fragment was prepared by d igesti ng a PCR product that 

was ampl ified with the p rimers DsRed-Xba l-F and SKL-No-R ,  contai n ing 
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F ig u re 3 .52 Southern ana lys is  of w i ld-type stra i n s  conta i n i n g  
pSS46 (EGFP-GRV) a n d  pPN97 (EGFP) 

Ndel-d igested genomic DNA of wild-type strains  conta in ing  EG F P
G RV and EGFP was hybr id ised with the [32P]- la bel led egfp probe 
(probe, Figu re 3 .428 & 3 .5 1 ; probe 2,  Figure 3 .438). Genomic DNA of 
WT'p30-8 was i ncluded as a control since it contained a single copy of 
the c h imeric egfp-ggs 1  gene (Figure 3 .44) .  The n u m bers on the left 

correspond to the s izes of ADNAlHind l 1 l  fragments and those on the 
r ight correspond to the expected sizes of the restriction fragments that 
hybridised to the p robe . All fragment sizes are shown in kb .  WT=wild
type; P46=pSS46; P 30=pSS30 (EGFP-Ggs 1 ). 
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Figure 3.53 Subcel lular local i sation of EG F P-G RV fusion 

Wild-type strains containing pSS46 (EGFP-G RV) were g rown on PDA 

at 22°C for 2 days (Section 2 .23) . Mycel ia were observed by fluores
cence m icroscopy. A, C, E, G - Bright F ield (BF) images; B,  0, F,  H -

EGFP fluorescence images. WT=wild-type; P46=pSS46 . Bars= 1 0  /lm . 
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Fig ure 3.54 Construction of pSS37 

-
0.2 kb 

A fragment conta in ing the TEF promoter of A. pullulans 
(Va nden Wymelenberg et al. , 1 997) and the trpC termi
nator of A. nidulans (Mu l la ney et al. , 1 985)  was p re
pared by PCR with primers PTEF-Sa l l-FITtrpC-Bg l I l -R 
us i ng  pPN94 (F igu re 3 .42A)  as temp late . The P C R  
p ro d uct was TA-cloned a n d  t h e  seq u e n ce ve rif ied  
before d igesting with Sa/l/8g/l l .  The Sall18g/1 1 fragment 
was then cloned into the corresponding restriction s ites 
of pPN 1 6 . 1 7  .cg i  ( Foster et al. , unpubl ished resu lts) to 
generate pSS37. This was used as the base vector to 
prepare dsred fus ion constructs. The presence of nptll 
g e n e  i n  t h e  b a s e  ve cto r fa c i l i ta ted  s e lec t i o n  o f  
transgenic stra ins .  
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Figure 3.55 Construction of reporter gene dsred fus ion with SKL tripeptide 

(A) pSS45 co nstruct .  dsred cDNA was ampl ified with p rimers Ds Red-Xba l 
F/DsRed-No-R, sequence verified after TA-cloning, digested with XballNotl and 
cloned into XballNotl-digested pSS37 (Figure 3.54). (8) pSS4 1 construct. dsred 
cDNA was amplified with primers DsRed-Xba l-F/SKL-No-R. The 3' flanking prim
er, SKL-No-R, was designed to add in frame 9 additional base pairs, correspond
ing to SKL tripeptide, to the C-terminus of dsred cDNA. The PCR product was 
TA-cloned and sequence verified before digesting with XballNotl and cloning into 
the corresponding restriction sites of pSS37 (Figure 3.54) .  
The reporter gene constructs were under the control of the TEF promoter of A. 
pullulans (Vanden Wymelen berg et al. , 1 997) and the trpC terminator of A. 
nidulans (Mul laney et  al. , 1985). Primers TEFsl2fTBg were used for PCR screen
ing of the transformants. The orange bars indicate the fragments used as the 
hybrid isation probe. Sph l restriction sites were used for Southern analysis. 
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i ntroduced Xbal and Notl sites, respectively , us ing pPgpd-OsRed as template 

(Section 2 . 1 4 . 3) .  The primer SKL-No-R contained n ine addit ional bases 3' to 

the i ntroduced Notl site to add in  frame the SKL tripeptide to the Os Red gene. 

The sequences of al l  the PCR products were verified by TA-clon ing before 

restriction d igestion .  

Like the EGF P  fusion constructs (Section 3 .4 .2 ) ,  the OsRed fusion constructs 

were a lso u nder the control of the strong constitutive TEF promoter of A. 

pulfulans and the trpC terminator of A. nidulans. However, in contrast to the 

EGFP fusion constru cts, the Os Red fusion constructs conta ined nptl/ gene as 

the dominant selectable marker for co-transformation of fungal  protoplasts . 

3.4.9 Subce l lular localisation of DsRed-SKL fusion 

Protoplasts of wild-type P. paxilli were transformed with five ).19 of either c i rcular 

pSS45 (OsRed) or pSS4 1 (OsRed-SKL) (Section 2 . 1 3 .2 ) .  The res ulti ng 

transgenic strains were selected on RG med ium conta in ing geneticin ( 1 50 

).1g/ml ) .  After pri ma ry microscopic screening (Section  2 . 23) one Os Red 

conta in ing stra in and four  OsRed-SKL conta in ing stra ins were screened by 

PCR (data not shown) (Section 2 . 1 4 .2) ,  fol lowed by Southern blotting and 

hybridisation (F igure 3 .56) (Section 2 . 1 0) .  Two of the stra ins conta in ing the 

OsRed-SKL fusion viz . WT. P4 1 - 1  and WT. P4 1 - 1 0  had one copy of the i nsert .  

However, in  a l l  the fou r  OsRed-SKL strains analysed , the OsRed-SKL ch imeric 

protein was local ised to punctuate organel les ( F igure 3 .570,  F, H, J) and was 

not observed i n  the cytoplasm. The stra in  conta in ing Os Red a lone s howed 

cytoplasmic OsRed fluorescence (F igure 3 . 578) . U nl i ke the punctuate 

organelles observed i n  the Ggs 1 -EGFP stra ins (Section 3 .4 .3) , these punctuate 

organelles were mob i le  and kept moving i n  and out of the focal p lane.  These 

data i nd icated that the S KL motif was able to function as the peroxisomal 

targeting signal in P. paxilli. 

3.4. 1 0  Co-local isation  of EGFP-GRV and DsRed-SKL fusions 

To check if the punctuate organel les to which the EGFP-GRV fusion was 

localised were peroxisomes, protoplasts of the OsRed-SKL stra in  WT. P41 -1 

1 48 



Sphl 

23.1 -

9.4 -

6.6 -

4.4 -

- 3.0 

2.3 -

2.0 - - 1 .85 

F i g u re 3.56 Southern ana lysis of wi ld-type stra ins  conta i n i ng 
pSS45 (DsRed) and pSS41 (DsRed-SKL) 

Sphl -d igested genomic DNA of wild-type stra ins containing DsRed and 

DsRed-SKL was hybrid ised with the [32P]-label led PTEF probe (probe 
1 ,  Figu re 3 . 55 ;  probe 3 Fig u re 3 .438). Ndel-digested genomic DNA of 
the stra in  WT. P30-8 ,  which contained one copy of the chimeric egfp
ggs 1 gene (Figure 3 .44), was a lso incl uded as a control s ince there 
was on ly o ne Sphl s ite in pSS30. The numbers on the left correspond 
to the sizes of ,,-DNA/Hind l l l  fragments and those on the right corre
spond to the expected sizes of the restriction fragments that hybrid ised 
to the p robe .  A l l  frag ment  s izes are shown i n  k b .  WT=wi ld-type ; 
P45=pSS45 ;  P4 1 =pSS41 ; P30=pSS30 (EGFP-Ggs1 ) .  
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Figure 3.57 Subcel lu lar local isation of DsRed
SKL fusion 

Wild-type stra ins contain ing pSS45 ( Ds Red) and 

pSS4 1 (DsRed-SKL) were g rown on P DA at 22°C 
for 2 days (Section 2 .23) .  Mycelia were observed 
by fluorescence microscopy. A, C ,  E ,  G ,  I - Bright 
Field (BF)  images; B, 0, F, H, J - DsRed fluores
c e n ce i m a g e s .  W T = w i l d -typ e ;  P 4 5 = p S S 4 5 ;  
P4 1 =pSS41 . Bars= 1 0  Ilm . 
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was transformed with 5 I1g of circular plasmid pSS46 (EGFP-GRV) and the 

transgenic strains selected on RG med ium contain ing hygromycin  ( 1 00 I1g/ml) 

(Section 2 . 1 3 .2 ) .  Since al l  the stra ins carrying the DsRed-SKL gene showed a 

s imi lar  pattern of DsRed fl uorescence, stra in  WT. P4 1 - 1 was arbitrarily chosen 

for d ifferential  label l ing . Four transgenic stra ins that exh ibited both EG FP and 

DsRed fluorescence after prima ry microscopic screening (Section 2 . 23) were 

arbitrari ly selected for peR a nalysis (data not shown) (Section 2 . 1 4 .2 )  and 

Southern blotting and hybridisation (Section 2 . 1 0) .  These strains contained at 

least two copies of the EGFP-GRV insert ( Fig ure 3 . 58). Strain WT. P30-8 that 

contained one copy of the chimeric egfp-ggs 1 gene (F igu re 3.44) was included 

to determine the copy number of egfp-GRV (F igure 3 . 588) . All four  strai ns 

showed co-local ised expression of the EGFP-GRV and DsRed-SKL fusions 

(F igure 3 .59) .  This confirmed that the EG F P-GRV expressing organel les are 

peroxisomes . Like the EG FP-GRV strains (Section 3 .4 .7 ) ,  EGFP fl uorescence 

was also observed in the cytoplasm of a l l  four stra ins contai n ing both the 

EGF P-GRV and DsRed-SKL fusions. 

