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A B S T R A C T 

Paracoccioides brasiliensis (Pb) is the causative agent of the disease Paracoccioidomycosis 

(PCM), which is one of the most prevalent systemic mycoses in Latin Amercia (Borges-

Walmsley et al., 2002). P. brasiliensis is a thermally dimorphic fungus which undergoes 

morphological changes from a mycelial form at 26°C (environment) to a pathogenic yeast 

form at 37°C (human body) after inhalation o f spores/conidia into the lungs of a human host 

(Nemecek et al., 2006). The cAMP pathway controls this morphological transformation in 

several fungi (Borges-Walmsley and Walmsley, 2000; Kronstad et al., 1998). 

G proteins are guanine-nucleotide (GDP or GTP) binding proteins that are generally 

associated with the cytoplasmic side of the plasma membrane. They receive signals from G 

protein-coupled receptors (GPCR). Adenylyl cyclase acts downstream of these G proteins. 

Get subunits are required to regulate the activity of adenylyl cyclase (AC), which controls the 

level of cellular cAMP (lvey and Hoffman, 2005). Protein Kinase A (PKA), which is 

activated by cAMP, is required for morphogenesis and virulence (Durrenberger et al., 1998; 

Sonnebom et al., 2000). 

The cAMP pathway in P. hrasiliensis is poorly understood. However, recently the 

genes encoding a number of the components o f the cAMP pathway have been cloned in our 

lab: these include the genes encoding three Ga proteins, Gpal-3, a Gf3 protein, Gpbl ; a Gy 

protein, Gpgl ; Ras; adenylyl cyclase, C y r l ; and the catalytic subunit of PKA, Tpk2. Two-

hybrid analyses confirmed that Gpal and Gpgl interact with Gpbl . These data indicate the 

formation of a Ga(3y trimer complex. A GST pull-down assay confirmed that Gpal and Gpbl 

interacted with the N-tenninus of adenylyl cyclase. Our hypothesis is that Gpal and Gpbl 

modulate the activity of the AC/Tpk2 signalling pathway. Consistent with this hypothesis, we 

found changes in intracellular cAMP levels during the mycelium to yeast transformation that 

con-elated with changing transcript levels of the signalling genes (Chen et al., 2007). 
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We have established that Tpk2 interacts with the N-terminus of adenylyl cyclase, the 

G protein (3 subunit Gpbl and with the co-repressor Tup I by both two-hybrid and GST pull­

down analyses. This suggests that Tpk.2 activity is required for feedback regulation of 

adenylyl cyclase to reduce cAMP levels. P. brasiliensis Tpk2-C-terminal 226oS3-GFP and 

Tpk2 ful l length (FL) complemented the growth defect of a S. cerevisiae tpkl temperature 

sensitive mutant strain SGY446 and induced the formation of pseudohyphae in the 5. 

cerevisiae tpkl mutant diploid strain XPY5a/a. Tpk2 C-terminus has been over expressed in 

E. coli and in vitro PKA activity was measured. On the other hand we have also analysed the 

second catalytic subunit T p k l . which failed to induce pseudohyphae in S. cerevisiae tpk2 

mutant strain and is localised to the cytoplasm. 

Interestingly, the Pb G(3 subunit Gpbl inhibited the development of pseudohyphae in 

TPK2 FL transformed yeast cells. Tpk2 C-terminus and Tpk2 FL co-transformed with Gpb-

GFP were localized in the nucleus. Our hypothesis is that Gpbl down regulates the activity of 

Tpk2. because Gpbl binds to the catalytic C-terminal domain of Tpk2. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Paracoccidioides brasiliensis: Introduction 

Fungal infections cause many life threatening diseases in humans such as pneumonia, 

septicaemia, systemic and skin infections. Paracoccidioides brasiliensis is the 

etiological agent of the disease Paracoccidioidomycosis (PCM). P. brasiliensis is 

part of the group of Ascomycetes fungi, which are the main causes of systemic 

mycoses. PCM is endemic in South and Central America and is often referred to as 

South American Blastomysis (Ajel lo and Polonelli, 1985; Azambuja et al, 1981; 

Borges-Walmsley et a!., 2002; Brummer et al., 1993; San-Bias et al., 2002). P. 

brasiliensis is a thermally dimorphic fungi, which can undergo a morphological 

change f rom a saprobic filamentous mycelial form at 26°C (environment) to a 

pathogenic multi-budding yeast form at 37°C (human body). The mycelial form 

produces conidia that act as infectious propagules that persist in the environment and 

enter the human host by inhalation. In the lungs, the conidia transform into the yeast 

form which is pathogenic. PCM is gender biased with the infection more common in 

males than females, because the female hormone oestrogen inhibits the transition of 

conidia to the yeast form (Borges-Walmsley et al., 2002: Hogan et al., 1996). 

When conidia reach the distal portions of the human lungs they transform 

into the yeast form by growing on the lung parenchyma cells and progressively cause 

the disease to develop. Conidia from the lungs subsequently disseminate to other 

parts of the body forming secondary lesions in adrenal glands, lymph nodes, mucous 

membranes and in the skin (Borges-Walmsley et al., 2002: Brummer et al., 1993). In 

endemic regions about 10% of the population are infected by PCM (Borges-

Walmsley et al., 2002). Initially the infection is asymptomatic and there is a 

dormancy period that can range f rom 4 months to many decades. Ketoconazole, 

amphotericin B and itraconazole are currently used as the drugs of choice for PCM 

(Ajello and Polonelli, 1985; Borges-Walmsley et al., 2002; Lortholary et al., 1999). 
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1.2 Clinical manifestations 

1.2.1 Juvenile type Paracoccidioidomycosis 

Paracoccidioidomycosis is characterised by several clinical forms that arise 

after infection of the lungs: an acute or sub-acute form referred to as the juvenile 

type and a chronic form found mainly in adults. The juvenile type PCM can take 

weeks or months to progress to the severe disease and it causes high mortality due to 

reticuloendothelial system (lymph nodes, liver, spleen and bone marrow) organ 

hypertrophy and bone marrow dysfunction. It is often misdiagnosed as lympho 

proliferative disorder. The lymph node hypertrophy sometimes leads to bowel 

obstruction and an acute abdominal syndrome. The biopsy examination shows a 

large number of yeast cells and no formation of granulomas. This type is very 

common in children and young adults, who have a depressed cell-mediated immune 

response (Borges-Walmsley et al., 2002; Brummer et al., 1993). 

1.2.2 Adult type Paracoccidioidomycosis 

The adult type PCM has a long latency period ranging f rom months to 

several years before the onset of disease symptoms and occurs in 90% of infected 

adult males. The main symptoms are cough, shortness of breath, fever, weight loss 

and anorexia. Unlike juvenile type PCM, the adult type infection is localised in the 

pulmonary system (known as unifocal phase) and in later stages is disseminated to 

other organs and systems (this is known as multifocal, chronic phase). A case study 

of 352 patients revealed lesions in lungs (76.7 % ) , mucous membrane (63.0%), skin 

(41%), lymph node (47%), spleen, liver, abdominal and other tissues (less than 20%) 

(Brummer et al., 1993). A few cases have also been noticed with PCM in ocular, 

central nervous system, bone destruction and vascular system pathology. A rare case 

has been noticed with thyroid impairment. The adult type PCM has some 

resemblance to tuberculosis and so it is often misdiagnosed as tuberculosis. 

Therefore the adult type is chronic and slow, with granuloma formation dependent 

upon the patient's health condition (Borges-Walmsley et al., 2002; Brummer et al., 



1993: San-Bias et al., 2002). Two other clinical forms that have been reported 

recently are meningitis and pseudotumoral, which are more dangerous than the 

previously reported juvenile and adult forms (Elias et al.. 2005). A laryngeal 

paracoccidioidomycosis has also recently been observed in which lesions were found 

in buccal pharynx mucosa and also in the liver and gastrointestinal tract (Trislano 

and Diaz, 2007). 

1.3 Host interaction 

P. brasiliensis is responsible for invasive systemic mycosis; the yeast form initially 

adheres to the epithelial cells by forming a narrow tube like structure, which contacts 

the surface of the epithelial cells before invasion. The entire yeast cell invades the 

host cell cytoplasm. The host-parasite interaction happens after 30 minutes of contact 

and the yeast starts multiplying between 5 and 24 hours later. This invasion of P. 

brasiliensis into the host epithelial cells enables the fungus to escape from 

phagocytosis. P. brasiliensis gp43 is a major antigen and virulence factor. An 

inhibition assay was performed with a mixture of anti-gp43 serum and a pool of sera 

from the PCM patients, which demonstrated that the anti-gp43 serum inhibited the 

binding of P. brasiliensis to host cells (Hanna et al., 2000). 

Immunocompromised individuals are more susceptible to PCM. PCM is 

common in males, with an infection rate 13 times higher in males than in females 

because the female hormone inhibits the transition. This has been demonstrated in a 

mouse model (Aristizabal et al., 1998; Borges-Walmsley et al., 2002). An in vitro 

analysis also shows that the female hormone oestrogen inhibits the morphological 

transition of conidium to yeast (Salazar et al., 1988). Skin test data for PCM cases in 

the endemic area revealed that both sexes have equal exposure to the fungus and 

disease develops equally in both sexes before puberty (Hogan et al., 1996). 

It has been shown that a receptor-like protein present in the cytoplasm of P. 

brasiliensis binds specifically to oestrogen (Loose et al., 1983). An in vitro assay 

demonstrates that the oestrogen analogue 17f3-estradiol inhibits the transition of 



conidia to yeast form, however 1 7(3-estradiol has no effect on the reverse (yeast to 

mycelial) transformation (Restrepo et al.. 1984; Stevens, 1989). 

1.4 Immunology 

The P. brasiliensis yeast form resists destruction by human peripheral blood 

polymorphonuclear leucocytes (PMN), but the fungal cell wall is damaged by PMN 

during co-culture with the PMN. However PMN showed fungistatic activity against 

P. brasiliensis (Kurita et al., 1999). The cytokine interferon (IFN) plays an important 

role in the host defence. Human IFN-y treated PMN show higher antifungal activity 

than untreated PMN, which indicates that IFN-y enhances the activity of PMN. The 

yeast form has a higher rate of multiplication in the absence of PMN (Borges-

Walmsley et al., 2002; Kurita et al., 1999). In a murine model study, resident 

peritoneal macrophages can phagocyte but cannot ki l l P. brasiliensis: however 

recombinant lFN-y treated macrophages can kil l the P. brasiliensis yeast cells and at 

the same time activated macrophages show less phagocytosis (Brummer et al., 

1988b). In a similar way, the pulmonary macrophages recovered after 24 hours from 

IFN-y injected mice show higher percentage of kil l ing P. brasiliensis and 

Blastomyces dermatitidis than macrophages from control mice (Brummer et al., 

1988a). P. brasiliensis yeast form is ingested by pulmonary macrophages (PuM) 

and the ingested yeast grows as an intracellular pathogen inside the PuM. An 

enhanced growth was observed after 72 hours of co-culturing the P. brasiliensis 

yeast cells with PuM (Brummer et al., 1989). 

Interferon (IFN-y) and tumour necrosis factor (TNF-a) both exert a natural 

defence against the infection. INF-y activates P. brasiliensis infected macrophages to 

produce TNF-a, which in turn facilitates the formation of granulomas. It has been 

shown that IFN-y and TNF-a receptor p55 knockout mice infected with the yeast 

form of P. brasiliensis succumbed to infection by the 16 l h day but wild-type mice 

succumbed by the 90 I h day. An examination of the p55 receptor knockout mice 

infected with P. brasiliensis showed that they contained a higher infection load of 

the yeast form with no granuloma formation. lFN-y and TNF-a knockout mice also 
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showed less nitric oxide (NO) production. These experiments demonstrate that both 

IFN-y and TNF-a have a role in the host resistance and controlling the infection by 

the production of NO and controlling granuloma formation (Borges-Walmsley et al., 

2002; Soutoc? al., 2000). 

In contrast, prostaglandins have a negative role in the host defence by 

mediating immunosuppression. Prostaglandins are produced by COX-2 (in the 

cyclo-oxygenase pathway), which down-regulates (interleukin) IL-2 production 

during the early phase of P. brasiliensis infection. This whole mechanism is 

mediated by IL-4 and IL-10, because inhibition of COX-2 also lowered IL-4 and I L -

10 production (Borges-Walmsley et al., 2002; Michelin et al., 2002; Soares et al., 

2001). 

P. brasiliensis produces a serine-thiol protease which can cleave laminin, 

fibronectin and other components of the basement membrane of the extracellular 

matrix. This cleavage is the primary stage for the fungal invasion (Borges-Walmsley 

et al., 2002; Puccia et al., 1998). Recently it was found that P. brasiliensis has the 

ability to synthesis chondroitinase and hyaluronidase f rom the substrates chondroitin 

sulphate type A and sodium hyaluronate, respectively. Hyaluronidase and 

chondroitinase are the major virulence factors which facilitate the depolymerisation 

of the connecting tissues by cleaving the hyaluronic acid and chondroitin sulphate; 

which favour the microbes to penetrate and disseminate into the host cells (de Assis 

et al.. 2003). 

It has been shown that gp43 is an important antigen, which is a secretery 

glycoprotein (Vicentini et al., 1994). /// vitro and /';/ vivo studies confirm the binding 

of gp43 to laminin, a glycoprotein present in the basement membrane (extracellular 

matrix). The binding of the gp43 antigen laminin increases the invasion and 

dissemination of the yeast form to other organs and tissues. P. brasiliensis yeast cells 

coated laminin injected into hamster testicles showed higher virulence and more 

granulomatous disease (Vicentini et al.. 1994). 
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Melanin production has been correlated with the virulence in human 

pathogenic fungi (Franzen et al., 2008). Both the P. brasiliensis mycelial and yeast 

forms can produce the melanin pigment in the presence of L-3.4-

dihydroyphenylalanine (L-DOPA); which has been demonstrated by 

immunofluorescence with antibodies against the melanin cross-reacting with 

pigmented yeast conidia and other fungal particles. Anti-melanin antibodies have 

also been shown to react with tissue particles extracted from the P. brasiliensis 

infected mice. This indicates that P. brasiliensis can produce melanin both in vivo 

and in vitro (Gomez et al., 2001). Recent studies indicate that melanin pigmented 

yeast cells are poorly phagocytosed by the macrophages even in the presence of 

complement (da Silva et al., 2006). Moreover, melaninization also interferes with the 

binding of cell wall components to the lectin receptor of peritoneal and alveolar 

macrophages, which eventually protect the yeast cells from phagocytosis. A 'ki l l ing 

assay' demonstrated that melanised cells are less susceptible to antifungal drugs such 

as amphotericin B, ketoconazole, fluconazole, itraconazole and sulfamethoxazole (da 

Silva et al., 2006). Consistent with these findings from P. brasiliensis, melanin 

production was also observed in both in vivo and in vitro in Histoplasma capsulation 

and Cryptococcus neoformans and the melanised cells were less susceptible to 

amphotericin B and caspofungin (van Duin et al., 2002). 

1.5 Epidemiology 

Paracoccidioidomycosis (PCM), a common systemic mycosis is restricted to certain 

countries in Latin America such as Brazil, Venezuela, Ecuador, Mexico Argentina 

and Colombia. PCM is a major health problem in Brazil. A few cases have also been 

reported in non-endemic areas such as Italy, arising in immigrants (Ajello and 

Polonelli, 1985; Borges-Walmsley et al.. 2002; Brummer et al., 1993: San-Bias et al., 

2002). The ecological niche of P. brasiliensis is still not well defined, but it is 

thought to be present in the soil of warm and humid areas near (tropical and 

subtropical) forests. P. brasiliensis is a dimoiphic fungus for which conidia from the 

humid area enters into the lungs of a human and develops the pathogenic yeast form 

(Azambuja el al.. 1981; Hogan et al., 1996). 
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PCM is frequently diagnosed in adults aged between 30 and 60 years but it is 

limited in children (3%) and young adults (10%). Indeed, skin tests in endemic areas 

have revealed a low reactivity in children and young adults (Brummer el al.. 1993). 

In most endemic regions the infection ratio (males: females) with regard to sex is 

about 13:1, but a higher ratio of about 150:1 was observed in Argentina, Ecuador and 

Columbia. About 70% of the patients were originally agriculturists, which are 

frequently brought into contact with soils or vegetative matter. A few cases have also 

been reported for people who have had less contact with agriculture. Indians are 

rarely infected by Paracoccidioidomycosis: most infected cases are white people. A 

severe form of PCM was observed among immigrants moving to the endemic area. 

PCM is not a contagious disease (Brummer et al., 1993). 

1.6 Dimorphism 

There are six phylogenetically related Ascomycetes fungi that are found in the 

environment; Blastomyces dermatitis, Histoplasma capsulatum, Cocciclioides 

immitis, Paracoccidioides brasiliensis, Sporothrix schenkii and Penicillium 

mameffei. These fungi are known as dimorphic fungi, because they are able to 

switch from a non-pathogenic mycelial form to a pathogenic yeast form; and strains 

that are unable to undergo this transformation are avirulent (Borges-Walmsley and 

Walmsley, 2000; Chen et al., 2007; Nemecek et al., 2006). Dimorphism is controlled 

by various signalling pathways in fungi and necessary for pathogenesis (Madhani 

and Fink, 1998). In P. brasiliensis temperature plays a major role in the transition 

from the non-pathogenic mycelial form to the pathogenic yeast form (San-Bias et al., 

2002), whereas in Candida albicans, the transition from yeast to hyphae (germ tube) 

involves complex stimulation (i.e. serum requirement) (Borges-Walmsley et al., 

2002). 
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Figure 1.6.1 Electron microscopic study of mycelial to yeast t ransformation in P. 

brasiliensis 

V 

J* 

Picture reproduced from the reference (da Silva et at, 1999). 

A. Mycelial cells grown at 26°C. 

B. Mycelial cells grown at 36°C for 11 days. 

C. Mycelial cells grown at 36°C for 15 days. 

D. Yeast cells grown at 36°C. 

The mycelial-to-yeast morphological transition is characterised by the initial 

increase in the diameter of the hyphae. leading to cracking of the outer layer and 

thickening of the inner layer of the cell wall. During this transformation stage, most 

of the hyphae die and only intra-hyphae remain. At a later stage, a few of the 

interseptal regions detach as round yeast cells. The reverse transition from yeast to 

mycelium has shown that the yeast cells elongate and produce enlarged buds with 

intra-yeast-hyphae. Subsequently in the second stage, the enlarged buds reduce their 



diameter and undergo cytoplasmic compartmentalizalion and finally form a mycelial 

structure (Restrepo et al., 1993). 

The yeast form cell wall contains alkali-soluble a-1,3-glucan, this is not 

present in the cell wall of the mycelial form. The yeast cells found in host tissues 

form a characteristic "Pilot 's wheel" structure (Hogan et al., 1996). The yeast form 

cell wall has two layers and is thicker than the mycelial cell wall , which is 200-600 

nm in width. The outer periphery has short thick fibrils of a-1,3-glucan (100 nm 

length) in aggregates of 200-250 nm bundles. The inner cell wall layer is thicker than 

the outer cell wall layer. An electron microscopic study has revealed that the yeast 

form has a spherical or oval shape with globular blastoconidia. Repeated sub-

culturing of P. brasiliensis cells for many years revealed various phenotypes such as 

mixture of spherical, catenular, pseudohyphae, and bottle-shaped cells. The yeast 

form produces soft, wrinkled and cream coloured colonies in a period of 10 to 15 

days of incubation (Restrepo et al., 1993). 

A change in cell wall composition was observed during the morphological 

transition. The cell walls of P. brasiliensis and Blastomyces dennatitidis have a 

similar composition of lipids, chitin, glucan and proteins. Chitin, a polysaccharide 

fibril lar material, is present in both fungi in both forms. However, the yeast form of 

both fungi have a larger proportion of chitin (37- 48%) than the mycelial form (7-

18%), but the yeast form has less proteins (7-14%) compared with the mycelial form 

(24 to 41%) (Kanetsuna et al., 1969). The yeast form of both fungi have a-1,3-

glucan and the mycelial form have (3-1,3-glucan. The fibrillar nature of this glucan 

contributes to the shape of the fungi and these polysaccharides help to protect the 

fungus against the host defence mechanism (San-Bias and San-Bias, 1977). During 

the mycelial to yeast transition, the mycelial form produce a thick cell wall with 

multiple nuclei (Carbonell, 1969). 

P. brasiliensis yeast cell possess a-1,3-glucan and lowering the content of 

this molecule correlates with a reduction in virulence however, some mutant 

avirulent strains seem to retain the same amount of a-1.3-glucan as the wild-type. 
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Therefore, a correlation between the a-1,3-glucan content and virulence is indirect. 

When a virulent P. brusiliensis was grown for an extended period of time in vitro, 

eventually the a-l.3-glucan level in the cell wall was lowered: the cell wall became 

thinner and the strain lost its virulence in an animal model study. a-l,3-glucan is 

present in the outer peripheral area of the cell wall , which is thought to be a 

protective layer against the host defence system (Hogan et al., 1996). 

(3-1,3-glucan acts as an immunomodulator and there is direct evidence of a 

correlation between P-l,3-glucan and virulence f rom various animal model studies. 

Intraperitoneal injection of purified (3-1,3-glucan and cell fractions with P-l,3-glucan 

induces tumour necrosis factor (TNF). This indicates that P-l,3-glucan and other cell 

wall components modulate the host cytokines and inflammatory response in the host 

cells (Hogan et al.. 1996). 

1.7 Laboratory Diagnosis 

A laboratory diagnosis process can be used for a definitive diagnosis of PCM. The 

process includes visualization, isolation and identification of pathogens from clinical 

specimens. A skin test (Delayed Type Hypersensitivity reaction (DTH)) and other 

immunological tests have also been employed in diagnosis. The usual clinical 

specimen collected is sputum: other specimens collected are bronchoalveolar lavage 

fluids, crusts, tissue or material from the granulomatous lesions or material from 

ulcers, pus from lymph nodes, cerebrospinal f lu id and biopsy tissue. Direct 

examination of clinical specimens by wet preparation is the quickest way to detect 

the presence of fungal bodies (KOH. Immunofluorescence and Calco-fluor) 

(Brummer et al., 1993). 

The isolation of this fungus from sputum specimen is a challenging process, 

because the sputum has more contaminating resident flora. The addition of 

antibacterial and mold inhibitors to plates improved the yield of the fungus. Using 

these additives, direct microscopy has become more frequently used, because the 

fungi culturing process takes 20 to 30 days. P. brasiliensis was first isolated by Lulz 
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in 1908 on sabouraud agar and he described (his fungus as like while mouse hair. In 

P. brasiliensis. a temperature shift from 26°C to 37°C facilitates fast growing yeast 

cells that form cream coloured colonies; whilst microscopic examination of the yeast 

cells revealed a globose with multiple budding. The mother cells are about 60 /zm in 

diameter, but the size of the daughter cells may vary from 2-30 jitm in diameter. The 

multibudding yeast cells are a unique characteristic of P. brasiliensis (pilot's wheel). 

A microscopic analysis of the mycelial form of P. brasiliensis shows branched 

hyphae measuring 3 to 4 /xm in diameter with an intercalary chlamydospore 15 to 30 

/urn in diameter (Brummer et al., 1993). 

The production of specific antibodies was observed in all PCM patients and a 

high titre was detected in patients with disseminated infection. A high sensitive 

immunodiffusion test was developed for the diagnosis of PCM using the P. 

brasiliensis gp43 antigen that is responsible for the D T H in patients (McGowan and 

Buckley, 1985). An immunoblotting technique was developed in order to detect the 

gp43 antigen from PCM patient's sera (Mendes-Giannini et al., 1989). Camargo et al. 

developed a capture-Enzyme Immuno Assay (EIA) using the monoclonal antibodies 

raised against gp43 antigen in mouse, which detects anti-gp43 IgG in the PCM 

patients serum at high sensitivity (Camargo et al., 1994). In addition, a PCR based 

diagnosis was developed (for sputum sample) by designing specific primers for the 

GP43 gene (Gomes et al.. 2000). 

1.8 Treatment 

Paracoccidioidomycosis was thought to be an incurable disease until 1940. Relapse 

is the major problem in treating PCM. Initially sulfonamides (sulfamidopyridine) 

and subsequently its derivatives (sulfadiazine) were used. A combination of 

irimethopenm and sulphonamides is recommended for the patient with sulphadiazine 

resistant strains, because sulfonamides are inexpensive and have low toxicity. PCM 

in combination with AIDS has been observed with a mortality rale as high as 30%. 

Early diagnosis and treatment with amphotericin B followed by trimethoprim-
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sulfamethoxazole has been found to be effective for PCM (Brummer et al, 1993; 

Goldani and Sugar, 1995). 

Systemic mycosis is a major health problem in developing countries, which 

involves long term treatment: this is the main reason for emergence of drug 

resistance. A review by Lortholary recommends amphotericin as the drug of choice 

for immunocompetent and immunocompromised patients; however, 20-30% of cases 

treated with amphotericin B have relapsed and 60% of cases have been in remission. 

Ketoconazole was shown to be an effective drug in 80-90% of cases, with a 

recommended dose of 200-400 mg/day for 6-12 months. Sequelae are frequently 

observed in many pulmonary infections, so it is a challenging problem for clinicians 

(Lortholary et al., 1999). Itraconazole is also an effective drug, with a dosage of 100 

mg/day for 6 months. Several effective strategies have been implicated to over come 

drug resistance in fungi; increasing antifungal dosage, new delivery methods, using 

combination of drugs, removing sequestered lesions by surgery and investigating 

new antifungal agents (Kontoyiannis and Lewis, 2002). 

1.9 Genetic studies 

Fungal diseases pose a serious and a major health problem (with high rate of 

mortality) around the world. PCM is an endemic disease in Latin American countries. 

There is evidence that the temperature modulates the transition of P. brasiliensis that 

its pathogenesis is based on the morphological transition to the yeast form (Borges-

Walmsley and Walmsley, 2000; Brummer et al., 1993; San-Bias et al., 2002). The 

study of this disease at a molecular level has been neglected for many decades for 

various reasons, and only a limited number of papers have been published. 

Consequently, the mechanism of pathogenesis and morphological transition from 

mycelial to pathogenic yeast form is poorly understood in P. brasiliensis. It has been 

shown that cAMP modulates the morphological switch in several human and plant 

pathogenic fungi (Durrenberger et al.. 1998). In the present work we sought to study 

the components of the cyclic AMP pathway in P. brasiliensis by characterizing the 
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genes involving in the morphological change as a means to find the potential drug 

targets. 

1.10 Components of c A M P / P K A pathway: G Proteins 

The guanine-nucleotide binding proteins known as G proteins play a vital role in 

various cell signalling processes in eukaryotes. The first step in the G protein 

signalling cascade is the binding of specific ligands (hormones; glucose or any 

fermentable sugars; glycoproteins; growth factors; etc) to the seven-transmembrane 

helix G protein-coupled receptors (GPCR). In general, G proteins are activated when 

they interact with a G protein-coupled receptor and they then transmit signals to 

downstream effectors such as adenylyl cyclase, protein kinases, phospholipases C/?, 

cGMP and phosphodiesterases. The downstream effectors further regulate 

intracellular levels of second messengers, such as cAMP, diacylglycerol, inositol 

triphosphate, cGMP, sodium, potassium, calcium ions and arachidonic acid. G 

proteins function as a heterotrimeric complex composed of Ga, G(3, Gy subunits; 

which are activated when GTP binds to and replaces bound GDP. The activated 

GTP-bound Ga dissociates from the G(3y dimer. The signalling process is mediated 

by Ga-GTP, Gfjy dimer or both. The signal is terminated by hydrolysis of GTP and 

reassociation of this heterotrimeric complex. More than 20 different Ga subunits 

have been identified in mammalian systems and these are classified under 4 main 

groups; G s , Gj, GC | and G 1 2 (Dohlman, 2002; Sprang, 1997). 

Fungi possess 2 to 4 Ga subunits, but they have only one G(3 and Gy subunit 

(forming a dimer, G(3y). This suggests that some Ga subunits either act 

independently or the Gpy dimer associates with more than one Ga protein (Pryciak 

and Huntress, 1998). G protein signalling regulates several important processes 

including cell growth, morphogenesis, development, virulence and transcriptional 

activation through the cAMP/PKA and M A P K pathways (Hoffman, 2005; Tamaki, 

2007). 
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Figure 1.10.1 G protein activation and inactivation cycle (Hoffman, 2005). 

A. G proteins exist as an inactive heterotrimer in the absence of a ligand and 
GDP bound to Ga. This complex is bound to a G protein-coupled receptor. A 
and B are downstream effectors shown separately. 

B. Nucleotide exchange in the Ga-subunit: GDP is replaced by abundant GTP. 
causing a conformational change in Gu, which then dissociates f rom the G(3y 
dimer. 

C. The GTP bound Ga and G(3y can both activate downstream effectors 
independently and after the completion of the signalling process the Gu 
hydrolyses the GTP, binding the resulting GDP; finally Ga[3y is re-formed as 
an inactive heterotrimer. 

Ga subunits have intrinsic GTP hydrolysis activity. This activity is necessary for 

the cycling of the G protein signalling. RGS (Regulator of G protein Signalling) 

proteins also called GAPs (GTPase accelerating proteins) activate the GTP 

hydrolysis of G proteins and thereby terminate or desensitize the signalling by Gu 

and G(3y subunits. About 20 different RGS proteins have been identified (De Vries 

and Gist Farquhar. 1999: De Vries et al., 2000). 

B 

GDP 
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Il has been known for a long time that G protein signals are transmitted from 

the plasma membrane to intracellular effectors. Recent studies have demonstrated 

that G proteins signals may also start from intracellular compartments, independent 

of cell surface receptors or G protein-coupled receptors, via accessory proteins. 

These accessory proteins help the G proteins to reach the right environment and for 

the formation of the functional complex. The RGS family (Regulator of G protein 

signalling) proteins are one of the main families of accessory proteins. Initially it was 

thought that RGS proteins are GTPase accelerating proteins that facilitate signal 

termination, but recently it was found that they can also directly regulate G protein 

signalling in the absence of the G protein-coupled receptor in three ways, which is 

shown in figure 1.10.2 (Sato et al., 2006; Slessareva and Dohlman, 2006). 
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gure 1.10.2 Role of accessory proteins in G protein signalling. A: Accessory 
proteins regulate the membrane bound G proteins independent of the G 
protein-coupled receptor. B: Dissociated G proteins bind to alternative 
binding partners; other G proteins. This complex may be present in 
intracellular compartments (Golgi) or the plasma membrane. C: Accessory 
proteins may also regulate G proteins which have been activated by 
receptors (Sato et al., 2006). 
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1.11 G protein signalling in S. cerevisiae and Schizosaccharomyces pombe 

Saccharomyces cerevisiae has two Ga subunits namely Gpal and Gpa2; 

Gpal is involved in Mitogen-Activated Protein Kinase ( M A P K ) pathway in response 

to pheromones and Gpa2 is involved in cAMP signalling pathway in response to 

glucose. The diploid strain of S. cerevisiae undergoes a morphological transition 

f rom yeast to pseudohyphal growth under nitrogen starvation/low nitrogen 

conditions via Gpa2; gpal mutants are defective for formation of pseudohyphae. 

Early studies established that the cAMP pathway in 5. cerevisiae is Ras dependent; 

later it was shown that the Ga subunit Gpa2 and Ras are both positive regulators of 

the cAMP pathway, regulating intracellular cAMP levels by activating adenylyl 

cyclase. Activation of adenylyl cyclase by Gpa2 is by glucose detection whereas that 

of Ras is by intracellular acidification. Recent studies show that Ras is responsible 

for triggering the cAMP pathway independent of Gpr l and Gpa2 in glucose 

signalling. Gpal negatively regulates the M A P K pathway on pheromone stimulation 

(Hoffman, 2005; Kubler el al., 1997; Lorenz and Heitman, 1997). 

The GPR1 gene has been identified that encodes a G protein-coupled 

receptor. This receptor senses the glucose level and interacts with Gpa2 and is 

responsible for the glucose-dependent increase in intracellular cAMP levels. Gpa2 

forms a complex with the Gp1 mimic K r h l (Batlle et al., 2003; Peeters el al., 2006). 

Ras2 functions in parallel with Gpa2; gpa2 or ras2 or both deletion mutants show 

severe growth defects (Tamaki, 2007). GTP-bound Gpa2 can interact with adenylyl 

cyclase (Peeters et al., 2006). In the pheromone response pathway Gpal forms a 

heterotrimer with Ste4 (G(3) and Stel8 (Gy) (Rocha et al., 2001). After dissociation 

of Gpal-GTP, the GPy dimer remains attached to the membrane and activates the 

pheromone response pathway by recruiting Ste5 (scaffold protein) and Ste20 p21 -

activated kinase (Hoffman, 2005; Pryciak and Huntress, 1998). 

Schizosaccharomyces pombe possesses two 2 Ga proteins. Gpal is essential 

for mating and sporulation but is not required for vegetative growth. A Gpal deletion 

is not lethal in S. pom.be but in S. cerevisiae Gpal has the opposite function, with a 
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negative role in the pheromone pathway and its deletion is lethal (Obara et al., 1991). 

The G protein-coupled receptor Git3 acts in a similar manner to Gprl of S. 

cerevisiae, which senses glucose levels and triggers the cAMP pathway. The Get 

protein Gpa2 forms a heterotrimer with GP Git5 and Gy G i l 1. Both Gpa2 and Git5 

can activate adenylyl cyclase to stimulate the cAMP pathway, but Rasl is not 

involved in the c A M P pathway. A putative G protein-coupled receptor Stml 

interacts with Gpa2, but it is not involved in glucose signalling (Hoffman, 2005; 

Landry et al., 2000; Landry and Hoffman, 2001). Adenylyl cyclase is directly 

activated by the Ga protein Gpa2; Gpa2 interacts with the N-terminal region of 

adenylyl cyclase and the interaction is strengthen in the presence of GTP (Ivey and 

Hoffman, 2005: Ogihara et al., 2004). 

1.12 Adenylyl cyclase and associated proteins 

cAMP (3' , 5'cyclic adenosine monophosphate) is an important second messenger 

molecule which modulate several signal transduction processes in eukaryotic cells. 

Adenylyl cyclase (AC) is the central component of the cAMP pathway. In S. 

cerevisiae the gene encoding for adenylyl cyclase is CYR1 (also named as CDC35), 

which is activated and inactivated by G proteins. Adenylyl cyclase catalyses the 

synthesis of cAMP f rom ATP and in turn c A M P binds to the cAMP-dependent 

protein kinase regulatory subunit. Cell viability requires a basal cAMP level, 

therefore deletion of adenylyl cyclase is lethal (Tamaki, 2007). 5. cerevisiae Cyr l 

has 2026 amino acids and the catalytic domain lies in the C-terminal 400 amino 

acids (Kataoka et al., 1985). 5. cerevisiae C y r l is anchored to the peripheral 

membrane but its activity was also observed in the cytoplasmic fractions. Although 

0.5 % NaCl can remove the membrane-bound C y r l , part of the enzyme is still bound 

on the membrane and a Western blot has detected adenylyl cylcase in both fractions. 

The leucine-rich repeats are evidently essential for membrane binding since a protein 

derivative in which they were deleted protein was only present in the soluble fraction 

(Mitts et al., 1990). It has been demonstrated that a mutation in AC K1876M failed 

to respond to the exogenous addition of glucose/intracellular acidification, however 

the cells maintained a basal intracellular cAMP level (Vanhalewyn et al., 1999). 
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Pdel and Pde2 (low/high affinity PDEases) are the two major 

phosphodiesterases that regulate intracellular cAMP levels by feedback inhibition. 

PDEases hydrolyse cAMP to AMP. Pdel has been shown to be phosphorylated by 

PKA during elevated cAMP levels in cells or in cells stimulated by the addition of 

glucose. A pdel mutant shows a threefold increase in intracellular cAMP levels but 

pdel has no effect. No c A M P signal is seen in a pdel/pdel double mutant (Ma et al., 

1999). 