3.4. 1 1 Oleic acid as a peroxisome prol ife rator 

Since oleic acid is a known prol iferator of peroxisomes (Magg io-Hal l  et al. , 

2005) , strains WT. P4 1 - 1  a nd WT. P46- 1 0  conta in ing the DsRed-SKL and 

EGFP-GRV fusions, respectively, were g rown on PD med ium supplemented 

with oleic acid (Section 2 .23) to check if these strains show an i ncrease in the 

number of organel les expressing the fusion proteins, as a result of oleic acid 

treatment. Stra in  WT. P46-1 0 was selected because the organelles expressing 

the EGFP-GRV fusion were more abundant in  this strain than i n  the other 

EGFP-GRV strai ns.  80th WT. P4 1 - 1  (DsRed-SKL) and WT. P46-1 0  (EGFP

G RV) stra ins showed a marked i ncrease in the number of organelles that 

expressed the respective fusion prote ins as a result of oleic acid induction 

(F igure 3 .60) . This data further supported that the punctuate organelles 

expressing the DsRed-SKL and EG FP-GRV fusions are indeed peroxisomes. 
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Figure 3 .58 Southern analysis of wild-type strains containing both pSS41 
(OsRed-SKL) and pSS46 (EGFP-GRV) 

(A) Sphl-d igested genomic DNA of wild-type strains conta in ing both DsRed-SKL 
and EGFP-GRV was hybridised with the e2PJ-labelled dsred probe (probe 2, Fig
u re 3.558) to analyse the parent WT.P41 -1 stra in .  (8) Ndel-digested genomic 
D NA of  wild-type stra ins  conta in ing  both DsRed-SKL and EG FP-GRV was 
hybridised with the [32PJ-labelled egfp probe (probe. Figure 3 .5 1 ; probe 2 ,  F igu re 
3.438) to analyse the integration of EGFP-GRV. Genomic  D NA of WT.P30-8 
was included as a control s ince it contained one copy of the chimeric egfp-ggs1 
gene (Figure 3 .44). 
The numbers on the left correspond to the sizes of ADNAlHind l 1 l  fragments and 
those on the right correspond to the expected sizes of the restriction fragments 
that hybridised to the probe. All fragment sizes are shown in  kb. WT=wild-type; 
P41 :::pSS41 ;  P46=pSS46; P30=pSS30 (EGFP-Ggs 1 ). 
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Fi gure 3 . 59 C o -loca l i satio n of E G F P-GRV and Ds Red-S K L  
fusions 

Wild-type strains containing both pSS41 (OsRed-S KL) and pSS46 
(EGFP-GRV) were grown on PDA at 22°C for 2 days (Section 2.23). 
Mycelia were observed by fluorescence microscopy. A-D Bright 
Field (BF) images; E-H EGFP fluorescence images; I-L DsRed fluo
rescence images ;  M-P merged images of EGFP and DsRed imag
es, respectively. WT=wild-type ; P41 =pSS41; P46=pSS46. Bars= 1 0  
Ilm. 
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SF DsRed SF Os Red 

F i g u re 3 . 6 0  V i s u a l i sat ion of E G F P -G RV a n d  Ds Red -S K L  
fus ions in  oleic acid induced cultures 

Wild-type stra i n s  conta in ing pS S46 (EG F P-G RV) and pSS4 1  

(DsRed-SKL) were g rown on P DA and PDA + oleic acid at 22°C 
for 2 days (Section 2 .23).  Mycel ia were observed by fluorescence 
m icroscopy. A, C, E ,  G - Bright F ie ld (BF)  images; B ,  0 - EGFP 
f l u o re s c e n ce i m a g e s ;  F ,  H - D s Red fl u o re sc e n ce i m a g e s .  
WT=wi ld-type; P46=pSS46; P4 1 =pSS41 . Bars=1 0 �m . 
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3.4.1 2 Stra ins contain ing Ggs1 -EGFP and DsRed-SKL fusions 

Since the localisation pattern of the Ggs 1 -EGFP fusion resembled that of 

peroxisomal loca l isation (Sections 3 .4 .7 ,  3 .4 .9  & 3.4 . 1 0) ,  stra in WT. P29-1 2 

conta in ing the Ggs 1 -EGFP fusion  was tested by d ifferentia l  label l ing to check if 

the chimeric protein was local ised to peroxisomes . Protoplasts of WT P29- 1 2  

was transformed with 5 )1g of c i rcular pSS4 1 (DsRed-SKL) and the resulting 

transgenic stra ins selected on RG med ium contai n ing genetici n ( 1 50 )1g/ml) 

(Section 2 . 1 3 .2) .  Four stra ins were arbitrari ly selected for peR screen ing (data 

not shown) (Section 2 . 1 4 .2) and Southern blotting and hybridisation (Section 

2 . 1 0) .  The Southern data showed that two strains viz. WT P29 . 1 2/P4 1 -2 and 

WT P29. 1 2/P4 1 - 1 (2) contained both the fusion constructs (F igure 3.6 1 ) . When 

ana lysed by fluorescence microscopy (Section 2 .23) ,  it was observed that the 

two fusion prote ins did not co-local ise (F igure 3.62) . This suggested that the 

organel les to wh ich the Ggs1 -EGFP fusion was targeted are not peroxisomes. 

3.4. 1 3  S ummary 

Stra ins contain ing the chimeric ggs 1-egfp gene under the control of TEF 

promoter of A. pullulans showed that the fluorescent p rotein was localised to 

punctuate organel les . These organelles were not mitochondria as suggested by 

the i nab i l ity of the MitoTracker dye to sta in these organel les. Differential 

label l i ng with OsRed gene fused to the peroxisomal targeting signal SKL 

confi rmed that these punctuate organelles were not peroxisomes . In contrast, 

tra nsgenic strai ns contain ing the chimeric egfp-ggs 1 showed both cytoplasmic 

(major) a nd localised (minor) d istribution of the fl uorescent protein .  The 

local ised fluorescent pattern was s imi lar to that observed for ggs 1-egfp stra ins .  

Th is suggested that the local isation of Ggs1 to the punctuate organelles was 

affected by the N-terminal  fus ion of EGFP to th is protei n .  

I ntrod uction of the chimeric egfp-paxG gene into wi ld-type P. paxilli fai led to 

give stable strains. Although stable transgenic strain s  conta in ing paxG-egfp 

were obta ined , no EGFP fl uorescence was observed i n  these stra ins .  However, 

the EGF P  fusion with the C-termi nal tripeptide GRV of PaxG was targeted to 

punctuate organel les. Differential label l i ng with OsRed gene fused to the 
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Figure 3.61 Southern analysis of wild·type strains contain ing both pSS29 
(Ggs1 .EGFP) and pSS41 (OsRed-SKL) 

(A) Ndel-digested genomic DNA of wild-type strains contain ing both Ggs 1 -EGFP 
and Ds Red SKL was hybrid ised with the [32P]-label led ggs 1 probe (F igure 
3 .43A) to analyse the parent WT. P29-1 2 strain. (B) Sphl-d igested genomic DNA 
of wild-type strains containing both Ggs1 -EGFP and DsRed-SKL was hybrid ised 
with the [32P]-label led dsred probe (probe 2,  F igure 3. 558) to analyse the inte
gration of DsRed-SKL. 
The numbers on the left correspond to the sizes of ADNAIHind l l 1  fragments and 
those on the right correspond to the expected sizes of the restriction fragments 
that hybridised to the probe. The numbers labelled red correspond to the expect
ed sizes of the restriction fragments in the parent wild-type strain. All fragment 
sizes are shown in kb. WT=wi ld-type; P29=pSS29; P41 =pSS41 . 
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Figure 3.62 Visualisation of Ggs1 -EGFP and DsRed-SKl fusions 

Wild-type strains containing both pSS29 (Ggs1 -EGFP) and pSS41 (DsRed-SKL) were grown 
on PDA at 22°C for 2 days (Section 2 .23). Mycelia were observed by fluorescence microscopy. 
A, B - EGFP fluorescence images; C, 0 - DsRed fluorescence images; E, F - merged images 
of E G FP and  Ds Red fl uorescence images, respect ive ly . WT=wild-type ; P29=pSS2 9 ;  
P41 =pSS41 .  Bars=1 0 �m. 
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peroxisomal targeting s ignal SKL confi rmed that the punctuate organel les 

expressing the EGFP-GRV fusion protein  were peroxisomes. This was also 

confirmed by the prol ife ration of these organelles as a result of ole ic acid 

induction .  

Although the local isation of ggs1 was a l imited analysis ,  the two P. paxilli ggpps 

genes were d ifferential ly localised i n  the fungal cel l .  

1 58 



1 59 

C H APTER FOUR 

DISCUSSION 



4. 1 Biosynthesis of paxi l l ine i ntermediates 

Paxi l l ine is produced by the fi lamentous fung us P. paxilli and belongs to a large 

group of indole-diterpene secondary metabol ites that share a common core 

structure comprised of a cycl ic d iterpene skeleton and an indole moiety . The 

structura l  complexity of these metabolites is a resu lt of additional prenylations ,  

d ifferent ring substitutions and ring stereochemistry in  the basic i ndole

d iterpene ri ng structure .  The cloning and characterisation of a paxi l l i ne 

biosynthesis gene cluster from P. paxi"i has hel ped to u nderstand the genetics 

and biochemistry of paxi l l i ne-l ike i ndole-d iterpenes (Young et al. , 200 1 ) .  The 

pax cl uster contains seven genes that are necessary for paxi l l i ne biosynthesis .  

paxG encodes a G G P P  synthase , paxM encodes a FAD-dependent 

monooxygenase, paxC encodes a prenyltransferase, paxP and paxQ encode 

two cytochrome P450 monooxygenases , and paxA a nd paxB encode two 

putative membrane p roteins (McMi l lan et aI. , 2003 ; You ng et al. , 2001 ) 

(Monahan and Scott, unpubl ished results) . Deletion mutants of paxG (Young et 

al. , 200 1 ) ,  paxM (McMi l lan and ScoU, unpu bl ished results) ,  paxC (Young et al. , 

unpubl ished results) , paxA and paxB (Mona han and ScoU, unpubl ished resu lts) 

lack the abi l ity to synthesise any identifiable i ndole-d iterpene suggesting that 

these genes are involved in  early steps in the paxi l l i ne b iosynthesis pathway. 

However,  deletion mutants of paxP and paxQ accumulate paspal ine and 1 3-

desoxypaxi l l ine ,  respectively (McMi l lan et aI. , 2003).  Taken together, these 

results suggest that paspa l ine is the first stable indole-d iterpene i ntermed iate 

and its biosynthesis req uires up to five proteins PaxG , PaxA, PaxM, PaxB a nd 

PaxC . Th is  was confi rmed by the i ntrod uction of these five genes i n  a pax 

cl uster negative background (Section 3 . 1 .2 )  (Sa ikia et al. , 2006).  The proposed 

function of PaxG , Pax M and PaxC suggest that these three enzymes alone 

might be sufficient for paspal ine biosynthesis .  However, pax cl uster negative 

strains contain ing genes for the synthesis of these three enzymes alone fai led 

to form paspaline or any other i ndole-diterpene (Section 3 . 1 .4) . This suggests a 

role for PaxA and/or PaxB in  paspal ine biosynthesis .  Sequence analysis of 

PaxA and PaxB suggests that these are poly topic membrane prote ins 

contain ing seven transmembrane domains .  No identifiable enzymatic funct ion 

was pred icted for these two proteins. I ntroduction of paxB and not paxA , along 

with paxG, paxM and paxC, i nto a pax cluster negative background was able to 
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restore to the pax cluster negative stra in  the abi l ity to form paspal ine (Sections 

3 . 1 .6 & 3 . 1 .8) .  This confirmed that paspal ine biosynthesis requ i res the action  of 

just four  prote ins PaxG, PaxM, PaxB and PaxC. Besides paspal ine, these 

transforma nts a lso accumulated a novel ,  partia l ly cycl ised i ndole-diterpene 

intermed i ate (Section 3 . 1 . 8) .  The p roposed structure of this novel metabol ite 

differs from paspal ine i n  havi ng an open F-ring .  Other partia l ly  cyclised i ndole

d iterpenes that have been identified i nclude emeniveol and emindoles (Fig u re 

1 .4) ,  isolated from Emericella species (Kimura et al. , 1 992 ; Nozawa et al. , 

1 988a, b ;  Nozawa et al. , 1 988c) . It has been suggested that formation of 

paspal ine occurs via migration of the carbon skeleton to g ive emindole SB,  

wh ich then u ndergoes epoxidation and cycl isation to form paspal ine (Nozawa 

et al. , 1 9 88b) .  However, to date , emen iveol and emindole S B  have not been 

isolated from any Penicillium spp. or shown to be intermed iates in the paxi l l i ne 

b iosynthesis pathway by genetic or  biochemical studies, g iv ing rise to the 

hypothesis that the diterpene cycl ises without skeletal rearrangement. 