Ras is a small G protein with intrinsic GTP hydrolysis activity. GTP-bound 

Ras is active whereas GDP-bound Ras is inactive. Rasl and Ras2 proteins are the 

major activators of adenylyl cyclase upon glucose stimulation in the cAMP pathway. 

Simultaneous deletion of RAS1 and RAS2 seem to be lethal to the cells (Tamaki, 

2007). An in vitro experiment confirmed that adenylyl cyclase is activated by 

purified Ras protein from either yeast or humans. Yeast strains lacking Ras function 

behave similar to adenylyl cyclase mutant strains (Broek et al., 1985; Toda et al., 

1985). Ras proteins require post-translational modifications such as farnesylation and 

palmitoylation. Farnesylated Ras has higher affini ty for adenylyl cyclase than the 

unmodified form and palmitoylation is necessary for efficient membrane binding 

(Kurodat'/ al., 1993). 

The activity of adenylyl cyclase on the membrane is dependent upon its 

association with the cyclase associated protein (CAP). It has been shown that the C-

terminal of Cyr l interacts with the N-terminal region of CAP. Adenylyl cyclase in 

CAP deletion mutant is not activated by Ras2. In addition, the following phenotypes 

are observed: sensitive to temperature, swollen cell and a growth defect on rich 

medium. This shows that Ras activation of adenylyl cyclase requires CAP 

association (Field et al., 1990; Shima et al., 2000). Ira 1 and lra2 are two major 

proteins (GAPs; GTPase activating proteins) that down-regulate Ras signalling by 

activating GTP hydrolysis by Ras. An iral and ira2 deletion strains are 

constitutively activated by the cAMP pathway and are hyperfilamentous (Borges-

Walmsley and Walmsley, 2000). Overexpressed Rasl and Ras2 proteins in a iral 
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mutant cell are found with GTP-bound rather than as the GDP-bound form (Tanaka 

et al.. 1990a: Tanaka et al., 1990b). Iral forms a complex with adenylyl cyclase, 

which facilitates the binding of adenylyl cyclase to the membrane. An IRA1 

disrupted mutant strain has 90% adenylyl cyclase activity in the soluble fraction; 

whilst the wild-type has 20% activity in the soluble fraction and 80% activity in the 

membrane fraction. Antibodies to lral have been shown to inhibit the membrane 

binding of adenylyl cyclase (antibodies blocked Iral binding site on adenylyl 

cyclase). Iral-antibodies detected Iral in the membrane fraction but not in the 

cytoplasmic fractions. Iral and adenylyl cyclase form a large complex that also 

includes CAP and Ras (Mitts eta/., 1991). 

On the other hand Ras is positively activated by guanine-nucleotide exchange 

factors (GEFs), namely Cdc25 and Sdc25. The catalytic activity of Cdc25 has been 

demonstrated by an in vitro assay that shows Cdc25 promotes guanine-nucleotide 

exchange (GDP-GTP) on Ras proteins (Jones et al., 1991). Cdc25p has two major 

domains: an a-domain and a P-domain. The a-domain is responsible for the transient 

increase in cAMP and the P-domain is involved in the feed back control loop of 

cAMP. It was shown that an a-domain deletion mutant does not respond to the 

glucose stimulated rise in cAMP and a P-domain deletion is lethal (Munder and 

Kuntzel. 1989). The N-terminus of Cdc25 (65-134) incorporates a SH3 domain, 

which interacts with the C-terminal region of adenylyl cyclase (see f ig . 1.12.1) 

(Mintzerand Field, 1999). 
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Figure 1.12.1 Adenylyl cyclase and its associated protein complex. Ras interacts 
with the N-terminus of adenylyl cyclase that incorporates the Ras 
association domain (RAD). The Got protein Gpa2 also binds to the RAD. 
The cyclase associated protein (CAP) and Cdc25 both associate with the C-
terminus of adenylyl cyclase. Cdc25 directly activates Ras. Figure slightly 
modified from reference (Mintzer and Field, 1999). 

It has been demonstrated that Cdc25 relocalises adenylyl cyclase activity to 

the membrane in the absence of Ras. This finding suggests that there is cross talk 

between Cdc25 and Cdc35 without Ras proteins (Engelberg et al., 1990). Further 

studies indicate that Ras signalling forms a large complex which includes adenylyl 

cyclase, cyclase associated protein, Cdc25 and Iral but how the Cdc25/Ras/cAMP 

pathway transduce the signal is still unclear. 

An adenylyl cyclase encoding gene spCYRl has been identified in S. pombe. 

which encodes a protein of 1692 amino acids. spCYRl complements the 5. cerevisiae 

CYR1 temperature sensitive mutant strain T50-3A and is a membrane bound protein. 

It has been confirmed that the C-terminal is the functional domain and it is not 

activated by the addition of purified Ras protein (Yamawaki-Kataoka et al., 1989). 
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1.13 cAMP-dependent Protein Kinase A 

cAMP-dependent PKA is a well characterised large kinase enzyme that is found to 

be a primary target for the second messenger cAMP. Phosphorylation plays a vital 

role in connecting several eukaryotic signalling networks that are required for mating, 

cell division, differentiation and cell death. In 5. cerevisiae, Ras2 and Gpa2 activate 

adenylyl cyclase in parallel to increase intracellular cAMP levels. The transient 

increase in cAMP activates the cAMP-dependent PKA. The inactive form of the 

PKA holoenzyme is a tetramer consisting of two catalytic subunits (TPK) and two 

regulatory subunits (BCY1). PKA is activated by binding of cAMP to its regulatory 

subunits which causes the dissociation of active catalytic subunits; the released 

catalytic subunits phosphorylate (transfer of phosphate f rom ATP to protein 

substrate) transcription factors and other proteins required for various cellular 

processes such as filamentous or pseudohyphal growth and also for metabolic 

control and stress resistance in fungi. It has recently been suggested that PKA is a 

potential drug target (Borges-Walmsley and Walmsley, 2000; Taylor et al., 2008; 

Thevelein and de Winde, 1999) in pathogenic fungi. 

1.14 Dimorphism in S. cerevisiae 

The cAMP-PKA pathway controls morphogenesis in several fungi. Diploid strains of 

S. cerevisiae (MLY61a /a) undergo a dimorphic transition from a yeast form to a 

pseudohyphal form under low nitrogen conditions and in the presence of glucose. 

This is characterised by changes in the cell morphology from oval to elongated cells. 

The pseudohyphae are induced in vitro in SLAD (Synthetic Low Ammonium 

Dextrose) agar medium with 50 to 500 /xM ammonium sulphate. //; vitro, the cells 

invade the agar surface by pseudohyphae. The cells can produce more pseudohyphae 

at the lowest ammonium concentration of 50 / i M . During pseudohyphal growth the 

yeast cell switches from bipolar budding to unipolar budding and the resulting 

mother cell forms an elongated chain of daughter buds which remain attached to the 
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mother cell. This growth is called pseudohyphae. The gprl (G Protein-coupled 

receptor), gpal and tpk2 (cAMP-dependent Protein kinase A catalytic subunit) 

mutants are defective for formation of pseudohyphae (Borges-Walmsley and 

Walmsley, 2000; Pan and Heitman, 1999; Tamaki, 2007). 

wild-type 

50 uM 
ammonium sulfate 

200 uM 
ammonium sulfate 

Figure 1.14.1 Pseudohyphal growth of diploid S. cerevisiae w i ld type M L Y 6 l a / a 
and tpkl-3 mutants on low nitrogen medium (SLAD agar with 50 u.M -200 
u,M ammonium sulphate) incubated at 30°C for 3 days: AtpkJ/Atpk] 
(XPY4a/a) and Atpk3/Atpk3 (XPY6a/a) produce enhanced filamentation and 
Atpk2/Atpk2 (XPY5a/a) is defective for pseudohyphae (Pan and Heitman, 
1999). 

The nitrogen sensing component phosphatidylinosital-specific phospholipase 

C (Pic 1) has been shown to form a complex with Gpr l and Gpa2. This complex is 

required for pseudohyphal growth. Plcl catalyses the hydrolysis of the substrate 

membrane phospholipid phoshatidylinositol 4, 5 biphosphate (PPI2) to inositol 

1,4,5-triphosphate and diacylglycerol. The yeast two-hybrid and co-

immunoprecipitation assays confirmed the interaction of Plcl with G p r l , 

independent of Gpa2 but Gpa2 and Gpr l interaction depends on the presence of Plc l . 

The plcl or gprl deletion mutants are defective for pseudohyphal growth (Ansari et 

at, 1999; Tisi et al., 2002). The kelch-repeat GP mimic proteins Gpbl/Krh2 and 

Gpb2/Krhl have been identified recently. The KRH1 and KRH2 deletion mutants 
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show enhanced filamentation and invasive growth (Batlle et al., 2003; Tamaki. 

2007). 

S. cerevisiae haploid cells undergo invasive growth rather than pseudohyphal 

growth (see figures. 1.14.1 and 1.14.2). This invasive growth takes place typically in 

rich medium. During the haploid invasive growth the cells invade the agar, which 

cannot be removed by washing. A gene encoding the cell surface flocullin FLOll 

was identified that is homologous to STA genes (novel cell surface flocullin gene). It 

was shown that Flo 11 is required for both formation of diploid pseudohyphae and 

haploid invasive growth. The FLOll deletion mutant neither forms pseudohyphae 

nor has an invasive phenotype. A F lo l 1-GFP fusion localizes in the periphery of the 

cells. The N-terminus of F lo l 1 has a signal sequence and the C-terminus is similar to 

GPI-anchored serine/threonine cell wall proteins. F lo l 1 has a flocculating activity, in 

which yeast cells aggregate in a calcium-dependent manner (non sexual process). 

The promoter of FLOll has consensus binding sites for the transcription factors 

Stel2 and Tec l . There are no FLOll transcripts observed in Stell deletion strains, 

in addition Stell deleted mutants failed to invade agar (Colombo et al., 1998; Lo 

and Dranginis, 1996). 

r 

TPK tpk3 

washed unwashed 

Figure 1.14.2 5. cerevisiae haploid invasive growth: w i ld type 10560-23C (Tpk ), 
LRY629 (Atpk3), LRY594 (Atpk2) and LRY517 (Atpkl) were streaked on 
yeast extract dextrose agar, incubated at 30°C for 3 days and further 
incubated at room temperature for 2 days. The plate was photographed 
(unwashed) and the plate was gently washed with deionised water and 
photographed again (washed). This demonstrates that the tpkl mutant failed 
to produce invasive growth (Robertson and Fink. 1998). 
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S. cerevisiae has ihree PKA catalytic subunits Tpk l -3 . At least one is 

essential for normal growth of the cell. T p k l and Tpk3 have more identity (about 

88 % ) , but Tpk2 is distinct from other two (Pan and Heilman, 1999). A diploid 

tpklltpkl mutant strain is totally defective for pseudohyphae on SLAD agar whereas 

a tpk3/tpk3 mutant strain has a hyperfilamentous phenotype. This behaviour is also 

apparent in haploid strains as well; a tpk2 haploid mutant is unable to invade rich 

medium whilst tpk3 mutant is hyperinvasive. On the other hand tpkl diploid and 

haploid mutants exhibit no change in phenotype (see figure 1.14.1 and 1.14.2). The 

two-hybrid assay demonstrated that Tpk2 interacts only with S f l l , a transcriptional 

repressor and indicates that S f l l is downstream of Tpk2 and upstream of Flo l 1. The 

SFL1 deletion mutant displays hyperinvasive and hyperfilamentous phenotypes in 

haploid and diploid strains, respectively (Toda et al., 1987). Further studies 

demonstrate that the regulatory subunit BCY1 mutants are hyperfilamentous while 

T p k l and Tpk3 have a negative role and Tpk2 has a positive role in filamentation 

(Pan and Heitman, 1999). 

An in vitro assay demonstrates that S f l l and Flo8 (activator) both are 

phosphorylated directly by Tpk2. However Flo8 and Sfl I have antagonistic functions 

on FLO 11 expression. Tpk2, S f l l and Flo8 bind to a common area of the FLO 11 

promoter over a 250 base pair region. Phosphorylation activity of Tpk2 on S f l l and 

Flo8 inhibits and activates binding on FLOll promoter, respectively. Therefore S f l l 

acts as a negative regulator of pseudohyphal growth and Flo8 acts as positive 

regulator of pseudohyphal growth by allowing the transcription of FLOll (see f ig . 

1.14.3) (Pan and Heitman, 2002). The FLOll transcripts are dramatically decreased 

in a jloS deletion strain (Rupp et al., 1999). 
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Figure 1.14.3 Tpk2 controls the assembly of Si l l and FI08 transcription factors 
on the FLOII promoter. The binding of S f l l on the FLOll promoter 
represses FLOll expression and the binding of FI08 on the FLOl 1 promoter 
activates the expression of FLOl 1 (Pan and Heitman, 2002). 
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Figure 1.14.4 The merging of the c A M P and M A P K Pathways. cAMP and MAP 
kinase pathways induce invasive and pseudohyphal growth by activating a 
common area of the FLO 11 promoter. Tecl and Stel2 are necessary to 
induce Flol 1 in the M A P K pathway. Flo8 is required to induce Flol 1 in the 
cAMP/PKA pathway (Rupp et al., 1999). 

surface adhesion (aggregation of cells). Flol 1 is responsible for the characteristic 

mat formation and filamentous growth on solid medium. A flol 1A mutant cannot 

form mat or pseudohyphae. Flol I increases the hydrophobicity that is required for 

cell adhesion and biofi lm formation. In the 11278b parental strain background, 

hapioid forms more mat than telraploid and demonstrates that the increase in ploidy 

decrease the mat formation. These findings indicate that Flol 1 is required for biofi lm 

formation (Reynolds and Fink. 2001). The human fungal pathogen C. albicans 

produces a biof i lm: a strain with yeast form produces a thinner layer of biofi lm than 

the hyphal form. The biofilms produced by yeast form weakly adheres to the surface 

In S. cerevisiae, F lo l 1 is involved in cell-cell adhesion and eel 1-
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and can be washed away easily. The surface of the biof i lm seems to have various 

layers of hyphal forms of C. albicans (OToole et al., 2000). 

Ammonium permeases have been shown to be involved in nitrogen sensing 

and ammonium transport. Three ammonium permeases have been identified in S. 

cerevisiae, namely Mepl-3 . At least one Mep isoform is necessary for yeast to grow 

on nitrogen limiting media, but pseudohyphal growth requires Mep2. Mep2 is 

present upstream of Gpa2, but there is no direct evidence for the interaction of Mep2 

and Gap2 (Lorenz and Heitman, 1998). Similarly, C. albicans has ammonium 

permeases Mep I and Mep2; one of which is required to grow on nitrogen limiting 

medium. However Mep2 is necessary for the transition of yeast to filamentous 

growth (Biswas and Morschhauser, 2005). 

It has recently been shown that sucrose can induce pseudohyphae with G p r l , 

cAMP-dependent PKA and Snf 1 kinase pathway on rich nitrogen medium and even 

in the ammonium permease mutant meplbJ mep2A cells. Gprl also acts as a strong 

receptor for maltose; maltose induces pseudohyphae under nitrogen starvation but 

not under nitrogen rich medium (Van de Velde and Thevelein, 2008). Snf l is a 

serine/threonine protein kinase essential for relieving the genes repressed by glucose. 

Snf l forms a complex with Snf4 with the help of bridging protein (Brp; Sipl/2 or 

Gal83) in the absence or under low glucose (see f ig . 1.14.5) (Jiang and Carlson, 

1997), then activates the genes necessary for the utilization of alternative carbon 

sources such as sucrose. Snf4 has a similar structure and function to S f l l , which is 

also required for the expression of glucose repressed genes (Gancedo, 1998; 

Hedbacker and Carlson, 2008). 
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Figure 1.14.5 Regulation of Snf l and Snf4 complex by glucose and interaction 
between Snf l and Snf4. Snf l and Snf4 are linked by bridging proteins Brp/ 
Gal83/Sipl/Sip2. The Glucose level mediates the association of the Snf l 
regulatory and catalytic subunits by phosphorylation activity. When glucose 
is high, the Snf l regulatory subunit binds to its catalytic subunit in order to 
inhibit the kinase activity, whereas in low levels of glucose the inhibition is 
released by binding of Snf4 to Snf l ' s regulatory subunit (figure slightly 
modified f rom (Gancedo, 1998; Jiang and Carlson, 1997). 

1.15 G Protein mimics K r h l / 2 down-regulate pseudohyphal and invasive 

growth 

In 5. cerevisiae, the G protein Gpa2 is involved in the cAMP/PKA pathway. It has 

recently demonstrated that the Gpb mimic protein K r h l interacts with Gpa2 and 

Krh l /2 are downstream of Gpa2 (Batlle et al.. 2003: Peeters et at, 2006). The 

expression of the cell surface flocullin FLOll was analysed in various mutant 

backgrounds in the wild-type haploid strain (SKY763): a gpa2A haploid mutant 

displays ninefold lower expression levels than wild-type cells; KRH1 and KRH2 

single or double deletion mutants show three to fourfold higher expression levels 

than wild-type cells and a krhl A krh2A gpa2A triple mutant has increased expression 

over the gpa2 single mutant. It has been suggested that deletion of KRH1/2 resulted 



in stimulation of signalling pathways leading to high level expression of FLOll 

(Batlle et al.. 2003). The expression level of FLOll corresponds to the level of 

pseudohyphal and invasive growth in diploid and haploids strains, respectively. The 

agar invasion assay on solid medium demonstrates that krhl A. krh2A and krhl A 

krh2A double mutants show enhanced invasive growth than the wild-type; in 

particular the double mutants are hyperinvasive compared to other mutants, whilst 

gpa2A mutant does not invade significantly. The flol 1A single mutant and the krhlA 

krh2A flollA triple mutant also failed to invade. The krhlAlkrh2A mutant shows a 

different macroscopic phenotype; cells form patches that are similar to biofilms. 

These findings suggest that krhlAlkrhlA mutant (deletion activates the pathway) 

with high level expression of Flol 1 contribute to biof i lm formation and demonstrate 

that K r h l and Krh2 down-regulate the signalling pathway (Batlle et al., 2003). 

A potential downstream target of K r h l / 2 is the PKA catalytic subunit Tpk2. 

In another experiment the FLOll mRNA was analysed in tpk2 mutant. FLOll 

mRNA was not detectable in the tpk2A single mutant and krhlA krh2A tpk2A triple 

mutant; however, the wild-type strain has a basal level of FLOll. In addition, the 

krhl/krh2 mutation leads to higher sensitivity to heat shock and lower sporulation 

efficiency, therefore the cells grow continuously, which is indicative of activation of 

the cAMP/PKA signalling pathway. 

The krhl and krh2 mutants show a hyperfilamentous phenotype with a high 

PKA activity. However, deletion of gpa2 causes a defect in pseudohyphae formation 

and lower PKA activity. In addition to the above findings, the krhl and krh2 mutants 

exhibit a lower accumulation of the reserve carbohydrates trehalose and glycogen 

and lower expression of HSPI2. An /// vitro GST-pull down demonstrated that Krhl 

binds to Tpkl -3 and the PKA holoenzyme complex (Tpkl and Bey I co-expressed) 

in order to down-regulate its activity. K r h l binds to the PKA catalytic subunits and 

this binding enhances the association between PKA regulatory and catalytic subunits, 

because a weaker interaction among catalytic and regulatory subunits is observed in 

the absence of Krh l in vivo. It has also been shown that Krhl has same effect on 

mammalian PKA; the interaction between mouse catalytic subunit C« with its 
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regulatory subunit I is reduced in the absence of Krhl (Batlle et a t , 2003: Lu and 

Hirsch. 2005: Peeters et al.. 2006). 

G L U C O S E , S U C R O S E 
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Figure 1.15.1 Gpa2 and K r h l signalling pathway. Activated Gpa2 regulates PKA 
in two different mechanisms: the classical direct activation of adenylyl 
cyclase and inhibition of Krh l /2 dependent down regulation of PKA. Krh 1 
is downstream of Gpa2 which bypasses the activity of adenylyl cyclase and 
enhances the association between PKA regulatory and catalytic subunit 
subunits (Peeters et al.. 2006). 

The inhibition of PKA activity by Krh l has not been demonstrated in vitro 

using purified Krh I . Krh 1 is not a canonical Gpb partner for Gpa2. Gpa2 is involved 

in two different pathways: it directly activates adenylyl cyclase in a classical cAMP 

pathway and in the other pathway it dissociates from the kelch repeat Gpb mimics 

Krh l /2 . which bypasses the requirement of adenylyl cyclase by directly regulating 
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PKA by Krh l /2 interacting with its catalytic subunits. It has been suggested from the 

above finding that the Krh I and Krh2 proteins down-regulate the PKA activity 

(Batlie et al., 2003; Lu and Hirsch. 2005; Peeters et al.. 2006). 

1.16.1 Comparison between cAMP/ PKA and MAP kinase pathways 

In general, cAMP-protein kinase A and M A P kinase pathways are involved in 

pseudohyphal/invasive growth, but they are stimulated by different external cues. 

Interestingly, both kinases have dual roles in filamentous growth. The cAMP/PKA 

pathway is stimulated by low nitrogen with different carbon sources e.g. glucose and 

sucrose. The PKA catalytic subunit Tpk2 has a positive effect, whilst the other 

catalytic subunits, T p k l and Tpk3, exhibit a negative role in filamentation (Pan and 

Heitman, 1999; Robertson and Fink, 1998). Consistent with this, the M A P kinase 

Kssl has two functions; phosphorylated Kssl stimulates pseudohyphal growth and 

unphosphorylated (unactivated) Kssl has a negative role in filamentation. Ste7 is an 

upstream component of Kss l , which phosphorylates Kssl and activates it. 

Phosphorylated Kssl relieves the repression on the Stel2/Tecl heterodimer and 

allows FLO 11 transcription that is necessary for filamentation, whereas 

unphosphorylated Kssl binds to the repressors DigI /2 and this complex binds to 

Stel2/Tecl in order to inhibit FLO! 1 transcription (see figure 1.16.1.1 and 1.16.1.2) 

(Cook et al., 1997; Madhani et al., 1997; Pan and Heitman, 2002). Similarly, in the 

cAMP/PKA pathway, Flo8 and S f l l are phosphorylated by Tpk2. Flo8 has a role in 

activation and S f l l has a role in repression of FLOll transcription. The binding of 

activator and repressor on the FLOll promoter is controlled by Tpk2 (see f ig . 1.16.1) 

(Pan and Heitman. 2002). F lo l 1 is responsible for filamentous growth and it is the 

point of convergence point for both the cAMP and M A P kinase pathways (see f ig . 

1.14.4)(Ruppe/ al., 1999). 
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Figure 1.16.1.1 Control of FLOll transcription. K s s l activates the Stel2 and 
Tec l complex and inhibits the repressor Dig binding on the FLOll 
promoter. Tpk2 activates FI08 and prevents the repressor S f l l from binding 
the FLOll promoter for the expression of FLOll (Pan and Heitman, 2002). 
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Figure 1.16.1.2 Kss l showing antagonistic function. Dephosphorylated Kssl 
represses transcription and phosphorylated Kssl activates FLOll 
expression (Madhani et al., 1997). 
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1.17 Summary o f c A M P pathway in S. cerevisiae 

Initially it was thought that S. cerevisiae glucose/cAMP pathway is a Ras-dependent 

pathway. Ras is positively activated by Cdc25 and Sdc35 and down-regulated by 

l ra l /2 . Activated Ras associates with adenylyl cyclase and the CAP complex. Recent 

research has focused more on the glucose/cAMP pathway mediated by the G protein-

coupled receptor Gpr l (GPCR). Gpr l is coupled with the G protein Gpa2 on 

stimulation by a fermentable carbon source and in the presence of Plcl (Hoffman, 

2005; Toda el al., 1985). The C-terminal of Gprl interacts with Gpa2 and it has been 

shown that Gprl-GFP concentrates at the plasma membrane. Gpa2 interacts with the 

Gpb mimics kelch repeat proteins Gpb2/Krhl and Gpbl /Krh2 and Gy Gpg l . 

However, Gpb2/Krhl and Gpbl/Krh2 do not function as canonical Gpb proteins 

(Harashima and Heitman, 2002; Tamaki, 2007), because Gprl and Gpa2 are positive 

regulators and Krhl /2 are negative regulators of pseudohyphal and invasive growth. 

A krhl/2 deletion has no effect on the association of Gpr l and Gpa2. Therefore Krh 1 

is referred to as a pseudostructural inhibitor of G protein signalling (Hoffman, 2005; 

Ivey and Hoffman, 2002). 

It was recently demonstrated that activated Gpa2 stimulates adenylyl cyclase 

activity (Peeters et al., 2006). The Ras and Gpa2 pathways independently activate 

adenylyl cyclase: however, whilst Ras stimulated adenylyl cyclase activity is 

essential for cell viability, Gpa2 is not. The downstream component of adenylyl 

cyclase is cAMP-dependent PKA. The three isoforms of PKA have various roles in 

pseudohyphal or invasive growth (Robertson and Fink, 1998). When cAMP is 

depleted, or PKA is inactivated, the cells cannot proliferate and completely enter into 

the GO stationary phase. In contrast with this, cells having high PKA activity have 

reduced sporulation, whilst those with low PKA activity conslitutively sporulate 

(Thevelein and de Winde, 1999). Pdel has been shown to be involved in the feed 

back inhibition of cAMP by hydrolysing cAMP to AMP. The PKA catalytic subunil 

Tpk2 phosphorylates the transcriptional activator Flo8 and transcriptional repressor 

S i l l . Finally, activation and binding of Flo8 to the FLOI1 promoter stimulates the 
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dimorphic differentiation in both haploid and diploid strains (Pan and Heitman, 2002: 

Rupp et at, 1999; Tamaki. 2007). 
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(cAMP pathway) T 
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Y ( T p k 2 ) 
Klo8 

G l cyclins F | o l | 

(Cell size) 

Growth 

Cdc25 

Ira 1/2 

Gpl>1/2 

( M A P K pathway) 
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Figure 1.17.1 S. cerevisiae glucose-cAMP/PKA pathway is parallel to the M A P K 
pathway. On glucose activation Gpr l is coupled to Gpa2 in the presence of 
Pic 1. Activated Gpa2 stimulates adenylyl cyclase, which syntheses cAMP. 
The intracellular rise in cAMP activates PKA then PKA catalytic subunit 
Tpk2 phosphorylates Flo8, which is a transcriptional activator of FLOll 
transcription. F lo l 1 is responsible for pseudohyphal and invasive growth. 
PKA also regulates the cell size and cell division. cAMP/PKA and M A P K 
pathways converge at FLOll (Tamaki, 2007). 
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1.18 c A M P / P K A pathway in S. pombe 

In S. pom be, the glucose/cAMP pathway is regulated by nine git (glucose insensitive 

transcription) genes. Glucose is sensed by a seven transmembrane helix G protein-

coupled receptor Git3. The downstream component of Git3 is Gpa2 (Git8), which 

associates with Gp (Git 5) and Gy (Gi t l 1). G i t l . Git7 and Gi t ]0 have been identified 

and they function independent of the G protein Gpa2. They are found to be essential 

for stabilizing the signalling complex. Adenylyl cyclase (Git2) is activated by Gpa2 

but not Ras. In addition, adenylyl cyclase is not required for cell viability. To date, 

no RGS protein connected with cAMP/PKA pathway has been identified, but one 

RGS protein Rgsl is involved in the pheromone pathway (Hoffman, 2005). The 

components of the cAMP/PKA pathway are similar to those in S. cerevisiae. 

However, recently G i t l has been identified and shown to interact with adenylyl 

cyclase Git2, which is distinct from the conserved components of cAMP pathway. In 

addition, a gitl A mutant displays defective c A M P signalling but the cells are viable 

(Kao et al., 2006). The PKA regulatory subunit CGS1 and catalytic subunits PKA1 

have also been identified and shown to be involved in the glucose cAMP/PKA 

pathway (Hoffman, 2005). The cAMP pathways in 5. cerevisiae and S. pombe 

provide new insights to explore the cAMP pathway in pathogenic fungi. 

1.19 c A M P pathways in pathogenic fungi 

1.19.1 c A M P pathway in C. albicans 

Candidosis is caused by C. albicans, one of the most important human opportunistic 

systemic mycoses (Odds, 1987). C. albicans is a dimorphic fungus that can undergo 

a reversible morphogenesis. The transition is characterised by the conversion of 

unicellular yeast to a chain of distinct daughter cells in a filamentous form 

(pseudohyphal/hyphal), which usually do not become detached from the mother cells. 

Mutants unable to undergo this transition are avirulenl (Brown and Gow, 1999; Lo et 

al., 1997; Merson-Davies and Odds, 1989). The important factors inducing the 

transformation are temperature, neutral pH (stress) and oxygen limitation; apart from 

these stimuli, /// vitro nitrogen starvation can also induce hyphal growth. A higher 
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degree of germ tube induction has been observed in serum or when it contact with 

macrophages (Brown and Gow, 1999). Exogenous cAMP and the cAMP analogue 

N („ GV-dibutyryl cAMP induce the transition from yeast to mycelial form. During 

the morphological transition, the intracellular and extracellular cAMP levels increase 

and the increase in intracellular cAMP levels correlates with the level of germ tube 

formation (Sabie and Gadd, 1992). 

A number of the components of the cAMP/PKA pathway such as the 

homologue of Ras RAS2, adenylyl cyclase CYR1, G protein a-subunits CAG1 and 

Gpa2 homologue CAG99 (Brown and Gow, 1999), PKA catalytic subunit TPK1 and 

TPK2 (Cloutier et al., 2003) have been identified. The transcription factors E fg l (5. 

cerevisiae Phdl homologue) and Cphl (5. cerevisiae Stel2 homologue) have been 

identified and mutation of these shown to cause a defect for growth and avirulence 

(in a mouse model) (Lo et al., 1997). The G protein-coupled receptor Gpr l is 

upstream of Gpa2 both of which have a role in the glucose-cAMP/PKA pathway. It 

was demonstrated that Gpr l interacts with Gpa2 (Maidan et al., 2005). Deletion of 

GPR1 causes a defect in yeast morphogenesis, however this is overcome by 

exogenous cAMP (Maidan et al., 2005). The gene encoding for adenylyl cyclase is 

CDC35 and deletion leads to undetectable c A M P levels. The mutant strain grows 

very slowly and is defective for the morphological transition but the deletion is not 

lethal. Adenylyl cyclase deleted strains are avirulent in a mouse model (Rocha et al., 

2001). 

The cAMP pathway in C. albicans displays some differences with that in S. 

cerevisiae, for example the deletion of RAS in C. albicans is not lethal but it is lethal 

in S. cerevisiae. The Ras pathway has been shown to be involved in programmed cell 

death in C. albicans (Braun and Johnson, 1997). In addition, Tpk2 of S. cerevisiae 

has a positive role in filamentous growth, whereas T p k l and 3 have the opposite 

effect: but in C. albicans, T p k l and Tpk2 have redundant positive roles in germ tube 

formation (Bockmuhl et al., 2001; Souto et al., 2006). Tpk2 complements the growth 

defect of tpkl-3 temperature sensitive mutant S. cerevisiae SGY446 and it is 

involved in dimorphism (Sonneborn et al., 2000). 
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Figure 1.19.1.1 E f g l and C p h l pathways induce the yeast to hyphal transition 
in C albicans. The M A P K components: Cphl is similar to S. cerevisiae 
MAPK; Cst 20 is a S. cerevisiae Ste20 homologue. Hst7 is a S. cerevisiae 
Ste7 homologue. Cekl is a 5. cerevisiae Kssl homologue. The cAMP/PKA 
pathway involves a traditional G protein. Ras, adenylyl cyclase (Cyr l ) , 
PKA and E f g l . The position of the transcriptional repressor Tup l has not 
been characterised. R b f l and In t l are DNA binding proteins, which have 
negative and positive roles in filamentation. respectively (Brown and Gow, 
1999). 
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The transcriptional repressor Tup 1 has a negative role in filamentous growth 

(Braun and Johnson, 1997). Rbf l is a DNA binding protein that also has a negative 

role in filamentous growth (Brown and Gow, 1999). The FLOS gene encoding for a 

transcriptional factor has been identified in C. albicans by complementation in S. 

cerevisiae. Flo8 interacts with Efg l to regulate dimorphism in C. albicans. A floS 

deletion mutant is avirulent and defective for hyphal growth. (Cao et al., 2006). 

Recent evidence also shows that cAMP is important for morphological transition; 

aminophylline, a phophodiesterase inhibitor, has a positive effect (increasing growth 

and inducing the transition) that corresponds to an increase in c A M P level and PKA 

activity; on the other hand atropine and trifluoperazine have the opposite effect 

(Singh el al., 2007). A cAMP response element binding protein has been identified 

recently and it has been shown to have DNA binding activity and it is 

phosphorylated by PKA in vitro (Singh et al., 2008). 

1.19.2 The c A M P Pathway in Ustilago maydis 

Ustilago maydis is a basidiomycete phytopathogenic fungus which is the causative 

agent of a smut disease of maize. U. maydis undergoes morphological changes from 

a non-pathogenic yeast form or teliospore to a pathogenic filamentous form; this 

transition is essential for pathogenesis. The cAMP pathway in U. maydis has been 

extensively studied (Borges-Walmsley and Walmsley, 2000; Chew et al., 2008; 

Durrenberger et al., 1998). The non pathogenic haploid cell exits in a yeast form that 

grows by budding. The mating process is essential for pathogenesis: during the 

mating process two haploid cells fuse and eventually form a dikaryon filamentous 

form (Durrenberger ei al., 1998: Gold et al., 1994). 

The dimorphic transition is induced by environmental factors, such as 

nutrient and oxygen availability. The gene encoding for adenylyl cyclase is uacJ; 

deletion of nacl leads to constitutive filamentous growth that can be reversed by 

exogenous cAMP. However, the haploid filamentous nacl mutant is non-pathogenic 

and this suggests that filamentation is not necessary for pathogenesis. A mutation in 

the protein kinase regulatory subunit ubcl is defective for cytokinesis (mother 

39 



daughter cell separation) and shows changes in the bud site selection and is inhibited 

in filamentous growth (Gold el al., 1994). The nhcl deleted mutant strain infection 

on maize plants revealed that they can colonize and grow on plant tissues but cannot 

produce tumours (Gold et al.. 1997). The cAMP/PKA catalytic subunits are encoded 

by two genes ADR] and UKAI: an aclrl disrupted mutant displays a constitutive 

filamentous phenotype that is avirulent, whilst a ukal mutant shows no significant 

effect in mating, moiphogenesis and virulence (Durrenberger et al., 1998). 

In contrast to other fungi, four Got proteins Gpal to Gpa4 have been 

identified; Gpal-3 are similar to Ga proteins in other fungi, but Gpa4 seems distinct. 

It has been shown that Gpa3 is involved in M A P K and cAMP/PKA pathways. 

Deletion mutants of gpal, gpal and gpa4 exhibit no phenotypic change; whereas the 

gpa3 mutant shows various phenotypes including elongation of the cells, which are 

usually aggregated in liquid medium. In addition, gpa3 mutants produce grey 

coloured colonies with short aerial filaments on a charcoal containing medium. 

Interestingly the gpa3 mutants are defective for mating, tumour formation and fail to 

respond to pheromones (Garcia-Pedrajas et al., 2008; Regenfelder et al., 1997). 
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ure 1.19.2.1 The pheromone response and c A M P signalling networks control 
mating, morphogenesis and virulence in U. maydis. In the pheromone 
signalling pathway the pheromone M f a binds to the receptor Pra to activate 
the M A P K pathway via G protein Gpa3 and activation of the transcription 
factor Prf 1. P r f l increases the transcription of the other transcription factors 
b W l . b E l , bW2, bE2 (left side). In the cAMP pathway, Gpa3 activates 
adenylyl cyclase, then the major downstream molecule PKA catalytic 
subunit A d r l is activated; in turn A d r l phosphorylates downstream target 
transcription factors (Durrenberger et ah, 1998). 
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The gene encoding for G(3 BPP1 has been cloned and encoded protein has the 

characteristic seven WD repeats. It has been suggested that Gpa3 and bppl are both 

components of the cAMP pathway. A bppl deletion mutant shows filamentous 

growth in both liquid and solid medium. The mutants produced branched filaments 

and that are f i l led with cytoplasm. The GP mutant phenotype was suppressed by 

exogenous addition of cAMP (see f ig . 1.19.2.2.). In addition, in the bppl mutant, the 

expression of the pheromone induced gene mfa is completely suppressed. The bppl 

mutant can produce tumour in plant virulence studies, suggesting bppl is 

dispensable for virulence (Muller et ai, 2004). 