In the complementation studies, paspal ine was detected mostly in  pax cl uster 

negative backg rounds that contai ned mu ltiple copies of the i ntroduced pax 

genes ( Sections 3 . 1 .2  & 3. 1 .8) .  However, some transformants fai led to 

synthesise paspal ine despite havi ng mult icopy i ntegrations of pax genes i n  

their genome .  These data indicate that both copy number and  site of i ntegration 

are important for expression of the i ntrod uced pax genes (discussed below) . 

Based o n  the predicted functions of PaxG , PaxM, PaxB and PaxC, and the 

complementation stud ies (Section 3 . 1 ) , a scheme for paspal i ne biosynthesis is 

proposed (F ig ure 4. 1 ) . PaxG is  proposed to catalyse the first committed step in 

the pathway i nvolvi ng a series of iterative condensations of I PP with DMAPP, 

GPP,  and F PP ,  to form GGPP. Contrary to a pax i l l ine biosynthesis scheme 

proposed earl ier in which GGPP was thought to condense with tryptophan to 

form the basic i ndole-d iterpene core (F igure 3 .24) (Munday-F inch et al. , 1 996) , 

here GGPP is  proposed to condense with indole-3-g lycerol phosphate to form 

the acycl ic i ntermed iate 3-geranylgeranyl indole. The biosynthetic orig ins of the 

i ndole a nd the diterpene moiety of i ndole-diterpenes have been studied using 

label led p recursors.  In Claviceps paspali, cultures fed with 1 3C-label led acetate 
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Figure 4.1 Proposed scheme for paxil l ine biosynthesis in P. paxilli 

(A) Organ isation of paxil l ine (pax) gene cluster. The proposed enzymatic function of 
each gene product, except PaxA and PaxB, is  also ind icated. No enzymatic function 
has been identified for PaxA and PaxB. ( 8) The proposed pathway for paxil l ine biosyn
thesis. (C) Side reaction cata lysed by PaxQ. I P P  - isopentenyl diphosphate; DMAPP -
dimethyal lyl diphosphate; GGPP - geranylgerany l  d iphosphate 
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precu rsors showed the i ncorporation  of label i nto the d iterpene part of 

paspal ine via meva lonate (Ackl in  et aI. , 1 977). de Jesus et al. ( 1 983) observed 

s imi lar pattern of i ncorporation  of label led acetate for penitrem A in Penicillium 

crustosum and also reported the i ncorporation of the i ndole moiety of 

tryptophan into penitrem A by feed ing (2RS)-[benzene-ring-U-
14

C]-tryptophan 

and (2RS)-[indole-2-13C ,2- 15N]-tryptophan to the fungal cu ltures . However, the 

rate of i ncorporation of the tryptophan indole moiety into penitrem A was low. 

Although a recent study on the biosynthesis of nodul isporic acid A (NAA) , an 

indole-diterpene prod uced by the endophytic fungus Nodulisporium, also 

identified meva lonate as the biosynthetic orig in  of the d iterpene part of NAA, 

the i ndole moiety was reported to be derived from a nthran i l ic acid and not 

tryptopha n (8yrne et al. , 2002) . I ncubation of a Nodulisporium sp. with 

tryptophan precu rsors 14C_, 1 3C_,  and 
1 5N-anthrani l ic  acid and 14C_ and 1 3C_ 

ribose showed high levels of i ncorporation of label into NAA. However, 

incubation with 
1 4

C_ and 13C-tryptophan showed no i ncorporation of label i nto 

NAA which led the authors to propose indole-3-g lycerol phosphate as the 

indole precursor for NAA. F rey and co-workers have shown that the indole 

i ncorporated i nto maize hydroxamic acids,  2 ,4-di hydroxy-1 ,4-benzoxazin-3-one 

a nd 2 ,4-d ihydroxy-7 -methoxy-1 ,4-benzoxazin-3-one, orig i nates from indole-3-

g lycerol phosphate and not from tryptophan (Frey et aI. , 1 997) (Figure 4 .2) .  

Evidence for the involvement of intermediates i n  the biosynthesis of indole

d iterpenes has also come from the efforts of the synthetic chemistry commun ity 

resulti ng in both total and biomimetic syntheses of i ndole-diterpenes (Clark et 

al. , 2003; Rain ier and Smith , 2000; Smith et al. , 2006; Smith and Mewshaw, 

1 985 ;  Smith et  al. , 1 990a; Smith et al. , 2000; Xiong et  al. , 2003) . Smith and co

workers have made several contributions towards the tota l syntheses of i ndole

d iterpenes i ncluding (-)-paspal ine (Smith and Mewshaw, 1 985 ;  Smith and 

Leenay, 1 988, 1 989) , (+)-paspal ici ne (Smith et al. , 1 990a ; Smith et al. , 1 992) ,  

(+)-paspal in i ne (Smith et al. , 1 990a ; Smith et al. , 1 992) ,  (-)-penitrem 0 (Smith 

et al. , 2000) ,  and most recently (+)-nodul isporic acid F (Smith et al. , 2006) . 

These studies support the i nvolvement of 3-geranylgeranyl indole as a common 

i ntermediate that undergoes epoxidation fol lowed by cyclisation to give indole

d iterpenes. Recently, Fueki and co-workers demonstrated the incorporation of 
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deuterium label led 3-geranylgeranyl i ndole into the indole-diterpenes paxi l l i ne 

and emindole OA, evidence that supports the involvement of 3-

geranylgeranyli ndole as a biosynthetic i ntermed iate (Fueki et al. , 2004) . Apart 

from these studies, schemes proposed for the biosynthesis of paxi l l ine- l ike 

i ndole-diterpenes have been based on the chemical identification of l i kely 

i ntermed iates and substrate feeding studies from the organism of interest and 

related fi lamentous fu ngi  (Gatenby et a/. , 1 999; Mantle and Weedon,  1 994 ; 

Munday-Fi nch et a/. , 1 996) . 

The condensation of GGPP with indole-3-glycerol phosphate may be catalysed 

by either PaxG or PaxC, as both are prenyltransferases . PaxM, a FAO

dependent monooxygenase, is proposed to cata lyse the epoxidation of the two 

terminal  a lkenes of the geranylgeranyl moiety. The lack of precedence for a 

flavi n monooxygenase catalysi ng a two-step epoxidation suggests that PaxM is 

a novel flavi n monooxygenase. Su bsequently, PaxC is proposed to catalyse 

the cationic cyclisation  of the d i-epoxy intermed iate to form paspal ine. Although 

PaxB is req u i red for paspa l ine biosynthesis,  its role in  paspal i ne biosynthesis is 

not clear. S ince the secondary structure analysis of PaxB suggests it is  a 

membrane protein it may function as a transporter. Un l ike the ATP-bi nding 

cassette (ABC) and major faci l itator superfami ly (MFS) fungal transporters, 

wh ich conta in  1 2  a nd 1 2- 1 4 tra nsmembrane doma ins ,  respectively, PaxB 

contains seven transmembrane domains .  Most ABC and MFS transporters 

associated with secondary metabol ite gene clusters have a role in self

protection  of the prod ucing organism from the toxic effects of the metabol ite 

(Del Sorbo et a/. , 2000; Gard iner et al. , 2005) . However, the unique structure of 

PaxB and the indole-d iterpene negative phenotype of the paxB mutant 

(Monahan a nd Scott , unpubl ished results) suggest that it may have a role i n  

transporti ng substrate(s) to the vicinity of the biosynthetic enzyme complex, 

rather than a role in  self-protection .  Alternatively ,  PaxB may have a regu latory 

role. A large number of seven-tra nsmembrane receptor proteins ,  G-protein 

coupled receptors (GPCRs), that are involved in G-protein s ignal l i ng pathways 

have been identified (Lafon et al. , 2006; reviewed in Pierce et al. , 2002) .  These 

pathways have been shown to regu late sporu lation and mycotoxin  production 

in d ifferent fi lamentous fung i  i ncl uding Aspergillus spp. and Fusarium spp. 

1 65 



(reviewed i n  Brodhagen and Kel ler, 2006 ; Calvo et aI. , 2002; Lengeler et aI. , 

2000) . PaxA a lso has a u n ique secondary structure simi lar to PaxB conta in ing 

seven transmembrane doma ins but, u nl ike PaxB , i t  is not req u i red for paspal ine 

b iosynthesis (Section  3 . 1 .6 ) .  However, the indole-diterpene negative phenotype 

of the paxA mutant (Monahan and Scott, u npubl ished results) suggests a role 

for PaxA in paxi l l ine biosynthesis. Based on these data , it is difficult to assig n a 

role for PaxA in  paxi l l ine biosynthesis and thus its fu nction  remains  

i nconclusive .  

G iven the diverse array of i ndole-diterpenes that are structurally s imi lar to the 

paspali ne-l ike skeleton ,  it is  tempti ng to propose that paspal ine is  the key 

i ntermediate for indole-d iterpene biosynthesis provid ing the core structural 

skeleton for subseq uent reactions . Recently, orthologues of paxG, paxM, paxB 

and paxC genes have been identified i n  a complex cl uster for biosynthesis of 

the indole-d iterpene,  lol itrem B, in N. lolii (Young et al. , 2005 ; You ng et al. , 

2006) . ItmM and ItmC have been shown to be functional ortholog ues of P. 

paxilli genes paxM and paxC, respectively. By analogy, LtmG, LtmM ,  UmB and 

UmC are l ikely to be i nvolved in  early steps forming paspal ine as an 

intermed iate in  lol itrem B b iosynthesis. I n  A.  flavus, a gene c luster for the 

indole-diterpene, aflatrem, has been shown to contain orthologues of paxG, 

paxM and paxC (Zhang et al. , 2004) . Complementation stud ies showed that the 

atmM gene was a functional o rthologue of P. paxilli paxM (Zhang et al. , 2004) .  

Recent analysis of the A. flavus genome sequence generated by Gary Payne 

and col leagues at North Caro l ina State U niversity, USA 

(http://www .aspergi l lusflavus .org/genomics/) , identified orthologues of paxB 

and paxA, together with orthologues of paxP, paxQ a nd paxO that formed a 

cluster at a d ifferent genomic location (Monahan et al. , unpubl ished results). 

This analysis again provides support for the involvement of ortholog ues of 

paxG, paxM, paxB and paxC i n  early steps of indole-d iterpene biosynthesis .  