-cAMP +cAMP 

W t 
• 

Abpp1-2 

Figure 1.19.2.2 The Gp bppl mutant strain produces filamentous growth. U. 
mayclis wild-type and Gp bppl mutant were grown on Potato Dextrose liquid 
medium for 16 hours without cAMP (left side) and with 6 m M cAMP (right 
side). The Gp mutant produced filamentous growth which was suppressed by 
exogenous cAMP (right side), scale bar: 20 /ati (Muller et ai, 2004). 
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Recently sep3 a gene encoding for septin was shown to be important for 

normal cell growth and budding. Early studies demonstrated that the PKA regulatory 

subunit nbcl mutant cannot separate the daughter cells from the mother cells (Gold 

et al., 1994); similarly, a sep3 mutant grows as a cluster of cells with multiple nuclei 

and the daughter cells cannot be separated from the mother cells. More recent studies 

of the sep3 gene suggest that its expression may be promoted by PKA. Sep3 is also 

necessary for differentiation and germination of teliospores (Boyce et al., 2005). 

Recently the gene has been identified is fuzl necessary for conjugation tube 

formation during the morphogenesis process (Chew et al., 2008). 

1.20 Glucose repression in yeast 

In yeast, in the presence of glucose, the genes responsible for metabolizing other 

fermentable carbon sources, such as sucrose, maltose, galactose, and non 

fermentable carbon sources, such as ethanol, glycerol and acetate, are switched o f f at 

the transcriptional level in order to save energy; this is known as glucose repression 

(Ronne, 1995; Trumbly, 1992). The gene encoding for invertase which hydrolyses 

sucrose (SUC2) is the best studied glucose repressed system (Trumbly, 1992). The 

S n f l , Catl or Ccrl have a vital role in the derepression of glucose repressed genes, 

because a SNF1 deletion mutant cannot ferment carbon sources except glucose 

(Carlson, 1999; Papamichos-Chronakis et al.. 2004; Ronne, 1995). 

1.20.1 Transcriptional repressors T u p l (Thymidine Uptake) and Ssn6 

In S. cerevisiae, the general transcriptional repressor Til PI has been cloned and 

characterised. The Tup l protein seems to be rich in serine, threonine and, at the N -

terminal glumatine (Williams and Trumbly. 1990). Tup l is a phosphoprotein that 

contains WD40 repeats and each repeat has a different role in transcriptional 

repression. The N-terminus of Tupl interacts with Ssn6; a mutation in N-terminal 

L62R abolishes the interaction (Carrico and Zitomer. 1998; Redd et al., 1997). The 

N-terminal deleted tupl has a repressor function: moreover N-terminal deletion Tupl 

cannot form a tetramer and remains as a monomer (Varanasi et a/., 1996). The N-
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terminus has a a-helical coiled coil structure which helps Tupl oligomerisation 

(Zhang et al., 2002). It has been suggested that four Tupl subunits forms a complex 

with one Ssn6 (4:1 ratio) (Varanasi et al., 1996). Tup l has six repeats of (3-

transducin domain in its C-terminal region (Williams and Trumbly, 1990). 

SSN6 (CYC8) is a new family of genes encoding a protein containing 34 aa 

repeats called TPR motif (Tetratrico Peptide Repeat) (Goebl and Yanagida, 1991; 

Sikorski et al., 1990). Cyc8 does not act as a functional repressor protein, despite the 

fact that it works as an adaptor between various DNA binding proteins (see 

fig.l .20.2.1) ( M i g l and Rox l ) and T u p l (Tzamarias and Struhl, 1994). The Ssn6 

protein is rich in glutamine residues in both the N and C-terminus and does not 

contain conserved DNA binding domains (Trumbly, 1988). 

Tup l has been shown to repress several genes regulating various pathways, 

including the mating, oxygen use, glucose, D N A damage and stress response 

pathways (Wu et al., 2001). The Tupl-Ssn6 co-repressor complex seems to regulate 

(repress) more than 150 genes in yeast. Cells deleted in this co-repressor complex 

can survive; however they show distinct phenotypes, such as flocculation, reduced 

sporulation, a mating deficiency in a strain and are deficient for glucose repression. 

In addition, the mutant take up thymidine from the medium, so it has been named as 

Tup l (Thymidine Uptake), which is not seen in parental strains (Smith and Johnson, 

2000). 

44 



1.20.2 Migl . Ssn6-Tupl complex in S. cerevisiae 

MIG1 (Multicopy Inhibitor of Gall gene expression) has been cloned and 

shown to be quite important in glucose repression. The major components of the 

glucose repression pathway are hexokinase Pit (Hxk2, for glucose sensing). Snfl 

kinase and the DNA binding repressor M i g l (Klein et al., 1998). M i g l is a zinc 

finger protein and its localization is regulated by glucose. M i g l is imported into the 

nucleus, in response to the addition of glucose (within a minute of addition of 

glucose in the medium), however, when glucose is removed from the medium it is 

exported back to the cytoplasm (De Vit et al., 1997). 

M i g l has shown to be phosphorylated by Snfl in response to a decrease in 

glucose; phosphorylation has a role in its subcellular localization and repression (De 

Vit et al., 1997; Treitel and Carlson, 1995). M i g l interacts with Ssn6 (Cyc8) in two 

hybrid assays (Treitel and Carlson. 1995). When glucose levels are high, M i g l 

recruits the Ssn6-Tupl co-repressor complex to bind to the promoter region of 

glucose-repressive genes in order to repress transcription (Klein et a!., 1998; Treitel 

and Carlson, 1995). In the absence of glucose Snf l is activated and it phosphorylates 

M i g l ; in turn phosphorylated M i g l interacts with Msn5, which facilitates nuclear 

export of M i g l . This process results in the derepression of genes responsible for the 

utilization of alternative carbon sources (see f ig . 1.20.2.1) (DeVit and Johnston, 

1999). An ;'/; vitro experiment demonstrated that Ssn6-Tupl complex represses 

transcription (Redd et al.. 1997). 
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Figure 1.20.2.1 Mechanism of glucose repression in yeast. In the presence of 
glucose, Snfl is inhibited and Regl-Glc7 Phosphatase complex 
dephosphorylates the M i g l , which is then imported to the nucleus by Csel 
nuclear importin protein. M i g l recruits Ssn6-Tupl complex and binds to the 
promoter region of the genes to be repressed. In the absence of glucose, 
Snf l is activated, in turn phosphorylates M i g l which interacts with Pvlsn5. 
Msn5 exports M i g l f rom the nucleus to cytoplasm in order to relieve the 
repression (DeVit and Johnston, 1999). 

In addition to glucose repression, the M i g l Ssn6-Tupl complex also 

represses mating (Ronne, 1995). An analysis of Tupl showed that it has two non-

overlapping transcriptional repression domains, with less similarity with one another, 

and has a separable binding site for Ssn6. It has been demonstrated that Tupl can 

repress transcription without its partner Ssn6. Tup l plays the main repressor function 

in the Ssn6-Tupl complex and Ssn6 serves as a linker protein between Tup] and 

specific D N A binding proteins (Ronne, 1995: Tzamarias and Struhl, 1994). 
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Table 1.20.2.2 Represents the list of DNA-binding proteins recruited by the Ssn6-
Tup l co-repressor complex for specific gene repression (Smith and Johnson, 
2000). 

1.20.3 Transcriptional activators 

Snf/Swi (co-activators) is an extensively studied ATP-dependent chromatin 

remodelling nucleosome complex in 5. cerevisiae (Kingston and Narlikar, 1999). 

This complex has been shown to control gene expression at the individual gene level 

rather than at the level of the whole chromosome. The Snf/Swi complex acts as an 

activator as well as repressor of transcription. In S. cerevisiae, only a certain number 

of genes have been shown to be controlled by this complex (Sudarsanam et al., 

2000). 

1.21 T u p l related to c A M P signalling pathway 

It was previously demonstrated that Tpk2 can phosphorylate and interact with a heat 

shock factor-like repressor protein called S f l l . Sfl 1 binds to the promoter of FLO 11 

and represses FLOll transcription, which is essential for pseudohyphal and invasive 

growth. This suggests that Tpk2 regulates S f l l (see fig. 1.16.1.1) (Pan and Heitman. 
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2002; Rupp et al., 1999; Toda et al.. 1985). Further research has demonstrated that 

S f l l can also interact with Ssn6 within the TPR (Tetra trico peptide repeat) motif and 

suggests that SHI recruits the Ssn6-Tupl co-rcpressor complex to repress SUC2, 

FLOII and HSP26. These cumulative findings provide new insights into the 

relationship between Tup! and the c A M P pathway (Conlan and Tzamarias, 2001). 

1.22 Role of Tup 1 in pathogenic fungi 

In the human pathogenic fungus Candida albicans a Tup l homologue has been 

identified, which seems to repress hyphal growth. Tup l from C. albicans 

complements S. cerevisiae tupl mutant. A TLJP1 deletion mutant shows 

constitutively filamentous growth in C. albicans. In addition, the mutants grow faster 

with a higher accumulation of glycerol than wi ld type. It has been suggested that 

CaTupl is different from ScTupl in controlling gene expression because Cafnpl and 

Saupl mutants do not display the same phenotypes (Braun and Johnson, 1997; 

Brown and Gow, 1999). A negative regulator of growth, CaNrgl has been suggested 

as a strong repressor that binds to the global co-repressor Tup l and this complex 

inhibits filamentous growth. Serum is an inducer of germ tube and suggest that 

serum suppresses the repressor function of Nrgl (see f ig . 1.22.1) (Murad et al., 

2001). 

It has recently shown that farnesol treated C. albicans display higher 

expression of Tup l and also suggests that Tupl is involved in farnesol mediated 

repression of growth (Kebaara et al., 2008). The analysis of Ssn6 reveals that it has 

both activator and repressor functions because overexpression of Ssn6 causes 

enhanced filamentous growth and reduced virulence (Hwang et al., 2003). Further 

studies have shown that Ssn6 may act independent of the Nrg l-Tup I repressor 

complex. Hypha specific genes are repressed by Nrg l -Tup l and this repression is 

not released in Ssn6 mutant cells. Nrg l and Ssn6-Tupl mediated repression takes 

place at some promoters, but in most other promoters, repression is by Nrg l -Tupl 

(Garcia-Sanchez et al., 2005). A recent report revealed that Swi l acts as an activator 

and Tupl acts as a repressor of growth (Mao et al., 2008). 
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Figure 1.22.1 The mechanism of Nrg l -Tupl mediated repression in C. albicans. 
Nrg l -Tup l transcription of repression complex binds to the NRE site on the 
promoter and represses the genes regulating growth. Factors in serum down-
regulate the N r g l level and release the repression (Murad et at, 2001). 

1.23 Aims and objectives 

The aim of this study is to extend the level of understanding of the cAMP pathway 

in Paracoccidioides brasiliensis and elucidate its role in controlling the 

morphological transition from the saprobic mycelium to pathogenic yeast form of 

the fungus in order to identify potential drug targets. 

The objectives of this study arc as follows 

I . To confirm the G protein interactions in the cAMP-signalling pathway, previously 

identified by yeast two-hybrid analyses, by conducting in vitro protein-protein 

interaction studies. 
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2. To measure intracellular cAMP levels during the mycelium to yeast transformation, 

so as to determine if these correlate with the changes in transcript numbers for 

adenylate cyclase and the G proteins with which it interacts. 

3. To extend the yeast two-hybrid analyses to the Protein Kinase A (PKA) catalytic 

subunit T p k l andTpk2: and, in particular, to determine i f Tpk acts as a scaffold for 

assembly and control of the transcriptional complex. 

4. To overexpress Tpk2 in E. coli for functional PKA assays, aimed at defining the 

phosphorylation targets of Tpk2. We are particularly interested in determining i f 

the Gp protein Gpbl is a target for PKA phosphorylation, since this protein appears 

to play a key role in controlling the morphological switch. 

5. To identify and characterize transcription factors and other components of the 

cAMP pathway that are downstream targets of PKA and are involved in the 

morphological switch of this fungus. 

6. To undertake a functional characterisation of Pb T p k l and Tpk2 in S. cerevisiae 

tpkl mutants by PKA complementation assays. 
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CHAPTER TWO 

Materials and Methods 

2.1. Computational methods 

This thesis was written using Microsoft (MS) Office Word and graphical data were 

created by MS Excel program. Adobe Photoshop and MS office picture manager were 

used for the enhancement of the images and modification of diagrams. Vector NT1 suite 

(Invitrogen) was used for mapping, analysis and alignments of DNA and protein 

sequences, http://www.promega.com/biomath/ was used for oligonucleotides design and 

Tm value calculations, http://db.veastgenome.org/cgi-bin/locus was used to obtain the 

Sequence of S. cerevisiae Tpkl-3. Smart Analysis website; http://smart.cmbl-

heidelberg.de/ was used to analyze the protein domains. Broad Institute website. 

http://www.broad.mit.edu/ was used for the Blast analysis with fungal database. 

h ttp: // w w w ,c a nd i da gen ome. org/ was used to acquire C. albicans Tpk2 sequence. The 

National Center for Biotechnology Information website (NCBL http:// ncbi.nlm.nih.gov) 

was used frequently for downloading the reference journals and the ExPASy tools on 

this web site were used for translation. Blast searches and alignment of nucleotides and 

protein sequences. The complete p426 Vector sequence was obtained from 

seq.yeastgenome.org/vectordb/veclor descrip/COMPLETE/PRS426.SEQ. 

2.2. Laboratory equipment 

2.2.1. Sterilization 

Laboratory glass ware and media were autoclaved in a Priorclave Tactrol 2 on a liquid 

cycle at 121°C for 15 minutes. Heat labile solutions such as antibiotics. DMSO 

(Dimethyl Sulfoxide). a-X-gal and PEG (poly ethylene glycol) and were filter-sterilized 

through 0.22 j.im membranes (Millipore). 
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2.2.2 Centrifugation 

Table 2.2.2.1 Centrifugation equipment used 

Centrifuge Rotor Applications 
Max 

Speed 
(rpm) 

Temperature 

Eppendorf 
bench top 

5415D 
F-45-24-11 

1.5 ml &0 .5 ml 
microfuge tubes; 
various applications 

13,000 RT 

Jouan CR3i T20 
20 ml & 50 ml 
centrifuge tubes; 
various applications 

4,100 4°C to RT 

Sigma 3-16K 11 180 
20 ml & 50 ml 
centrifuge tubes; 
various applications 

4,500 4°C to RT 

Beckman 
Coulter Avanti 

J20-XP 
JLA-8.1000 

1 litre; cells 
harvesting 8.000 4°C to RT 

Beckman 
Coulter Avanti 

JE 

JA-10 
JA-20 

450 ml; cells 
harvesting; 40 ml 
tubes; pelleting cell 
debris 

10.000 
20,000 

4°C to RT 

Beckman L8-
70M 

Ultracentrifuge Type 50.2 Ti 

22 ml 
ultracentrifuge tubes; 
pelleting cell 
membrane for 
Protein purification 

50,000 4°C to RT 

RT-Room Temperature 

2.3. Bacterial Strains and Plasmids 

Experimental procedures detailed have been followed according to Sambrook el «/.. 

(1989) or as per manufacturers" instructions. 

The bacterial strains and plasmids used in this study are listed below (2.3.1). 
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Table 2.3.1 Bacterial Strains and Plasmids 

E. coli 
Strains 

Descri ption/G enoty pes Source/Reference 

NovaBlue K-12 strain with high transformation 
efficiency; blue/ white screening 
capability (with pGEM-T). recA and 
endA mutations resulting in high 
yields of quality plasmid DNA. 

Novagen 

BL2KDE3) Deficient in Ion & ompT proteases, 
general expression host. 

Novagen 

BL21(AI) Deficient in Ion & onipT proteases, 
general expression host; induced by 
the addition of arabinose. 

Invitrogen 

M15 Host strain for regulated high level 
expression for pBAD vectors. 

QIAgen 

LMG194 High level expression for toxic 
proteins (pBAD vectors). 

Invitrogen 

Top 10 ara mutant; host for general purpose 
cloning and plasmid propagation for 
pBAD vectors and pPICZ A vectors. 

Invitrogen 

Rosetta 2 Lactose permease mutant, deficient in 
Ion and ompT proteases; Provides 7 
rare tRNAs; eukaryotic protein 
expression host. 

Novagen 

Origami 
(DE3) 

Strains carry trxb and gor mutations 
in the cytoplasmic disulfide reduction 
pathway; enhance disulfide bond 
formation in E. coli cytoplasm. 

Novagen 

BL21(DE3) 
STAR 

RNaseE {mel31) mutant; general 
puipose expression host with reduced 
mRNA degradation. 

Invitrogen 
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BL21(DE3) 
Codon plus 

Deficient in Ion and ompT proteases; 
allows expression of genes encoding 
tRNAs for rare argenine and proline 
codons. 

Stratagene 

BL21(DE3) 
PLysS 

Deficient in Ion and ompT proteases; 
high- stringency expression host. 

Stratagene 

DH5a Non-expression host; general purpose 
cloning; plasmid propagation. 

Life Technologies 

Table 2.3.2 Commercial Plasmids and donated constructions 

Plasmid Description Source/Reference 

pGEM-T 
Easy 

Cloning vector compatible with a-
complementation; high copy number 
plasmid with Ampicillin resistance 
(Amp K ) ; TA cloning 

Novagen 

pET21a(+) T7 lac expression vector for C-
terminal His6-tagged proteins. Amp 

Novagen 

pET21d (+) T7 lac expression vector for C-
terminal His6- tagged proteins. Amp 

Novagen 

pQE-100 Derivative of MAP Kinase; tag-100; 
Hisc,-Tag; T5 promoter; Amp R 

QIAgen 

pGEX6p-l-3 26 kDa N-terminal Glutathione S-
transferase (GST) tag; lac promoter; 
cleaved by PreScission protease; 
A m p R 

GE Healthcare. 
Kindly supplied by 
Dr G Sharpies 

pBAD Myc 
His A 

Arabinose inducible vector; Amp K In vitro gen 

pET431a(+) Protein expression; N-terminal Nus-A 
fusion; N-terminal & C-terminal His-
tag; Amp R 

Novagen 

pDNR-Lib PbOl cDNA library: Amp K Clontech. Dr Chen D. 
library construct (PhD 
thesis. 2006) 
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pGADT7-Lib PbO \ cDNA library; Amp H Constructed by Chen G. 
(Chen D at a!.. 2007) 

2.4 Yeast Strains and Plasmids 

Table 2.4.1 Yeast Strains 

Strains Description/Genotype Source/Reference 

Paracoccioides 
brasiliensis 

Dimorphic, yeast form-37°C 
(requires Cys or Met as 
supplement and mycelial 
form-25°C (none required) 

ATCC 90659 

AH 109 MATa, trpl-901, leu2-3, 112, 
ura3-52, his3-200, gal4A, 
galSOA. LYS2 : : GAL1UAS-
GAUTATA-H1S3, GAL2UAS-
GAL2TATA-ADE2, URA3 : : 
MEL J UAS-MEL1 TATA-IucZ 

Clontech 

SGY446 MAT* tpkl h:\ADE8 tpk2-63(7s) 
tpk3::TRPl BCY1 ura3-52 his3 
\eu2-3M2trpl cideS 
PKA complementation assay. 

Kindly supplied by Dr 
Claudio. Switzerland 
(Smith e/a/.T998) 

MLY61a/a ura3-52/nra3-52 MATa/a: 
wild type; PKA 
complementation assay. 

Pan X & Heitman 
(1999). (kindly supplied 
by Dr Joseph Heitman. 
USA) 

XPY5a/a Atpk2::G418/Atpk2:: G418 
ura3-52/ura3-52 MATa/a: 
PKA complementation assay. 

Pan X & Heitman 
(1999). (Kindly supplied 
by Dr Joseph Heitman, 
USA) 

GS115 his4 Kindly supplied by Dr P 
Yeo (Invitrogen) 

KM71H arg4 his 4 aoxl::ARG4 Kindly supplied by Dr P 
Yeo (Invitrogen) 
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Table 2.4.2 Yeast Expression Plasmids 

Plasmids Descriptions/ Application 
Source/referen 

ce 

p426 MET25 

Yeast expression vector; inducible by methionine 
starvation; MET25 promoter; yeast complementation 
assay; AmpR 

(Mumberg et 
ah. 1994) 

Kindly 
supplied by Dr 

P Denny 

pGADT7 
(AD fusion) 

Vector with Gal-4 activation domain; expressed at 
high level from the constitutive ADH1 promoter; 
cloning vector for Two-hybrid assay; AmpK 

Clontech 

pGBKT7 
(BD) 

Vector with Gal-4 binding domain; expressed at 
high level from the constitutive ADH1 promoter; 
cloning vector for two-hybrid assay; Kan 

Clontech 

pGBKT7 Lamin 

Vector with Gal-4 binding domain; expressed at 
high level from the constitutive ADH1 promoter; 
negative control vector for two-hybrid assay; Kan 

Clontech 

pGADT7 Tag 

Vector with Gal-4 activation domain; expressed at 
high level from the constitutive ADH1 promoter; 
positive control vector for two-hybrid assay. Amp 

Clontech 

pGBKT7 P5 ? 

Vector with Gal-4 binding domain; expressed at 
high level from the constitutive ADH1 promoter; 
positive vector for two-hybrid assay; Kan 

Clontech 

pPICZ A 
Cloning and expression vector for Pichia pastoris; 
AOX promoter. ZeocinK 

Kindly 
supplied by Dr 

P Yeo 
(Invitrogen) 

pPIC9 
Cloning and secretion expression vector for Pichia 
pastoris: a-factor signal sequence: AOX promoter: 
Amp 

Kindly 
supplied by Dr 

P Yeo 
(Invitrogen) 
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2.5 Antibiotics and Reagents 

Table 2.5.1 Antibiotics and Reagents 

Antibiotics/ 
Reagents 

Stock concentration Storage 
condition 

Working 
concentration 

Ampicillin (Amp) 100 mg/ml -20°C 100/ig/ml 
Carbenicillin 100 mg/ml -20"C 100/xg/ml 
Chloramphenicol 30 mg/ml in 95% 

ethanol 
-20°C 30 /xg/ml 

Kanamycin (Kan) 30 mg/ml -20°C 30 /xg/ml 
Tetracycline 30 mg/ml -20°C 30 Mg/ml 
Zeocin 25-100 mg/ml -20°C 25 /xg/ml for bacteria 

and 100 /xg/ml for yeast 
IPTG 100 mg/ml -20°C 100/xg/ml 
X-GAL 20 mg/ml in N.N-

dimethyl formamide 
-20°C 50 / i l spread on to 90 

mm plate 
a-X-GAL 4 mg/ml in N.N-

dimethyl formamide 
-20°C 

ONPG 4 mg/ml in Z-buffer Made fresh 
RNase A 10 mg/ml -20°C 
DNase-l 1000 units/ml -20°C 
Lyticase 100 mg/ml TE pH 7.5 -20°C 
L-Arabinose 20% in distilled H : 0 -20°C 0.02-0.2% (v/v) 

2.6 Microbial Growth Media 

All general media, chemicals, antibiotics and biological chemicals were purchased from 

Sigma, Melford. Fluka. BDH. Clontech and Merck. Microbiological growth medias 

were ordered from Oxoid. Difco and Clontech. Enzymes were obtained from Promega 

and New-England biolabes. Complete EDTA free protease inhibitor tablets were 

purchased from Roche Biochemicals. 
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Liquid and agar media used for culturing E. coli and 5. cerevisiae were as follows: 

Luria-Bertani (LB) Medium (Mu) 

NaCI lOg/litre 

Tryptone lOg/litre 

Yeast extract 5g/litre 

L B Agar 

NaCI lOg/litre 

Tryptone lOg/litre 

Yeast extract 5g/litre 

Agar 15g/litre 

S O C Medium 

NaCI 

KCI 

Tryptone 

Yeast extract 

0.585g/litre 

0.1865g/litre 

20g/litre 

5g/litre 

The above were autoclaved and the following filter-sterilized components were added: 

1 M M g C I 2 ' 6 H 2 0 10 ml 

1 M M g S 0 4 10 ml 

N Z Y + Medium 

NZ amine (casein hydrolysate) lOg/litre 

Yeast extract rig/litre 

NaCI 5g/litre 

Medium adjusted to pH 7.5 using NaOH. autoclaved and the following filter-sterilized 

components added: 

1 M MgCl 2 12.5 ml 

1 M M g S 0 4 12.5 ml 

20% (w/v) glucose 20 ml 
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2x Yeast Tryptone (2x Y T ) Medium 

NaCI 5g/litre 

Tryptone 16g/litre 

Yeast extract lOg/litre 

R M Medium 

Casamino acids 20g/litre 

Glucose 2g/litre 

The above were autoclaved and the following filter-sterilized components were added: 

1 M M g C I 2 ' 6 H 2 0 1 ml 

lOx M9 Salts* 100 ml 

10xM9 Salts 

Na 2 HP04 60g/litre 

K H 2 P 0 4 30g/litre 

NaCI 5g/liire 

NH 4 CI lOg/litre 

Medium adjusted to pH 7.4 using 1 M NaOH. autoclaved and the following filter-

sterilized component was added: 

I M Thiamine 1 ml/litre 

A T C C medium for P. brasiliensis 

Sabouraud Dextrose Broth 30g/litre 

Agar 20g/litre 

Distilled water 1000 ml 

Adjusted pH 6.8-7.0. 
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YPD broth 

Bacto-yeast extract lOg/litre 

Peptone 20g/litre 

Distilled water 900 ml pH-5.8 

After autoclaving, 100 ml of 20% glucose was mixed. 

YPD Agar 

Bacto-yeast extract lOg/litre 

Peptone 20g/litre 

Distilled water 900 ml pH -5.8 

Agar powder 20g/litre 

After autoclaving, 100 ml of 20% glucose was mixed. 

S L A D Agar (Synthetic Low Ammonium Dextrose) 

Yeast nitrogen base 1.7g/litre (0.17%) 

(without amino acids & ammonium sulfate) 

Dextrose 20g/litre 
Agar 20g/litre 

500 jiil of 100 mM ammonium sulfate was added to 1 litre to achieve 50 j t i M 

concentration. Ammonium sulfate stock 1.3214g/100 ml to make 100 m M solution and 

autoclaved separately. 

SD Minimal Synthetic Dropout medium 

SD base was purchased from Clontech. which comprised of nitrogen base, carbon source 

(glucose) and dropout supplement were added separately. 

SD base 26.7g/litre 

Agar 20°/litre 

60 



Dropouts (DO) (Clontech) 

-Ura 0.77g/litre 

-Trp-Leu-His-Ade 0.60g/litre 

-Trp-Leu-His 0.62g/litre 

-Tip-Leu 0.64g/litre 

lOx T E buffer/litre 

Stock Required volume 

10 m M Tris-Hcl 1 M 10 ml 

1 m M EDTA 0.5 M 2 ml pH 7.5 

2.7 Procedures 

2.7.1 P C R Techniques (Polymerase Chain Reactions) 

The PCR techniques were used to sub-clone the gene from the Pb cDNA library for the 

construction of plasmids. 

Table 2.7.1.1 The P C R systems 

P C R systems (DNA 
polymerases) 

Applications Comment Source 

Proofstart Cloning for protein 
expression 

High fidelity, 3"-5' 
exonuclease activity: 
blunt ended PCR 
product 

QIAgen 

Hotstart Taq TA Cloning for 
smaller DNA 

No 3"-5' exonuclease 
activity 

QIAgen 

AB gene Master 
Mix 

Library screening For amplifing large 
fragments; high 
fidelity 

ABgene 

Go Taq Colony PCR 
screening 

No proof reading 
activity 

Promega 
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Proofstart reaction 

Table 2.7.2 A general reaction with proofstart is described below 

Reaction components Final concentration 
lOx PCR buffer lx 
5x Q solution lx 
dNTPs (10 mMeach) 2 0 0 / i M 
Forward primer (50 /*Mol) 0.3-0.5 nM 
Reverse primer (50 / iMol) 0.3-0.5 nM 
Proofstart DNA polymerase 1 Ml/1 Kb DNA 
Template cDNA library 0.5-1 Mg/reaction 
Total reaction volume Made up to 50 pt\ 

Cycling parameters 

Initial denaturation 

Denaturation 

Annealing temperature 

Extension temperature 

35 cycles 

Final extension 

Indefinite 
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2.8 Oligonucleotides for PGR 

Oligonucleotide primers were ordered online and synthesized by Invitrogen. Primers 

were reconstituted in sterile distilled water to a stock concentration of 50 /xmole//xl and 

stored at -20"C. 

Primers used in this thesis (The restriction sites are underlined) 

Table 2.8.1 Primers for the constructions for two-hybrid assay 

Constructions primers 

pADT7 
T P K 2 2 2 6 - 5 8 3 

F o r EcoRI 5 ' GAATTCATTCACAGCATCCACAGCAACAACAACAC 3 ' 

Rev X h o l 5 ' CTCGAGTCAAAAGTCCACGAAATAATCGCCATATGG 3 ' 

pBKT7 

T p K 2 2 2 6 - 5 Z Z 

F o r Ncol 5 ' CCATGGGCCATTCACAGCATCCACAGCAACAACAAC 3 ' 

Rev BamHI 5 ' GGATCCAAAGTCCACGAAATAATCGCCATATGGATC 3 ' 

pADT7 TPK21" 
2 7 0 

F o r Ncol 5 ' CCATGGAACGGGGTCTAGGCAATTTGCTGAAGAAG 3 ' I F 

Rev BamHI 5 ' GGATCCTTACGAGTATTTGCCCTTTGTCTG CCGC3' 1R 

pADT7 TPA'2 1 ' 
5 8 3 

F o r N c o l 5 ' CCATGGAACGGGGTCTAGGCAATTTGCTGAAGAAG 3 ' I F 

Rev BamHI 5 ' GGATCCTTAAAAGTCCACGAAATAATCGCCATATGGATCATC 3 ' 2 R 

pADT7 

T p K 2 2 6 S - 5 8 3 

F o r Ncol 5 ' CCATGGAAACAAAGGGCAAATACTCGCTAGATGACTTTACG' 3F 

Rev BamHI 5 ' GGATCCTTAAAAGTCCACGAAATAATCGCCATATGGATC 3 ' 2 R 

pADT7 GPG1 F o r Ncol 5 ' CCATGGAAGCCCCTGCCTACGAGCTTCGACCC 3 ' 
Rev BamHI 5 ' GGATCCTTACATGATCATACAGCAGCCACCTGATTGTTGGGG 3 ' 

pBKT7 Pb 

T P K 2 1 " 2 7 0 

F o r Ncol 5 ' CCATGGAACGGGGTCTAGGCAATTTGCTGAAGAAG 3 ' I F 

Rev BamHI 5 ' GGATCCTTACGAGTATTTGCCCTTTGTCTGCCGC 3 ' 1R 

pBKT7 TPK21" 
5 8 3 

F o r N c o l 5 ' CCATGGAACGGGGTCTAGGCAATTTGCTGAAGAAG 3 ' I F Rev 

Rev BamHI 5 ' GGATCCTTAAAAGTCCACGAAATAATCGCCATATGGATC 3 ' 2R 

pBKT7 
r p K 2 2 6 5 - 5 8 3 

F o r N c o l 5 ' CCATGGAAACAAAGGGCAAATATCGCTAGATGACTTTACG 3 ' 3F 

Rev BamHI 5 ' GGATCCTTAAAAGTCCACGAAATAATCGCCATATGGATC 3 ' 2 R 

ADT7 TPA'2 & 
BKT7 TPK21~ 

F o r W c o l 5 ' ATAATACCATGGAACGGGGTCTAGGCAATTTGCTG 3 ' 

Rev BamHI 3 ' ATAATAGGATCCTTATTTGAAATGAGAGGGATCGCCCG 3 ' 

pBKT7 GPG1 F o r M r o l 5 ' CCATGGAAGCCCCTGCCTACGAGCTTCGACCC 3 ' 
Rev BamHI 5 ' GGATCCTTACATGATCATACAGCAGCCACCTGATTGTTGGG 3 ' 

pGADT7 & 
pGBKT7 TUP 
1 

F o r Ncol 5 ' ATACTACCATGGGTATGTATAACCCACACCGTGGTATGGTTA 3 ' 

Rev Smal 5 ' ATACTACCCGGGTGACCTTCTGGGATCCAATTG 3 ' 
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Table 2.8.2 Oligos for protein expression in yeast 

p 4 2 6 M E T 2 5 
GFP 

F o r E c o R I 5 ' C A T A T G A A T T C A T G G T G A G C A A G G G C G A G G A G C T G T T C 3 ' 

R e v S a i l 5 ' A T A T A G T C G A C T T A C T T G T A C A G C T C G T C C A T G C C G A G A G T G 3 ' 

p 4 2 6 M E T 2 5 
TPA'2 1 " b -
G F P 

F o r BamHI 5 ' A A T A T G G A T C C A T G C G G G G T C T A G G C A A T T T G C T G A A G 3 ' 

R e v E c o R I 5 ' A T A A T G A A T T C T C G T T G T T G T G C G G C A T G T A G G C C A T C 3 ' 

p4 2 6 M E T 2 5 
T P K 2 2 2 6 ~ 5 8 3 -
G F P 

F o r B a m H I 5 ' C A T A T G G A T C C A T G C A T T C A C A G C A T C C C A G C A A C A A C A A C 3 ' 

R e v E c o R I 5 ' C T C C T G A A T T C A A A G T C C A C G A A A T A A T C G C C A T A T G G A T C 3 ' 

p 4 2 6 M E T 2 5 
GPB-GFP 

F o r BamHI 5 ' A T A C A T G G A T C C A T G G C G G C C G A T T T G A G C G 3 ' 

R e v H i n d i I I 5 ' A T C T C T A A G C T T C C A T G C C C A G A C C T T G A G C A G 3 ' 

p 4 2 6 M E T 2 5 
TPK21 583 

F o r B a m H I 5 ' A T T A T A G G A T C C A T G C G G G G T C T A G G C A A T T T G 3 ' 

R e v E c o R I 5 ' C T C C T G A A T T C T T A A A A G T C C A C G A A A T A A T C G C C A T A T G 3 ' 

p 4 2 6 M E T 2 5 
GFP 

F o r H i n d i 1 1 5 ' C A T A T A A G C T T A T G G T G A G C A A G G G C G A G G A G C 3 ' 

R e v S a i l 5 ' A T A T A A T C G A T T T A C T T G T A C A G C T C G T C C A T G C C G A G A G T G 3 ' 

p 4 2 6 M E T 2 5 

GFP 

F o r BamHI 5 ' A T A A T A G G A T C C A T G G C C G C G G A A A C G A T A C 3 ' 

R e v H i n d l l l 5 ' C T A C T C A A G C T T A A A A T C C G C A A A C A T A G C A T C A T G C 3 ' 

A D T 7 & B K T 7 
T P K 1 1 3 5 5 6 0 

F o r J V c o l 5 ' A T A A T A C C A T G G A A A T G G C C G C G G A A A C G A T A C 3 ' 

R e v BamHI 5 ' A T A A T C G G A T C C T C A A A A A T C C G C A A A C A T A G C A T C A T G 3 ' 

Table 2.8.3 Adenylate cyclase (Cyr l ) overexpression in E. coli 

p G E X 6 p -

3 C 7 K I ' 1 5 3 5 0 5 

F o r BamHI 5 ' A A G G A T G G A T C C G A T A A A A C C C A T C A G G A T A A C T T T G 3 ' 

R e v S a i l 5 ' A T A A T C G T C G A C T T A A T G T T C C G G C A G C G G 3 ' 

p G E X 6 p -

3 C T P . 1 " " 6 7 3 

F o r B a m H I 5 ' A A G G A T G G A T C C G A T A A A A C C C A T C A G G A T 3 ' 

R e v NotI 5 ' C A T A T C G C G G C C G C T T A G T G G C T A A A C T T T T G G T T C T C G T T G 3 ' 

p G E X 6 p - 3 

CYRll 678 

F o r B a m H I 5 ' A T A A T C G G A T C C A T G G C A A G G A G A C A G C G G G A G A A A G 3 ' 

R e v NotI 5 ' C A T A T C G C G G C C G C T T A G T G C T A A A C T T T T G T T C T C G T T G 3 ' 

p B A D c M y c 

H i s A CYR11' 
67 S 

F o r Ncol 5 ' C C A T G G A A G C A A G G A G A C A G C G G G A G A A A G A T A G 3 ' 

R e v H i n d i I I 5 ' A A G C T T A G G A A T T C G G T T T G A C A G A C T C C G C T C C G 3 ' 
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Table 2.8.4 Oligos for G protein overexpression in E. coli 

p B A D c M y c H i s A 
GPA1 

F o r Kpnl 5 ' A T A A T A G G T A C C A T G G G G T G T G G A A T G A G C A C C G A G 3 ' 

R e v BcoRI 5 ' C T A A T A G A A T T C C A T A T C A G T C C A C A G A G G G A A G G T T G T C C 3 ' 

p E T 4 3 l a(+)GPA1 F o r EcoRI 5 ' G A A T T C G G G T G T G G A A T G A G C A C C G A G G A C A A G G 3 ' 

R e v H i n d i I I 5 ' A A G C T T T A T C A G T C C A C A G A G G C G A A G G T T G T C C T G 3 ' 

p E T 2 1 a ( + ) G P A 1 F o r E c o R I 5 ' G A A T T C G G G T G T G G A A T G A G C A C C G A G G A C A A G G 3 ' 

R e v H i n d i I I 5 ' A A G C T T T A T C A G T C C A C A G A G G C G A A G G T T G T C C T G 3 ' 

p G E X 6 p - l GPAl F o r E c o R I 5 ' G A A T T C G G G T G T G G A A T G A G C A C C G A G G A C A A G G 3 ' 

R e v W o t I 5 ' A T A C T A G C G G C C G C T C A T A T C A G T C C A C G A G G C 3 ' 

p E T 2 1 a ( + ) G P B 1 F o r W d e l 5 ' C A T A T G G C G G C C G A T T T G A G C G G C G A G C A A A T G C A G 3 ' 

R e v B a m H I 5 ' G G A T C C C C A T G C C C A G A C C T T G A G C A G A G A A T C C C 3 ' 

p E T 2 1 d ( + ) G P B 1 F o r W c o l 5 ' C C A T G G A A G C G G C C G A T T T G A G C G G C G A G C A A A T G 3 ' 

R e v H i n d l l l 5 ' A A G C T T C C A T G C C C A G A C C T T G A G C A G A G A A T C C C 3 ' 

p E T 4 3 1 a ( + ) G P B 1 F o r B a m H I 5 ' G G A T C C G C G G C C G A T T T G A G C G G C G A G 3 ' 

R e v H i n d i I I 5 ' A A G C T T C C A T G C C C A G A C C T T G A G C A G A G A A T C C C 3 ' 

p G E X 6 p - 3 GPB1 F o r BamHI 5 ' A T A C A T G G A T C C A T G G C G G C C ' G A T T T G A G C G G C G 3 ' 

R e v W o t I 5 ' A T A T C T G C G G C C G C C T A C C A T G C C C A G A C C T T G 3 ' 

p E T 4 3 l a ( + )GPG1 F o r BamHI 5 ' G G A T C C G C C C C T G C C T A C G A G C T T C G A C C C 3 ' 

R e v Xhol 5 ' C T C G A G C A T G A T C A T A C A G C A G C C A C C T G A T T G T T G G G G 3 ' 

p G E X 6 p - 3 GPG1 F o r BamHI 5 ' A T C T A T G G A T C C A T G G C C C C T G C C T A C G A G C T T C G 3 ' 

R e v W o t I 5 ' A T C T A T G G A T C C A T G G C C C C T G C C T A C G A G C T T C G 3 ' 
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Table 2.8.5 Oligos used for putative Pb Tpk2 protein overexpression in E. coli 

p G E X 6 p - 3 TPK2* 
583 

F o r B a m H I 5 ' G G A T C C C G G G G T C T A G G C A A T T T G C T G A A G A A G 3 ' 

R e v S a i l 5 ' G T C G A C T T A A A A G T C C A C G A A A T A A T C G C C A T A T G G A T C A T C C 
3 ' 

p G E X 6 p - 3 TPK21' 
225 

F o r BamHI 5 ' A T T A T A G G A T C C A T G C G G G G T C T A G G C A A T T T G C T G A A G 3 ' 

R e v S a i l 5 ' A T A A T A G T C G A C T T A T C G T T G T T G G C G G C A T G T A G G C C 3 ' 

p P I C Z A T P A ' 2 1 ' 5 8 3 F o r Kpnl 5 ' A A T A T A G G T A C C A T G C G G G G T C T A G G C A A T T T G C T G A A G 3 ' 

R e v A p a l 3 ' C A T A T A G G G C C C A A A G T C C A C G A A A T A A T C G C C A T A T G G A T C 
3 ' 

p P I C 9 TPA'2 1 5 8 3 F o r EcoRI 5 ' A T A T C G A A T T C A T G C G G G G T C T A G G C A A T T T G C T G A A G A A G 
3 ' 

R e v Notl 5 ' A T A T A G C G G C C G C A A A G T C C A C G A A A T A A T C G C C A T A T G 3 ' 

p E T 2 1 d ( + ) TPK2226' 
5S3 

F o r Ncol 5 ' C C A T G G G A C A T T C A C A G C A T C C A C A G C A A C A A C 3 ' 

R e v Xhol 5 ' C T C G A G A A A G T C C A C G A A A T A A T C G C C A T A T G 3 ' 

p G E X 6 p - 3 
T P A - 2 1 5 2 2 " 5 " 

F o r BamHI 5 ' A T A T T A G G A T C C G C G G A G G T G A C G T G G G A T C 3 ' 

R e v S a i l 5 ' A T C C T C G T C G A C T T A A A A G T C C A C G A A A T A A T C G C C A T A T G G 
3 ' 

p G E X 6 p - 3 
TPK21212 511 

F o r B a m H I 5 ' A T A G G A T C C T T T A C G T T G C A A C G G A C G T T G G G G A C G 3 ' 

R e v S a i l 5 ' A A T G T C G A C T T A C A G G C G T A C T G T G A G A T C G G G A G T A A T G 
3 ' 

p B A D M y c H i s A 
T p K 2 1 -583 

F o r Ncol 5 ' C C A T G G A C G G G G T C T A G G C A A T T T G C T G A A G A A G 3 ' 

R e v H i n d i I I 5 ' A A G C T T A A A G T C C A C G A A A T A A T C G C C A T A T G G A T C A T C 
3 ' 

p G E X 6 P - 3 TPK2226 

528 
F o r BajTiHI 5 ' C A T A T G G A T C C A T G C A T T C A C A G C A T C C A C A G C A A C A A C A A C 
3 , 

R e v S a i l 5 ' C T A A T A G T C G A C T T A A A A C C A C G G A T G A T C C T T A A C A T C C 
3 ' 

p G E X 6 P - 3 T P K 2 1 5 2 ' 
27 1 

F o r B a m H I 5 ' A T A A T A G G A T C C A T G A A C C C C C T A C A T T C T C C C G G C 3 ' 

R e v S a i l 5 ' C T A C T A G T C G A C T T A G T C A T C T A G C G A G T A T T T G C C C T T T G 
3 ' 
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p Q E 1 0 0 TPK22"5 

58 3 
F o r BamHI 5 ' A A G G A T C C C A T T C A C A G C A T C C A C A G C A A C A A C 3 ' 

R e v S a d 5 ' T A G A G C T C A A A G T C C A C G A A A T A A T C G C C A T A T G 3 ' 

p E T -
43 . l a ( + ) TPK2226' 
583 

F o r BamHI 5 ' G G A T C C C A T T C A C A G C A T C C A C A G C A A C 3 ' 

R e v Xhol 5 ' C T C G A G A A A G T C C A C G A A A T A A T C G C C A T A T G 3 ' 

Table 2.8.6 Oligos for Tupl overexpression in E. coli 

p E T 2 1 d ( + ) F o r Nhel 5' A T A C T A G C T A G C T A T A A C C C A C A C C G T G G T A T G G T T A C 3 ' 
TUP1 

R e v Xhol 5 ' A T A A T A C T G G A G C C T T C T G G G A T C C C A A T T G G A A T A G C 3 ' 

Table 2.8.7 Universal primers 

AOX p r i m e r s F o r w a r d 5 ' G A C T G G T T C C A A T T G A C A A G C 3 ' 

R e v e r s e 5 ' G C A A A T G G C A T T C T G A C A T C C 3 ' 

M13 p r i m e r s F o r w a r d 5 ' G T A A A A C G A C G G C C A G 3 ' 

R e v e r s e 5 ' C A G G A A A C A G C T A T G A C 3 ' 

T 7 
s e q u e n c i n g 

P r o m o t e r 5 ' T A A T A C G A C T C A C T A T A G G G C 3 ' 

2.9. Agarose gel electrophoresis 

DNA agarose gel electrophoresis was routinely performed as described in Sambrook et 

al.. 1989. lx TAE buffer was used (40 mM Tris-acetate. 1 mM EDTA). 

10X T A E 

Tris-base 48.4g/Litre 

Glaceial acetic acid I 1.4 ml/litre 

EDTA 9.3g/litre 
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2.10. Cloning procedures 

Plasmid mini preparations were performed with Plasmid miniprep kit (Wizard K plus SV 

minipreps Cat No: A1460; Promega) as per manufacture's instructions. A l l the PCR 

products and restriction enzyme digested samples were gel extracted with QIAgen Gel 

Extraction kit (QIAgen. QlAquick Cat No: 28704) as per manufacture's protocol and 

eluted with sterile distilled water. Proofstart PCR blunt end DNA fragments and vectors 

were digested with respective endonucleases at suitable temperatures for 4-5 hours and 

gel extracted. Ligation reactions were performed with 1:3 molar ratio of vector to insert 

denatured at 45"C for 15 minutes and cooled on ice. Ligase buffer and T 4 DNA ligase 

were added to the reaction, incubated at 16°C for 1.5 hours and at 4"C for overnight. 

Chemical competent cells were prepared as described in Sambrook et al.. 1989. 

Transformation was performed as follows. Competent cells were thawed on ice for 5 

minutes; 2-5 ^1 of the ligation samples were mixed with the E. coli competent cells; 

incubated on ice for 30 minutes; heat shocked at 42°C for 30 seconds; cooled on ice for 

about 2 minutes; 300 (ill of Soc or LB broth was added to the cells and incubated at 37"C 

for 1 hour. Finally the cells were plated on LB agar with appropriate antibiotics for 

selection. When doing TA cloning X-gal and 1PTG (see table. 2.5.1) were spreaded on 

LB agar (ampicillin plates) before plating the cells. The transformants were randomly 

screened by colony PCR and restriction enzyme digestion of the plasmid. Then the 

positive plasmids were sent for DNA sequencing at DBS Genomics. University of 

Durham, UK. The sequence results were analyzed with the Vector NTI program. 
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2.11 Yeast transformation 

Yeasl trans formation protocol was followed according to the Clonlech's Matchmaker 

Gal-4 Two-Hybrid System 3 user manual. The bait gene was expressed as a fusion with 

Gal-4 DNA-binding domain (DNA-BD). while the prey gene or cDNA was expressed as 

a fusion to the Gal-4 activation domain (AD). When bait and prey proteins interact, the 

DNA-BD and A D brought into proximity and activates the transcription of three reporter 

genes. This technology is very sensitive to detect transient and weak interactions and 

moreover the proteins are supposed to be in native conditions in vivo. The primers and 

constructs used for the two-hybrid assays are represented in table 2.8.1. 

The protocol for making yeast competent cells 

The yeast strain A H 109 was cultivated on YPD agar at 30°C for 2 to 3 days and stored at 

4°C. Several 2-3 mm colonies were inoculated into 50 ml of YPD broth and incubated at 

30°C at 230 rpm for 16-18 hours (OD 6 oo>L5). The overnight culture (5-7 ml) was 

transferred into 300 ml YPD broth in a 1 litre flask (enough to produce an OD(,oo 0.2-

0. 3. and incubated at 30"C at 230 rpm for 2-3 hours until the cells reached an ODcoo 0.5. 

The cells were harvested in 50 ml centrifuge tubes at lOOOx g for 5 minutes, 

resuspended in 35 ml of TE buffer pH 7.5 and centrifuged again. Finally the cell pellets 

were resuspended in 1.5 ml TE/LiAc (section. 2.6) solution and cells were stored on ice 

for transformation. 

The following solutions were prepared freshly before the transformation 

1. 1 M Lithium acetate (LiAc) stock; IX TE buffer and DMSO 

TE/LiAc prepared as; 1 ml of 1 M LiAc. 1 ml of lOx TE and 8 ml of sterile distilled 

water. 

2. 50% P E G in T E / L i A c : 4g of PEG (3310) in 7 ml of TE/LiAc to make up to 10 ml & 

filter-sterilized. 
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For yeast transformation the following mixer was prepared as described below. 

Table 2.11-1 Yeast transformation reaction 

Small-scale co-transformation Large- scale Pb library transformation 

0.1 ml of fresh competent cells 1.5 ml of fresh competent cells 

0.1 fig of AD fusion construction (ADT7) 0.1-0.5 mgof A D library 

0.1 ng of BD fusion construction (BKT7) 0.2-0.1 mg of BD fusion construction 

0.1 mg of Herring testes carrier DNA 2 mg of Herring testes carrier DNA 

0.6 ml of PEG LiAc/TE 6 ml of PEG LiAc/TE 

The above reaction was mixed by vortexing for 1 minute and incubated at 30°C 

for 30 minutes with shaking at 200 rpm. Sterile DMSO 70 fi\ was added to small-scale 

and 700 /xl was added to library-scale transformation. The tubes were inverted a couple 

of times, heat shocked at 42°C for 15 minutes and tubes were inverted every 5 minutes 

during the heat shock. The tubes were chilled on ice for 2 minutes, centrifuged at 14k 

rpm for 5 seconds and cell pellets were resuspended in 0.5 ml of lx TE for small-scale 

and 5-10 ml for library-scale. 

The cells were plated on SD/-Trp/-Leu/-His plates for small-scale and SD/-Trp/-

leu for library scale. The colonies from the above plates were replica plated on SD/-Trp/-

leu/-His/-Ade. The plasmids were isolated from the positive clones by Clontech's yeast 

plasmid isolation kit (Cat No: PT3049-2) according to the user manual and sent for the 

DNA sequencing at DBS genomics. Positive clones were subjected to a-galactosidase 

assay and fi-galactosidase colony lif t and ONPG assays as described in section 2.12 & 

2.13. 

2.12. (i-Galactosidase Assay 

SD/-Leu/-His/-Trp/-Ade plate was prepared with 200 /xl of a-X-Gal (4mg/ml). the 

positive colonies were streaked on the plates and incubated at 30°C for 2 to 4 days or 

until the blue colour developed. 
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2.13. p-Galactosidase Assay 

2.13.1 Colony-lift assay 

Colony-lift assay was used to screen a large number of co-transformants that survive on 

SD/-Leu/-His/-Trp/-Ade plates. The colonies from SD/-Leu/-His/-Trp/-Ade plates were 

streaked on fresh plates and incubated at 30°C for 2 to 4 days. Using sterile forceps the 

autoclaved Whatman 5 (VWR Grade 410 filter paper) was placed over the surface of the 

colonies, by gently pressing; the colonies were lifted on the paper and placed on a petri 

dish by colonies facing up. The filter paper was frozen on dry ice for 10 minutes, thawed 

at room temperature for 10 minutes and this was repeated for 3 cycles. The filter paper 

was placed over the presoaked two layers of filter paper (pre-soaked on Z-buffer + P-

mercaptoethanol + X-Gal solution). The filter paper setup was incubated at 30°C and 

checked periodically for the appearance of blue color on the colonies lifted area of the 

filter paper. 

Z-buffer for 1 litre 

NaHP0 4.7H :0 

NaH 2P0 4 .H 20 

KCI 

MgS0 4 .7H 20 

Distilled water 

[3-mercaptoethanol 

X-Gal solution (20mg/ml) 

16.lg pH7.0~ > | 

5.50g 

0.75g 

0.246g 

1000 ml 

0.27 ml 

1.67 ml 

Autoclaved 
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2.13.2. p-Galactosidase assay using ONPG (Ortho-nitrophenyl-p-D-
galactopyranoside) as a substrate 

The fi-galactosidase assay is a quantitative assay to confirm the two-hybrid interactions. 

Two-hybrid positive clones were inoculated in 5 ml of SD/-Leu/-His/-Trp/-Ade broth 

and incubated overnight at 30°C. Overnight culture clumps were dispersed by vortex for 

0.5-1 minute; then 2 ml was inoculated in to 8 ml of fresh YPD broth and further 

incubated at 30°C at 250 rpm for 3-5 hours or until reached an OD 6 0o 0.5 to 0.8. ONPG 

was prepared 4 mg/ml in Z-buffer and left on the end-over-end-rotator for about 1 to 2 

hours to dissolve completely. After mid log phase (OD&oo 0.8) cells were harvested in 3. 

1.5 ml micro centrifuge tubes and centrifuged at 14K rpm for 30 seconds. The 

supernatants were removed and the cell pellets were resuspended in 1.5 ml Z-buffer. 

centrifuged. the supernatants removed and resuspended in 0.3 ml of Z-buffer (The 

concentration factor was 1.5/0.3 = 5 fold). 0.1 ml was transferred to a fresh tube and 

frozen on dry ice. The freeze thaw cycles were repeated 5 to 6 times and 100 fi\ of Z 

buffer was added into 2 blank tubes. Z-buffer + P-mercaptoethanol was prepared (8.3 ^1 

of (3-mercaptoethanol for 5 ml Z-buffer) freshly. 0.7 ml of Z-buffer + P-mercaptoethanol 

was added to the reaction and blank tubes. 160 /xl of ONPG was added to all the reaction 

and blank tubes and the timer was started. Al l the tubes were incubated in 30°C until the 

yellow colour developed, then 0.4 ml of 1 M Na^Co;, was added to the reaction and blank 

tubes. The tubes were centrifuged at 14K rpm for 10 minutes to pellet cell debris. The 

supernatant was transferred to the clean cuvette and the OD420 measured against the 

blank tubes in the spectrophotometer (Spectra manager V530/C0295908). 
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2.14 Overexpression of GST-fusion proteins in E. coli 

P. brasiliensis adenylate cyclase CK/?/ 4 3 ' " 6 7 8 and CY/?/ 4 5 " ' 0 0 5 . which incorporate the Ras 

and Ga binding domains, GPB1. GPG1. TPK21"5, TPK2U212. TPK2l5]'212. TPK2226'52*, 

TPK2212'521. TPK2l'5K TPK2S2*'S*3 and GPAl were sub-cloned into pGEX6pl-3 (for 

primers see table: 2.8.3, 2.8.4 & 2.8.5). The PCR products were gel extracted, restriction 

enzymes digested and ligated into pGEX6p-3 as described in the cloning procedure in 

section 2.10. The constructs were sent for DNA sequencing at DBS genomics. 

The plasmids were transformed into E. coli Codon Plus and the cells were 

induced with 0.1 m M 1PTG overnight at 25°C. 500ml LB and 2YT mediums were used 

in 2 litre flasks with vigorous shaking (200 rpm). Cells were harvested by centrifuging 

(Beckman Coulter) at 6000 rpm for 5 minutes. The cells were resuspended in lysis 

buffer (PBS) with complete EDTA free protease inhibitor tablet (Roche), lysozyme, 

DNase-1 and incubated on ice for 15 minutes. Then the cells were passed through a 

constant cell disruption system for cell lysis at 15 psi twice. 0.1% Triton X-100 was 

added and centrifuged at 43K rpm (Beckman Ultracentrifuge) for 1 hour. The 

supernatant was mixed with GST beads and incubated at 4"C on an end-over-end-rotator 

for 30 minutes. Then the supernatants were passed through the column, washed 3 times 

with lx PBS and finally eluted with GST elution buffer (50 m M Tris HCI pH 8.0 & 10 

m M Glutathione). The elution fractions were run on 4 to 12% SDS (NuPAGE precast. 

Invitrogen) polyacrylamide gel. The protein concentrations were measured by B C A I M 

protein assay as described in section 2.27. The purified proteins were confirmed by 

Western blot. 

2.15 Western blotting 

The Western blot technique was routinely used for the detection of recombinant proteins 

expressed from E. coli and yeast. Expressed proteins were resolved by SDS PAGE using 

NuPAGE precast gels with appropriate controls and marker (See Blue. Pre-stained 
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Protein Standard Marker. Invitrogen). The gel was removed, placed on a square petri 

dish and soaked for 10 minutes in 25 ml transfer buffer. In the mean time a 8.5 cm x 8.5 

cm square size PVDF membrane (Immobilon) was cut and soaked in 100% ethanol for 

30 seconds and immersed in transfer buffer for 15 minutes (Gloves were worn to prevent 

skin contamination on the membrane). 

The blotting apparatus (BIORAD) setup was prepared as follows; 3 nylon sponge 

pads (previously well immersed in transfer buffer) were placed on the negative charge 

side (cathode), followed by filter paper (8.5 cm x 8.5 cm), gel. PVDF membrane, 

(anode) filter paper and 3 nylon sponge pads. The proteins migrate from negative charge 

to positive charged PVDF membrane by applying 175mAmperes voltage for 1.5 hours. 

The membrane was removed, placed in a square petri dish with 25 ml wash buffer 

(2.15.1-C) with shaking at room temperature for 10 minutes, decanted and blocked with 

wash buffer with 3% BSA at room temperature for an hour. Then the membrane was 

incubated at 4°C without shaking for overnight with the same blocking buffer. 

The blocking buffer was decanted; 25 ml of fresh buffer with 0.5% BSA was 

added with primary antibody and incubated with shaking at room temperature for an 

hour. The membrane was washed 3 times, each for 5 minutes with wash buffer. The 

membrane was incubated with secondary antibody for an hour at room temperature and 

the membrane was washed as previously. Finally the membrane was incubated with the 

substrate for 5 minutes and autoradiographed. 

The primary antibody used for the His(,-tag was anti-polyhistidine monoclonal 

antibodies (1:5000 dilution. Sigma). The secondary antibody was goat anti-mouse IgG 

alkaline phosphatase conjugate (1:5000 dilution. BIORAD Cat No: S3660). Primary 

antibodies for the GST-tag were monoclonal anti-GST antibodies (1:12,500 dilution. 

Novagen Cat No: 71097). Immune-Star™ AP (BIORAD Cat No: 170-5018) was used as 

a substrate. 
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Polyclonal antibodies were produced from rabbil by Invitrogen for specific 

proteins, such as Gpal. Gpbl . Gpgl and Tpk2 and were used as primary antibodies at a 

dilution of 1:1000, and anti-rabbit IgG HRP conjugate (1:5000 dilution Sigma Cat No: 

A6I54) was used as secondary antibodies. ECL reagent (mixture of equal proportion of 

solution I & II) was used as a substrate, (solution 1- 1 ml luminol. 0.44 ml of coumaric 

acid. 10 ml of 1 M Tris. pH 8.5. made up to 100 ml with distilled water and solution I I -

64 /xl of 30% H 2 0 2 . 10 ml of 1 M Tris, pH 8.5 and made up to 100 ml with distilled 

water). 

2.15.1 Buffers 

a) Transfer buffer 

Glycine 

Tris-base 

SDS 

Methanol 

2.9g/litre 

5.8g/litre 

0.37g/litre 

20% (v/v) 

b) Phosphate stock 

KH 2 P0 4 6.465g/litre 

K2HPO4 35.3g/litre 

c) Wash buffer 

Phosphate slock 60 ml/litre 

NaCI 8.76g/litre 

Tween 20 0.05% (v/v) 

2.15.2 SDS running buffers 

a) M E S buffer/1 litre 

Stock Required 

Tris base 50 mM 1 M 50 ml 

EDTA 0.1% 200 mM 5 ml 

MES 50 mM - 9.76g 

SDS 0.1% 10 10 ml 
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b) MOPS buffer for 2.5 litres 

MOPS 26.25g 

Trisbase 15.15 g 

SDS 2.5g 

EDTA 0.75g 

c) Phosphate Buffered Saline (PBS)/litre 

Stock Required 

NaCI 140 mM 3 M 46.6 ml 

KH 2 P0 4 1.8 m M 1 M 1.8 ml 

KCI 2.7 mM 3 M 0.9 ml 

Na 2HP0 4 10 mM 1 M 10 ml 

2.16 /// vitro coupled Transcription and Translation ( 3 = S labelling) 

The T N T R Coupled reticulocyte Lysate Systems was used for in vitro translation. This 

system can be used for transcription and translation of genes cloned downstream from 

the SP6. T3 and T7 RNA polymerase promoter. The two-hybrid assay BKT7 

construction circular plasmids were used as a template for in vitro translation. Pb 

C y r l ' " 6 7 8 , ful l length Gpal & ful l length Gpgl proteins were synthesized by in vitro 

coupled transcription and translation system (Promega cat No: L4600) labelled with 

R e d i v u e I M L ° S methionine (Amersham cat No: AG 1094) using rabbit reticulocyte 

lysate. since these proteins were formed inclusion bodies in several attempts in E. coli. 

An vitro translation was performed as below 
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TNT Rabbit reticulocyte lysate 25 Ml 

TNT Reaction buffer 2/xl 

TNT RNA polymerase (SP6, T3 or T7) 1 /xl 

Amino acid mixture minus Met 1 Ml 

S Met R e d i v u e I N , L : ° S methionine (500ci /mmol) 2 Ml ( G E Healthcare) 

RNasin Ribonuclease inhibitor 1 M ' (PIomega) 

Plasmid DNA template (ethanol precipitated) 

Nuclease free water (Promega) 

2 Ml (0.5 tig/ix\) 

16 Ml 

Total volume 50 Ml 

The reaction was incubated at 30°C for 2 hours and 2.5 /x\ of the translated samples were 

loaded on SDS-polyacrylamide gel to verify the translation. The translated proteins were 

stored at 4°C and used for GST Pull-down assays. 

2.17 G S T Pull-down Assay 

In order to confirm the results of the yeast two-hybrid assay the GST pull-down assay 

was performed with fusion proteins consisting of GST-lag (Glutathione S-transferase). 

The prey proteins were labelled with ° S by TNT coupled transcription and translation 

system as described in section 2.16. The GST pull-down assay was performed according 

to the protocol-A (section. 2.17.1) adapted in this study. 

2.17.1 G S T pull-down assay protocol-A 

The GST-fusion proteins were dialysed in PBS and immobilized on 40 M ' of GST beads 

(Glutathione sepharose 4B beads. GE healthcare) at 4°C for 30 minutes (CYR l J : > " f ) 7 s -

G S T & Gpbl-GST). Then the beads were washed 4 times with PBS to remove unbound 

proteins. The protein immobilized beads were preblocked with 200 M ' of binding buffer 

(20 m M HEPES pH 7.9. 600 mM NaCl. 0.1 % Tween 20. 5% Glycerol. 1 mM DTT. 5% 
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skimmed milk and 1% BSA) lor 10-15 minutes at room temperature with 10 fx\ of 

EDTA free protease inhibitor (1/4 tablet in 0.2 ml PBS; made fresh stock). 10 jtxl of //; 

vitro translated prey protein was mixed with immobilized proteins. 10 m M GDP (Sigma 

G7127) of final concentration was mixed in the pull-down of GPbl-GST with 35 s Gpal 

& 10 mM GTP final concentration (30 /xl of 100 mM stock was used. Sigma G-8877) 

was mixed in case of C y r l 4 5 , 6 7 X -GST with ° S Gpal pull-down reaction. The same 

reactions were performed without GTP and GDP. The proteins were incubated in an 

end-over-end-rotator at room temperature for 2 hours. Then 1 ml of binding buffer 

(without 5% skimmed milk & 1% BSA) was added to this reaction tube, inverted for 5 

times, incubated at room temperature for 10 minutes, centrifuged at 7K rpm for 10 

seconds at table top centrifuge and the supernatant was discarded. 1 ml of buffer was 

added to the beads, inverted 2-4 times, again incubated at room temperature for 5 

minutes and centrifuged as above. 1 ml of wash buffer was added, mixed well and 

centrifuged (no incubation). In total 7 washes were performed each with 1 ml of wash 

buffer. At the final wash all the supernatants were discarded, the beads were 

resuspended in 100 /xl of the wash buffer, transferred to a fresh eppendorf tube, 

centrifuged and the supernatants were completely removed. The proteins were eluted by 

the addition of 30 xil of NuPAGE 4x LDS sample buffer followed by boiling at 90°C for 

5 minutes and separated on 4-12% SDS-polyacrylamide gel (NuPAGE-precast Bis-Tris) 

under denaturing conditions. The gels were fixed (20% ethanol and 10%; acetic acid) for 

30 minutes and soaked on 5-10 ml of fluorographic reagent NAMP 100 (GE Healthcare) 

to amplify the signal. The gels were dried at 80°C for 35 minutes under vacuum and 

autoradiographed (2-3 days exposed at -80°C). 

2.18. Tpk2 2 2 r" 5 8 ; i-His6 & Tupl-Hisr, expression in E. coli 

The pET21d(+) JPK221C"^ construct was transformed into E. coli BL2I(DE3), 

BL21(DE3) Codon plus. BL21(DE3) STAR. BL21-AI. C-4I(DE3). C-43(DE3). Rosetta 

2 and Origami (DE3) and these strains were used for protein overexpression. 5 ml of 

overnight culture was used as a starter culture for 1 litre 2YT medium. Cells were 
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induced with 30-100 IPTG at an ODcoo 0.5 and the overexpression was allowed to 

proceed for 5 hours at temperatures between 16 and 28°C with various shaking 

conditions. The cells were harvested, resuspended in lysis buffer A (20 mM Tris HCI. 

pH 7.5. 300 mM NaCI. 10 mM imidazole and 10% glycerol) with DNase-l and 

incubated on ice for 15 minutes. The cells were twice passed through a constant cell 

disruption system in order to lyse the cells at 15k psi and then centrifuged at 43K rpm 

(Beckman-Coulter Ultracentrifuge) for an hour. The supernatant was then mixed with 1 

ml nickel sepharose beads (50% slurry) and incubated at 4°C on an end-over-end-rotator 

for 30 minutes. This mixture was then poured into a 50 ml glass column (Bio-Rad), 

washed twice with 50 ml of buffer A with 25 and 50 m M imidazole and finally eluted 

with elution buffer A with 100-500 m M imidazole gradient. The elution fractions, cell 

debris, f low through, washes and cell pellets were, after 43k rpm centrifugation. 

examined on a 4 to 12% SDS (NuPAGE precast) polyacrylamide gradient gel. Tpk2 

formed inclusion bodies therefore the following protocol has been adapted. 

Tpk2 and Tupl pET21d(+) constructs were transformed into E. coli pLysS and 

used for protein expression. 10 ml of a 3-4 hour culture was used as a starter culture for 

1 litre of medium. Cells were induced with 0.1 mM IPTG at an OD6oo 1 • 1 (Tpk2) and 0.5 

(Tupl) for 5 hours at 20°C in LB. The cells were harvested, resuspended in lysis buffer 

A (2.18.1) with DNase-l (500 units) and incubated on ice for 15 minutes. Then the cells 

were passed through a constant cell disruption system for cell lysis at 15k psi for twice 

and centrifuged at 43K rpm (Beckman Ultracentrifuge) for an hour. The supernatant was 

mixed with nickel sepharose beads and incubated at 4°C on end-over-end-rotator for 30 

minutes. Then the supernatants were passed through a column and washed 3 times with 

buffer A with 25. 50 and 75 mM imidazole and finally eluted with elution buffer A with 

a 100-500 m M imidazole gradient. The elution fractions were run on 4 to 12% SDS 

(NuPAGE precast) polyacrylamide gels. The purified proteins were confirmed by 

Western blotting as described in section 2.15. The protein concentrations were measured 

using the B C A I M protein assay as mentioned in section 2.27. 
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2.18.1 Lysis Buffer A 

20 mM Tris HCI. pH- 8. 500 mM NaCI. 1% Triton X-100. 1 mM (3-mercaptoethanol. 10 

mM imidazole. 5 mM DTT and 10% glycerol. 

2.19 Tpk2-His 6 Pull-down C y r l 4 3 3 6 7 8 - G S T , G p b l - G S T , G p g l - G S T and G S T tag 

C y r l 4 5 V 6 7 8 - G S T . Gpbl-GST. Gpgl-GST and GST-tag alone were dialyzed in PBS and 

immobilized on 40 ^1 GST beads by incubation at 4°C for 40 minutes. GST beads were 

washed with PBS 5 times. 1 ml of T p k 2 2 2 6 o 8 " \ about 2.3 mg/ml (dialyzed with pull-down 

buffer), was mixed with GST beads. The beads were incubated on end-over-end- rotator 

at 4°G for overnight (12 his). GST beads were washed 7 times (1 ml) with pull-down 

assay buffer (section. 2.19.1) and the tubes were inverted ten times in each wash. 30 /xl 

of 4x LDS sample buffer was mixed with the beads and boiled at 92°C for 5 minutes. 20 

/ i l was loaded on 12% SDS-polyacrylamide gel. The gel was then transferred to a PVDF 

membrane and Tpk2 was detected by anti-polyhislidine monoclonal antibodies. 

2.19.1 Pull-down assay buffer 

HEPES 20 mM pH 7.9 
NaCI 600 mM 
DTT I mM 
Tween 20 0.05% 
Glycerol 5% 

2.20 1 pk2' 2 2 5 - G S T and Tupl-His f ) Pull-dow n assay protocol 

Tpk2 l 2 2 : , -GST and GST-tag were dialyzed in PBS and immobilized on 30 [i\ of GST 

beads by incubation at 4°C for 40 minutes. The GST beads were washed with PBS 5 

times. 400 jul of purified Tupl protein, about 2.0 mg/ml (dialyzed with pull-down 
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buffer as described previously), was mixed with previously immobilized Tpk2 and 

GST tag. The beads were incubated on an end-over-end-rotator at room temperature 

for 2 hours. The GST beads were washed 9 times each with 1 ml of pull-down assay 

buffer and the tubes were inverted ten times in each wash. The buffer was completely 

removed in the final wash. 30 / i l of 4x LDS sample buffer was mixed with the beads 

and boiled at 92°C for 5 minutes; 20 jii! was loaded on a 4-12% SDS-polyacrylamide 

gel. The gel was then transferred to a PVDF membrane and Tupl was detected by 

anti-polyhislidine monoclonal antibodies. 

2.21 Overexpression of G p a l 

The G protein G-a subunit encoding gene GPA1 was cloned into pGEX 6p-l . for GST-

fusion, and pET21a(+). pGEX 6p-l Gpal was expressed as described in section 2.14 and 

the pET21a(+) construct was expressed as explained in section 2.18. These constructs 

were tested in various E. culi strains with various induction conditions; since Gpal 

formed inclusion bodies. Finally Gpal was expressed from the in vino translation 

system (section. 2.16). 

2.22 Intracellular protein overexpression in Pichia pastoris 

P. bra si lien.sis putative TPK2 was sub-cloned into the Pichia expression vector pPICZA 

with Kpn\ and Apu\ in the forward and reverse primers, respectively (for primers see 

table. 2.8.5). E. coli Top 10 F' was used for basic construction and plasmid propagation. 