Two other genes, paxP and paxQ, both encod ing cytochrome P450 

monooxygenases are proposed in later steps in  the paxi l l ine biosynthesis 

pathway (McMi l lan et al. , 2003) . Deletion mutants of paxP and paxQ 

accumulate paspal ine and 1 3-desoxypaxi l l ine , respectively. These i ndole-
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d iterpenes together with others are proposed as i ntermed iates in  d ifferent 

metabol ic grids for indole-d iterpene biosynthesis (Gatenby et al. , 1999 ;  Mantle 

and Weedon,  1994 ; Munday-F inch et aI. , 1996). The position of the proposed 

i ntermed i ates and the seq uence of reactions  i n  the metabol ic grids were based 

on a l i kely biochemical scheme i nvolvi ng sequential formation of more co mplex 

structures. These schemes showed paspal ine as the basic indole-diterpene 

precursor for a large nu mber of indo le-d iterpenes i ncludi ng paxi l l i ne ,  

paspal ic ine,  paspali n i ne, terpendoles, lo l itrems, pen itrems and ja nthitrems 

(Gatenby et aI. , 1999; Mantle and Weedon , 1994 ; Munday-Finch et aI. , 1996). 

The scheme for paxi l l i ne  biosynthesis, as proposed by Mu nday-Finch and co

workers ,  involved a series of oxidation reactions starting with paspal ine to give 

rise to paspal ine B, PC-M6 and 13-desoxypaxi l l i ne (Mu nday-F i nch et al. , 1996). 

I n  this scheme the penulti mate substrate for paxi l l i ne biosynthesis was 

suggested to be either 13-desoxypaxi l l i ne or �-paxitriol. Based on a 

modification of this scheme using a s imi lar approach , others have proposed 

schemes for biosynthesis of more complex i ndo le-diterpenes such as lol itrems 

a nd terpendoles (Gatenby et al. , 1999 ; Parker and ScoU, 2004). 

Identification and characterisation of genes for the two cytochrome P450 

monooxygenases, PaxP and PaxQ , with in  the paxi l l i ne biosynthesis gene 

cluster has helped to understa nd later steps in paxi l l ine biosynthesis. 

I ncubation of paspal ine and 13-desoxypaxi l l ine with two pax cluster deleti on 

mutants , CY2 and LM662, contai n ing either PaxP or PaxQ resu lted in  the 

conversion of fed compounds i nto i ndole-d iterpene prod ucts confi rming that 

these compounds are substrates for PaxP and PaxQ , respectively ( F igure 4.1) 

(Sections 3.3.2 & 3.3.4) .  The conversion of these substrates by both PaxP and 

PaxQ was more efficient in the LM662 background than in the CY2 background 

(d iscussed below). Although paxi l l ine was the only conversion prod uct of 13-

desoxypaxi l l ine by PaxQ, paspal ine was converted to 13-desoxypaxi l l i ne and �

PC-M6 by PaxP. These resu lts confi rmed that PaxP was able to cata lyse the 

seq uential oxidations i nvolving removal of the C-30 methyl group fol lowed by 

C-10 oxidation (F ig u re 4.3) , via �-PC-M6. Simi lar  seq uential loss of a C-14 

methyl group by a P450 enzyme has been reported in sterol biosynthesis 
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Positions of paspa l ine carbon atoms acted upon by PaxP 
a re shown by arrows. 
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(F ischer et al. , 1 989; Lamb et al. , 1 999). The proposed i nvolvement of 

paspal ine B as the fi rst oxidised analogue of paspal ine (Munday-Finch et a/. , 

1 996) cou ld  not be tested due to the unavai labi l ity of an authentic sample of 

paspal ine B .  However, at least one unknown i ndole-diterpene compound was 

detected in extracts of wild-type P. paxilli. In addition ,  incubation of P-PC-M6 

with a pax cl uster negative stra in  conta in ing only PaxP resulted in its 

conversio n  to 1 3-desoxypaxi l l ine confirming that P-PC-M6 is  a substrate for 

PaxP (Section 3 .3 .5) .  PaxP was also found to catalyse the C-1 0 oxidation of p

paxitriol to p rod uce paxi l l i ne (Section  3 .3 .6) .  However, the source of p-paxitriol 

is not clear. It is  possible that an enzyme outside the pax cluster is capable of 

converting paxi l l i ne to p-paxitrio l .  These results i ndicate that PaxP cata lyses 

mu ltiple oxidation steps both at a si ngle carbon atom and at d ifferent carbon 

atoms. In F. fujikuroi, the mu ltifunctional cytochrome P450 monooxygenase, 

GA14-oxidase ,  was shown to cata lyse four  sequential oxidations at four d ifferent 

carbon atoms in a series of oxidations from ent-kaurenoic acid to GA14 (Rojas 

et al. , 200 1 ) . Oxidation at mu ltiple sites by a single P450 enzyme has a lso been 

shown for the fungus Curvularia lunata in which the cytoch rome P450 enzyme, 

P-450Iun , catalyses bifunctional ly 1 1  p- and 1 4u-hydroxylations of 1 1 -

deoxycortisol to form cortisol (Suzuki et al. , 1 993) . I n  F. fujikuroi, another 

cytochrome P450 enzyme, ent-kaurene oxidase, catalyses three seq uential 

oxidations at a single carbon atom in the conversion of ent-kaurene to ent

kaurenoic acid (Rojas et a/. , 200 1 ; Tudzynski et a/. , 200 1 a) .  Simi lar mu lt iple 

catalytic activities have been suggested for the cytochrome P450 enzymes 

encoded by genes with i n  the GA cluster identified in Phaeosphaeria sp. 

(Kawaide,  2006) . 

No evidence for the p roposed bifu rcation i n  the paxi l l ine pathway between PC

M6 and paxi l l i ne was found (F igu re 3 .24) (Munday-F inch et a/. , 1 996) . Although 

i ncubation of p-paxitriol with a paxQ deletion mutant complemented paxi l l i ne 

biosynthesis,  none of the pax gene prod ucts was able to convert either u- or p

PC-M6 to p-paxitriol (Section 3 .3 .6) .  p-paxitriol was only found to be a substrate 

for PaxP (discussed above) . These precursor feed ing stud ies have confi rmed 

that p-paxitriol is not a part of the paxi l l ine biosynthesis pathway but could be 
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i nvolved in  steps post-paxi l l ine (F igure 4. 1 ) .  Recently, two other pax genes, 

paxO encodi ng a prenyltransferase of the d imethylal lyltryptophan (DMAT) 

synthase type and paxO encod ing an oxidoreductase, that were earl ier 

identified in  the pax cluster (Young et al. , 200 1 )  have been fou nd to be co

regu lated with other pax genes (Monahan et al. , unpubl ished res ults) .  A paxO 

deletion mutant (Young et al. , unpubl ished results) was fou nd to accumulate 

indole-diterpenes that were not prenylated (Brian Tapper ,  personal 

communication)  suggesting that PaxD may catalyse isoprenylation of the i ndole 

ring or the d iterpene part of paxi l l ine in  steps post-paxil l i ne .  I n  C/aviceps 

purpurea, the first step i n  ergot alkaloid biosynthesis has been s hown to be 

catalysed by the DMAT synthase DmaW that i nvolves the prenyl ation of the C-

4 position of the tryptophan indole ring (Gebler and Poulter, 1 992 ;  Tsai et al. , 

1 995) .  

I ncubation of a-paxitriol with strains contain ing pax cluster negative 

backgrounds and also with a PaxP contain ing stra in  confirmed that a-paxitriol 

was not a substrate for any Pax enzymes (Section 3 . 3 .6) .  I nterestingly ,  s imi lar 

incubations of a-PC-M6 showed that it was a substrate for PaxQ and was 

converted by PaxQ to a-paxitriol (Section 3 . 3 .5 ) .  Given that the paxi l l i ne 

intermed iates have a B-configuration at C - 1 0 ,  acceptance of a substrate that 

has a a-configu ration by a Pax enzyme is unusual .  a-paxitriol is more l ikely a 

precursor for lol itrems and terpendoles that have the a-configu ration at C- 1 0  

(Gatenby et al. , 1 999; Mi les et al. , 1 992 ; Penn and Mantle,  1 994) .  Based on the 

data presented here ,  it is h ighly u nl ikely that i ndole-diterpenes with a a

configuration a re involved in the paxi l l i ne pathway. The formation of a-paxitriol 

by PaxQ cou ld  be a non-specific side reaction (F igure 4 . 1 ) . The b iosynthetic 

s ignificance, if a ny, of this reaction is not known . In Penicillium janczewskii and 

Penicillium janthinellum, incorporation of labelled B-paxitriol and n ot a-paxitrio l ,  

i nto penitrem A and E and janthitrem B a nd C ,  respectively, suggested B

paxitriol as an immediate precursor for the complex indole-diterpenes with B

stereochemistry ( Penn and Mantle, 1 994) . These observations emph asise the 

stereospecifiCity of enzymes i nvolved in  the biosynthesis of i ndole-diterpenes. 

Moreover, i ndole-diterpenes that have been reported from fung i  belonging to 
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the taxonomic order Eurotiales (Aspergillus and Penicillium) have �

stereochemistry and those belong i ng to the order Clavicipitales (Epichloe and 

C/aviceps) have a-stereochemistry (Parker and Scott, 2004 ,  and references 

there in) .  I n  the present study, PaxP is  shown to be a stereospecific enzyme 

that acts only on the substrates that have a �-configuration .  Unl ike PaxP, PaxQ 

appears to be a promiscuous enzyme that lacks substrate specificity . Althoug h 

the reason for this promiscuous activity of PaxQ is not known , enzymes with 

promiscuous fu nctions are thought to act as precursors for enzymes with higher 

specifi ci ty (Yosh ikuni et al. , 2006,  a nd references there in ) .  Recent identification 

of PaxP and PaxQ homologues in the lol itrem gene cl u ster (Young et al. , 2006) 

could help in u nderstanding the stereospecificities of these P450 enzymes i n  

indole-diterpene biosynthesis .  The data p resented in  th is study suggest that the 

stereochemistry of the indole-diterpene i ntermed iates is laid down by PaxP 

(and by analogy by LtmP) . It is now possible to test this hypothesis by 

i ntroduci ng either or both LtmP a nd LtmQ in P. paxilli and check if this 

i ntrod uction enables P. paxilli to form indole-diterpenes with a-stereochemistry . 

I n  the chemical complementation studies , the abi l ity of both PaxP and PaxQ to 

convert their respective substrates into products d iffered between the LM662 

and CY2 backg rounds. Both P450 enzymes were more efficient in  thei r abi l ity 

to convert their respective substrates in  the LM662 background than in  the CY2 

background (Sections 3 . 3 .2  & 3 . 3 .4) .  This cou ld  be attributed to a 

comparatively h igher level expression of the correspond ing genes i n  the LM662 

background than in the CY2 backg round which in turn might be attributable to 

the s ite of integration (discussed below) . Given that CY2 is a s ingle crossover 

associated with a large deletion (> 1 00 kb) and that one end of this deletion is 

not yet defined (Young et al. , 1 998) ,  the presence of a regulatory element 

with i n  the deleted region cannot be ruled out. Two putative regu latory genes 

paxR and paxS that encode putative transcription factors have been shown to 

be associated with the paxi l l i ne cl uster (Young et al. , 2 00 1 ) .  However, the paxR 

and paxS deletion mutants were positive for paxi l l ine biosynthesis suggesting 

that these two genes do not have a reg ulatory function for the paxi l l ine cluster 

(McMi l lan et al. , unpubl ished results). The pax gene cl uster may be under the 
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control of the global nitrogen regulator ,  AreA, as has been shown for the 

regulation  of g ibberel l in  b iosynthesis genes in  F. fujikuroi (Mih lan et al. , 2003; 

Tudzynski et aI. , 1 999a) . Recently ,  a g lobal transcriptional regu lator, LaeA, for 

secondary metabol ism was reported in Aspergillus spp. ( Bok and Kel ler ,  2004 ; 

Bok et al. , 2005; Bok et al. , 2006) . I t  was shown to positively reg ulate 

expression of genes i n  the pen ici l l i n  and sterigmatocystin biosynthetic c lusters 

of A. nidulans, the lovastatin cluster from A. terre us , and the g l iotoxin c luster 

from A. fumigatus. This reg ulation of multiple gene clusters was attributed to 

possible i nvolvement of LaeA in converting heterochromatin to euchromatin .  