10 ng of pPICZA TPK2 construction and pPICZA vector were linearized by digesting 

with Pme\ and transformed to GS1 15 and K.M7IH Pichia strains by the lithium chloride 

method according to the manufacture's protocol in the Pichia expression manual. The 

transformants were selected by plating on YPD agar with 100 jug/ml zeocin. The 

genomic DNA was extracted from the positive clones and verified by PGR analysis 

using 5' and 3' AOX primers. 
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Protein expression was achieved by inoculating a single colony into 5 ml of 

MGH (Minimal Glycerol Histidine Medium) for 24 hours at 30°C. centrifuged. 

resuspended into 5 ml of M M H (Minimal methanol histidine medium) and induced with 

0.5% methanol for every 24 hours. After 144 hours, the cells were harvested, mixed with 

an equal amount of acid washed glass beads and resuspended in 100 / / I of breaking 

buffer. The cells were vortexed 10 times for 30 seconds interval, kept on ice. between 

vortexing and centrifuged at 14k rpm for 10 minutes at 4°C. 50 /xl of supernatant was 

mixed with 25 /xl of 4x LDS buffer, boiled at 90°C for 2 minutes and 20 /xl was loaded 

on an SDS-polyacrylamide gel. Protein expression was analyzed by Western blot. 

2.22.1 Media and buffers 

a) Minimal Glycerol medium b) Minimal Methanol Medium 

Yeast Nitrogen Base 1.34% Yeast Nitrogen Base 1.34% 

Glycerol 1% Methanol 0.5% 

Biotin 4 x l 0 " 5 % Biotin 4\\0'5% 

c) Breaking buffer 

Sodium phosphate 50 m M pH 7.4 

PMSF 1 m M (Phenylmethylsulfonyl fluoride) 

EDTA 1 mM 

Glycerol 5% 

2.23. Extracellular Protein overexpression in Pichia pastoris 

P. biasiliensis putative TPK2 was cloned into the Pichia expression vector pPlC9 with 

an a-factor secretion signal for extracellular expression, with EcoR\ and Not\ in the 

forward and reverse primers, respectively (for primers see table. 2.8.5). E. coli Top 10 F" 

was used for basic construction and plasmid propagation. The construction and empty 
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vector were linearised with Sal\. transformed into GS1 15 and KM71H by the lithium 

chloride method, selected by plating on MD (section. 2.23.1.a) plates without histidine 

and incubated at 30°C for 3 days. Genomic DNA was isolated from positive clones and 

subjected to PCR using gene specific and AOX 5" and 3' primers. 

Positive clones were replica plated from M D to M M (section. 2.23.1 .b) plates to 

select the Mut + and Mut s (methanol slow utilizing) phenotypes. The positive clones were 

inoculated into 5 ml of BMGY (buffered glycerol-complex medium), incubated at 28°C 

for 24 hours, harvested and resuspended in 2 ml of B M M Y (buffered methanol-complex 

medium). The cells were induced with 10 /xl of 100% methanol, after 72 and 144 hours. 

0.5 ml cultures were harvested and the supernatant was analyzed for secreted proteins. 

The colonies from M M plates were patched on to PVDF membranes and subjected to 

Western blot. 

2.23.1 Media recipes 

a) MD Agar (Minimal Dextrose medium without Histidine) 

Yeast Nitrogen Base 1.34% 

Dextrose 2%' 

Biotin 4 x \0'5% 

Agar powder 2% 

b) B M G Y (Buffered Glycerol-complex Medium) c) B M G Y (Buffered Methanol-

complex Medium) 

Yeast extract 1%. 

Peptone 2% 

Yeast Nitroaen Base 1.34% 

Biotin 4 x 10"5% 

Sodium phosphate 100 mM 

Glycerol l%> (for methanol medium 0.5% of 100% 

methanol) 



2.24. Antibody production 

Polyclonal antibodies for components of the cAMP pathway, such as adenylyl cyclase 

C y r l . G protein a-subunit Gpal. [3-subunit Gpbl and y-subunit Gpgl and cAMP 

dependent protein kinase A Tpk2 were produced in rabbits. The protein sequence for 

each component was sent to Invitrogen peptides design team to design synthetic peptide 

for antibody production (Standard protocol Cat No: M0300). They designed suitable 

peptides, synthesized 20 mg of the peptide, injected into two rabbits and collected serum 

after 4. 8 and 10 weeks. The ELISA test was performed with serum against the peptide. 

The serum was directly used at 1:1000 dilution as antibodies for the protein detection. 

Synthetic peptides used for the antibody production were as follows: 

Gpal, P. brasiliensis # 139 - 153 : C F R R S R E Y Q L N D S A R - amide —-- 15 residues 

Gpbl, P. brasiliensis #266-279 : C D 1 R A D R E L N T Y Q S D - a m i d e - 15 residues 

Gpgl. P. brasiliensis # 7 1 - 8 4 : C Q I D K R E D P Y A P Q Q S - amide 15 residues 

Cyrl, P. brasiliensis # 1623-1636 : C S D L K R R G E R P K L R S - amide - 15 residues 

Tpk2, P. brasiliensis # 556 - 569 : C S Q F D R Y P E E T E P Y G - amide 15 residues 

2.25. Protein concentration 

Purified proteins were concentrated using Vivaspin (Sartorius group) 2 ml ultra filtration 

spin columns. A column of 30-50 kDa cut-off less than the protein of interest was used. 

Proteins purified by nickel sepharose and GST resins were further concentrated by 

columns. 1.5 ml to 2 ml of protein samples were transferred to the column and 

centrifuged at 5.000 x g in a Beckman JA-10 fixed angle rotor for 5 minutes. The How 

through was discarded, more sample was added on to the top of the column and the 

process was repeated until concentrated to the required volume. 30 kDa cut-off columns 

were used for concentrating all the proteins in this study. The centrifugation speed and 

lime were varied for each protein according to the final concentration needed. Finally 
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the protein concentration was measured by the B C A I M Protein assay (Pierce) described 

in section 2.27. 

2.26 Desalting and buffer change 

PD-10 desalting columns (GE Healthcare) were routinely used for desalting and buffer 

change. The columns, prepacked with Sephadex I M G-25 Medium, are disposable and 

used for the group separation of high molecular weight (greater than 5 kDa) and low 

molecular weight (smaller than 1 kDa). This is very quick and efficient means of 

desalting a solution. The column was first equilibrated with 25 ml of buffer of interest 

for the protein and the flow through was discarded. A protein sample solution of 2.5 ml 

was passed through the column (if the protein sample was less then it was 2.5 ml. made 

up to 2.5 ml with buffer) and the flow through was discarded. Finally the protein was 

eluted with 3.5 ml of buffer. The proteins concentrated in this manner were used for 

pull-down and enzymatic assays. 

2.27 BCA™ Protein Assay 

The B C A I M protein assay is based on bicinchoninic acid (BCA) for the colorimetric 

detection and quantitation of total protein. The principle behind the reaction is reduction 

of C u 2 + to C u ' + by the protein in an alkaline medium and detected by a reagent 

containing bicinchoninic acid. The purple color developed by chelating two molecules 

of BCA with one cuprous ion. This complex is water soluble and exhibits a strong 

absorbance at 562 nm. The protein concentration between 20-2.000 tig/ml can be 

detected. 

The working reagent was prepared by mixing 50 pails of B C A I M reagent A with 

I part of B C A r M reagent B. A standard graph was prepared by using BSA (Bovine 

serum albumin) provided by in kit by taking an average of replicate values and plotting 
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the protein concentration (/xg/ml) on X-axis and absorbance on the Y-axis so that the 

value could be deducted from the blank standard. 

The following mixture was prepared to find out the concentration of the unknown 

sample: 

Protein water Working reagent (A+B) 

10 ii\ 90 Ml 2 ml 

20 jul 80 Ml 2 ml 

- 100 Ml 2 ml (control blank) 

The above reaction was immediately incubated at 37°C in a water bath for 30 minutes. 

The tubes were cooled at room temperature for a minute and the absorbance was 

measured at 562 nm against the water blank within 10 minutes. 

2.28 Assay tor cAMP production (Intracellular cAIVlP measurement using the 

non-acetylated E I A procedure with novel lysis reagent) 

/-*. brasiliensis mycelium form was grown in a 50 ml of modified liquid YPD media at 

26°C for 6 days and 5 ml was inoculated into a fresh 50 ml medium and subjected to an 

increase in temperature to 37°C to induce the morphological transition to the yeast form. 

Cells were harvested; 1 ml and 5 ml aliquots at different time interval (0 and 340 hours) 

during the transition and immediately stored at -80°C. To thawed cells, collected by 

centrifugation. 4% formic acid solution mix (9.2 ml 100% formic acid. 190.8 ml distilled 

water and 50 ml butanol) was added and agitated for 5 hours to disrupt the cells. The cell 

debris was removed by centrifugation at 14k rpm for 10 minutes and the supernatants 

containing cAMP were lyophilized in a Jouan LR3 lyophilyser. Subsequently, the 

lyophilized pellet was made up in assay buffer IB , containing 0.25% dodecyl-

trimethylammonium-bromide. and 100 \x\ was assayed using a Biotrak Enzyme Immuno 

Assay (E]A kit RPN 225 from Amersham) according to the manufacturer's protocol #3. 

Measurements were normalized by using an equivalent wet weight of cells during the 
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disruption procedure. A set of" standards for cAMP were prepared from 12.5 fmol to 

3200 fmol and used to generate a standard curve. The values of the unknown samples 

were calculated from the standard curve. 

2.29 Green fluorescent Protein (GFP) expression in Yeast 

The GFP gene (pEGFP-Actin vector as a template (Clontech)) was PCR amplified and 

(for primers see table. 2.8.2) cloned into the EcoR\ and 5a/1 sites of p426 MET25 vector 

with stop codon. Vector p426 MET25 (Fig. 2.29.1) has a constitutive promoter (from 

MET25) and a CYC] transcription terminator (Mumberg et ai, 1994). p426 MET25-

GFP was transformed into wild-type 5. cerevisiae MLY61a/a and the expression of 

GFP was verified by observing under (lOOx) oil immersion fluorescent microscopy 

(Olympus 1X71 attached with camera). A yeast colony was smeared on a microscope 

slide with saline, air dried and fixed with 4% formaldehyde for 20 minutes. The slide 

was washed thrice with PBS. dried, covered with a cover slip and observed under a 

microscope. GFP expression was also observed in liquid cultures grown in YPD at 

30°C for 4-5 hours. 
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Figure 2.29.1 Map of p426 MET25 Vector with multi cloning site 
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2.30 Complementation in yeast istpkl (temperature sensitive) SGY446 P K A 
mutant. 

2.30.1 Tpk2-GFP fusion 

P. brasiliensis putative TPK2 gene encoding protein was truncated into the N-terminus 

1-225 and C-terminus 226-583. The TPK2 truncates were fused to the N-terminus of 

GFP via BamYW and EcoR] sites in the p426 MET25 GFP vector. The 6 base pairs of the 

EcoR] restriction site was used to link the genes (for primers see table. 2.8.2). These 

constructs were transformed into yeast strain SGY446 by the lithium acetate method as 

described in section 2.11. Transformants were selected by the uracil marker on SD 

minus uracil plates and incubated at 25°C for 5 to 6 days then the transformants were 

further streaked on SD minus uracil plates and incubated at 37°C and 25°C. GFP 

expression was verified by microscopy as described in 2.29. Tpk2 complementation was 

analyzed by observing growth at 37°C. 



2.31 Pseudoliyphae analysis 

The empty vector and TPK2-GFP constructs (see table. 2.8.2) were transformed into 

yeast by the lithium acetate method as described in section 2.11. 

Table 2.31.1 Yeast transformation for pseudohyphae analysis 

Vector/ constructs Transformed into yeast strain (diploid 

strains) 

p426 MET25 WT S. cerevisiae MLY61a /a & Atpk2 

p426 MET25 GFP S. cerevisiae tpk2 mutant XPY5a /a 

p426 MET25 P. brasiliensis putative 

TPK2 N-terminus 1 -225-GFP fusion 

S. cerevisiae tpk2 mutant XPY5a/a 

p426 MET25 P. brasiliensis putative 

TPK2 C-terminus 226-583-GFP fusion 

5. cerevisiae tpk2 mutant XPY5a/a 

The transformants were selected on SD minus uracil plates. For the pseudohyphal 

analysis, the diploid transformants were streaked on SLAD medium (0.17% yeast 

nitrogen base. 2% dextrose. 50-200 [iM ammonium sulfate. 2% agar) and incubated at 

30°C for 6 days. Individual single colonies on the SLAD agar plates were observed 

under a microscope at 20.x magnification (e.g. using a Nickon Eclipse E400 digital 

camera attached microscope). The colonies on plates were periodically observed after 3 

days of incubation until 6 days. 
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2.32 Expression of P. brasiliensis Tpk2 full length 

P. brasiliensis TPK2 full length was cloned into p426 MET25 vector via the BamYW and 

EcoR\ sites, with a stop codon and transformed into the S. cerevisiae lpk2 mutant 

XPY5a/a and tpk2 temperature sensitive mutant strain SGY446. Induction of 

pseudohyphae was analyzed on SLAD medium and growth at 37"C was observed. 

2.33 Construction of P. brasiliensis G protein p-subunit G p b l - G F P fusion 

The GFP gene was sub-cloned with a stop codon into the p426 MET25 vector via the 

Hind\\\ and Sal\ sites which were introduced into the forward and reverse primers, 

respectively (table 2.8.2). The GFP construct was transformed into S. cerevisiae wild-

type MLY61a/a and GFP expression was verified as described previously (section. 

2.29). P. brasiliensis G protein p-subunit GPB1 was sub-cloned into the N-terminus of 

GFP via the BamYW and Hind\\\ sites; using the 6 base pairs of Hind\\\ restriction site to 

join the two genes (for primers see table. 2.8.2). 

2.34 Co-expression of P. brasiliensis Tpk2 with G-protein p-subunit Gpbl 

In order to investigate the role of Tpk2 interaction on Gpbl , competent cells were 

prepared from 5. cerevisiae. Atpk2 XPY5a/a and transformed with P. brasiliensis TPK2 

ful l length (described in 2.32). The Gpbl-GFP fusion was transformed into above 

competent cells and plated on SD-uracil to a lower cell density in order to get well 

isolated colonies. The Gpbl-GFP transfonnants were screened by observing GFP as 

described in section 2.29. 

The S. cerevisiae XPY5a/u transformed with P. brasiliensis TPK2 and GPBl-

GFP were streaked on SLAD agar and analyzed for the induction of pscudohyphae as 

described in section 2.3 I . 
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2.35. DA PI staining and confocal microscopy 

The GFP fusion transformed yeast cells nuclei were analyzed by DAPI staining by 

smearing a colony on a microscopy slide with saline, air dried and fixed with 4% 

formaldehyde for 20 minutes. The slide was washed 3 times with PBS (Phosphate 

buffered saline) and a drop of mounting medium with DAPI solution (Vectashield 

mounting medium H-1200) was placed over the slide, covered with a cover slip, left at 

room temperature for 30 minutes to dry and then observed under a Zeiss LSM 510 

META confocal microscopy with 40x oil immersion objective. Al l the pictures were 

processed using the LSM 5 image browser and Image J software. 

2.36 Protein extraction from the yeast 

Fresh colonies of S. cerevisiae haploid SGY446 and diploid strains (MLY61a/a & 

XPY5a/a) were inoculated into 10 ml of SD-uracil broth and incubated at 30°C 

overnight with shaking. Cell clumps in over night cultures were dispersed by vortexing 

vigorously for 1 minute, transferred into fresh 50 ml YPD medium and incubated at 

30°C for 3 hours. Then the cells were harvested at 3000 rpm for 5 minutes and frozen at 

-80°C. The cells were thawed on ice. 200 /xl of yeast breaking buffer (as described in 

section 2.22) and 100 jx\ of acid washed glass beads were added. The samples were 

incubated at 70°C for 10 minutes, vortexed vigorously for 1 minute and centrifuged at 

14k rpm for 5 minutes. The supernatant was transferred to a fresh tube and stored at -

20°C. 20 /xl of the sample was briefly boiled, immediately loaded on a SDS-PAGE (12% 

precast) gel and then the gel was transferred to a PVDF membrane for Western blotting. 
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2.37 Western blotting with anti-GFP antibodies tor G F P and Tpk2 N-terminus 

The polyclonal anti-GFP antibodies (Clontech. kindly supplied by Dr Paul Denny in our 

lab) were used for the detection of GFP and Tpk2 N-terminus 1-225-GFP fusion proteins 

expressed from the yeast strains. A Western blot was performed as described in section 

2.15. An anti-GFP antibodies 1:100 dilution as a primary antibodies and an anti-rabbit 

lgG HRP conjugate 1:2500 dilution as a secondary antibodies were used. ECL substrate 

was used for the detection. 

2.38 Western blot with polyclonal specific antibodies for Tpk2 C-terminus 226-

583, Tp2 full length and Gpbl 

P. brasiliensis Tpk2 polyclonal antibodies, produced for the peptide sequence 556-569 

in the Tpk2 C-terminus (as described in section 2.23) were used for the detection of 

Tpk2 C-terminus and full length protein expression in yeast. The peptide sequence 266-

279 was used to produce the antibodies for Gpbl . The above polyclonal specific-

antibodies 1:1650 dilution as a primary and anti-rabbit IgG HRP conjugate 1:3000 

dilution as secondary antibodies were used in the Western blotting (described in section 

2.15). 
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2.39 PKA Assay ProFluor™ PKA Assay (Promega Cat No V1240) 

P. brasiliensis putative cAMP-dependent PKA catalytic subunit Tpk2 C-terminus 226-

583 was partially purified from E. coli (section 2.18) and used for PKA assays. 

2.39.1 Reaction solutions 

a) Protein sample preparation 

5x Reaction buffer 20 /xl 

Substrate PKAR110 0.1 /xl 

Protein sample dialyzed in the assay buffer 80 /xl (1.5 mg/ml, 40 mM Tris HCI pH 7.5 & 

20 mM MgCb. 50 /xM DTT) 

Total volume 100 / / I 

25 til was used for each well. 

b) A T P solution 

5x Reaction buffer 20 yul 

rATP 1 /xl 

Water 79 /xl 

Total 100 til 

c) Protease solution 

5x termination buffer 20 /xl 

Protease reagent 2 /xl 

Water 78 /xl 

Total 100/xl 

d) Stabilizer Solution 

5x Termination buffer 60 /tl 

Stabilizer reagent 0.1 /xl 

Water 79.9 /tl 

Total 100/xl 

e) Assay Buffer 

40 mM Tris HCI-pH 7.5 

20 mM Magnesium chloride 
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Protocol 

1. 25 \xI of the above proteins (described in 2.39.1) were added in to each well of a 

micro titer plate (black plate with flat bottom). 

2. 25 ill of A T P solution was added to the wells, some of the wells (used as controls), 

only buffer was added (reaction buffer without A T P ) . 

3. The reagents were mixed well and incubated for 30 minutes at 30°C. 

4. 25 ill of protease solution was added to each of the wells, mixed well and incubated 

at room temperature for 30 minutes. 

5. 25 til of stabilizer solution was added to each of the wells. 

6. The plate was mixed well and readings were taken at an excitation wavelength of 

485 nm and an emission wavelength of 530 nm. 

The reactions were carried out with and without c A M P and A T P . The catalytic subunit 

of bovine heart cAMP-dependent protein kinase. (PromegaCat No: V5161) was used as 

a positive control in these assays. 

2.40 P. brasiliensis TPKl cloning 

The complete gene sequence of P. brasiliensis TPKl was obtained from the Broad 

institute web site h11p://www.broad.mit,edu/ and cloned into p426 M E T 2 5 - G F P using 

the restriction enzymes Bam\\\ and Hind\\\ in the forward and reverse primers, 

respectively (see table 2.8.2 for construct and primers). The PGR was performed with 

Proofstart D N A polymerase (QIAgen) using Pb c D N A library as a template as described 

in 2.7.2. The PGR products were digested with the above restriction enzymes and ligated 

into p426 M E T 2 5 - G F P vector in the / / / W i l l site, which was used to link the TPK\ with 

GFP. TPK]i:,s'5U) was also cloned into two-hybrid assay vectors p G A D T 7 and p G B K T 7 
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with Nco\ and BamYW restriction sites (for constructs and primers see table. 2.8.2) as 

mentioned above. The cloning was performed as described in section 2.10. The 

recombinant plasmid was subjected to restriction enzyme digestion and DNA 

sequencing. 

2.40.1 T p k l complementation and pseudohyphal analysis 

The P. brasiliensis 7 7 ^ 7 1 3 3 5 6 0 p426 MET25-GFP construct was transformed into 5. 

cerevisiae haploid and diploid strains by the lithium acetate method as described in 

section 2.11. The transformants were plated on SD-ura and incubated at 30°C for 3-4 

days. Then GFP expression was analyzed under fluorescence microscopy as described in 

section 2.29. For pseudohyphae induction studies, the transformants were streaked on 

SLAD agar and analyzed as described in section 2.3. The proteins were extracted from 

the yeast cells as described in section 2.36 and a Western blot (section. 2.15) was 

performed with anti-GFP antibodies as described in section 2.37. The yeast cells nuclei 

was stained with DAPI as described in section 2.35 and the GFP localization observed 

under confocal microscopy. 

2.40.2 T p k l two-hybrid analysis 

TPK1 was cloned into the AD-fusion and DNA-BD vectors as described in section 2.40 

and used for two-hybrid assays with Pb Gpbl , Cyrl and Tup l . The constructs were co-

transformed into 5. cerevisiae A H 109 strain as described in section 2.11. The 

transformants were plated on SD-Leu/-Trp/-His and incubated at 30"C for 5-7 days. The 

positive colonies from the above plates were further streaked on SD-Leu/-Trp/-His/-Ade 

with a-X-gal in order to do a-galactosidase assays. 

95 



CHAPTER T H R E E : PART ONE 

G proteins association and their interaction with Adenylyl cyclase 

G proteins are heterotrimeric guanine-nucleotide binding proteins that comprise Ga, 

Gp and Gy subunits which transmit signals from the external environment to 

intracellular effectors (Sprang, 1997). In P. brasiliensis, G proteins have been cloned 

in our lab by Dr. Daliang Chen and Dr. Gongyou Chen and two-hybrid analyses have 

been under taken. The two-hybrid analyses confirm the interaction of G protein (Ga) 

Gpal with (G(3) Gpbl and (Gy) Gpgl which form a heterotrimeric complex. Gpal 

and Gpbl also interact with adenylyl cyclase N-terminus (Chen et ai, 2007). In order 

to confirm the two-hybrid analyses these three proteins were overexpressed in E. coli 

and GST pull-down assays were performed as described in this chapter. 

3.1 Constructs for C y r l and G protein overexpression 

For in vitro protein-protein interaction studies the gene fragments encoding the N -

terminus of CK/?/ 1 " 6 7 8 , CYR145'~505, CYR]45"~678, and the G protein encoding genes 

GPAL GPB1 and GPG1 were sub-cloned into pGEX6pl-3 vector for overexpression 

in E. coli for the GST-fusion proteins. Throughout the research performed in this 

thesis, the P. brasiliensis pDNR cDNA library was used as a template for the PCR 

reactions to amplify the genes and gene fragments. 

Figure 3.1.1 Agarose gel electrophoresis of P C R amplifications. Lane M : 1Kb 
ladder, lanes 1-4: PCR products of GPA1 and lanes 5-8: PCR products 
of e r a ; 1 6 7 8 . 

M l 2 3 4 5 6 7 8 7 8 

m i 

CYR1 2034 Bn 
2 K i 

GPA1, 1071 Bp Kh 

BP 
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CYR1] ( ' 7 \ Cm?3***, GPB1 and GPG1 were sub-cloned into pGEX6p-3 GST-

fusion vector with BamWl and Notl in the forward and reverse primers, respectively. 

GPA1 was sub-cloned into pGEX6p-l with EcoRl and Notl in the forward and 

reverse primers, respectively. The constructs and primers are described in table 2.8.3 

and 2.8.4. The constructs mentioned here and throughout this thesis were D N A 

sequenced at Durham Biological Sciences (DBS) Genomics at the University of 

Durham, U K . 

Figure-3.1.2 a) Agarose gel electrophoresis of P C R amplifications. Lanes 1 & 2: 
CW?/ 4 5 3 " 5 0 5 , lane 3 & 4: GPB1 and lane 5 & 6: GPG1 PCR products to 
clone into pGEX 6p-3 for GST-fusion protein overexpression. Lane M : 
1Kb ladder. 

Figure-3.1.2 b) Agarose gel electrophoresis of CYR1453-678 P C R products. Lanes 1 
& 2: C Y R 1 4 5 3 " 6 7 8 to clone into pGEX 6p-3 for GST-fusion protein 
expression. Lane M : 1Kb ladder. 

a) 

M 1 2 

Kb GPBI 
CYR 

GPGI 

j s : sirs CYR 

The PCR products were gel extracted, restriction enzyme digested, ligated into 

pGEX6p-3 vector and transformed into E. coli NovaBlue. The recombinant plasmids 

were verified by D N A sequencing. 
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3.2 Overexpression of adenylyl cyclase ( C y r l ) and other GST-fusion 

proteins 

When the Cyr l N-terminus protein was overexpressed it formed inclusion bodies, 

although several attempts at various induction conditions with different E. coli 

strains with both G S T and Hiso-fusions expression from pBAD vectors were tried. 

The same happened with Cyrl catalytic domain with a His-tag from a pET21a(+) 

construct (this was constructed by D.Chen in our lab). 

The catalytic domain was cloned on its own, after showing that the N-

terminus, which is quite a large fragment, cannot be overexpressed. The fragment of 

CYRl*3 ' ^ , which comprises the Ga and Ras binding domains, was fused to a GST-

tag in an attempt to overexpress it in a soluble form. This fragment was 

overexpressed in a soluble form in E. coli (Fig. 3.2.2.a) and then a larger fragment 

Cyrl 4"" 1''' 6 7 8, was successfully overexpressed in E. coli (Fig. 3.2.2.C & d). Full length 

Cyrl N-terminus 1-678 was produced from an in vitro translation method and 

labelled with ° S and used for pull-down assays (section. 3.6.1). 

The GST-fusion constructs of C y r l , G proteins and vector with only GST-tag 

were transformed into E. coli Codon Plus. 5 ml of overnight E. coli culture was used 

as a starter culture for 500 ml 2YT broth in a 2 litre flask and incubated at 37°C with 

200 rpm shaking. The cells were induced at an ODooo 0.5 with 0.1 mM IPTG 

overnight at 25°C. The cells were harvested, resuspended in lysis buffer (Phosphate 

Buffered Saline (PBS)) with complete protease inhibitor cocktail and DNasel. 0.1% 

Triton x-100 (Sigma) was added to the disrupted cells and then the suspension was 

centrifuged at 43K rpm. The supernatant was pooled and I ml of G S T beads were 

added and suspension incubated at 4°C with end-over-end rotation for 30 minutes. 

The beads were poured into a 50 ml glass column (Bio-Rad), washed three times 

with 50 ml of PBS and finally eluted with 6 aliquots of I ml of G S T elution buffer 

(50 mM Tris HCI pH 8.0 & 10 mM Glutathione). The elution fractions were run on 4 
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to 12% SDS (Invitrogen NuPAGE, precast) polyacrylamide gradient gel. The protein 

concentrations were measured by B C A ™ protein assay (Pierce). The concentrations 

were C y r l 4 5 M , 7 8 - G S T = 7.2 mg/ml, Gpbi-GST = 4.8 mg/ml, Gpgl-GST = 12 mg/ml 

and GST alone = 3 mg/ml. The purified proteins were confirmed by Western blot as 

described in section 2.15. 

Figure 3.2.1 S D S - P A G E of C y r l 1 6 7 8 - G S T fusion small-scale expression in E. 
coli. 

Mini overexpression of CF7?/ U > 7 8 pGEX6p-3 construct was performed in 10 ml of 

LB and 2YT broths. 1.5 ml of culture was harvested at uninduced condition and at 

various times after induction, resuspended in 100 / i l of MOPS buffer, 50 fi\ of 4x 

NuPAGE LDS sample loading buffer and boiled at 100°C for 10 minutes, briefly 

centrifuged and 10 \x\ was loaded on gel. 

Lane M : protein marker, lane 1: total proteins f rom uninduced culture 
grown in L B medium, lane 2: total proteins f rom induced culture (4 
hrs) in L B , lane 3 & 5: total proteins f rom uniduced culture f rom 2YT 
medium, lane 4 & 6: total proteins from induced culture (4 hrs) from 
2YT medium. 

id. 
Overexpressed 
C y r l ' - 6 7 8 - G S T . mOkDa 

Figure shows that the total proteins from the E. coli Codon Plus overexpressing the 

C y r l ' " 6 7 8 (AC N-terminus including Ga binding domain) GST-fusion protein (GST 

26 kDa + C y r l 1 ' ' 7 8 74 kDa), in a small-scale overexpression, but large-scale 

preparation resulted in inclusion bodies. 
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Figure 3.2.2 a) S D S - P A G E of C y r l - G S T . Lanes 1-4: soluble fractions from 
the GST column: lane M: marker SeeBlue (Invitrogen). 

Figure 3.2.2 b) Western blot for C y r l 4 5 3 " 5 0 5 with monoclonal anti-GST antibodies 
(1:12500 dilution) as primary antibodies, goat anti-mouse IgG-AP 
(alkaline phosphatase) conjugate (1:5000 dilution) as secondary 
antibodies and Immune Star™ (BIORAD) AP was used as a 
substrate. 

h) a) 
Is Da 

Dimer 

453-505-GST Cyrl GST tag 26 kDa m 31 kDa 

These figures demonstrate that Cyrl * can be overexpressed and purified, via a 

GST column, as a soluble protein. The Western blot confirms the identity of the 

protein. 
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Figure 3.2.2 c) S D S - P A G E of C y r l J 5 W , 7 8 - G S T . Lane cell: cell debris after cell lysis, 
FT: f low through, lanes 1-6: soluble fractions from the GST column, 
lane 7: cell pellets showing the inclusion bodies and lane M : marker. 

M Cell FT 1 2 3 4 5 6 7 

kDa 

Inclusion bodies 50 

Soluble fraction 
453-67S Cyr l GST.50 

kDa 
50 

This figure demonstrates the overexpression of soluble C y r l 4 3 1 " 6 7 8 (adenylyl cyclase 

N-terminus, with an extended Ga and Ras association domain 453-505), in E. coli 

Codon Plus, which was purified on a GST column. The soluble proteins were used 

for the pull-down assays. Lane 7 indicates that the part of the overexpressed protein 

formed inclusion bodies. 
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Figure 3.2.2 d) S D S - P A G E of C y r l 4 S M , 7 ! S - G S T . Lanes 1-3: soluble fractions from 
the GST column, lane 4 GST only: GST-tag overexpressed in E. coli 
and lane M: marker SeeBlue (Invitrogen). 

Figure 3.2.2 e) Western blot with monoclonal anti-GST antibodies (1:12,500 
dilution) as primary antibodies, goat anti-mouse IgG-AP (alkaline 
phosphatase) conjugate (1:5000 dilution) as secondary antibodies and 
Immune star™ (BIORAD) AP was used as a substrate. 

d) e) 

Dimer 

Cyrl 4 5 3- 6 7 8~GST 
50.7 kDa 

GST-tag 

This figure demonstrates that Cyrl can be purified as a soluble protein. The identity 

of the protein was confirmed by Western blotting with anti-GST antibodies. 
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3.3 Overexpression of G p a l 

The G protein Ga subunit GPA1 was sub-cloned for protein overexpression in E. coli 

with His(,-tag and GST-fusions, because Gpal is necessary for the protein-protein 

interaction study for investigating the formation of the heterotrimeric G protein 

complex and GTP hydrolysis. 

Figure 3.3.1 S D S - P A G E of G p a l - G S T fusion small-scale overexpression in E. 
coli Codon Plus. Lane M : protein marker, lane l : total proteins from 
uninduced culture, lane 2: induced culture (3 hrs) and lane 3: induced 
culture (4 hrs) at 25°C (as described in 3.2.1). 

k D a M 1 2 3 

^ Ovei expressed Gpal-GST. 
s " 65 kDa 

Figure 3.3.2 S D S - P A G E of G p a l - H i s 6 (pET21a (+)) inclusion bodies in E. coli 
Codon plus and its corresponding Western blot with anti-
polyhistidine antibodies 

Lane M : marker, lane 1: imidazole elution fraction, lane 2: total 
proteins f rom untransformed E. coli & lane 3: pellets from the GPA1 
transformed cells 

M 1 2 3 

G p a l Western blotting 

G p a l - H i s „ 3 9 kDa. 
inc usion bodies 

9* 
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Gpal formed inclusion bodies during several overexpression attempts under various 

induction conditions and with different E. coli strains, both with GST-fusion 

(pGEX6p-l) and His6-tag (pBAD, pET21a(+) and pET43.1a(+)) constructs. Finally 

Gpal was produced from in vitro translation system labelled with 3 5S and used for 

pull-down assays (section 3.6). 

3.4 Over expression of G p b l 

The G-protein 6-subunit GPB1 was initially cloned into pET21a(+), pET21d(+) and 

pET431a(+) for the purpose of in vitro protein-protein interactions with Gpal, 

adenylyl cyclase and Gpgl. The Gpbl protein could not be overexpressed using any 

of the above constructs; nor did it form inclusion bodies. Then Gpbl was fused to 

GST using the pGEX6p-3 vector and successfully overexpressed as described in the 

section 3.2. The overexpressed Gpbl (Fig. 3.4.1 a) was confirmed by Western blot 

(Fig. 3.4.1 b) with polyclonal specific antibodies. 

Figure 3.4.1 a) S D S - P A G E of G protein IJ-subunit G p b l - G S T . Lanes 1-7: soluble 
fractions from the GST column, lane C: cell debris after cell lysis, FT: 
flow through from GST column and lane M : marker. 

Figure 3.4.1 b) Western blot for G p b l with polyclonal specific antibodies 
(1:1000 dilution) as primary antibodies, goat anti-rabbit IgG HRP 
(Horseradish Peroxidase) conjugate (1:3000 dilution) as secondary 
antibodies and ECL was used as a substrate. 

a) b) 

FT 1 2 3 4 5 6 7 
kDa 

Dinier 
64 

Gpbl-GST 
51 
V) 

I 8 

14 
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3.5 Overexpression of Gpgl 

The G protein y-subunit is a small protein (10 kDa), which is essential for the in vitro 

protein-protein interaction with other G proteins. Gpgl was overexpressed with a 

GST-fusion tag as described in section 3.2. The overexpressed Gpgl (Fig. 3.5.1 a) 

was further confirmed by Western-blot (Fig. 3.5.1 b) using specific polyclonal 

antibodies. 

Figure 3.5.1 a) S D S - P A G E of G protein Y-subunit G p g l - G S T . Lanes 1-3: soluble 
fractions from the GST column, lane cell: cell debris after cell lysis 
and lane M : marker (Bench Mark, Invitrogen) 

Figure 3.5.1 b) Western blot with polyclonal specific antibodies (1.1000 dilution) 
as primary antibodies, goat anti-rabbit IgG HRP (Horseradish 
Peroxidase) conjugate (1:3000 dilution) as secondary antibodies and 
ECL was used as a substrate. 

a) b) 

Cell 1 2 3 

G p g l - G S T Western 
blotting 

Gpgl dimer 72 kDa 

Gpgl-G 
36 kDa 
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3.6 In vitro translation of proteins 

A TNT® coupled Reticulocyte Lysate System (Promega) was used for the coupled 

transcription/translation of proteins labelled with Redivue™ L ° S Methionine 

(Amersham). C y r l 1 " 6 7 8 , Gpal and Gpgl were produced f rom this system, because 

several attempts at overexpressing C y r l 1 6 7 8 and Gpal in E. coli only produced 

inclusion bodies. The genes and fragments of the above genes were sub-cloned into 

the two-hybrid assay, BKT7 vector and used as a template. The proteins were 

overexpressed using the rabbit reticulocyte R N A polymerase provided by the kit, 

RNasin Ribonuclease inhibitor and RNase-free tubes and pipette tips. The proteins 

were expressed as described in section 2.16 and 2.5 fx\ of the translated proteins were 

run on a 4-12% SDS-polyacrylamide gradient gel and f ixed with 20% ethanol and 

10%' acetic acid. The gel was then soaked in a fluorographic reagent N A M P 100 (GE 

Healthcare) to amplify the signal, dried in a vacuum and autoradiographed at -80°C 

for 2-3 days. The translated proteins are shown, with corresponding molecular 

weight band (marker), in figure 3.6.1. These proteins were used for the GST pull­

down assays. 

Figure 3.6.1 In vitro translated proteins. The three translated proteins were shown 
in the figure as lane 1: Gpal 3 5 S translated, lane 2: C y r l 1 " 6 7 8 ° S 
translated and lane 3: Gpgl S 'S translated proteins. 

kDa 

75 * m < Cyr ! ' - 6 7 " 74.5 kDa 

40 ^ A ' Gpal 40 kDa 

10 • • < G p g l 10 kDa 
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3.7 Interaction of G protein a-subunit G p a l with G protein p-subunit G p b l 

The GST and Gpbl-GST proteins were purified from bacteria as described in section 

3.2 & 3.4, loaded on to glutathione sepharose beads and incubated with in vitro 

translated ' 5 S-Gpal and nucleotide. After washing the beads, the proteins were eluted 

by the addition of 4x NuPAGE LDS sample buffer, followed by heating at 90°C for 

5 minutes and separated on a 4-12% NuPAGE gel under denaturing conditions. 

Gpal interacts with Gpbl (Fig. 3.7.1). Bound Gpal was detected as a gel band by 

autoradiography. 

Fig 3.7.1 Pull-down assays to demonstrate that 3 5 S G p a l interacts with G p b l -
G S T . Lane 1: input in vitro translated 3 5 S Gpal , lanes 2, 4 and 6: 
establish that Gpal binds to immobilized Gpbl-GST, but the apparent 
affinity decreases in the order of incubation with GDP (lane 2), no 
nucleotide (lane 4) and GTP (lane 6). Negative controls, using 
immobilized GST are shown in lanes 3, 5 and 7. 

1 3 7 

-

Gpal, 40 kDa 

+ 
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O 
-a 

z 
© 

3 
C 

2. 
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O 
H 

• 
Immobilized G p b l - G S T 
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3.8 Interaction of G protein p-subunit G p b l with Gpgl 

The Gpbl-GST and GST tag proteins were immobilized on GST beads and ' S Gpgl 

was mixed with 10 m M GDP and incubated at room temperature for 2 hours. The 

pull-down assay was performed as described in section 3.7. Gpbl did not pull down 

Gpgl (Fig. 3.8.1; lane 2). 

Figure 3.8.1 Pull-down assay to demonstrate that G p b l - G S T interacts with 3 ; , S 
G p g l . Lane 1: In vitro translated , 5 S Gpgl input, lane 2: immobilized 
Gpbl GST incubated with "l5S Gpgl (no pull-down) lane 3: 
immobilized GST incubated with ' S Gpgl as a negative control. 

1 2 3 

Gpg 3 3S 

-

10 kDa 
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3.9 Interaction of G protein a-subunit G p a l with C y r l 

The GST and C y r l 4 3 1 " 6 7 8 - GST proteins were purified f rom bacteria as described in 

section 3.2, then loaded on to glutathione sepharose beads and incubated with in vitro 

translated ""S Gpal and 10 m M nucleotide. The GST beads were washed, the 

proteins were eluted by the addition of 4x NuPAGE LDS sample buffer, followed by 

heating at 90°C for 5 minutes and separated on a 4-12% gradient gel under 

denaturing conditions. Bound Gpal was detected as a gel band by autoradiography. 

Gpal interacts with adenylyl cyclase (e.g. the C y r l 4 5 3 " 6 7 8 Ga and Ras binding domain) 

which is shown in figure 3.9.1. 

Figure 3.9.1 Pull-down assays to demonstrate that G p a l interacts with C y r l 4 5 3 " 
6 7 8 . Lanes 2, 4 and 6: establish that Gpal binds to immobilized C y r l , 
but there was little difference in apparent affinity after incubation with 
GTP (lane 2), no nucleotide (lane 4) or GDP (lane 6). Negative 
controls, using immobilized GST are shown in lanes 3, 5 and 7. 

1 7 

Gpal , 40 kDa 

C5 
—! 

"3 

- n 

Immobilized c y r l - G S T 
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3.10 Interaction of G protein p-subunit Gpbl with Cyrl 1 " 1 

The GST and Gpbl-GST proteins were purified from E. coli as described in section 

3.2 and 3.4, immobilized on GST beads, 0 S C y r l 1 6 7 8 was mixed, incubated at room 

temperature for 2 hours and a pull-down assay was performed as described in section 

3.7. The Gpbl pulled-down the Cyr l N-terminus 1-678, which incorporates the Ga 

binding domain, is shown in figure 3.10.1 lane 2. 

Figure 3.10.1 Pull-down assays to demonstrate that G p b l - G S T interacts with 
C y r l 1 " 6 7 8 . Lane 1: In vitro translated 3 SS C y r l 1 - 6 7 8 input, lane 2: 
immobilized Gpbl-GST incubated with " ]S C y r l 1 " 6 7 8 and lane 3: 
immobilized GST incubated with l 5S C y r l 1 " 6 7 8 . 

1 

1 5 S C y r l 1 6 7 8 74.5 kDa 
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C H A P T E R T H R E E : P A R T T W O 

3.11 c A M P Assay 

cAMP controls many physiological function in fungi such as utilization of carbon 

sources, conidiation, dimorphism and sexual processes in several fungi (Alspaugh et 

cil, 2002; Borges-Walmsley and Walmsley, 2000; Pall, 1981). Therefore we sought 

to measure the level of cAMP during the period of transition from mycelial to yeast 

form in P. brasiliensis. P. brasiliensis mycelial cells were grown at 26°C and shifted 

to 37°C to induce the transition to the yeast form. Cells were harvested between 0 

and 340 hours of the transition and the intracellular cAMP levels were measured as 

described in section 2.28, using the non acetylated EIA procedure (protocol 3) of the 

cAMP Biotrak Enzyme Immuno Assay (EIA, RPN 225, Amersham) System. 

3.11.1 c A M P assay Principle 

The cAMP assay is based upon a competitive enzyme immunoassay system, in 

which there is competition between unlabelled cAMP (cAMP from test samples) and 

a fixed amount of peroxidase-labelled cAMP. This method utilizes a micro titre plate 

that had been coated with donkey anti-rabbit immunoglobulin. The test samples were 

incubated with antiserum (rabbit anti-cAMP), then a fixed volume of cAMP-

peroxidase conjugate was added and finally after the addition of enzyme substrate, 

the absorbance at 450 nm was measured (see figure 3.11.1.1). 



i J i 

1. culture cells 3. !yse cells transfer to perform assay 
new plate 

EIA principle 

Solid phase Assay reagent Standard or unknown Substrate 

key 

ftMP-pexoxraasc rabbit l AMI 1 

r 
LAMP I'M:' 

Stop reaction 1 
measure ()D 

Incubation Incubation 60 min 

Figure 3.11.1.1 Cell lysis and principle of c A M P assay. 

3.11.2 c A M P Standard curve 

A cAMP standard curve was prepared for a concentration range between 12.5 fmol 

and 3200 fmol according to the manufactures protocol. Mean value from the 

duplicate test (OD-1 and OD-2) were plotted on the standard curve (Fig.3.11.2.2). 

The values are shown in table 3.11.2.1. 

3.11.2.1 Table- Data for c A M P standard curve 

Concentration 

fmol 

OD-1 at 450 

nm 

OD-2 at 450 

nm 

Mean O D %JBffi*> 

12.5 fmol 2.198 2.313 2.2555 114 

25 1.834 1.833 1.833 91 

50 1.534 2.683 1.534 75 

100 1.462 1.722 1.462 71 

200 1.519 1.286 1.286 61 

400 1.178 0.859 1.178 56 

800 0.679 0.882 0.7805 34 

1600 0.654 0.624 0.639 27 

3200 0.456 0.479 0.4675 17 



Figure 3.11.2.2 Standard curve for cAMP 

The cAMP concentration was plotted on X-axis and the value of the percent bound 

(%B/Bo) was plotted on the Y-axis to generate a standard curve on semi log paper. 

The values of cAMP standard are in table 3.11.2.1. 
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HO 
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3.11.3 Calculation of unknown value using the standard curve 

P. brasiliensis cells were subjected lo the mycelial to yeast transformation and the 

samples were collected at the various time intervals shown in column 1 (table. 

3.11.3.1). The samples were lyophilized and resuspended in assay buffer and 100 ju,l 

was used for the assay, which is described in the section 2.28. The absorbance for 

two independent test samples were taken at 450 nm which is shown in column 2. The 

mean absorbance is shown in column 3. 

Using the fol lowing formula and data the percent bound (% B/Bo) for each sample 

was calculated 

Zero standard OD = 2.001 

NSB OD (Non Specific Binding) = 0.145 

Zero standard - NSB OD (2.001-0.145) = 1.856 

Calculation of %B/Bo = (Sample OD or Standard OD- NSB OD) x 100 
Zero standard-NSB OD (2.001-0.145) 

0- hour- %B/Bo = (1.588-0.145)x 100 
1.856 " 7 8 

In a similar way the percent bound was calculated for all the samples which are 

shown in column 4 (table. 3.11.3.1). The level of cAMP was calculated from the 

cAMP standard curve using the percent bound values, which are shown in column 5 

(table. 3.11.3.1). Finally the cAMP (fmol) values were plotted as shown in graph 

3.11.4. 
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Table 3.113.1 c A M P levels 

The cAMP values were calculated as described in section 3.11.3 which is shown 

below table. These data are used in the figure 3.11.4. 

Hours OD^o nm for 

culture harvest 

I ml 5 ml 

Mean 

OD450 

Mean OD-NSB 

O D 

cAMP 

Concentration 

fmol 

0 1.922 1.254 1.588 (1.588-0.145)/ 

* 100/1.85 6 

= 7r B /Bo = 78 

84 

3 1.960 0.768 1.379 66 150 

6 1.382 1.193 1.2875 62 200 

12 1.013 0.927 0.97 44 600 

24 1.039 1.474 1.2565 60 240 

48 1.637 1.267 1.452 70 110 

72 1.490 1.541 1.5155 74 92 

96 1.355 1.400 1.3775 66 170 

120 1.571 1.320 1.4455 70 110 

240 0.903 0.603 0.753 33 820 

340 0.517 0.457 0.342 18 1800 

Figure 3.11.4 c A M P Assay: cAMP levels of mycelial to yeast transformation 

cAMP Assay 

2000 
1800 
1600 

- 1400 
E 1200 
Z 1000 
I 800 
o 600 

400 -
200 

0 » j l j L • • - • • L 
0 3 6 12 24 48 72 96 120 240 340 

Time (Hrs) 

This figure represents the intracellular cAMP levels during the transition from 

mycelial to yeast form of P. brasiliensis. The level of cellular cAMP increases 
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progressively from the onset of transition and reached a peak at 12 hours and then 

progressively increased from a minimum at 72 hours. The average values from the 

test were plotted in this graph. 

3.12 Discussion 

G proteins are activated by seven-transmembrane helix cell surface receptors and 

these receptor catalyses the exchange of GDP for GTP on the Ga subunit. Activated 

GTP-bound Ga dissociates from the trimer (Ga(3y) and either Ga or GPy are free to 

regulate downstream effector molecules, such as adenylyl cyclase, phospholipase C 

and ion channels (Dohlman, 2002; Sprang, 1997). 

The components of the cAMP pathway have been cloned from P. brasiliensis. 

Three Ga subunits (namely GPA1-3) G(3 GPB1, Gy GPG1, adenylyl cyclase (AC) 

(CYR]) and cAMP-dependent PKA catalytic subunit TPK2. GST pull-down assays 

have confirmed that Gpal directly interacts with Gpbl and the interaction is 

strengthened by GDP and blocked by GTP (Fig. 3.7.1 lane 2 & 6, respectively). The 

two-hybrid assays have confirmed that the N-terminus of Gpbl ( W D 1+3) interacts 

with Gpgl and Gpal but not with Gpa2 and 3 (Chen et al., 2007). Consistent with 

these two-hybrid assays, GST pull-down assays have shown that the Gy Gpgl did 

not interact with ful l length Gpbl (Fig. 3.8.1, lane 2). A recent report reveals that 

G(3y assembly needs a molecular chaperone PhLP (Phosducin Like Protein) as a 

stabilizer (Lukov el al., 2005). This indicates that Gpal can form a trimer complex as 

GaPy. The plant pathogen Ustilago mayclis has four Ga subunits (namely GPA1-4) 

but only Gpa3 is involved in the cAMP pathway and in forming a dimer with the GP 

subunit Bppl (Muller et al., 2004). In S. cerevisiae, the Ga subunit Gpa2 responds to 

nitrogen starvation and induces pseudohyphal growth via the cAMP signalling 

pathway (Lorenz and Heitman, 1997). 

In Schizosaccharomyces pombe. adenylyl cyclase the Ga binding domain has 

been identified and aligned with other fungal Ga binding domains recently (Ivey and 

Hoffman. 2005). In P. brasiliensis, the conserved Ga binding domain lies in the 
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region between residues 448-503. P. brasiliensis adenylyl cyclase has 4 major 

domains when analysed with SMART (EMBL): 1-678 (Ga-binding domain), 752-

1244 leucine-rich repeats, 1341-1627 a serine/threonine phosphatase family 2C 

catalytic domain and 1574-1856 adenylyl/guanylyl cyclase catalytic domain. The AC 

N-terminus 1-678 was sub-cloned and tested for protein overexpression in various 

strains of E. coli with different constructs, but the protein could not be overexpressed 

in a soluble form. Then part of the AC N-terminus 453-678 (comprises Ga-binding 

domain 448-503) was successfully overexpressed with a GST-fusion in E. coli (Fig. 

3.2.2) and used as the bait protein in a GST pull-down assay; however, adenylyl 

cyclase fu l l length N-terminus was expressed f rom the in vitro translation system 

(Fig. 3.6.1). 

G protein Ga-subunit Gpal of Cryptococats neoformans is involved in the 

cAMP pathway, which activates adenylyl cyclase and is responsible for an increase 

in intracellular cAMP levels (Alspaugh et al., 2002). The G protein Gpa2 of 5. 

ponibe activates adenylyl cyclase and causes an increase in intracellular cAMP levels 

(Ivey and Hoffman, 2005; Ogihara et al., 2004; Peeters et al., 2006). In a similar 

manner, P. brasiliensis Gpal interacts with adenylyl cyclase N-terminus 453-678 

(Ga binding domain) and it is able to bind in the presence of GTP/GDP or in the 

absence of nucleotides, indicating that the binding is independent of nucleotides (Fig. 

3.9.1). This suggests that the Gpal activates adenylyl cyclase. GDP-Gpal had higher 

affinity for Gpbl than adenylyl cyclase (Fig. 3.7.1, lane 2). 

In 5. pombe. the G protein Gp Git5 interacts and activates adenylyl cyclase 

(Landry el al.. 2000). P. brasiliensis Gpbl interacts with adenylyl cyclase N-

terminus 1-678 produced from vitro translation (Fig. 3.10.1). It has been shown 

that fungal adenylyl cyclase interacts with Gpbl (Chen et al., 2007). AC 453-678 

Ga binding domain interacted with both Gpal and Gpbl , suggesting that this domain 

plays a major role in the protein-protein interaction (Chen et al., 2007). 

cAMP is a second messenger molecule which regulates intracellular 

processes in many organisms (Pall, 1981). It has been shown that cAMP controls the 
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morphological transition in S. cerevisiae (Borges-Walmsley and Walmsley, 2000). in 

C. albicans (Niimi et al., 1980), in Mucor rouxii (Cassola et ai, 2004). and in 

N.crassa (Scott and Solomon, 1975). It has been demonstrated that cAMP is 

responsible for the morphological transition of the non-pathogenic yeast form to the 

pathogenic filamentous form of the plant pathogen Ustilago maydis. The yeast form 

exhibits increased cAMP levels and the hyphal form shows decreased cAMP levels 

(Durrenberger et al., 1998). In C. albicans an increase in the cellular cAMP level has 

been observed during the morphological transition that is associated with its 

virulence (Sabie and Gadd, 1992). RT PCR analysis revealed that P. brasiliensis 

CYR1 transcript levels peaked at 24 hours after the onset of the morphological 

transition, which correlates with mycelial differentiation; and a further progressive 

increase in CYR1 transcripts from about 72 hours, as the fungus attained the yeast 

form. The addition of exogenous c A M P after 12 hours of transition has less effect 

than addition at 120 hours, which induced a partial reversal of the transition from 

mycelial to yeast form (Chen el al., 2007). In S. cerevisiae exogenous cAMP 

modulates pseudohyphal growth: the addition of 10 m M exogenous cAMP to the 

wild-type and k.pde2lts.pde2 cells showed enhanced pseuohyphae (Lorenz and 

Heitman, 1997). 

Considering the above findings, intracellular cAMP levels were measured to 

check i f the increase in C y r l transcript levels correlated with the cellular cAMP 

levels. The results demonstrated that the level of cellular cAMP peaked at about 12 

hours and then progressively increased from a minimum at 72 hours so that the 

cAMP levels were higher in the yeast form (Fig. 3.11.4) (Chen et al.. 2007). This 

suggests that the increase in cAMP levels regulates the morphological transition in P. 

brasiliensis. 

In this study, we have established that the GP and Gy proteins interact with 

only Ga subunil (Gpal) to form the heterotrimeric complex Gpal /Gpbl /Gpgl and 

that the Gpal/Gpbl binding site lies in the residue between 453-678 of adenylyl 

cyclase (Chen et al.. 2007). 
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CHAPTER FOUR 

Interaction of cAMP-dependent PKA catalytic subunit Tpk2 with G 

proteins, Adenylyl cyclase (Cyrl) and the transcriptional repressor 

Tupl 

4 Yeast Two-Hybrid Analyses 

P. brasiliensis genes and gene fragments encoding two known proteins were sub-

cloned into the two-hybrid assay vectors as described in table 2.8.1. The 'bait' 

protein was fused to the GaI-4 DNA-binding domain ( D N A - B D ) and the 'prey' 

protein was fused to the Gal-4 activation domain (AD). When the proteins interact 

with each other; the D N A - B D and A D are brought into proximity and this facilitates 

the transcription of the reporter gene (Chien el al, 1991; Fields and Song, 1989). 

This two-hybrid assay technique has been used to discover the interaction between 

cAMP-dependent Protein Kinase A (PKA) catalytic subunit Tpk2 with adenylyl 

cyclase, G proteins and the transcriptional repressor T u p l . This research is described 

in this chapter. 

An in vitro GST pull-down assays have been performed with GST-fusion 

proteins as bait protein and His6 proteins as prey proteins in order to confirm the 

two-hybrid assay interactions. These assays are described in the second part of this 

chapter. 

4.1 Constructions for Yeast Two-Hybrid Analyses 

The components of the c A M P pathway of P. brasiliensis were sub-cloned into DNA-

BD and A D fusion plasmids. TPK2 was truncated at its N-terminus (e.g 1-174, 1-270) 

and its C-terminus (e.g. 265-583) and these truncations and Tpk2 fu l l length (1-583) 

were sub-cloned into two-hybrid assay cloning vectors pGADT7 ( A D fusion) and 

pGBkT7 (DNA-BD) . The transcriptional repressor TUP1 and the G protein GPG1 

were also sub-cloned in-frame with the above vectors (for constructs, see table. 
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2.8.1). The high fidelity ProofStart D N A polymerase (QIAgen) was used to sub­

clone the genes from the Pb cDNA library. The adenylyl cyclase CYR1**1*, CYRl<m" 
[ } i \ C Y R l m 2 ' m ( \ CYR11648~2100 andGPA1-3 genes were constructed by Dr. Daliang 

and the GPB1 gene was constructed by Dr G. Chen in our lab; these constructs were 

used for two-hybrid assays. Constructions of truncated TPK2 and GPG1 are shown 

below (Fig. 4.1.1 to 4.1.5). These constructs had their D N A sequenced at the DBS 

Genomics at the University of Durham. 

Figure 4.1.1 Agarose gel electrophoresis of P. brasiliensis truncated TPK2 P C R 
products. Lane M : 1 D N A ladder, lanes 1 & 2: TPK2]'270 PCR 
products, lanes 3 & 4: TPK2 fu l l length PCR products and lanes 5-6: 
T p K 2 2 6 5 - 5 ^ p c R p r o d u c t s 

i 
1 

TPK2 full length. 1740 Bp 

TPK22b> ™. 954 Bp 
TPK2'-210. 810 Bp 

These PCR products were gel extracted and ligated into pGEMT-Easy vector. The 

insert was subsequently digested f rom the pGEMT-Easy vector (Fig. 4.1.2) and 

further cloned into the two-hybrid assay vectors pGADT7 and pGBKT7 (Fig. 4.1.3 

and 4.1.4). 
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Fig 4.1.2 Agarose gel electrophoresis of digestion screens of pGEMT-truncated 
TPK2 with Ncol and BamHl. Lanes 1-4: pGEMT TPK2xm digested, 
lane 5: undigested pGEMT sample I , lanes 6-9: pGEMT TPK2 fu l l 
length digested, lane 10: undigested sample 6, lane M : 1 K B DNA 
ladder, lanes 11-14: pGEMT TPK22b5k* digested and lane 15: 
undigested sample 11. 

I 
TPK2 

TPK2 

Fig 4.1.3 Agarose gel electrophoresis of digestion screens of p G B K T 7 truncated 
TPK21270 with Ncol and BamHl. Lane M : 1KB Ladder, lanes 1-3: 
pGBKT7 TPK2]'~1[) digested. Lane 1 has the correct insert. 

1 K 
850 B p — H j TPK2, m . 810 Bp 



Fig 4.1.4 Agarose gel electrophoresis of digestion screens of p G B K T ? full length 
TPK2 with Ncol and BamHl. Lane M : 1 Kb ladder, lanes 1-3: 
pGADT7 TPK2 fu l l length digested and lane 4: undigested sample 1. 

M m 1 

i 77>K2 full length, 1749 Bp 

Fig 4.1.5 Agarose gel electrophoresis of digestion screens of GPG1 with Ncol 
and Sam HI . 

a) Digestion screening of p G E M T GPGI b) Digestion screening of p G B K T 7 GPGI 

M 2 3 M 1 2 3 4 5 6 

300 Bp GPGI, 300 Bp 

a) Lane M : 1 Kb ladder and lanes 1-3: pGEMT GPGI digested. 

b) Lane M : 1 Kb ladder and lanes 1-6: pGBKT7 GPGI digested. 



4.2 Yeast transformation 

The components of the cAMP pathway of P. brasiliensis A D and D N A - B D 

constructs were independently transformed into 5. cerevisiae A H 109 strain and these 

were plated on SD/-Leu and SD/-Trp plates, respectively, with a-X-Gal in the agar 

medium in order to verify the self activation of MEL]. The MEL] reporter gene 

codes for a-Galactosidase, which can be detected by blue coloured colonies on a-X-

Gal medium. None of the constructs activated the MEL] reporter independently. In 

order to investigate the protein-protein interactions, 750ng of AD-fusion and 750ng 

of D N A - B D vector constructs were co-transformed into the yeast A H 109 strain as 

described in section 2.11. The transformation was initially carried out on SD/-Leu/-

Trp/-His plates and incubated at 30°C. Colonies f rom the above plates were streaked 

on to SD/-Leu/-Trp/-His/-Ade. The colonies f rom the above plates were further 

subjected to a-galactosidase and P-galactosidase assays for confirmation. 

Table 4.2.1 Two-Hybrid Assay results 

Interacting 
partners 

T p k 2 M 7 4 T p k 2 1 2 7 0 T p k 2 2 2 M M 
T p k 2 2 * M U TpkZ 1" 5 8-' 

cy.-r-(,/* - + + + + 
C y r l 6 0 0 - I . 4 | 6 - + NT - + 
C y r l . . < « « - , « / * - - NT + + 
C y r l I M ™ - + NT - + 
Gpal - - NT + + 
Gpa2 NT - NT - -
Gpa3 NT - NT - -
Gpgl - + NT + + 
Gpbl - - + + + 
Ras NT - NT - -
Tupl - + - - + 

+ Positive, -Negative and NT-Not Testec 

P. brasiliensis truncated Tpk2 was analysed for protein-protein interactions, 

by yeast two-hybrid analyses, with adenylyl cyclase. G proteins and T u p l . The Tpk2 

N and C-terminus interact with adenylyl cyclase N-terminus 1-678. C y r l ' " 6 7 S , which 
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incorporates the Ga binding and Ras association domain, is the major domain 

involved in protein-protein interactions (Chen et al., 2007). C y i i 0 0 0 " 1 , 1 6 interacts 

with the N-terminus of Tpk2 and the Cyr l | , l l "" I S 7 °catalyt ic domain interacts with the 

C-terminal of Tpk.2; almost all the Cyr l domains interact with Tpk2. The G protein 

cx-subunit Gpal and G protein B-subunit Gpbl both can interact with the Tpk2 C-

terminus. The G-protein y-subunit can interact with both N-and C-terminus of Tpk2. 

Tupl interacts with the N-terminus 1-225 of Tpk2. None of these interacted with 

T p k 2 M 7 J which has no 'Q ? residues (see results table. 4.2.1). In order to exclude the 

false positives, the negative control vector BKT7 lamin (Clontech) was co-

transformed with the ADT7 construct made for the two-hybrid assay (table. 4.2.2). 

Empty vectors were also used to co-transform with the bait and prey constructs as 

negative controls. ADT7-T (SV40 T antigen) and BKT7P 3 3 were used as a positive 

control throughout the assays. 

Table 4.2.2 Negative controls 

ADT7 BKT7 Lamin 
T p k 2 M M -

T p k 2 ' - J / H -
T p k 2 l o f ^ -
T p k 2 i " > * -
Gpgl -
Tupl -

-Negative (no interaction) 

4.3 a-Galactosidase assay 

The colonies from SD/-Leu/-Trp/-His/-Ade plates were further subjected to a-

galactosidase assays using a-X-Gal on SD/-Leu/-Trp/-His/-Ade agar plates to study 

the activation of the MEL] reporter gene. 200 jxl of 4mg/ml a-X-Gal solution was 

mixed while making the SD/-Leu/-Trp/-His/-Ade plates and the colonies were 

streaked on to this medium and blue colour colonies were seen after 3-4 days of 

incubation at 30°C (Fig. 4.3.1). 
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Figure 4.3.1 a-Galactosidase assay for Tpk2. a-Galactosidase assay positive 
colonies on SD-Trp/-Leu/-His/-Ade with a-X-Gal. 

8 

1 Tpk2 + C y r 1 ( 1 6 7 8 ) 

2 Tpk2 + Gpa1 
3 Tpk2 + Gpb1 
4 Tpk2 + Gpg1 
5 Tpk2 + Tupl 
6 Tpk2 ( 1 2 7 0 )+Tup1 
7 /8 - V e COntrOl (BK Lamin & ADT7 Tpk2) 

9 +ve control 

4.4 IJ-Galactosidase Assay 

The positive colonies from the a-galactosidase assay were subjected to B-

galactosidase assays; colony l i f t assays and ONPG assays. The LACZ reporter gene 

encodes for B-galactosidase. 

4.4.1 Colony lift assay (X-gal filter assay) 

The positives colonies f rom the a-galactosidase assay were streaked on SD/-Leu/-

Trp/-His/-Ade agar plates and incubated for 2 days at 30°C. Then the colonies were 

transferred to filter paper, lysed by repeated freezing and thawing as described in 

methods section 2.13.1. The filter paper was then incubated at 30°C in Z-buffer with 

X-gal solution and the blue colour was observed after 5-6 hours o f incubation. A l l 

the colonies from Tpk2 with Cyr l and Tupl interaction produced the blue colour, 

but in the case o f Tpk2 with Gpal , Gpbl and Gpgl only a few colonies produced the 

blue colour, while the other colonies produced the blue colour after 8 hours o f 

incubation (Fig. 4.4.1.1). This assay is more sensitive than a-galactosidase and B-

125 



galactosidase ONPG assays but it is not a quantitative assay; therefore the 6-

galactosidase ONPG assay was performed to quantify the interaction. 

Figure 4.4.1.1 Colony lift assay: Y 2 H positive colonies on filter paper 

Tpk2 + C y r l 1 " 6 7 8 

Tpk2 + Gpal 

T p k 2 2 6 5 - 5 8 3 + G p b l 

Tpk2 + Gpgl 

Tpk2 + Tupl 

Positive control 
(ADT7 T Ag + BKT7 P 5 3 ) 

Negative control 
(ADT7Tpk2 & BK.T7 Lamin) 

The blue colour on the filter paper represents a positive B-galactosidase assay. 

4.4.2 fi-Galactosidase O N P G assay 

Positive colonies from the colony l i f t assay were subjected to 6-galactosidase ONPG 

assay. Colonies were grown in 5 m l o f SD/-Leu/-Trp/-His/-Ade broth overnight and 

2 ml was inoculated into 8 ml o f fresh YPD. A negative control was grown on SD/-

Leu/-Trp and AD-fusion Tpk2 and ADT7 vectors were grown on SDALeu/ broth. 

Cells were grown until log phase and then the cells were harvested, washed and 

resuspended in Z-buffer as described in section 2.13.2. Then the cells were lysed by 

repeated freezing and thawing cycles (5 cycles), ONPG was added to the tubes and 

incubated at 30°C (incubation times varied for each protein), when a strong yellow 

colour developed in the reaction tube, 400 ul of 1 M Na2Co3 was mixed, centrifuged 
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at 14k rpm for 10 minutes; the supernatant was transferred to a cuvette and the 

absorbance at OD420 was measured using a spectrophotometer (table. 4.4.2.1). 

Table 4.4.2.1 p-Galactosidase O N P G assay data 

Protein-
protein 
interacti 
on 

OD000 
of 1 ml 
culture 

Incuba 
tion 
time-t 

Minutes 

Test OD420 
in triplicates 

1000 x ODa,n 
t x V x O D 6 0 „ 

Mil ler units 

Mean 
value 

Miller 
units 

Mean-highest 
value = + Value 
& Mean - lowest 
value= - Value 

C y r l 1-6/8 

+ Tpk2 
0.8566 300 1. 0.2055 

2. 0.1693 
3. 0.207 

1. 0.16 
2. 0.1318 
3. 0.2360 

0.1759 + 0.0601 

-0.0441 

Gpal + 
Tpk2 

1.1785 900 1. 0.6477 
2. 0.7223 
3. 0.7710 

1. 0.1212 
2. 0.1362 
3. 0.1454 

0.1345 + 0.0109 

-0.0133 

Gpbl + 
Tpk2 

1.3471 300 1. 0.4907 
2. 0.8002 
3. 0.6811 

1. 0.1289 
2. 0.1369 
3. 0.1344 

0.2495 + 0.0524 

-0.061 

Gpgl + 
Tpk2 

1.0359 300 1. 0.3817 
2. 0.3334 
3. 0.3681 

1. 0.2457 
2. 0.2146 
3. 0.2369 

0.2324 + 0.0133 

-0.0178 

T u p l + 
Tpk2 

0.6398 300 1. 0.3429 
2. 0.3672 
3. 0.2700 

1. 0.3574 
2. 0.3827 
3. 0.2814 

0.3405 + 0.0422 

-0.0591 

Positive 
control 

1.31 1200 1. 2.99S2 
2. 3.0571 
3. 2.9336 

1. 0.381 
2. 0.3889 
3. 0.3732 

0.381 + 0.0079 

- 0.0078 

Negative 
control 

1.5909 1 140 1. 0.2320 
2. 0.1754 
3. 0.2056 

1. 0.0271 
2. 0.0251 
3. 0.0240 

0.0238 + 0.0032 

- 0.0.0033 

ADT7 
vector 

1.56 1140 1. 0.1977 
2. 0.22473 
3. 0.2508 

1. 0.0222 
2. 0.0252 
3. 0.0282 

0.0252 + 0.003 

- 0.003 

ADT7 
Tpk2 

1.04 1140 1. 0.1315 
2. 0.1 324 
3. 0.1396 

1. 0.02218 
2. 0.02233 
3. 0.02354 

0.0226 + 0.00094 

- 0.00042 
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(3-galactosidase units were calculated as follows 

t = elapsed time (in minutes) incubation 

V = 0.1 ml x concentration factor = 5 

ODGOO = A f,ooof 1 ml of culture 

OD420 = A420 of test sample 

1,000 x OD420 
t x V x ODeoo 

1 miller unit of P-galactosidase is the amount which hydrolyzes 1 /xmol of ONPG to-

nitro phenol and D-galactose per min per cell. 

F igure 4.4.2.2 p-Galactosidase Assay 

P -Ga lactos idase A s s a y 

c 
3 
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This assay quantifies the interaction of Tpk2 with other proteins. The result shows 

that Tup I has highest affinity with Tpk2 and then decreasing order of affinity to 

G p b l . Gpg l , Cyr l N-terminus and Gpal . 

4.5 Negative results of Two-hybrid assays 

The two-hybrid assay was extended to investigate interaction between Tpk2 N-

terminus with the C-lerminus, but there was no interaction detected between them. 

Tpk2 neither interact with Ras nor the G proteins Gpa2 and Gpa3. In another 

experiment no interaction was observed between Tup l and Gpbl . 
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4.6 Protein kinase A catalytic subunit Tpk2 overexpression in E. coli 

The cAMP-dependent Proiein kinase A (PKA) is the main downstream component 

of the cAMP/PKA pathway, which acts downstream of adenylyl cyclase. TPK2 has 

been sub-cloned for protein overexpression for functional analysis and for in vitro 

protein-protein interaction studies with G proteins and adenylyl cyclase. 

Full length TPK2 was cloned into pBAD Myc HisA, pGEX6p-3 (GST-

fusion), pPICZA (Pichia pastoris intracellular expression vector) and pPIC9 (Pichia 

pastoris extracellular expression vector). Tpk2 cannot be overexpressed from any of 

the above constructs as a fu l l length protein. Then Tpk2 C-terminus, comprising the 

catalytic domain 226-583. was cloned into pQElOO, pET43la(+), pET21d(+) and 

pGEX6p-3 (GST-fusion) for protein over expression (for constructs see table 2.8.5). 

T p k 2 2 2 6 ° 8 ' 1 has been overexpressed via a pET21d(+) construct and partially purified 

f rom E. coli (Fig. 4.7.3.1). 

4.7 Tpk2 C-terminus overexpression in E. coli 

4.7.1 Tpk2 C-terminus 226-583 construction 

The TPK2 fragment, encoding the C-terminus 226-583 was PCR amplified with 

Nco\ and Xhol in the forward and reverse primers, respectively. P. brasiliensis 

pDNR cDNA was used as a PCR template for the proof start D N A polymerase 

(QIAgen). The PCR products are shown in figure 4.7.1.1. 
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Figure 4.7.1.1 Agarose gel electrophoresis of P C R amplifications. Lanes 1, 2 and 
3: PCR products of TFKt u to clone into pET21d(+> for protein 
overexpression. 

M 1 2 3 

TPK2 -I Kb 

TPK2 PCR products were ligated into pGEMT easy vector and digested with Nco\ 

and Xhol and further ligated into the pET21d(+) vector. The pET21d(+) TPK2 was 

screened with restriction digestion with Ncol and Xhol enzymes as shown below 

(Fig. 4.7.1.2). 

Figure 4.7.1.2 Agarose gel electrophoresis of pET21d(+)rf7<C22 2 6" ;'8'1 digestion 
screens with Ncol and Xhol: lanes 1. 3. 5. & 7: undigested plasmids, 
lanes 2, 4, 6, & 8: digested plasmids which have the correct size 
inserts TPK222("5*3 and lane M : 1 Kb ladder. 

M 1 2 3 4 5 6 7 8 
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4.7.2 Tpk2 protein overexpression 

P. brasiliensis TPK2 has been sub-cloned into various expression vectors to 

overexpress in E. coli and Pichia system (for contructs see table 2.8.2 and 2.8.5). In 

an attempt to overexpress Tpk2 fu l l length and C-terminal protein in E. coli 

BL21(DE3), BL21(DE3) Codon plus, BL21(DE3) STAR, BL21-AI , C-4KDE3), C-

43(DE3), Rosetta 2 and Origami (DE3) always formed inclusion bodies, which is 

described in methods section 2.18 and f ig . 4.7.2.1. The protein overexpressed from 

the pQElOO TPK2 construct also formed inclusion bodies in M l 5 E. coli. There was 

no overexpression observed f rom p B A D vector constructs in L M G and M l 5 E. coli. 