Although genes conta in ing the conserved S-adenosylmeth ion ine doma in  found 

in LaeA are found i n  fungi  such as F. sp oro trichio ides , M. grisea and 

Coccidioides immitis, whether these are funct ional homologues remains  to be 

demonstrated . 

The abi l ity of PaxP to convert its substrate not only differed between the LM662 

and CY2 backgrounds (discussed above) but also among the transformants 

having the same background . Transformants LM662 . P 1 - 1 0 and CY2 . P 1 -9 

exh ib ited a better conversion of the fed substrates i nto products than 

LM662 . P 1 -2 and CY2 . P1 - 1 0  transformants , respectively (Section  3 . 3 .2 ) .  This 

difference i n  conversion was related to expression of the introduced genes . 

S ince the introduced genes were ectopical ly i ntegrated i n  the genome, the 

integration site appears to have an effect on expression of the i ntroduced 

genes and thus on the function of the encoded enzymes . S imi lar  results have 

been reported i n  other fi lamentous fung i .  Expression of both P450-4 and P450-

1 genes of either F. fujikuroi or F. proliferatum was not always detected after 

their introduction into the genome of F. proliferatum stra in  002945 ( Malonek et 

al. , 2005a) . I n  some 002945 transformants , a h igh  level of F. fujikuroi P450-4 

gene expression was associated with low levels of activity of the encoded ent

kaurene oxidase (Malonek et al. , 2005b) . I n  A. parasiticus, f3-g lucuronidase 

(GUS) reporter assays with the aflatoxin b iosynthetic gene nor- 1 showed that 

GUS activity was detected only when the fused Pnor- 1 : :uidA gene i ntegrated at 

the nor-1  l ocus and not when the fused gene i ntegrated outside the aflatoxin 

gene cluster, at either the niaO or the pyrG locus (Chiou et al. , 2002) . These 

1 72 



observations suggest the i mportance of the chromosomal location of a 

tra nsgene in  both gene expression and function of the encoded enzyme. 

4.2 Subcel lu lar local isation of GGPP synthases 

In a eukaryotic cell many biochemical functions are compartmental ised , wh ich 

warrants the need for targeting proteins to the correct cell organel le and 

structure .  The i nformation for protein targeting resides within the sequence and/ 

or structure of the targeted proteins and a lso at their  destination.  Well 

characterised signatures are known for protein s  targeted to various organel les 

such as mitochond ria ,  endoplasmic reticul um (ER) ,  chloroplasts , n uclei , 

peroxisomes and vacuoles . The targeting sig na l  is often at the N-termin us of 

the ami no acid sequence of proteins targeted to mitochondria ,  chloroplast and 

ER.  These signal seq uences often do not form a part of the mature prote in  and 

are cleaved after protein targeting . I n  other proteins such as peroxisomal and 

E R  proteins ,  the targeting s ig nal may reside at the C-terminus of their amino 

acid sequences . Avai labi l ity of genome seq uences from d ifferent organisms 

has helped i n  identify ing putative localisation s ig nals in  the protei n of i nterest by 

performing a database search . 

Fusion of reporter genes is one of the most powerfu l ,  common ly used methods 

to study the subce l lu lar localisation of prote ins .  Green fluorescent p rotein 

(GFP) and i ts related variants have been used extensively i n  fusions to a target 

protein to enable visual isation  by fl uorescence microscopy ( Lorang et al. , 200 1 ; 

Tsien ,  1 998) .  Unl ike the GUS reporter tags ,  GFP is not dependent upon 

exogenous substrates or cofactors but req uires only oxygen . Th is has enabled 

the use of GFP and its variants in successfu l ly mon itoring the localisation of 

proteins ,  thei r movement, their interactions with other proteins and the 

dynamics of organel les to wh ich these proteins are targeted (Cox et al. , 2002 ; 

Hoff and Kuck, 2005 ; I noue et al. , 2002; Magg io-Hal l  and Kel ler, 2004; Magg io

Ha l l  et al. , 2005 ; Okada et al. , 2000; Poggeler et al. , 2003 ; Shoji et al. , 2006 ;  

Tavoularis  et  al. , 200 1 ) . Another fluorescent protei n ,  DsRed , has also been 

used as a marker p rotein ( Eckert et al. , 2005; M ikkelsen et al. , 2003; Toews et 

al. , 2004) .  Besides fl uorescent proteins, immu nolabel l ing has also been used 
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as a tool to study protein  loca l isation (Chiou et al. , 2 004 ; Lee et al. , 2002a;  Lee 

et al. , 2004) . 

I n  the fi lamentous fung i ,  P. paxilli, N. lolii and F. fujikuroi, two GGPP synthase 

enzymes, one for primary metabol ism and the other for secondary metabol ism,  

have been reported (Tudzynski and Holter, 1 998;  You ng et al. , 200 1 ; Young et 

al. , 2005) .  The genomes of A. nidulans and F. graminearum a lso conta in two 

copies of genes homologous to paxG, although the d iterpene phenotypes of 

these two fungi are not known . The presence of two copies of GGPP synthases 

across these genera could mean that the two metabolic pathways are 

compartmental ised . I n  the present study, the subcel lu lar  localisation of the two 

P. paxilli GGPP synthases , Ggs1 and PaxG , was investigated using EG FP and 

DsRed reporter tags.  Al ignme nt of GGPP synthase seq uences from different 

fi lamentous fungi showed variation among the seq uences at their N-termina l  

reg ion (Section 3 .4 . 1 ) . Th is  variabi l ity suggests that the N-terminal reg ion could 

harbour specific s ignals includ ing that for protein targeting. Although detai led 

information on local isation of fungal GGPP synthases is  not avai lable,  GGPP 

synthases with putative loca l i sation signals at  their N-terminal regions have 

been reported in plants. In Arabidopsis, five GGPP synthases have been 

shown to conta in  putative local isation sig nals at the i r  N-termi nal reg ions for 

their translocation i nto specifi c  subcel lu lar compartments (Okada et al. , 2000; 

Zhu et aI. , 1 997) . Synthetic GFP (sGFP) was fused with an N-termina l  

sequence of 66 - 1 02 amino acids contain ing the putative local isation s igna l .  I t  

was shown that the fusion proteins of GGPS 1 -sGFP and GGPS3-sGFP 

local ised to  the chloroplast, GGPS2-sGFP and GGPS4-sGFP local ised to the 

ER ,  and GGPS6-sG F P  loca l ised to the mitochondrion . In a s imi lar study, a 

fus ion protei n conta in ing the putative transit peptide of the S. dulcis GGPP 

synthase fused with sG FP was tra nslocated to the chloroplast after its 

introd uction into Arabidopsis leaves (Sitthithaworn et al. , 200 1 ) .  

Analysis of the P. paxilli GGPP synthase Ggs1 using the PSORT 1 1  l ocal isation  

algorithm suggested it to be a mitochondria l  prote in (Section 3 .4 . 1 ) .  The N

termi nal seq uence of Ggs 1  is over-represented by the amino acids Ser, Ala 

and Arg and lacks the negatively charged amino acids Asp and Glu ,  features 
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characteristic of mitochondrial targeting peptides (Emanuelsson et al. , 2000) . 

Mitochondrial import of Ggs 1 was i nvestigated using strains expressing EGFP

tagged whole Ggs1 protei n .  It was observed that, un l ike the EGFP-Ggs 1 

fus ion ,  the Ggs1 -EGFP fusion was p redominantly targeted to punctuate 

organelles (Section 3 .4 .3) .  Only few hyphae showed simi lar targeting of the 

EGFP-Ggs 1 fusion .  These data suggest that a free N-terminal  region is not 

absolutely necessary but is requ i red for efficient targeting of the Ggs1 protei n .  

I n  a simi lar study, the mitochondria l  loca l isation of Fusarium oxysporum Fow1 

was not affected by N- or C-terminal  fusions of GFP to this protein ( I noue et al. , 

2002) . However, the punctuate organel les to which the Ggs 1 -EGFP fusion 

p rotei n was targeted were not mitochondria as MitoTracker fai led to stain these 

organel les (Section 3 .4 .3) .  U nl ike the punctuate shape of these organel les , 

mitochondria usual ly appear as tubu lar structures with in the hyphae, along the 

long itudi nal axis of the cel l  ( I noue et al. , 2002 ; Koch et al. , 2003; Maggio-Hal l  

and Kel ler, 2004 ; Suelmann  and F ischer, 2000) .  Si mi lar punctuate organelles 

to wh ich the Ggs1 -EG FP fusion protein was targeted have been reported in 

Aspergillus spp. using a membrane-selective fluorescent dye, FM 4-64 , 

wherein FM 4-64 has been used to study membrane interna l isation and 

vacuolar transport (H iguchi et al. , 2006; Penalva,  2005 ; Shoj i  et al. , 2006) . 

I nterestingly, F M  4-64 also fai led to sta in  the punctuate organelles to wh ich the 

Ggs 1 -EGFP fusion prote in  was targeted . Si nce peroxisomes form s imi lar  

punctuate structures in  the cel l ,  stra ins expressing both Ggs 1 -EGFP and 

DsRed-SKL fusions were analysed (Sections 3 .4 .9 & 3 .4 . 1 2) .  The tripeptide 

SKL is a standard PTS 1 with a consensus sequence (SIAlC/G)(KlR/H)(LlM) 

that targets proteins to the peroxisomes (Gould et al. , 1 989) . However, the two 

fusion prote ins fai led to co-local ise suggest ing that Ggs1  is  not i n  the 

peroxisomes (Section 3 .4 . 1 2) .  Further detai led analysis is requi red to identify 

the punctuate organel les to which the Ggs 1 protein is targeted. One approach 

cou ld be to study the organelle movement by observi ng the local ised prote in 

over a time-course to test i f  the organel les are endosomes (Penalva, 2005) . 

Although the Ggs1 -targeted structures appeared static no detai led analysis was 

done to test the mob i l ity of these structures . Another approach could be the use 

of d rugs such as cytochalasin A a nd benomyl that destroy the actin and 
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microtubu lar cytoskeleton,  respectively, and thus affect the morphology and 

movement of the attached organel les (Suelma nn and Fischer, 2000) . 