There was no protein expression detected in Pichia pastoris KS71H and GS115 

strains. The Rosetta 2 cells died during overexpression due to the protein being toxic 

to E. coli. Finally Tpk2 was overexpressed in E. coli pLysS and partially purified as 

described in section 4.7.3. 

Figure 4.7.2.1 S D S - P A G E of T p k 2 2 6 " 5 8 3 cell pellet showing the inclusion bodies 

from BL21(DE3). 

191 

62 

51 -R , -226-583 • , 
l pk2 inclusion 
bodies 



4.7.3 Partially purified T p k 2 2 2 6 5 8 , - H i s 6 

The TPK2 C-terminus 226-583 pET2ld(+) construct was transformed into E. coli 

pLysS and fresh transformants were used for protein overexpression and the 

purification was carried out as described in methods section 2.18. After several 

attempts the protein was partially purified (Fig. 4.7.3.1) and confirmed by Western 

blot with monoclonal anti-polyhistidine and anti-mouse IgG AP conjugate antibodies 

(Fig. 4.7.3.2). Tpk2 was further concentrated using a Vivaspin column 30 kDa cut­

o f f (see methods section. 2.25) and used for pull-down (see section. 4.8) and protein 

kinase assays (Fig. 4.9.2). The Tpk2 protein band was cut off from the SDS-

polyacrylamide gel and verified by M A L D I - T O F analysis at the School of 

Biological and Biomedical sciences, University of Durham, UK. 
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Figure 4.7.3.1 S D S - P A G E of Tpk^ b " S 8 J -H i s 6 partially purified from E. coli pLysS. 

Lane M : marker, lane cell: total proteins after cell disruption, lane 
FT: flow through, lanes 1-11: imidazole gradient elutions and lane 
12: inclusion bodies from the cell pellets. 

M cellFT 1 2 3 4 5 6 7 8 9 10 11 12 

I kDa 

—m 

-5 
5C Inclusion bodies o f 

226-583 37 Tpk2 

226-583 , 43 kDa wi th Tpk2 
His 6-tag 

Figure 4.7.3.2 Tpk2 ~ -His 6 Western blot with monoclonal anti-polyhistidine 
antibodies 1; 5000 dilution (Sigma H-1029) and anti-mouse IgG AP 
conjugate (Sigma A-3562) as a secondary antibody as 1:5000 dilution) 

1 2 3 4 5 6 

Tpk2 inclusion bodies 

226-583 Tpk2 soluble fraction 

Lanes 1-6: Tpk2 imidazole gradient elutions from E. coli pLysS and lane 7: Tpk2 

inclusion bodies. 
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4.8 Pull-down assay for T p l ^ 2 2 6 0 8 3 with adenylyl cyclase and the G proteins, 

G p b l and Gpgl 

P. brasiliensis cAMP-dependent PKA catalytic subunit Tpk2 C-terminus 226-583 

was overexpressed from E. coli pLysS with His-tag (section. 4.7.3). The purified 

protein was used pull-down assay with adenylyl cyclase (Cyr l ) Ga and Ras 

association domain 453-678-GST, Gpbl-GST and Gpg-GST. The GST-fusion 

proteins and GST-tag were also overexpressed from the vector pGEX6p-3 in E. coli 

Codon Plus (section. 3.2-3.5). 

The GST fusion proteins C y r l 4 3 ' " 6 7 8 , G p b l , Gpg and GST were immobilized 

on GST beads, Tpk2 C-terminal 226-583 with His-tag was mixed with the above 

beads and incubated at 4°C for 12 hours with end-over-end-rotation as described in 

section 2.19. The beads were centrifuged, washed in wash buffer seven times (20 

m M HEPES pH 7.9, 600 m M NaCl, 1 m M DTT, 0.05% Tween 20 and 5% glycerol) 

and the proteins were then eluted from the beads with 4x LDS buffer by heating at 

92°C for 5 minutes. 20 \x\ of the eluted protein was loaded on a 12% SDS 

polyacrylamide gel. The gel was then transferred to a PVDF membrane and a 

Western blot was performed as described in section 2.15. Tpk2 was detected by anti-

polyhistidine monoclonal antibodies. The results confirmed the interaction of Tpk2 

with C y r l 4 3 " ' " 6 7 8 and Gpbl but not with Gpg l . Purified GST-tag was used as a 

negative control in all these assays (Fig. 4.8.1). 

Figure 4.8.1 Pull-down assay: T p k 2 2 2 6 5 S , - H i s 6 Western blot with monoclonal 
anti-polyhistidine antibodies 1; 5000 dilution (Sigma H-1029) and 
anti-mouse IgG AP conjugate (Sigma A-3562) as a secondary 
antibody as 1:5000 dilution) for the detection of T p k 2 2 2 f " 5 8 3 His 6 

5 6 

His 6 -Antibodies 

^ / / / / * 



4.9 Protein Kinase A ( P K A ) Assay 

Protein kinases, which canyout phosphorylation reactions, play a vital role in the 

integration of signalling networks in eukaryotic cells. The chemical activity of the 

kinase involves the removal of phosphate group from ATP and covalently attaching 

it to the free hydroxyl group of the target substrate. Partially purified P. brasiliensis 

cAMP-dependent PKA catalytic subunit T p k 2 2 2 6 ° 8 , from E. coli (section. 4.7.3) has 

been used for PKA assays. The PKA assay was performed using a ProFlour™ PKA 

assay (Promega) in a black 96-well flat bottom plate as described in section 2.39. 

The reaction uses PKA R110 (bisamide rhodamine 110) as a substrate, which is 

nonfluorescent. After the kinase reaction, the termination buffer (contains protease 

reagent) was added to the wells to stop the reaction. The protease reagent in the 

termination buffer specifically cleaves the amino acids from the nonphosphorylated 

PKA R l 10 substrate and the released R110 substrate is highly fluorescent where as 

the phosphorylated PKA R110 is resistant to protease digestion and remains 

nonfluorescent. Therefore the fluorescent intensity is inversely proportional to the 

kinase activity (table.4.9.1 & f ig. 4.9.2). Using this assay we established that Pb 

Tpk2 2 2 ( ' ~ 5 S \ C-terminus has PKA activity (Fig. 4.9.1). The 40 kDa cAMP-dependent 

protein kinase A purified from bovine heart (Promega) was used as a positive control. 

Table 4.9.1 P K A assay-Fluorescent units 

Proteins Fluorescent units / K L U 

No enzyme (buffer control) 1. 57603 

2. 59598 

3. 57907 

No A T P 1. 59732 

2. 59235 

3. 60568 

Bovine heart P K A (positive 

control) 

1. 276 

2. 293 

3. 33-1 

P. brasiliensis Tpk2 2 2 *" 5 W 1. 269 

2. 311 

3. 884 
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Figure 4.9.2 PKA Assay 

P K A A s s a y 

70000 

60000 

50000 

40000 

30000 

20000 

0000 

Figure representing bovine heart PKA (Promega) and P. brasiliensis T p k 2 2 2 6 : ' 8 3 have 

reduced fluorescence indicative of PKA activity; and the negative controls (no 

enzyme and no ATP) have high fluorescence indicative of no PKA activity. 
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4.10 Tpk2 N-terminus 1-225-GST overexpression in E. coli 

A TPK2 gene fragment encoding N-terminus 1-225 was sub-cloned into pGEX6p-3 

with BaniHl and Sail in the forward and reverse primers, respectively, for the 

overexpression of the GST-fusion protein for pull-down assays with T u p l . The 

TPK2l'2~:'-GST construct was transformed into E. coli Codon Plus and the culture 

was induced at an OD(,oo 0.5 with 0.1 m M IPTG for 5 hours at 25°C with 160 lpm in 

LB broth. The protein purification was performed as described in section 2.14 with 

increased washing conditions. The overexpressed Tpk.2 N-terminus was cleaved by 

E. coli; in order to minimize the amount of cleavage, the protein was induced for a 

shorter duration (e.g. 5 hours) at 25°C. Those Fractions with less cleavage were 

further concentrated using a Vivaspin column as described in section 2.24. The 

proteins were confirmed by Western blot with anti-GST antibodies (Fig. 4.10. Lb) . 

Figure 4.10.1 a) S D S - P A G E of T p k 2 1 2 2 5 purified from K coli codon plus. 
Lane M : marker, lanes 1-8: elution from GST column. 

b) Western blotting for Tpk21'22' with anti-GST antibodies 
(Novagen, 1:12,500 dilution as a primary antibody) and anti-mouse 
IgG AP conjugate (Sigma A 3562, 1:5000 dilution as a secondary 
antibody as 1:5000 dilution). 

b) a 

s M 3 kD;i 

188 Western blotting 

-225 Tpk2 GST 
49 50 kDa 

38 

2S 
: 

IS 
14 

•§1 
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4.11 Overexpression and purification of Tupl-His* 

P. brasiliensis transcriptional repressor TUP1 was sub-cloned into pET21d(+) vector 

with Nhe\ and XluA in the forward and reverse primers, respectively, for the 

overexpression of the protein with a His-tag in E. coli; in order to provide protein for 

the pull-down assays with the Tpk2 N-terminus. The TUP1 construct was 

transformed into E. coli pLysS and 10 ml of 3 hours starter culture was used for 1 

litre of medium. The cells were induced with 0.1 m M IPTG at an OD(,oo 0.5 for 5 

hours at 25°C with 160 rpm in LB broth: 6 litres of culture were used for the 

overexpression and purification of Tup 1. Purification was performed as described in 

section 2.18 with some modifications in the column washing. Initially the column 

was washed with 50 ml of buffer A with 25 m M and 50 m M imidazole concentration 

and then the protein was eluted with a 100-500 m M imidazole gradient. The eluted 

fractions were run on a 4-12% SDS-polyacrylamide gradient gel, which revealed that 

the Tup l had several contaminating proteins (Fig. 4.11.1). Therefore in an attempt to 

further purify the protein by anion exchange using 'Q 1 sepharose column, the protein 

was dialysed into different buffers: 20 m M Tris with 30 m M NaCl and 20 mM Tris 

with 100 m M NaCl. In both buffer conditions the proteins precipitated and it seems 

that Tup l is not stable at low salt concentration. Finally the proteins were purified 

from 9 litres of culture with a different column washing protocol. The column was 

washed with 100 ml of buffer A with 10 m M imidazole followed by 100 ml of 25, 

50 and 75 m M imidazole (Fig. 4.11.2). The eluted fractions were further 

concentrated using a Vivaspin column as described in section 2.24. The protein 

concentration was 2.5 mg/ml (BCA™ protein assay kit, Pierce). The purified protein 

was confirmed by Western blot with anti-polyhistidine monoclonal antibodies (Fig. 

4.11.3). 
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Figure 4.11.1 S D S - P A G E of Tupl-His6 purification from the E. coli pLysS. 
Lane M: Seeblue marker, FT: flow through and lanes 1-10: 100-500 
mM imidazole gradient elutions from nickel sepharose column. 

M FT 1 2 3 4 5 6 7 8 9 10 

Tupl, 65 kDa 

Figure 4.11.2 S D S - P A G E of Tupl-His^ purification from E. co/ /pLysS. 

Lane M : marker, lanes 1-7: imidazole gradient elutions. 

kDa M 1 2 3 4 5 6 

1! 

62 Wk 
49 M 
38 m 
28 W 

18 
14 

I i 

Possibly dimer 

T u p l , 65 kDa 

Tupl was purified by increased 
column washing conditions 
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Figure 4.11.3 Tupl-His^ Western blot with monoclonal anti-polyhistidine 
antibodies I : 5000 dilution (Sigma H-1029) and anti-mouse IgG AP 
conjugate (Sigma A-3562) as a secondary antibody (1:5000 dilution) 

1 2 3 

dimer 

T u p l - H i s 6 

65 kD;l 

4.12 Pull-down assay for Tpk2 N-terminus-GST with T u p l - H i s 6 

Tpk2 N-terminus 1-225-GST and GST-tag were immobilized on GST beads and 

washed 5 times with PBS. Tupl-His6 was dialysed into pull-down buffer (for recipe 

see section. 2.19.1), mixed with the GST beads and the pull-down assay was 

performed as described in section 4.8 with some modifications. The reaction tubes 

were incubated at room temperature for 2 hours instead of 12 hours at 4°C. The Tupl 

interaction with T p k l 1 " 2 3 was detected by Western blot with anti-polyhistidine 

monoclonal antibodies as shown below (Fig. 4.12.1). 

Figure 4.12.1 Pull-down assay: Tupl-His6 Western blot with monoclonal anti-
polyhistidine antibodies 1; 5000 dilution and anti-mouse IgG AP 
conjugate as a secondary antibody as 1:5000 dilution). 

1 2 3 4 5 

. 65 k Da 

T p k ' : 2 : , - G S T and T u p l His 6 pull-down 
GST + T u p l pull down (negative control) 
T p k i n 5 - G S T 
Tupl-His , , 
GST- tag 

Tup l 

Lane 1 
Lane 2 
Lane 
Lane 4 
Lane .1 

141 



4.13 Library screening with T u p l 

In order to find any co-transcription factor (e.g. Nrgl) which binds to Tupl and any 

other potential candidates that interact with Tupl, a two-hybrid library 

transformation was performed. The P. brasiliensis pGAD library (table 2.3.2) was 

used for screening with Tupl. The BKT7 Tupl construct was co-transformed with 

pGAD library as described in section 2.11. The transformants grown on SD-Leu/-

Trp were further streaked on SD-Leu/-Trp/-His and then the colonies from SD-Leu/-

Trp/-His were streaked on SD-Leu/-Trp/-His/-Ade with a-X-Gal for a-galactosidase 

assay. The positive colonies were selected by their blue colour (Fig. 4.13.1) and 

further subjected to B-galactosidase assay colony lif t assay in which the colonies 

were lifted to filter paper as described in section 2.13.1. The positive clones were 

selected by blue colour on the filter paper (Fig. 4.13.2). Plasmids were isolated from 

the positive clones using Clontech's yeast plasmid isolation kit described in section 

2.11. The isolated plasmids were transformed into E. coli NovaBlue and ampicillin 

resistant clones selected. The ADT7 library plasmids were prepared using a QIAgen 

miniprep kit and the inserts were DNA sequenced with ADT7 sequencing primers at 

DBS genomics. The DNA sequence results were analysed with Broad Institute data 

base (www.broad.mit.edu). The proteins interacting with Tupl are described in table. 

4.13.3. 

Figure 4.13.1 a-Galactosidase assay for T u p l library screening, SD-Leu/-Trp/-

His/-Ade agar plate with a-X gal 

1 
SD-Leu/-Trp/-His/-Ade with X-a- gal 

1 plate showing the blue colour colonies 
7. representing the positive for a-
3 Gaiactosidase assay 
4 Lanes 1-5: library transformants 

5 showing a-gal assay 

6 Lane 6: Positive control 

7 Lane 7: Negative control 
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Figure 4.13.2 B-Galactosidase Assay; colony lift Assay 

Blue colour colonies on whatman 5 

filter paper representing positive for 

fi-galactosidase assay 

Lanes 1-6: library transformants 

showing the B-gal assay 

Lane 7: positive/negative control 

Negative control 
Positive control 

Table 4.13.3 T u p l interacting proteins 

1 Adenylsulfate kinase 
2 Ubiquinone oxidoreductase 
3 Actin family proteins 
4 30 kDa Heat shock protein 

The data base analysis of the DNA sequence of the library screening clones showed 

that Tupl interacted with the above proteins (table. 4.13.3) in two hybrid library 

screening. These interactions need to be further confirmed by using full length gene 

sequences cloned from cDNA library. 

4.14 Discussion 

The upstream components of the cAMP pathway in P. brasiliensis such as the G 

proteins that interact with adenylyl cyclase have been described previously in 

chapter 3. The same analytic strategy was extended to find the potential upstream 

components interacting with downstream component of cAMP-dependent PKA. Pb 

cAMP-dependent PKA C-subunit TPK2 was cloned previously in our lab using 

cDNA and gDNA library screening. The cloned P. brasiliensis Tpk2 has highest 

homology with Tpk2 of S. cerevisiae and C. albicans (chapter 5, see table. 5.9.1), 

therefore it has been named Tpk2. 
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The two-hybrid analyses for Tpk2 with G proteins and adenylyl cyclase 

were performed to investigate the role of PKA in the cAMP pathway. Fungal cAMP-

dependent PKA has several conserved 'Q ' residues at the N-terminus and these are 

responsible for protein-protein interactions (Liebman et al., 2004; Sonneborn et al., 

2000). P. brasiliensis Tpk2 has 583 amino acids and includes 2 glutamine 'Q ' 

stretches that total 36 'Q ' residues in the N-terminus located between 175 to 186 and 

229 to 254 and these are interrupted by proline and histidine residues (see f ig . 5.1.3) 

In contrast, other fungi have only one stretch of 'Q ' residues interrupted by proline. 

P. brasiliensis Tpk.2 has a long N-terminus which is absent in mammalian Tpk and a 

few fungal Tpks (Liebmann et al., 2004; Sonneborn et al., 2000). In order to find the 

interaction domains; P. brasiliensis Tpk2 was truncated into its N-terminal (e.g 

T p k 2 ( M 7 4 ) and Tpk2 ( 1 " 2 7 0 ) with and without 'Q ' residues, respectively) and at its C-

terminal (e.g T p k 2 ( 2 2 6 5 8 3 ) and T p k 2 ( 2 6 5 5 8 3 ) with and without 'Q ' residues, 

respectively) domains. The fu l l length T p k 2 ( l o 8 ' ' , was also assayed (see table. 2.8.1). 

P. brasiliensis adenylyl cyclase has 4 major domains when analysed with SMART 

(EMBL) (see section 3.12, Chen et al, 2007). Tpk2 truncates and ful l length TPK2 

was tested by two-hybrid assay for interactions with the 4 domains of adenylyl 

cyclase and G proteins. 

Two-hybrid assays confirmed the interaction of Tpk2 N-terminus 1-270 with 

adenylyl cyclase N-terminus 1-678 (Ga and Ras association domain) and the 

serine/threonine phosphatase family 2C catalytic domain (PP2Cc) domain. A l l the 

truncations of Tpk2 and fu l l length interacted with the adenylyl cyclase N-terminus 

1-678 (Ga and Ras association domain), which appears to be used as a scaffold for 

protein binding. The Tpk2 catalytic domain (C-terminus 265-583) interacts the with 

adenylyl cyclase catalytic domain (CYCc) (table. 4.2.1); possibly this interaction 

could enable Tpk2 to modulate the catalytic activity of AC. The interaction of Tpk2 

with adenylyl cyclase N-terminus 1-678 was further confirmed by both a-

galactosidase assay (Fig. 4.3.1) and (3-galactosidase assay colony l i f t and ONPG 

(quantitative assay) (Fig. 4.4.1.1 & 4.4.2.2). The adenylyl cyclase catalytic domain 

and N-terminus 1-678 formed inclusion bodies (chapter. 3, section. 3.2), therefore 

the Ga binding domain was used for the pull-down assays. The GST pull-down 

assay confirmed the interaction of Tpk2 C-terminus 226-583 (catalytic domain) with 

144 



AC Ga binding domain 453-678 (Fig. 4.8.1). Previously it was shown that the AC 

N-terminus (Ga binding domain) can interact with Gpal and Gpbl (chapter 3. f ig. 

3.9.1 & 3.10.1, Chen et al., 2007). S. cerevisiae tpk mutant shows hyper-

accumulation of cAMP, suggesting that PKA activity is required as part of a 

feedback mechanism to reduce cAMP levels (Mbonyi et al., 1990; Nikawa et al., 

1987). PKA acts as a strong feed back inhibitor of cAMP, by activating the 

phosphodiesterase Pdel by phosphorylation has been shown in several fungi (Hicks 

et al., 2005; Ma et al., 1999). For the first time we have shown that P. brasiliensis 

Tpk2 directly interact with adenylyl cyclase. 

Two-hybrid assays and GST pull-down assays confirmed the interaction of 

Tpk2 C-terminus 226-583 (catalytic domain) with G protein Gpbl (Fig. 3.8.1). In 5. 

cerevisiae, the G protein mimics K r h l interacts with the protein kinase A catalytic 

subunits Tpk 1-3, causing them to interact with the regulatory subunit Bcyl to reduce 

PKA activity. The krhl/2 mutants show high PKA activity indicating that G proteins 

bypass adenylyl cyclase and directly act on protein kinase A (Peeters et al., 2006; 

Peeters et al., 2007). In haploid S. cerevisiae, the G(3 mimics krhl/2 mutants have a 

hypeiinvasive and showing high levels of expression of FL0/7 (Batlle et al., 2003). 

This indicates that the G proteins down-regulate PKA activity. 

The Tpk2 C-terminus also interacts with the G proteins Gpal and Gpgl in 

two-hybrid assays (figures. 4.3.1, 4.4.1.1. & 4.4.2.2), but no interaction was detected 

between Tpk2 and Gpgl in the GST pull-down assay and, previously, we found that 

there is no interaction between Gpbl and Gpgl in a pull-down assay (chapter 3, f ig . 

3.8), since molecular chaperones are required for Gpbl and Gpgl interaction (Lukov 

et al., 2005). It could be that in a similar way, the Gpgl requires some molecular 

chaperones that enable it to interact with Tpk2 in vivo, why Gpgl and Gpal interact 

with Tpk2 is unclear. 

A two-hybrid assay confirmed the interaction of Tpk2 N-terminus 1-270 with 

the WD-repeat transcription factor (transcriptional repressor) Tupl (a-galactosidase 

assay fig. 4.3.1 & 13-gal assay figures 4.4.1.1 & 4.4.2.2) and establishes that it binds 

to a region between residues 175-265, which has two stretches of Q' residues (see 
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table. 4.2.1). In order to confirm these interactions. Tpk2 N-terminus 1-225 and 

Tup I were overexpressed in E. coli with a GST-tag and His-tag, respectively. The 

GST pull-down assay confirmed the interaction between Tup I and Tpk2 N-lerminus 

(Fig. 4.12.1); establishing for the first lime in fungi that Tupl can interact with PKA. 

Tup l is involved in many pathways: for example, in P. mameffei Tup l homologue 

supports the filamentous form of the fungus and represses yeast morphogenesis 

(Todd et al., 2003). Tupl has WD-repeats that are similar to these in the G protein 

Gp subunit, which we previously found to interact with Tpk2, suggesting that Tpk2 

can bind to proteins with similar W D repeats. 

In 5. cerevixiae, Tup l represses the transcription of many functionally 

related genes by interacting with their cognate transcription factors and specific 

D N A binding proteins (Keleher et al., 1992: Park et al., 1999; Ronne. 1995; Treilel 

and Carlson, 1995). A two-hybrid library screening was performed to find any 

cognate transcription factor such as an homologue of N r g l ; but Tup l was found to 

interact with proteins such as adenylate sulphate kinase, actin family protein and 

Heat shock protein 30 (table. 4.13.3). The biological significance of these 

interactions has to be investigated. 

P. braxilienxix Tpk2 is involved in various interactions, but the biological 

significant interactions are as follows: 

1) Interaction with AC probably acts as a feed back inhibitor of cAMP. 

2) Interaction with G protein Gpbl down-regulates its own activity (PKA activity). 

T p k 2 M 7 4 (without ; Q ' residues) had no interaction with any of the proteins 

specified in this chapter, which confirms that the 'Q' residues are necessary for 

protein-protein interactions (table 4.2.1). 
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C H A P T E R F I V E 

P. brasiliensis T p k 2 C o m p l e m e n t s S. cerevisiae Atpkl 

The P. brasiliensis cAMP-dependent protein kinase A catalytic subunit TPK2 has 

been cloned previously in our lab. A recent genome sequence search revealed the 

presence of a second cAMP-dependent protein kinase A subunit, which we term 

TPK1. The current study has focused on the functional characterisation of Pb T p k l 

and Tpk2. Pb Tpk2 has the highest homology with Tpk2 of 5. cerevisiae and C. 

albicans (see table. 5.1.1): whilst P. brasiliensis T p k l is homologous to Tpk3 of S. 

cerevisiae. Therefore S. cerevisiae has been used as a model system to analyse the 

function of P. brasiliensis in complementation assays. Two 5. cerevisiae tpkl 

mutants were used in this study; an haploid temperature sensitive (Ts) strain, which 

cannot grow at 37°C (Smith et a!., 1998), and a diploid strain XPY5a/a. which 

cannot produce pseudohyphae under low nitrogen conditions (Pan and Heitman, 

1999) were used to study Pb Tpk in complementation assays. The use of these 

strains for complementation is described in this chapter. 

5.1 P. brasiliensis Tpk2 characterisation 

The P. brasiliensis PKA catalytic subunit Tpk2 has a long N-terminal region that is 

absent in other PKAs. Therefore P. brasiliensis Tpk2 has been truncated into its N -

and C-terminus and these were analyzed by the vector NTI program; the results of 

this analysis are shown in figure 5.1.3. The C-terminus of P. brasiliensis Tpk2 is 

similar to Tpk of other organisms (see table 5.1.1) 
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Table 5.1.1 P. brasiliensis T p k 2 homology wi th other fungi as listed below. 

S.No Organism/protein Identity w i th PZ» Tpk2 
(226-583, ( C . t e r m i n u s ) 

Identity wi th Pb 
Tpk2 Full length" 

1 5. cerevisiae T p k l 54% 37.7% 
2 S. cerevisiae Tpk2 65% 43.4% 
3 5. cerevisiae Tpk3 56.4% 39.5% 
4 C. albicans Tpk2 65% 43.4% 
5 A fumigatus pkaC 1 60.6% 57.7% 
6 A. nidulans AnpkaA 58.1% 53.5% 
7 £/. maydis Uka l 42% 28.6% 
8 £/. maydis Adr-1 53.9% 39.4% 
9 A. fumigatus Afpka-

EAL9142 
40.6% 27.8% 

10 P. brasiliensis T p k l 28.1% 27.8% 

Figure 5.1.2 Phylogenetic relationship of cAMP-dependent PKA 

The phylogenetic tree was constructed by Vector NTI alignX (Informax), which 

explains the relationship between Pb cAMP-dependent PKA catalytic subunit Tpk 

with other related organisms PKAs. 

The abbreviations are: Pb. P. brasiliensis: Sc. S. cerevisiae: Af, Aspergillus 

fumigatus; An, Aspergillus nidulans; Ca, Candida albicans; Um. Ustilago maydis. 

| P b T p k 2 
' P b T p k 2 C - t e r 2 2 6 - 5 8 3 

r A f p k a C 
I I U f p k a C l - X P 7 5 5 5 2 

' A n p k c A 
I S c T 0 < l 

1 I S c T p k 3 
1 [ S c T p k 2 

I C a T r J < 2 
| P b T p k l 

, - 1 I A f p k a - E A L 9 1 7 4 2 
I ' U m u k a l 

I P K A C - c p i h a R a t 
U m c r r - 1 
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Figure 5.1.3 Comparative alignment of cAMP-dependent PKA catalytic 

subunits. The proteins were aligned by Vector N T I alignment (Informax). The 

abbreviations are: Pb, P. brasiliensis; Sc, S. cerevisiae; Af, Aspergillus fumigatus; 

An, Aspergillus nidulans; Ca, Candida albicans; Um, Ustilago maydis. The 

fol lowing symbols indicate conserved sequences. 

< Nucleotide binding region 'GTGSFG' 

• Catalytic loop ' R D L K P E N ' 

<=> M g 2 + binding site ' T D F G A K ' 

W Autophosphorylation site "¥* 
I 

\ Regulatory and catalytic subunit association site ' H ' 

J ~ j PKA function abolished by mutating ' K ' 

< = > Glutamine 'Q ' residues (175-186 and 229-254) 

PbTpk2 
ScTpkl 
ScTpk2 
ScTpk3 
R>Tpk1 
CaTpk2 

AfpkaC 
Afj*a£AL91742 

AfpkaC1-XP75552 
AnpkaA 

Umadr-1 
FKACaplhaRat 

Umukal 
T p k 2 C t e 226583 

MRGLCan^LIOaaCKRTKDSR-ISRDLDIiSASFVAESTSSSPGDNNNNIINNSS^ 
MSTEEQfGG 

MYVDPMfNN 
MYPAWGFAWILDPSVWPSSSLAASPAYHHSNINSASfTOWLLPPAKASNAHQFIHPRTVIVLLSQWRPYHPPSLCAVSIYSHREFEFHPSPKRPPTCLPL^ 

M V N L L K K L H I T K S H Q S N H S N S D S N S L N S N TSMDNHQQQQQLQQYQQQFQQPQiQL 
LGGLLKKR- -ETKDSHTLSKELESSSSPAAAQTQTSPNSADHD H H Y Q H Y D Q T H H H Q H S A S S N - P S | N S 

-LGGLLKKR-
-LGGLLKKR-

RTKDSHTLSKELESSSSPAAAQTQTSPNSADHD 
RTRDSQDLSKELQAG- STTTGHTTTSPIAAEDSQSQ-

- H H Y Q H Y D Q T H H H Q H S A S S N - P S B N S 
- Q H H G H H G G H H F F H H N H H N H Q P S I N S 

M S A I P Q | P V 

- M I E D 

(108) 
PbTpk2(103) 
SoTpkl (10) 
ScTpk2 (1) 
ScTpk3 (10) 
F=bTpk1 (108) 
CaTpk2 (56) 

AfpkaC (66) 
Afpka£AL91742 (1) 

AfpkaC1-XP75552 (66) 
AnpkaA (69) 

Umadr-1 (10) 
FKACaplhaRat (1) 

Umukal (5) 
Tpk2C*er 226683 (1) 

Gonsansjs(108) 

, 2 0 0 

ISSSSNPPASVFLTAIPTSTKPEGVAS|PPTGSTTAGAITKIDSTHSAPIOTMSPGPPSSEYKAGDP^^ 
GQKSLDDR QGEESQKGET|ERETTATESGNESKS VEKEGGETQEKP 

M EFVfERAQPVGQTIQQQNVNTYGQGV LQPHHDLQQRQQ -
E I R K L S I T AKTETTPDNVGQDIPVNAHSVHEECS - SNTPVEINGRNSG 
FSLLNFSAGSRAKCQPPRAIQDPSPFLMAAETIQGQSSTSYRPEIDVPAE SfcDIDTVNKKKQQNHHHHHHQHPQKKSNGEKPN 
YPGEQIVH PAA|QTGQNTTNVTAVSSSNITQSAT S LHSQQLQHVD 
ATPSAAQP HRSSM )NPNRS|GTDQK- |EGQTASMQFAVTQPH PS H H N P R I J H H L O Q Q Q Q Q P Q Q Q S H T S R L H N I I J H P 

MATGKAEPSTHSEIPSSSP P RGVDTPLEDVQK REKQ- -MVASFRPP 
A T P S A A Q P HRSSNDNPNRSiGTDQK-fcGQTASMQFAVTQPH PS H H N P R L H H I J O C C X > 2 Q P Q Q Q S H T S R L H N I L H P 
A N S A N S Q N S H A A K H H Q F B Q S | A T S N Q P | D G Q T A S M Q S P A Q Q P S STfAHSNSGHHSN A A S I H N I I H P 
DYSATHEA AVfAAAAAAAKAATATAGGGASSSQ HPAPAWGATSVP 

I V D T L S V P LLGACASHVfRPTLMPSLASRSGPP AASSSDPKTSSS -

S S S 
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(215) 215 ,220 230 ,240 250 ,260 

PbTpk2(210) AS PQWGDGLHAAQQRMHSQHPQQCX2HQQQQQQQCK2^ 
ScTpkl ( 5 6 ) - KQPHVTYYNEEQYKQFIA ClRVTVGSIVYKN: 
ScTpk2 (40) QQQQRQHQQLLTSQLPQ KSLVSKGKYTLHDFQIMR' 
ScTpk3 (57) KLKEEASAGICLVKKPML QYEETSGKY^LSDPQipimJS' 
PbTpk1(192) S I ^ I £ L - D L S L G L D L A C P f l S R P E T P Q D N | E N R E R I K ( 3 ! L P A E | l 5 § B b i 
Ca Tpk2(1Q2) V S K S A A E E A I R R S L L P E ESTVgKGKYgLTDFS: 

AfpkaC(141) SHHASSQRSTEGmHSQQANQTEMTTKGKYSIXOFTIO! 
Afpka-EAL91742 (46) H Q R S V N P F V I K D R j | E E R Q - - - L G l | T R T L C | N D ! " 

AfpkaC1-XP75552(141) SHHASSQflSTEGHAHSOOANOTEABTTKGKYSLDD?TIQ] 
AnpkaA(135) SQONTPQVS R AERTTKGKWU3DFAIQi 

Umadr-1 (56) THVASANSTGTYSSAStPLAIAAQQRKLSI _ 
PKACaplhaRat (1) M G N A A A A K K G S E Q E S V K E F L A K A K E D F L K K W E D P | Q N T A Q I D H F D : 

Umukal (50) S-TEKVAKSVGSASPLR SSPNRPYALSD! 
Tpk2G<er22&683 (1) MHSQHPCX5CX3HQCX}02C^C^3C^C^C^3lMSVPSV^QTKnH8l^DFIJ(QR' 

ConsensuS(215) L SR T K G K Y S L D D F 

'A! I fiJCXAQWKM 

V W L A H L V K R K E G - | D G V Y A 
V H L V B S V H 
VHLV 
V W L A | F I 

? 3 ! V H L V 
RDNVYAl K ttlKAD 

Ft ?VMLVXr 
PC i V L L V R L B 
F t f e v H L V Q S B N 

N R I ILRTI |3JS5Ea^VHLVRSKH 

S G f Y A L T D F A i E H - n 3TGSFC JVHD 

IJCKAQWKM 
LKKAQWKM 

(325) 
PbTpk2(315) 
ScTpkl (130) 
ScTpk2(113) 
ScTpk3(131) 
PbTpk1(286) 
CaTpk2(175) 

AfpkaC(219) 
Afpka£AL91742(123) 

Afpkaa-M=75552(219) 
AnpkaA(201) 

Umadr-1 (135) 
PKACepha Rat (87) 

Umukal (125) 
Tpk2G4er 226383 (93) 

Consensus (325) 

H OTE-RRmQRVKHPFLl|lJ«rOTQDV|Nl«MVMDfVa3GEIiFS^ R D L K P E I LLDHYGHLKI [DFGFAI 1 
H TOE-RIMLSrvTHr I ' l I R M W G T F Q D i c M R D L K P E I m g N G » ^ g 3 B F G F A i i 
H OTE-RHMLKlvraPFLIRMWGTFQDJSi^^ R D L K P E I LLDRNGHHa 3 ) 
;- ^ r o i ; - R R W i J v s H P F | l i J > i u i ^ D i i | ^ B B w V M r ^ ^ R D L K P E I L L D | N G H I K I r: 

1 j l l l l II l | I M l l | l | l I I I ' l i l i iHil l H J i l l I i l I | l | I I J i l l I I | II i l l W l f I I I III II B R D L K P E I L L D A E G H L l j T 5 F G F A J 3 

,330 ,340 ,350 ,360 370 380 ,390 4 0 0 

LYMVMDtvKGGELFSL 
F Y A R E V T L f t L B I L H S H D - H I RDLKPEt L L D R N G I ^ K I DFGFAi I 

lVLSXS<^VBPVKtF¥llXBrnjCmi&<2Q-ll,i RDLKPEI LLDRHGHLK3 DFGFAI I 
' S D E Q S L » J ^ C P G G E | F S Y I j 4 f r 3 8 ^ ^ RELKPEt L L D A D G t $ l l fDFGFAf 3 

. Y M V M D I F V B G G E I ^ I i U a r a Q R F P l ^ RDLKPEI LLDSHGHLKI [DFGFAB i 
lYMVMDpvEGGELFSLLRKSG^FPNPVAKFYAAEVTLALEyLJHSLN - I I I RDLKPEI LLDRHGHLKI [DFGFAI 1 
jYMVMD^PGGESLF^LLRKSORFPtlFVAKFYAAEVALASyijHQNN - i n RDLKPEI LLSADGHLK3 [DFGFAI t 

KDNSNLYMVMtoVPGGElFSHIiHla^ RDLKPEI L | D Q Q G M C J [DFGFAI 3 

C l l j | J l l l U I , l l " l l l | | i ' W 11 l l f c l I I P S M 3 w j | P Y l | ^ l J l | » U U I I I K - f c X • LJtDSNGYTKJ r 
H l l r o E - R H M I O R V K H P F L l l U « S T F Q D v | S L X M V I f f l ^ RDLKPEmLLDBYGHLKI [DFGFAf 5 
[JMDE RRML I V HPFLITLWGTFQDAKI^YMVMDYVEGGELFSIiRKSQRFPNPVAKFYAAEVrLALEYLHS I l A i D L K P E l « I J , n R GHT.ITTlrnFGFAI 3 

I H MDE-HHMLKfJEHP: 
I H UDE-RRMLNRVRHP; 
i ' ' ^ . R K A L A A V M G H 

l i U D E - H R M L N R V R H P : 
I S D E - R R M L N R V R H P ; 
B M S E - R A | L S | V R H P : 
k : M E - | H | L Q A T O F P 
H U S E - R C f L T K V D H P 

,420 

(432) 
PbTpk2(420) 
ScTpkl (235) 
ScTpk2(218) 
ScTpk3(236) 
PbTpk1(393) 
CaTpk2(280) 

AfpkaC(324) 
Afpka€AL91742(230) 

AfDkaC1-XP75552(324) 
AnpkaA(306) 

Umadr-1 (240) 
PKAC-aplhaRat(192) 

Umukal (230) 
Tpk2C4er22fr583(195) 

Consensus(432) 

LW i 
V S T - v n . 
V P D - I ' I l 
I N D R E 1 " Z 

V E D - R 
TO I > 

4 4 0 ,450 460 , 470 ,480 

jCGTPDYIiAPFArVSSKGYKMSVDWWSLGXIjjKIILC^GfcPFWIlGG 
, C G T P D Y j A P E V V ^ P ¥ N K ^ W W S F G I L I § E > I L A u | T P l ' f D S - • 
^C^GTPDYKAPE^rfBnPYHKSVDWWSI/sfelMEMLAGk -
jCGTPDYpAPEVTOpPTMXSVDWWSFGBLi E m A G § r P F | N S -
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5.1.4 S M A R T Analysis of P. brasiliensis Tpk2 

P. brasiliensis Tpk2 was analysed with SMART (EMBL) and this analysis revealed 

two major domains; a serine/threonine protein kinase catalytic domain 272-527 

(S_TKc) and an extension to the serine/threonine protein kinase domian 528-583 

(S_TKc_X). The other domains are marked as low complexity regions, which are 

shown in the figure 5.1.4.1 and table 5.1.4.2. This predicts that the Pb cAMP-

dependent PKA catalytic domain is present at its C-terminus. 