For the P. paxilli PaxG , the local isation algorithm PSORT I I  identified a PTS 1 -

l ike tripeptide GRV at the C-termi n us of PaxG (Section 3 .4 . 1 ) . This tripeptide 

appears to be one of the many variations of the standard PTS 1 -l ike SKL motif 

(Aitchison et al. , 1 99 1 ; Gould et al. , 1 989) . In add ition ,  PaxG homolog ues in A. 

flavus, A. nidulans and F. graminearum (AtmG, AN8 1 43 and FG0459 1 ,  

respectively) contain  peroxisomal targeting s ignal  type 2 (PTS2)-l i ke 

sequences,  RLAIKLMQL,  RLAIKL lQL, RLAVKLMQL,  respectively, that conform 

to the consensus seq uence (R/K)( LN/I)xxxxx( H/Q) (UA) ( Petriv et al. , 2004) .  

The presence of either PTS 1 or  PTS2 i n  PaxG-related seq uences suggests 

that these proteins may be peroxisomal proteins.  I n  this study,  the peroxisomal 

localisation of PaxG was i nvestigated using stra ins expressi ng EGF P-tagged 

whole-PaxG protein .  Attempts to obta in stable transformants conta in ing the 

EGF P-PaxG fusion were unsuccessful (Section 3 .4 .5 ) .  The constitutive 

expression of the EGFP-PaxG fusion protein appeared to affect cel l  g rowth . I n  

contrast, stable transformants , contain ing the PaxG-EGFP fusion protein ,  were 

obtai ned wherei n the fusion protei n was local ised to the cytoplasm. F rom these 

results , it can be argued that a free PaxG C-terminus is req u i red for its correct 

localisation .  The role of the PaxG C-terminal  tripeptide GRV in  peroxisomal 

targeting was verified by analysing strains expressing both EGFP-GRV and 

DsRed-SKL fusion protei ns (Sections 3 .4 .7 ,  3 .4 .9  & 3 .4 . 1 0) .  Co-local isation of 

the two fusion proteins was observed (Section 3 .4 . 1 0) .  Previous studies have 

reported that ole ic acid promotes the p roliferation of peroxisomes (Maggio-Hal l  

et aI. , 2005 ; Valenciano et al. , 1 996 ; Veenhuis et al. , 1 987 ; Van et al. , 2005) .  I n  

ag reement to these stud ies, an i ncrease i n  the n umber of organelles 

expressing the two fusion proteins was observed when corresponding P. paxi"i 

strains were g rown in  the presence of oleic acid , suggesting that the organelles 

are peroxisomes (Section 3.4. 1 1 ) .  Thus ,  the co-local isation and the oleic acid 

i nduction stud ies confirmed that the PaxG C-termina l  tripeptide GRV functions 

as a peroxisomal targeti ng sig nal . It is interesting to note that other proteins 

involved i n  secondary metabolism are predicted/ verified to be peroxisomal .  

PTS 1 -l ike motifs have been reported for Akt1 , Akt2 , Akt3- 1 and Akt3-2, proteins 
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req u i red for biosynthesis of the secondary metabolite AK-tox in  in  A. alternata 

(Tanaka et al. , 1 999; Tanaka and Tsuge, 2000) .  The acyltran sferase enzyme 

catalysing the last step i n  penici l l i n  b iosynthesis contains a PTS 1 -l ike ARL 

sequence and was shown to local ise to peroxisomes (Mul ler et al. , 1 99 1 ; Mu l ler 

et al. , 1 992) .  In addition ,  expression of the acyltransferase e nzyme lacki ng the 

ARL seq uence was local ised to the cytoplasm and vacuoles and fai led to 

produce penici l l i n  (Mul ler et al. , 1 992) .  In Aspergillus spp . ,  the sterigmatocystin 

and aflatox in  precursor, norsolorin ic acid , was shown to accumulate in 

peroxisomes, a lthough the catalysi ng enzymes,  polyketide synthase and fatty 

acid synth ase, were not predicted to have a peroxisomal location (Maggio-Hal l  

et al. , 2005). However, studies have shown that proteins lacki ng the PTS 1 - and 

PTS2-l i ke sequences are sti l l  translocated to the peroxisomes (Elgersma et al. , 

1 995; Kle in  et al. , 2002) .  These find ings ,  on peroxisomal targeti ng of d ifferent 

proteins ,  i nvolved in secondary metabol ism, set precedence for this organelle's 

role in secondary metabolism. However, more such studies on subcel lu lar 

local isation of protei ns i nvolved i n  fungal secondary metabol ism are needed to 

establ ish the importance of this a nd other organel les in secondary metabol ism . 

4.3 Summary 

I n  this study, biochemical analysis of pax gene prod ucts i n  P. paxilli viz. PaxG , 

PaxA, PaxM, PaxB, PaxC, Pax P  and PaxQ was cond ucted . It was fou nd that 

the combination of PaxG , PaxM ,  PaxB a nd PaxC was requ i red for the 

synthesis of the fi rst stable indole-diterpene , paspal ine.  O rthologues of these 

four  genes have been identified in other fi lamentous fungi suggesting that 

paspal ine is the key i ntermediate that provides the core structural backbone for 

the biosynthesis of i ndole-d iterpenes. Although PaxA appears to have a role in  

paxi l l i ne b iosynthesis, it was not requi red for paspal ine biosynthesis .  PaxP 

enzyme was stereospecific for substrates with p-configuration and catalysed 

mult ip le oxidation steps both at a s ingle carbon atom and at d ifferent carbon 

atoms. The occurrence of indole-d iterpenes with u- and p-stereochemistry in 

two d ifferent taxonomic orders suggest that PaxP and its orthologue may have 

a role i n  introducing the stereochemistry of indole-dite rpenes. U nl ike PaxP, 
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PaxQ was a promiscuous enzyme as shown by its abi l ity to act on a substrate 

with a-configuration .  

Although a pathway-specific regu lator has not been found i n  the pax cl uster, 

d ifferences in the expression of paxP and paxQ genes in two d ifferent pax 

cluster deletion backgrounds suggests the presence of a regu latory factor .  

The reporter fusion studies of the two P. paxilli GGPP synthases, Ggs1 and 

PaxG , showed their differential loca l isation . Ggs1 -EGF P  fusion protein was 

local ised to punctuate structures whose identity could not be establ ished . 

EGFP-GRV fus ion protein ,  conta in ing the C-terminal  tripeptide G RV of PaxG, 

was local ised to peroxisomes . Enzymes i nvolved i n  other secondary metabol ite 

pathways have been shown to either local ised to peroxisomes or conta in  

putative peroxisomal local isation s ignals suggesting that peroxisomes may 

have an i mportant role in secondary metabol ism .  

Based on  the res ults presented i n  this study, i t  is  now possible to  have a 

g reater u nderstanding of the various steps involved in indole-diterpene 

biosynthesis, wh ich unti l now were speculative .  The i ntrodu ction of 

stereospecificities in the i ndole-diterpene i ntermed iates can now be tested 

which wou ld  help i n  understanding the chemica l  d iversity observed among the 

indole-diterpene p roducing fungi .  
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Appendix 5 . 1  

RP-HPLC a nalysis of authentic PC-M6 and paxitriol 
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Appendix 5.1 RP-HPLC analysis of authentic PC-MS and paxitriol 

I 
7.0 

(A) PC-M6 stereoisomers: a-PC-M6 (Rt = 5.85 min) and P-PC-M6 (Rt = 7.75 min) .  

(8) Paxitriol stereoisomers: a-paxitriol (Rt = 4.30 min) and p-paxitriof (Rt = 3.55 min) .  
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Appendix  5.2 

Vector maps 
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Appendix 5.2 .1  pBluescript 11 KS (+) (Stratagene) 

pBluescript 1 1  KS (+) vector sequence reference poi nts : 

f1 (+) origin of ss-DNA repl ication 
p-galactoside a-fragment cod ing sequence (/acZ) 
multiple cloning site 
T7 promoter transcription in itiation s ite 
T3 promoter transcription in itiation site 
lac promoter 
pUC origi n  of rep l ication 
ampici l l in resistance (b/a) ORF 
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Appendix 5.2.2 pGEM®-T Easy (Promega) 

pGE�-T Easy vector sequence reference points: 

T7 RNA polymerase transcription in itiation s ite 
SP6 RNA polymerase transcription in itiation s ite 
T7 RNA polymerase promoter 
SP6 RNA polymerase promoter 
mu ltip le cloning site 
laeZ start codon 
lac operon sequences 
lac operator 

�-Iactamase coding reg ion 
phage f1 reg ion 
pUC/M1 3 forward sequencing primer binding s ite 
pUC/M1 3 reverse sequencing primer binding site 
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Abstract Paspaline belongs to a large, structurally and func
tionally diverse group of indole-diterpenes synthesized by fiJa
mentous fungi. However, the identity of the gene products 
required for the biosynthesis of paspaline, a key intermediate 
for the synthesis of paxilline and other indole-diterpenes, is not 
known. Transfer of constructs containing different pax gene 
combinations into a paxilline negative deletion derivative of Pell
icillium paxilli demonstrated that just four proteins, PaxG, a 
geranylgeranyl diphosphate synthase, PaxM, a FAD-dependent 
monooxygenase, PaxB, a putative membrane protein, and PaxC, 
a prenyl transferase, are required for the biosynthesis of paspa
line. 
© 2006 Federation of European Biochemical Societies. Published 
by Elsevier B. V. All rights reserved. 
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1 .  Introduction 

Indole-diterpenes are a large. structurally diverse group of 
natural  products synthesized by filamentous fungi [ I ). These 
natural products share a common core structure comprised 

o f  a cyclic diterpene skeleton derived from geranylgeranyl 
d iphosphate (GGPP) and an indole moiety derived from tryp
tophan or a tryptophan precursor [2-6). Further complexity of 
the basic indole-diterpene ring structure occurs by add itional 
p renylations. different ring substitutions and ring stereochem

istry. These metabolites have a number of biological activities 
i ncluding insect feeding deterrence. modulation of insect and 

mammalian ion channels and inhibition of specific enzymes 
[7.8] .  The structural complexity and diverse biological activi
ties of these compounds have attracted the attention of 
synthetic chemists resulting in both total and biomimetic syn
theses of a n umber of paxilline-like indole-diterpenes [9- 1 5) .  

The results of these studies suggest that 3-geranylgeranylindole 
i s  a common intermediate. which undergoes epoxidation 

followed by cyclization to give indole-diterpenes. More 

recently. feeding experiments with deuterium labeled 3-gera-
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nylgeranylindole demonstrated the incorporation of this com

pound into paxilline and emindole DA [ 1 6] .  Although 
biosynthetic schemes have been proposed for paxilline-like 
compounds none of the enzymes responsible for catalyzing 
the proposed steps have been identified [6. 1 7) .  

The cloning and characterization of a cluster of genes from 
Penicillium paxilli necessary for biosynthesis of the indole
diterpene. paxilline. has provided for the first time an insight 
into the gene products required for the synthesis of this 
important class of natural products and their biochemical 
function [ 1 8] .  Systematic gene disruption and chemical com
plementation studies have shown that at least five enzymes 
are needed for paxilline biosynthesis [ 1 8 , 1 9] .  paxG is pro
posed to encode a GGPP synthase that catalyzes the synthe
sis of GGPP. the determinant step in indole-diterpene 

biosynthesis. Deletion m utants of paxM. encoding a FAD
dependent monooxygenase ( McMil lan et a l . .  unpublished re
sults) and paxC. encoding a prenyl transferase (Young et al . .  

unpublished results), lack the ability to synthesize any iden
tifiable indole-diterpene indicating that these gene products 
catalyze early steps in paxilline biosynthesis. By contrast 
deletion of paxP. encoding a cytochrome P450 monooxygen
ase. resulted in a m utant strain that accumulates paspaline 
[ 1 9). Taken together these results suggest that paspaline is 

the first stable indole-diterpene product. and that its synthe
sis requires the action of three enzymes viz. PaxG. Pax M 
and PaxC [20). However. two additional genes, paxA and 
paxB, were recently identified within t he core cluster of 

paxG-paxJ'vl-paxC-paxP-paxQ ( Monahan et aI . ,  unpub
l ished results). Sequence analysis of PaxA and PaxB suggests 
that these are poly topic membrane proteins containing seven 

transmembrane domains. Deletion derivatives of pax A and 
paxB were unable to synthesize any detectable indole-diter
penes. However. neither protein has any identifiable enzy
matic function. The identification of these two new genes. 

the absence of detectable indole-diterpenes in paxG, pax M 

and paxC deletion mutants and accumulation of paspaline 
in the paxP deletion m utant suggests that up to five proteins 

PaxG. PaxA. PaxM .  PaxB and PaxC are required for pasp
aline biosynthesis in P. paxilli. The objectives of this study 
were to define the minimum number of genes required for 

the synthesis of paspaline and to propose a biosynthetic 

scheme for the synthesis of this indole-diterpene. Our work
ing hypothesis is that five gene products are required for 

paspaline biosynthesis. 
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2. Materials and methods 

2. /. Bacterial slrains and p/asmids 
Escherichia coli strain D H5cx ( I nvitrogen) served as the host for 

routine cloning. The transformants of th is host were grown on L B  
agar plates supplemented with ampicillin ( I  00 �lg/ml) for selection. 
pGEM®-T Easy (Promega) and p 1 l99 plasmids were used for clon
ing. 

2.2. Fungal .\·frains and growl" condiliolls 
Cultures of wild-type P. paxilli Bainier ( PN20 1 3  = ATCC 2660 1 )  

and CY2 (PN2250) mutant derivatives were routinely grown i n  Asper
gillus complete medium (AC M )  [2% ( w/v) malt extract (Oxoid, Basing
stoke, England), I 'X, (w/v) mycological peptone (Oxoid) ,  2% (w/v) 
glucose, 1 .5% ( w/v) agar) and ACM supplemented with 0.8 M sucrose 
( RG medium), at 22 °C for 4-6 days. Liquid cultures were started 
using an inoculum of 5 x 1 06 spores per 25 ml of CDYE medium 
[3.34% (w/v) Czapex-Dox (Oxoid), 0.5% (w/v) ycast extract) supple
mented with 0 .5% (v/v) trace element mix [in 0.6 N H CI :  0.05% (w/v) 
FeS04 ' 7H20, 0.05°;', (w/v) ZnS04 ' 7 H20, 0 .01% (w/v) M nS04 ' H20, 
0.005% (w/v) CUS04 . 5H20, 0.004% (w/v) CoCl2 . 6H20), and shaken 
at 200 rpm at 28 °C for 7 days. Media were supplemented with genet
icin ( 1 50 Ilg/ml),  where necessary. 

2.3. Molecular biology 
Plasmid D A was isolated and purified by alkal ine lysis using either 

a Bio-Rad Quantum Prep® Plasmid M iniprep Kit ( Bio-Rad Laborato
ries, CA, USA) or H igh Pure Plasmid Isolation K it ( Roche Diagnos
tics GmbH, M annheim, Germany). Genomic DNA was isolated 
using a modification of the method of Yoder [2 1 )  as described previ
ously [22). Southern blot t ing and hybridization conditions were as de
scribed previously [22). Genomic DNA for PCR screening was 
prepared from fungal spores. Spores from approximately 
0.3 cm x 0.3 cm section of transformants on ACM were suspended in 
I ml  TE ( 1 0  m M  Tris-HCI, pH 7.5, I mM E DTA) with 0.0 1 '% (v/v) 
Triton X- l OO. 1 00 pI spore suspension was transferred into a 2 ml mi
cro-tube PP (Sarstedt, Germany) containing sterile �ass beads (425-
600 llm). The spores were disrupted in a FastPrep Cell Disrupter 
FP 1 20 (Thermo Savant, N Y, USA) for 20 s at 4 mls and centrifuged 
at 1 3 000 rpm for 10 min. The supernatant was collected and a 5 �d 
sample was used as the template for PCR. D N A  fragments and PCR 
products were purified using QIAquick Gel Extraction and PCR Puri
fication Kit (Qiagen). D A fragments were sequenced by the dide
oxynucleotide chain-termination method [23) using Big-Dye (Version 
3) chemistry ( Perkin-Elmer Applied Biosystems, Foster City, CA, 
USA) with oligonucleotide primers ( S igma Genosys). Products were 
separated on an A B I  Prism 377 sequenceI' ( Perkin-Elmer Applied Bio
systems). 

2.4. PCR condilions 
PCR of paxM and paxM-paxB for cloning was carried out in 50 �d 

reaction volume containing 5 111 of 1 0x reaction buffer ( Roche Diag
nostics GmbH, Penzberg, Germany), 200 llM of each dNTP, 300 n M  
of each primer, 0.75 U of Expand H igh Fidelity Enzyme M ix ( Roche) 
and 10 ng of plasmid. PCR of paxA-paxM for cloning was carried out 
in 50 pI reaction volume containing 5 III of 1 0x reaction buffer (Triple
Master® PCR System, Eppendorf AG, Hamburg, Germany), 200 pM 
of each d NTP, 200 nM of each primer, 0.75 U of TripleMaster Poly
merase Mix ( Eppendorf) and 1 00 ng of genomic DNA. Genomic 
D N A, prepared from spores, was amplified in 50 pI reaction volume 
containing 5 pI of 1 0x reaction buffer (Roche Diagnostics GmbH), 
I 00 �lM of each d NTP, 200 n M  of each primer and 2 U of Taq 
D A polymera e ( Roche). 

The thermocycle condi t ions routinely used with Taq D N A  polymer
ase and Expand H igh Fidelity Enzyme M ix were one cycle at 94 °C for 
2 min, 30 cycles at 94 °C for 30 s, 55 °C for 30 s and 72 °c for I min 
(per kb) and one cycle at 72 °c for 5 min, and with TripleMaster Poly
merase Mix  were one cycle at 94 °C for 2 min, 30 cycles at 94 °C for 
20 s, 55 °C for 20 s and 72 °c for I min (per kb)  and one cycle at 
72 °c for 3 min. Reactions were carried out in  a PC-960, PC-960G 
(Corbett Research, Mortlake, Austra l ia), or Mastercycler® gradient 
( Eppendorf, Hamburg, Germany) thermocycler. 

S. Saikia el al. / FEBS Lellers 580 (2006) /625-/630 

2 . 5. Consrrucfion of expression constructs 
Plasmid pSS8 (paxG-pax A-pax M-pax B-paxC) was constructed by 

ligating into p 1 l99 an I I  kb Hind 1 1  I fragment con taining paxG� 
paxA-paxM-paxB-paxC from "CY55. 

Plasmid pSS 16 (paxG-pax M-paxC) was constructed by ligating into 
Spel digested pSS8 a 2.54 kb Spel fragment containing paxM. The 
fragment was prepared by digesting the PCR product ampl ified with 
primer set pax MSpeF2 and paxMSpeR from plasmid pSSS.  Both 
primers contained mismatches relative to the genomic sequences in 
order to introduce Spel sites at both ends. 

Plasmid pSS 1 7  (paxG-pax M-pax B-paxC) was constructed by ligat
ing into Spel digested pSSS a 3.4 kb  Spel fragment con tain ing paxM
paxB. The fragment was prepared by digesting the PCR product 
amplified with primer set paxMSpeR and SSS from plasmid pSS8. 
Primer SS8 contained a native Spe l  site. 

Plasmid pSS20 (paxG-paxA-paxM-paxC) was constructed by ligat
ing into Spel digested pSS8 a 3.94 kb Spel fragment containing paxA
paxM. The fragment was prepared by digesting the PCR product 
amplified with primer set paxMSpeF I and SS9 from genomic DNA. 
Primer pax MSpeFI  contained mismatches relative to the genomic se
quence in order to introduce a Spe l  site at one end. Primer SS9 con
tained a native Spel site. 

2.6. Penicillium paxilli Iranojorll7alions and screening 
Protoplasts of PN2250 (CY2) were prepared and transformed with 

circular plasmids pSS8, pSS I 6, pS 1 7  and pSS20 as described previ
ously [ 1 9), except that the RG medium used for plating protoplasts 
wa ACM supplemented with O.S M ucro e (see above). Transfor
mants were selected on RG medium supplemented wi th  geneticin 
( 1 50 �lg/ml) ( Roche). The resulting stable transformants were main
tained on ACM medium. 

Screening of transformants for integration of the expression 
construct was carried out using genomic D N A  from fungal spores 
(see above) as template and primer sets (see below) with in,  and 
external to, the gene fragment, to be integrated. The PCR conditions 
used were the standard conditions for Taq DNA polymerase (see 
above). 

2. 7. /ndole-dilerpene analysis 
M ycelia from liquid cultures of P. paxilli grown for 7 days in 

CDYE, supplemented with trace element mix, were washed and freeze 
dried. Indole-diterpenes were ext racted in 2: I chloroform-methanol 
mixture. For thin-layer chromatography (TLC) analysis extracts were 
concentrated and redissolved in chloroform-methanol (2:  I )  and frac
tionated on S I L  G ( Macherey- Nagel, Germany) TLC plates using 
9: I chloroform-acetone mixture. I ndole-di terpenes were identified 
with Ehrlich's reagent [2% (w/v) p-dimethylaminobenzaldehyde in 
1 2% (v/v) H CI and 50% ethanol). Analytical H PLC runs were per
formed on a Dionex Summit ( Dionex Corporation, CA, USA) HPLC 
ystem equipped with a Luna ( Phenomenex, CA, USA) C I 8  column 

(5 �m particle size, 4.6 x 250 mm). I ndole-diterpenes were el uted with 
methanol-water (85 :  1 5 )  at a flow rate of 1 .5 ml/min and UV detection 
at either 230 or 280 nm. LC-MSMS analysis was performed on a 
Thermo Finnigan Surveyor (Thenno Finnigan, CA, USA) H PLC sys
tem equipped with a Luna ( Phenomenex) C I S  column (5 pm particle 
size, 2 x 1 50 mm) at a flow rate of 200 pl/min with a solvent gradient 
starting with acetonitrile-water (60:40) in O. I 'Yo formic acid and 
increasing to 95% acetonitrile over 30 min fol lowed by a column wash 
at 99% acetonitrile. M ass spectra were determined with linear ion trap 
mass spectrometer (Thermo L TQ, Thermo Finnigan, CA, U SA)  using 
electro spray ionization ( ESI )  in  positive mode. The spray voltage was 
5.0 k V  and the capillary temperature was 275 °C. The flow rates of 
sheath gas, auxil iary gas and sweep gas were set to 20, 5 and 1 0  ( arbi
trary units), respectively. Other parameters were optimized automati
cally by infusing authentic paspaline in water-acetonitrile-formic acid 
(75:25:0 . 1  v:v:v) at a flow rate of 200 �lllmin. Paspaline and derivatives 
were detected in single reaction monitoring (SR M )  mode, selecting 422 
m/z ±2, 35% col l ision energy followed by data-dependent fragmenta
tion of the three most intense ions in the mass spectrum above a 
1 000 (arbitrary un i t )  threshold. 

2.8. Sequence of primers Llsed in Ihis sludy 
Expression conSlruCI primers ( restriction sites used for cloning are 

underlined and mismatches introduced are shown in bold) .  
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For paxM: 
paxM SpeF2: 5' GGACTAGTCCGCTTCTTAGGATCAAC 3 '  
paxM SpeR: 5 '  GTACTAGTGTCAGAGTACCCCTCTGC 3' 
For paxM-paxB: 
paxM SpeR: 5' GT ACT AGTGTCAGAGT ACCCCTCTGC 3' 
SS8: 5' AGACT AGTTT AGA TCTTGCAGGA TCTCC 3 '  
For  paxA-paxM: 
paxMSpeF l :  5' TTACTAGTGATCGGCAGTTGAGGGTG 3' 
SS9: 5'  TGACTAGTCACAGGTCGTG 3 '  
Primers for screening lranljimnonls: 
pJ l99-3: 5' GGCTGGCTT AACT A TGCG 3 '  
pIl99-4: 5'  CCCAGAATGCACAGGTAC 3' 
pax64: 5'  ACTGCA T AGTTTGA T A TCTGC 3' 
pax l 22: 5' GCAGATAGTAGGTACTAC 3' 
pax l 27 :  5'  GGATTTGACCATGATGCG 3' 

3. Results and discussion 

Constructs containing all or different subsets of the five pax 

genes, paxG, paxA,  paxM, paxB, and paxC, were cloned into 
the geneticin resistant vector pII99 [24) and transformed into 
protoplasts of CY2, a paxill ine negative deletion mutant 

(> 1 00 kb deletion) that lacks the ent ire pax gene cluster [22) 
(Fig. I ) .  Transformants were initially screened by PCR for 

the presence of the construct and then by Southern blot anal
ysis to confirm integration of a complete copy of the construct 
in the recipient strain .  The chemical phenotype of the positive 
transformants was determined by analyzing chloroform/meth

anol extracts by TLC and reverse-phase H PLC. A HindI l I  

A 

pax G A 
� 

CY2 
2 kb 

B Hind I 1 1  
pSS8 I 

Hind I 1 1  
pSS16 I 

Hind 11 I 
pSS 1 7  I 

Hind 1 1  I 
pSS20 I 

2 kb 

M B C p Q 

Spel Spel Hind 11 I 
I 1<::J1--41-........ ..,I� .. �! -
paxG paxA pax M paxB paxC 

Spel* 

I I t 
paxG paxM 

Spel' 
I I 

paxG paxM 

Spel* 
I 

Hindlll 
I' 

paxC 

paxB 

Hind I I I 
.' 
paxC 

Spel Spel* Hind 1 1  I 
I bJ--4I-i-LI--_ .. '--
paxG paxA paxM paxC 

Fig. 1 .  (A)  Organization of the paxil line (pax) gene cluster. Paspaline 
associated genes (black), and other pax genes within the core cluster 
(white) .  The double-headed arrow indicates that the deletion in CY2 
includes the entire pax cluster as well as sequences to the left and right 
of the cluster. (B)  Transformation constructs in l inear form showing 
the subset of pax genes and the restriction sites used for cloning. 
* indicates restriction site i ntroduced by PCR. 
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restriction fragment ( 1 1 kb) containing all 5 genes viz. paxG, 

paxA, paxM, paxB and paxC was sub-cloned from a lambda 
clone, ACY55, into pII99, to generate pSS8. Protopiasts of 
CY2 were transformed with pSS8 and an arbitrary selection 

of  GenR transformants analyzed by TLC for the presence of 

indole-diterpenes. Four out of seven CY2/pSSS transformants 
analyzed had a single green-staining compound with an Rr 
value similar to that of authentic paspaline (data not shown). 
Reverse-phase HPLC analysis of these extracts confirmed that 

the compound accumulated had the same retention time 
(Rt = 20.5 min) as authentic paspaline (Fig. 2A). Thus, the 

introduction of pSSS into CY2 restored to this strain the abil

ity to synthesize paspaline. The inability of some of the trans
formants to produce paspaline, despite containing the five 

genes, could be due to differences in copy number and/or posi
tion of integration of the construct in the genome [25). These 
results suggest that five proteins are sufficient for paspaline 
biosynthesis. H owever, the proposed function of the enzymes 
PaxG, PaxM and PaxC suggested that these three enzymes 
alone might be sufficient for paspal ine biosynthesis. To test this 
hypothesis a plasmid construct pSS 1 6, containing paxG

paxM-paxC, was prepared by replacing a SpeI fragment con

taining paxA-paxM-paxB in pSS8 with a PCR amplified copy 

of paxM, and introduced into CY2. H owever, no detectable 
levels of any indole-diterpene were identified when extracts 
from nine of these CY2/pSS 16 derivatives were analyzed by 
TLC (data not shown) or H PLC ( Fig. 2B) .  

To test whether paxA and/or paxB are necessary for paspa

line biosynthesis two additional constructs were prepared con
taining paxG-paxM-paxC and e ither paxB or paxA . Construct 
pSS20 (paxG-paxA-paxM-paxCl was prepared by ligating a 
PCR generated paxA-paxM fragment into SpeI digested 

pSSS.  However, no detectable levels of any indole-diterpene 
were identified when extracts from eight of these CY2/pSS20 
derivatives were analyzed by TLC ( data not shown)  or H PLC 

(Fig. 2C).  
Construct pSS 1 7  (paxG-pax M-paxB-paxC) was prepared 

by ligating a PCR generated paxM-paxB fragment into SpeI 

digested pSSS .  Four out of ten CY2/pSS 1 7  transfo rmants ana

lyzed produced a metabolite that eluted at the same retention 
time as authentic paspalille ( Fig. 2D).  In addition to paspaline 
(Rt = 20.5 min),  a new more polar indole-diterpene (Rt = 
1 0.5 mini was found to accumulate in the extracts of some of 
the CY2/pSS 1 7  derivatives (Fig. 2D). This metaboli le was 
not detected in extracts of wild-type P. paxiffi. LC-MSMS 
analysis confirmed that two major indole-diterpenes were pres
ent in extracts from CY2/pSS 1 7  transformant CY2.P I 7.3 
( Fig. 3 ) ,  both with 111/:: values of  422. The compound eluting 

at 24.2  min (Fig. 3 )  has a fragmentation pattern consistent 
with authentic paspaline whereas that eluting at 1 5. S  min has 

a fragmentation pattern indicative of a partially cyclized in
dole-diterpene (Supplementary material). The accumulation 
of this novel indole-diterpene metabolite may be due to the ab

sence of the complete paxilline biosynthetic machinery. Prod

ucts of  partial cyclization like emindoles and emeniveol have 
been isolated from Emcricella species suggesting that alterna
tive cyclization pathways of indole and diterpene moieties 

are possible without skeletal rearrangement [26--29). 
Identification of the proteins  required for paspaline produc

tion now allows elucidation of the individual biosynthetic steps 

involved in its formation. We have shown here that just four  

proteins PaxG, PaxM ,  PaxB and PaxC are required for 
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Fig. 2. Reverse-phase HPLC traces of CY2 derivatives containing: (A) pSSS (paxG-[laxA -[lax M-pax B-pax C), ( B )  pSS 1 6  (jJaxG-paxM-jJaxC), (C) 
pSS20 (paxG-paxA-paxM-jJaxC) and (D) pSS I 7  (jJ{/xG-pa.yM-paxB-I'(lxC); CY2 - negative control; CY2.V - pll99 vector only control; PS - pSS8 ; 
P 1 6  - pSS I 6; P I 7  - pSS I 7: P20 - pSS20. The H P LC signal for wild-type is 6';;', of the original signal .  

biosynthesis of paspaline. PaxG is proposed to catalyze a series 
of iterative condensations of JPP with DMAPP, GPP, then 
FPP, to form GG PP. Although the precise details of the mech

anism of condensation of the GGPP and indole moiety, and 

subsequent epoxidation and cyclization events are not clear, 
our data implicate roles for PaxM and PaxC in these steps. 

We propose that PaxM, a FAD-dependent monooxygenase, 
catalyzes the epoxidation of the two terminal alkenes of the 
geranylgeranyl moiety ( Fig. 4). Subsequently, PaxC, a prenyl 
transferase, catalyzes the cationic cyclization giving rise to 

paspaline. The condensation of indole-3-glycerol phosphate 
with GGPP may be catalyzed by either PaxG or PaxC. 

Although our data clearly demonstrates that PaxB is 
req uired for paspaline biosynthesis, its role in paspaline 
biosynthesis is not clear. However, secondary structure analy
sis suggests that i t  may be a transporter. Unlike the major 

ABC (ATP-binding cassette) and M FS (major facil itator 
superfamily) fungal transporters, Pax B  contains seven 
transmembrane domains. M ost A BC and M FS transporters 
associated with secondary metabolite gene clusters appear to  

have a role i n  self-protection of the producing organism from 
the toxic effects of the metabol i te [30, 3 1 ] . Given the novel 
structure of PaxB and the i ndole-diterpene negative phenotype 

of the paxB m utant ( M onahan et aL, unpublished results) ,  we 
propose that it is more likely to have a role in transporting sub
strate(s) to the vicinity of the biosynthetic enzyme complex, 

than a role in self-protection. Functional analysis of PaxM, 
PaxB and PaxC to confirm these predicted functions is  cur
rently underway as are reporter gene fusion experiments to 
localize these proteins in  the celL 

In summary, we have successful ly demonstrated that four pro
teins are required for paspaline biosynthesis. On the basis of this 
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Fig. 3.  Chromatogram of CY 2/pSS1 7  (paxG-paxM-paxB-paxC) derivative, strain C Y 2 . P I 7.3 ,  showing the elution times for paspaline and a novel 
indole-diterpene metabolite. Top line: UV trace at 275 nm: Bottom line: LC-MS M S  trace showing 422 ions containing 1 30 /11/:: fragments 
characteristic of indole moiety. 
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Fig. 4. Proposed scheme for paspaline biosynthesis in P. paxil/i. 

work, we predict that orthologues of these four genes will be 
common to other indole-diterpene biosynthetic gene clusters 

including those for aftatrem [32) and lolitrem [33) biosynthesis. 
We also propose that paspaline is the key intermediate for 
indole-diterpene biosynthesis, providing the core structural 
backbone for subsequent reactions that generate the chemical 
diversity within this important group of secondary metabolites. 
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Appendix A. Supplementary data 

Supplementary data associated with this article can be 
found, in the on line version, at doi: 10. 1 0  1 6/j .febslet .2006. 
02.008 . 
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