Figure 5.1.4.1 Domains of Pb Tpk2 

1 1 0 0 2 0 0 
I 1 1 

Table 5.1.4.2 T p k l Domain positions 

Name Begin End E-
value 

low 
complexity 

7 13 -

low 
complexity 

27 39 -

low 
complexity 

42 49 -

low 
complexity 

56 75 -

low 
complexity 

175 191 -

low 
complexity 

223 262 -

S_TKc 272 527 5.27e-
105 

S_TK_X 528 583 L6Ie -
08 

The figure and table are retrieved from the SMART (EMBL) software analysis. 
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5.2 TPK2 constructions 

The P. brasiliensis cAMP-dependent PKA catalytic subunit TPK2 f u l l length (FL), 

N-terminus \-225-GFP and C-terminus 226-583-GFP were sub-cloned into 

p426MET25 vector (for constructs; see table. 2.8.2). First the gene encoding GFP 

(EGFP,Clontech) was amplified by high fidelity proofstart D N A polymerase 

(QIAgen) and sub-cloned into p426 (Fig. 2.29.1; vector map), with EcoRl and Sail 

sites as shown in figure 5.2.1, and then the Tpk2 N-terminus and C-terminus were 

fused to the GFP gene via the EcoRl site. TPK2 (FL) and its fragments were 

amplified from a P. brasiliensis cDNA library (Fig. 5.2.2). These were subsequently 

digested with the restriction enzymes (Fig. 5.2.1; restriction sites) and the PCR 

products ligated into p426MET25 vector, which had been digested with same 

restriction enzymes. The recombinant plasmids were then transformed into E. coli 

NovaBlue and these were grown, the plasmid was extracted and screened by 

restriction digestion (Fig. 5.2.3-5.2.5). The positive plasmids were D N A sequenced 

at Durham Biological Science (DBS) Genomics facility. 

Figure 5.2.1 Construction Map of TPK2 for p426 M E T 2 5 Vector 

B TPK2 FL 

B 

B 

TPK2 1-225 

TPK2 226-583 

f 
GFP 

1 

B- BamHl restriction site 

E - EcoRl restriction site 

S-Sa/I restriction site 

Figure 5.2.1 represents TPK2 f u l l length (FL) was constructed with stop codon and 
without GFP fusion. The N-terminus TPK21'225 and C-terminus TPK2226-$S3 were 
constructed with GFP fusion. 
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Figure 5.2.2 Agarose gel electrophoresis of TPK2 and GFP P C R products to 
clone into p426MET25 vector. 

(a) Lane M : 1 Kb ladder and lane 1 & 2 TPK2 fu l l length (FL) PCR 
products 

(b) Lane M : 1 Kb ladder; lane 2: TPK21'"5 PCR products and 

(c) Lane 1 & 2: TPK222b 5 S 3 PCR products, lane M : 1 Kb ladder and 
lane 3 & 4: GFP PCR products. 

(a) (b) (c) 

M 1 2 M 1 2 1 2 M 3 4 

TPK2 
I Kh 07 B i o c 

GFP. TPK2 
TPK2 FL 673 Bp 
1752 Bp 

The PCR products were gel extracted. TPK2 fu l l length PCR product was restriction 

enzyme digested with BamUl and EcoRl and ligated into the p426MET25 vector. 

The GFP PCR product was restriction enzyme digested with EcoR] and Sail and 

ligated into the p426MET25 vector. The TPK2 N-terminus 1-225 and C-terminus 

226-583 were restriction enzyme digested with BainHl and EcoRl and ligated into 

the p426MET25-GFP vector. After ligation and transformation, restriction digestion 

screens were performed (Fig. 5.2.3-5.2.5) to identify successful clones. 
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Figure 5.2.3 Agarose gel electrophoresis of TPK2l5S} ( F L ) p426MET25 
digestion screens with BamHl and EcoRl. Lanes 1-6: digested TPK2 
and lane 7: undigested plasmids 

2 Kb 
TPK2 FL, 1752 Bp 1 Kb 

A l l the digested plasmids had the TPK2 fu l l length insert. 

Figure 5.2.4 Agarose gel electrophoresis of p426MET25 -GFP digestion screens 
with EcoRl and Sail, 

M 1 2 

GFP, 714 Bp 

Lane 1 and 2 both have the insert (GFP). This p426MET25-GFP construct was 

restriction enzyme digested with BamHl and EcoRl and TPK2 1-225 and 226-583 

PCR products were ligated to make the GFP fusion proteins. The screening of the 

TPK2 truncated GFP fusion was performed by restriction digestion (Fig. 5.2.5). 
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Figure 5.2.5 Agarose gel electrophoresis of TPK2 N & C-terminus 
p426MET25-GFP digestion screens with BarnHl and EcoRl. Lane 1 
and 3: digested TPKl1'22^ (lane 1 has the insert) lane 2 and 4: 
undigested TPK2]~~2i, lane 5 and 7: digested TPK2 C-terminus 226-
583 (both lanes have inserts) and lane 4 & 6: undigested TPK2 
p426MET25 -GFP 

M : 

226-583 TPK2 I -225 TPK2 

5.3 Tpk2 complementation in S. cerevisiae tpkl temperature sensitive mutant 
SGY446 

The 5. cerevisiae haploid strain SGY446, a tpk2 temperature sensitive mutant (Smith 

et al., 1998), has been used to study the function of P. brasiliensis Tpk2 by 

complementation assay. P. brasiliensis TPK2 truncated at its N-terminus 1-225-GFP, 

its C-terminus, comprising of the catalytic domain 226-583-GFP, and fu l l length 

constructs (section 5.1) were transformed into S. cerevisiae SGY446. Transformants 

were streaked on SD-uracil plates and incubated at 25°C and 37°C as described in 

section 2.30. It was shown that the SGY446 haploid strain does not grow at 37°C; 

whilst strains transformed with P. brasiliensis Tpk2 C-terminus and fu l l length were 

able to grow at 37"C and complemented the functional PKA (Fig. 5.3.1). The GFP-

fusion constructs expressed the green fluorescence protein, which is shown in section 

5.7. These proteins were extracted f rom these transformants and confirmed by 

Western blot which is described in section. 5.6. 
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Figure 5.3.1 P. brasiliensis Tpk2 complements 5. cerevisiae tpk.2 Ts mutant 
SGY446 

(a) S D - U R A 2 5 ° C ( c ) Streak pattern 

S D - U R A / f u l t e 
UM 

Pb Tpk2 

/ 

I 
Pb Tpk2 C-ter 226 G F P 

l-teM)225 

513 
Pb Tpk2H-ter 1-225 

(b) SD-URA 37°C 

Figure 5.3.1 

(a) : 5. cerevisiae SGY446 haploid strain transformed with empty plasmid 

(p426MET25), plasmid with only GFP, P. brasiliensis TPK2 N-terminus 1-225 and 

C-terminus 226-583 and TPK2 fu l l length 1-583 were streaked on SD-uracil plate 

and incubated at 25°C; all the transformants were able to grow. 

(b) : the same colonies mentioned as above were streaked on another plate and 

incubated at 37°C; the transformants carrying the functional PKA (C-terminus & fu l l 

length) have grown. 

(c) : the streaking pattern. 
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5.4 P. brasiliensis Tpk2 induce pseudohyphae in S. cerevisiae tpk2 mutant 

The diploid S. cerevisiae wild-type MLY61a/a and tpk2 mutant XPY5a/a (Pan and 

Heitman, 1999) strains were used to study the function of P. brasiliensis Tpk2. The 

wi ld type can produce pseudohyphae at low nitrogen conditions, but the mutant 

XPY5a/a cannot. P. brasiliensis Tpk2 truncated N-terminus l-225-GFP, C-terminus 

226-583-GFP and ful l length without GFP-fusion constructs were transformed into 

the diploid 5. cerevisiae wild-type and tpk2 mutant strains. For pseudohyphae 

analysis, the transformants were streaked on SLAD agar with 50-200 /xM 

ammonium sulphate and pseudohyphae were observed under 20x magnification, 

using an Eclipse E-400 microscope as described in the section 2.30. P. brasiliensis 

TPK2 FL and C-terminus 226-583 transformants were able to produce pseudohyphae 

(Fig. 5.4.1) but the N-terminus could not. 

Figure 5.4.1 Pb Tpk2, pseudohyphae analysis in S. cerevisiae tpk2\ 

S. cerevisiae X P Y 5 a / a Atpkl transformants 

Wild type + vector Vector (ill' Pb TPK2 ' "f Pb TPK2 Pb TPK2 F L 

Upper panels-SLAD agar with 50 pM ammonium sulphate 

Lower panels-SLAD agar with 200 /xM ammonium sulphate 

Arrow indicates the pseudohyphae and scale bar for the whole picture: 0.72 mm 
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5.5 G p b l - G F P inhibits the function of Tpk2 

5.5.1 Construction of GPB1-GFP 

The G protein Gpbl was fused to GFP for co-expression with Tpk2 FL (no GFP 

fusion). For GPB1 fusion another GFP construct was made with Hindlll and Sail 

and then GPBl was fused to the Hindlll site as described in 2.33 (for constructs see 

table. 2.8.2). 

Figure 5.5.1.1 Construction map of GPB1-GFP 

B-BamHl r e s tr i c t ion site 
H-Hindlll r e s t r i c t i on site 
S-Sall r e s t r i c t i o n site 

GPBl was fused to N-terminus o f GFP in Hindlll restriction site. 

5.5.2 Coexpression of Tpk2 and G p b l - G F P 

The interaction o f Gpbl with the Tpk2 C-terminal (226-583) functional catalytic 

domain was confirmed by two-hybrid and GST pull-down analyses (Fig. 4.3.1 & 

4.8.1). In order to discern the effect o f the interaction in vivo, Gpbl-GFP was co-

expressed with Tpk2 fu l l length. S. cerevisiae SGY446 haploid tpk2 temperature 

sensitive mutant and diploid Atpk2 XPY5a/a strains had been transformed with P. 

brasiliensis TPK21'5*3 (FL), were further transformed with the GPB1-GFP and the 

transformants selected on the basis o f their green fluorescence due to the expression 

of GFP. As a control, GPB1-GFP was also transformed into the S. cerevisiae wi ld -

type MLY61a/a and tpk2 mutant strains. The diploid transformants were streaked on 

SLAD agar wi th 50-200 u M ammonium sulphate and the effect on pseudohyphae 

was analysed as described in section 5.3. The haploid SGY446 transformants were 

streaked on SD-uracil plates and incubated at 25°C and 37°C as described in section 

5.3. 

B GPBl H GFP 
H S 
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We found that Pb Gpbl-GFP inhibits the formation pseudohyphae by 

interacting with Tpk2 (Fig. 5.5.2.2; right end) but has no effect on wild-type and 5. 

cerevisiae Atpk2 cells. P. brasiliensis Gpbl-GFP inhibited the growth of the S. 

cerevisiae SGY446 strain at 37°C (Fig. 5.5.2.1). The expression of both Tpk2 and 

Gpbl-GFP in both the transformants was confirmed by Western blot with specific 

antibodies (section. 5.6). 

Figure 5.5.2.1 Pb G p b l - G F P inhibits the growth (SGY446) of Pb TPK2 

transformants at 37°C 

(a) SD-Ura 25°C (b) SD-Ura 37°C 

• 

(c) Streak pattern 

SD-ura 
SGY446 + 
vector 

SGY446 
TPK2 FL + SGY446 
GPB1-GFP GPB -GFP 

SGY446 
TPK2 FL 

Figure 5.5.2.1 

(a) : The host 5. cerevisiae SGY446 transformed with vector p426MET25, 

Pb GPB1-GFP. Pb TPK2 FL and Pb TPK2 FL + GPB1-GFP co-

transformed, all can grow at 25°C. 

(b) : P. brasiliensis TPK2 FL transformant only able to grow at 37°C; 

whilst co-transformant (TPK2 FL + GPBFGFP) did not growth at 37°C. 

(c) : the streak pattern. 
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Figure 5.5.2.2 Co-expression of G p b l - G F P with Tpk2 full length inhibits 

pseudohyphae 

Consistent with the previous results, where Pb Gpbl interacts with Pb Tpk2 C-

terminus (functional domain) and this interaction blocked the function of Tpk2 by 

inhibiting pseudohyphal growth. 

S. cerevisiae tpk2A transformants 

• 
( a ) Wild type + Pb GPB1- (b) PbGPBl-GFP (c) Pb TPK2 FL ((J) Pb TPK2 FL + GPB1-

GFP G F p 

-

• 

t * 

•: 

Upper panels-SLAD agar with 50 /xM ammonium sulphate 

Lower panels-SLAD agar with 200 /xM ammonium sulphate 

Arrow indicates the pseudohyphae and scale bar for the whole picture: 0.72 mm 

Figure 5.5.2.2 

P. brasiliensis GPB1-GFP transformed diploid S. cerevisiae 

(a) Wi ld type can still produce the pseudohyphae 

(b) tpk2 mutant shows no phenotype change 

(c) tpk2 mutant transformed with only Pb TPK2 FL can produce pseudohyphae. 

(d) tpk2 mutant co-transformant (carrying Pb TPK2FL & GPB1-GFP) did not 

produce pseudohyphae. 
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5.6 Western blot for Tpk2 and G p b l - G F P 

5.6.1 Western blot for G F P and Tpk2 N-terminus 1-225-GFP 

The yeast transformants were grown on SD-uracil broth and the total proteins were 

extracted f rom the yeast cells as described in section 2.36. The extracted proteins 

were examined by Western blot with anti-GFP polyclonal antibodies (Clontech) in 

order to detect Tpk2 N-terminus 1-225-GFP and GFP as described in section 2.37 

(Fig. 5.6.1.1). 

Figure 5.6.1.1 Western blot for Tpk2 N-terminus 1-225-GFP and G F P with anti-

G F P antibodies 

Lane 1: X P Y 5 a / a (Atpk2) transformed with vector only 
Lane 2: X P Y 5 a / a transformed with Pb TPK2 N-terminus 1 -
225-GFP 
Lane 3: XPY5a/ct transformed with G F P only 
Lane 4: SGY446 (Atpkl Ts) transformed with G F P only 
Lane 5: Empty 
Lane 6: SGY446 transformed with Pb TPK2 N-terminus 1 -
225 - G F P 
Lane 7: SGY446 transformed with vector only 

5.6.2 Western blot for Tpk2 C-terminus 226-583-GFP with Tpk2 polyclonal 

antibodies (Invitrogen) 

The antibody for Tpk2 was raised against the peptide sequence Tpk2 556-569 (i.e., 

the C-terminus of Tpk2). Therefore the Tpk2 specific antibodies were used only for 

the detection of Tpk2 C-terminus 226-583 and fu l l length. The N-terminus fusion 

was detected with anti-GFP polyclonal antibodies as shown in figure 5.6.1.1. 

1 2 3 4 5 6 7 

(.2 

Tpk2 
mm 4 4" GFP. 50 kDa 

s GFP. 26kDa 
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Figure 5.6.2.1 Western blot for Tpk2 C-terminus with specific antibodies 

Tnk'' 2 2 M 8 - L Lane 1 : Xpy5a/a (Atpkl) transformed with vector only 
. . . _. 1^,-583 GPP 6 5 k D a Lane 2: X P Y 5 a / a transformed with Pb TPK2 - l " 8 , - G F P 

Lane 3: SGY446 (Atpkl Ts) transformed with vector only 
Lane 4: SGY446 transformed with Pb TPK2 2 2 6 5 8 , - G F P 

5.6.3 Western blot for Tpk2 F L 

The Tpk2 FL expression f rom both haploid and diploid 5. cerevisiae strains was 

verified by Western blot (section. 2.38). A specific polyclonal antibody was used to 

detect Tpk2 (Fig. 5.5.3.1). 

Figure 5.6.3.1 Western blot for Tpk2 with specific antibodies 

SGY446 (Atpkl Ts) transformed with vector only 
Xpy5a/oc (Atpkl) transformed with vector only 
SGY446 transformed with Pb TPK2 full length 
X P Y 5 a / a transformed with Pb TPK2 full length 

Tpk2, 
64 kDa 

i.ane i : 
Lane 2: 
Lane 3: 
Lane 4: 

5.6.4 Western blot for G p b l - G F P 

The G protein Gpbl-GFP was detected from co-expressed yeast cells using specific 

antibodies raised against the peptide Pb Gpbl 266-279 and the Western blot was 

performed as described in section 2.38. 

Figure 5.6.4.1 Western blot for G p b l - G F P with specific antibodies 

Lane 1 : SGY446 (Atpkl Ts) transformed with vector only 
Lane 2: Xpy5a/a (Arpk2) transformed with vector only 
Lane 3: SGY446 transformed with Pb GPB1-GFP 
Lane 4: XPY5a /a transformed with Pb GPB1-GFP 

1 

G p b l - G F P . 
65 kDa 
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5.7 Subcellular localization of T p k 2 - G F P 

In order to investigate the subcellular localization o f the GFP-fusion proteins, Tpk2 

N-terminus-GFP, C-terminus-GFP and GFP expressing yeast cells nuclei were 

stained with D A P I as described in section 2.34. D A P I strongly binds to D N A and 

helps to visualize the nucleus in the cell. DAPI stained cells were observed under a 

confocal microscope. 

Figure 5.7.1 Subcellular localization of Pb Tpk2 in S. cerevisiae 

(a) A tpk2 + G F P / K . A tpk2 + Pb TPK2(c\ A tpk2 + Pb TPK2 
\P) 1-225_Qpp V V 226-583_Qpp 

DAPI 

G F P 

Merged 

Scale bar: Sum 
Figure 5.7.1- A tpkl transformants carrying Pb TPK2-GFP fusions analyzed by 
confocal microscope 
(a) GFP, expressed from p426MET25 was distributed throughout the cell. 
(b) Pb Tpk2 N-terminus 1-225-GFP was distributed throughout the cell. 
(c) Pb Tpk2 C-terminus 226-583-GFP was concentrated in the nucleus. 
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5.8 Subcellular localization of Tpk2 & G p b - G F P in cells co-expressing these 
proteins 

We have previously shown that Pb Gpbl-GFP inhibits Tpk2 function, inhibiting 

pseudohyphae and cell growth at 37°C (Fig. 5.5.2.1 and 5.5.2.2). Since Tpk2 

localizes in the nucleus (Fig. 5.7.1), the interaction o f Tpk2 with Gpbl possibly re­

target the Tpk2 from the nucleus to the cytoplasm. In order to investigate this, Gpb l -

GFP was co-expressed with Tpk2 f u l l length, as described in section 5.4.2, and the 

cells stained with D A P I to see the subcellular localization o f Gpbl-GFP (e.g. 

identified by their GFP fluorescence). 

Figure 5.8.1 Subcellular localization of Pb G p b l - G F P in TPK2 transformed S. 
cerevisiae tpk2A 

( a ) Wild type + Pb (b) \tpk2 + Pb ( c ) Mpkl+PbTPK2 
GPB1-GFP GPB1-GFP F L + Pb GPB-GFP 

DAPI 

G F P 

Merged 

Scale bar: 5um 
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Figure 5.8.1 Atpk2 transformants carrying Pb Gpbl-GFP fusions analyzed by 

con focal microscopy. 

(a) Gpbl-GFP was distributed throughout the cell in the wild-type (MLY61a /a) 

strain. 

(b) Gpbl-GFP was distributed throughout the cell in the tpkl mutant (XPY5a /a) 

strain. 

(c) Gpbl-GFP was concentrated in the nucleus when co-expressed with Pb TPK2 

FL in the /Atpkl cells. 

5.9 Pb TPK1 Cloning and characterization 

We under took a P. brasiliensis genome sequence search that revealed another 

cAMP-dependent PKA catalytic subunit (Tpk l ) , which has 560 amino acids and has 

highest homology with Aspergillus fumigatus Afpka EAL91742 but only 31.5 % 

homology with P. brasiliensis Tpk2 (see table. 5.9.1). P. brasiliensis T p k l has been 

aligned with other Tpks by Vector NT1 alignment programme as shown in figure 

5.1.3. The conserved nucleotide binding site in all Tpk's is GTGSFG, but T p k l of P. 

brasiliensis and Aspergillus fitmigatus Afpka EAL91742 are slightly different by 

having GTGTFA: however, the catalytic loop RDLKPEN is similar in both. The 

conserved M g 2 + binding region is TDFGFAK but T p k l of P. brasiliensis and 

Aspergillus fumigatus Afpka EAL91742 have a change in the first amino acid 

position as V D F G F A K (see figure. 5.1.3). 

Table 5.9.1 T p k l homology with other P K A s 

S.No Organisms Identity with Pb T p k l 
1 S. cerevisiae T p k l 27.2% 
2 5. cerevisiae Tpk2 27.3% 
3 5. cerevisiae Tpk3 27.9% 
4 C. albicans Tpk2 29.2% 
5 A. fumigatus AfpkaCl 31.5% 
6 A. fumigatus AfpkaC 31.3% 
7 A. nidulans AnpkaCl 30.4% 
8 A. fumigatus Afpka-

EAL91742 
43.6% 

9 P. brasiliensis Tpk2 31.5% 
10 U. mavdis Adr-1 27.6% 
11 U. mavciis Ukal 29% 
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5.9.2 S M A R T Analysis of P. brasiliensis T p k l 

An analysis of P. brasiliensis T p k l with SMART (EMBL) revealed two major 

domains; (239-500) a serine/threonine phosphorylation domain (S_TKc) and (501-

560) an extension of the serine/threonine phosphorylation domain (S_TKc_X). The 

N-terminus is similar to Tpk2 and is a low complexity region (89-205). 

Figure 5.9.2.1 Major domains of T p k l 

1 WO 200 
I 1 1 

Table 5.9.2.2 T p k l domains and its positions 

Name Begin End E-value 

low complexity 89 111 -

low complexity 166 184 -

low complexity 192 205 -

S_TKc 239 500 8.45e-95 

S_TK_X 501 560 5.22e-08 

The figure and table are the output of the SMART analysis. 

5.9.3 T p k l : Two-hybrid analyses 

We have previously demonstrated that Pb Gpbl interacts with Pb Tpk2 and inhibits 

its function. Our analysis was extended in order to see whether T p k l interacts with 

G p b l . T u p l and adenylyl cyclase. Pb T p k l ' 0 " 3 6 0 was sub-cloned into the pGADT7 

and pGBKT7 vectors with Ncol and BamH\ sites in the forward and reverse primers, 
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respectively (for constructs and primers see table. 2.8.2). Two-hybrid analyses were 

performed to analyse the interactions, which revealed that Tpk l interacts with 

adenylyl cyclase N-terminus 1-678 (see table. 5.8.3.1). 

Table 5.9.3.1 T p k l two-hybrid results 

Interacting proteins with 

P&Tpk l 

Interactions 

Pb C y r l ' ^ + 

Pb Gpb -

PfcTupl -

Tpk2 1-174 (control) -

ADT7 vector (control) -

BKT7 vector (control) -

pGADT7 Lamin & 

pGBKT7 lamin (negative 

control) 

Pb Actin (negative 

control) 

+ Positive and - negative interactions 

5.9.4 T p k l complementation Assay 

P. brasiliensis Tpk2 complemented the S. cerevisiae tpkl mutant haploid (SGY446) 

and diploid strains (XPY5a/a). To test whether Pb Tpk l has a similar function to 

Tpk2 or a distinct role, the gene fragment encoding Pb 7 7 ^ / 1 0 0 6 0

 Was cloned into 

p426MET25-GFP vector and transformed into the 5. cerevisiae tpkl mutant strains 

(XPY5a/a) and a complementation assay was performed as described in sections 5.2 

and 5.3. T p k l did not induce pseudohyphal growth (Fig. 5.9.4.1). Confocal 

microscope analyses revealed that Tpk l localised in the cytoplasm but was not 

distributed throughout the cytoplasm (Fig. 5.9.4.3). The proteins were extracted from 

the yeast cells and verified by Western blot with anti-GFP antibodies (Fig. 5.9.4.3). 
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Figure 5.9.4.1 Pseudohyphal analysis of T p k l - G F P 

P. brasiliensis TPK1-GFP was transformed into the S. cerevisiae tpk2 mutant 

XPY5a/a and then the transformants were streaked on SLAD agar and an individual 

colony was observed under 20x magnifications as described in section 5.3. 

tpk2 mutant transformants 

(c) Pb TPK1-GFP (b) Vector (a) Wild type 

5 0 LIM ammonium 
sulphate 

2 0 0 L I M ammonium 
sulphate 

Scale bar for the whole picture: 0 . 7 2 mm 

Figure 5.9.4.1: Represents diploid 5. cerevisiae tpk2 mutant transformed with P. 

brasiliensis TPK1 

(a) Wild type MLY61a/a can produce pseudohyphae 

(b) tpk2 mutant XPY5a/a cannot produce pseudohyphae 

(c) Pb Tpkl -GFP did not induce pseudohyphae in a tpkl mutant. 
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Figure 5.9.4.2 Subcellular localization of T p k l - G F P in S. cerevisiae \tpk2 

XPY5a/a 

DAPI + GFP 
DAPI GFP Merged 

\ 

Scale bar: 5nm 

P. brasiliensis TPK1-GFP fusion construct in p426MET25 vector was transformed 

into the S. cerevisiae tpkl mutant XPY5a/a strain to test for complementation, 

because previously we had shown that Pb Tpk2 can complement the S. cerevisiae 

tpkl mutant haploid SGY446 Ts mutant and diploid XPY5a/a strains. Pb Tpk l did 

not complement the S. cerevisiae tpkl mutant XPY5a/a. The Tpkl-GFP fusion 

protein was located in the cytoplasm (Fig. 5.9.4.2) but Tpk2 was concentrated in the 

nucleus. 
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Figure 5.9.4.3 Western blot for T p k l - G F P fusion 

Total proteins were extracted f rom yeast cells as described in section 2.36 and a 

Western blot was performed as described in sections 2.37 and 5.5.1 with anti-GFP 

antibodies. 

2 3 4 

H H M Tpkl-GFP, 72 kDa 

Lane 1 & 2: tpk2 mutant XPY5a/a transformed with vector only 

Lane 3 and 4: tpkl mutant XPY5a/a transformed with Pb TPK1-GFP 
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5.10 Discussion 

The P. brasiliensis PKA catalytic subunit Tpk2 has 583 amino acids and contains the 

conserved nucleotide binding region 279-284 (GTGSFG), catalytic loop 394-400 

(RDLKPEN) and M g 2 + binding region 412-418 (TDFGFAK) (Bockmuhl el ai, 2001; 

Liebmann et a!., 2004). The autophosphorylation site lies at threonine-426 and 

histidine-316 is responsible for the catalytic and regulatory subunit association 

(Durrenberger et al., 1998; Liebmann et al., 2004) The function of Tpk2 in S. 

cerevisiae was knocked out by mutation of K99R (Pan and Heitman, 2002). 

P. brasiliensis Tpk2 has conserved PKA sequences and is similar to Tpk2 of 

S. cerevisiae and C. albicans (see table. 5.1.1 and figure. 5.1.3). Pb Tpk2 shows two 

major domains on SMART analysis (Fig. 5.1.4.1) that are conserved among fungal 

PKAs. A previous study has revealed that Tpk2 of C. albicans complements the 5. 

cerevisiae tpkl temperature-sensitive (Ts) mutant SGY446 (Bockmuhl et al., 2001). 

In a similar way the Tpk2 complementation assay was performed to see i f P. 

brasiliensis Tpk2 could complement haploid 5. cerevisiae tpkl Ts SGY446 (Smith et 

al., 1998), which is unable to grow at 37°C and the diploid S. cerevisiae Atpkl 

XPY5a/a, (Pan Heitman, 1999), which is unable to produce pseudohyphae under 

low nitrogen condition. P. brasiliensis TPK1 fu l l length was transformed into the 

tpkl mutant haploid (SGY446) and diploid (XPY5a/a) strains and found to 

complement their phenotypes, enabling growth at 37°C and formation of 

pseudohyphae, respectively (Fig. 5.3.1 & 5.4.1). 

To investigate the functional domain, the complementation assay was 

performed with truncated Tpk2 at its N-terminus 1-225-GFP and its C-terminus 226-

583-GFP and the results clearly demonstrated that the C-terminal region was able to 

complement both strains, but the N-terminal region could not (Fig. 5.3.1 & 5.4.1). 

We previously demonstrated that the C-terminus 226-583 expressed from the E.coli 

has PKA activity (Fig. 4.9.2; chapter 4), indicating that the C-terminus is the 

catalytic domain and is sufficient for its function in inducing filamentous growth. 

The protein expressions were verified by Western blot with anti-GFP and specific 
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polyclonal antibodies (Fig. 5.6.1.1, 5.6.2.1 & 5.6.3.1). TPK2 transformed yeast cells 

nuclei were stained with DAPI and the GFP localization was analysed using a 

confocal microscope: then Tpk2 C-terminus 226-583-GFP was shown to localise in 

the nucleus, whereas the N-terminal was distributed throughout the cells (Fig. 5.7.1). 

Previously it has been shown that C. albicans Tpkl-GFP and Bcyl-GFP localise in 

the nucleus (Cassola et al., 2004). Similarly S. cerevisiae Tpk2 localises in the 

nucleus (Pan and Heitman, 2002). This suggests that PKA is targeted to the nucleus, 

presumably to phosphorylate target transcription factors. 

Since two-hybrid and pull-down assays confirmed the interaction of Gpbl 

with Tpk2 C-terminus; we sought to test whether the G protein Gpbl has an 

inhibitory effect on PKA function (see table. 4.2.1 and f ig . 4.8.1; chapter 4). The S. 

cerevisiae haploid (SGY446) and diploid (XPY5a/a) tpkl mutant strains were used 

as recipients of Pb TPK2 FL and into these Pb GPB1-GFP was transformed and 

selected on the basis of GFP expression. These studies indicated that Gpbl-GFP 

inhibited the ability of Tpk2 to complement growth at 37°C (tpk2 Ts mutant SGY446) 

and to produce pseudohyphae (tpk2 mutant XPY5aAx) (Fig. 5.5.2.1 & 5.5.2.2), 

suggesting that Gpbl interacts directly with the Tpk2 C-terminus catalytic domain 

and inhibits its activity. 

There is a possibility that Gpbl relocates Tpk2 from the nucleus to the 

cytoplasm. In order to investigate this possibility Tpk2 and Gpbl-GFP co-

transformed yeast cells nuclei were stained with D A P I and the subcellular 

localization of GFP was analysed. The Tpk2 and Gpbl-GFP complex concentrated 

in the nucleus, however pail of the Gpbl-GFP was present in the cytoplasm but 

Gpbl-GFP alone was distributed throughout the cells in both wi ld type and mutants 

(Fig. 5.8.1). This indicates that Gpbl interacts with Tpk2 and this complex localizes 

in the nucleus. This strongly suggests that Gpbl inhibits Tpk2 f rom phosphorylating 

transcription factors necessary for the production of pseudohyphae. In S. cerevisiae, 

the kelch repeat proteins (G[3 mimics) Gpbl and Gpb2 acts downstream of Gpa2 and 

these regulate the invasive and pseudohyphal growth by inhibiting PKA activity in a 

cAMP-independent manner (Lu and Hirsch, 2005). The kelch repeat proteins Krh l /2 
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(Gpb2/1) act as a strong down-regulator of PKA activity by interacting with the 

catalytic subunit of cAMP dependent PKA (Peelers et al., 2006). A 5. cerevisiae 

kelch repeat proteins krhl/2 deletion mutant exhibited a hyperinvasive phenotype 

with a high level of FLO/7 expression (cell surface flocculin), which is responsible 

for pseudohyphal and invasive growth (Batlle et al., 2003). This strongly indicates 

that G proteins down-regulate the activity of PKA. 

Three isoforms of cAMP-dependent PKA catalytic subunits have been 

identified in 5. cerevisiae (namely TPK1, TPK2 and TPK3) and all have homology in 

their C-terminus but the N-terminals are not homologous and are of different lengths. 

It was shown that at least one subunit is required for cell viability (Toda et al., 1987). 

The three subunits do not have a functionally redundant role in pseudohyphal growth; 

Tpk2 induces, whereas Tpk l and Tpk3 inhibit the pseudohyphal growth (Robertson 

and Fink, 1998). In contrast, PKA isoforms (Tpk l and Tpk2) in C. albicans have 

similar roles in hyphal morphogenesis (Bockmuhl et al., 2001). 

The PKA from the plant pathogen Ustilago inaydis has two catalytic subunils, 

namely adrl and ukal. A d r l , which has the highest homology with Tpk2 of S. 

cerevisiae, is required for the virulence and for the yeasts to pathogenic mycelial 

motphogenesis. It has been shown that in addition to the above function, Adr l 

confers resistance to dicarboximide fungicide vinclozolin. The gene encoding for 

nkaI is not essential for virulence, mating or morphogenesis (Durrenberger et al., 

1998; Orth et al., 1995). A previous report showed that S. cerevisiae PKA confers 

resistance to polymixcin B (Boguslawski and Polazzi, 1987). The protein kinase 

conferring fungicide resistance is not well understood. In P. brasiliensis, TPK2 has 

been previously cloned in our lab, we sought to search the data base; a search of the 

recent genome sequence (Broad Institute) revealed the presence of another catalytic 

subunit in Pb, which has 31.5% homology with Pb Tpk2 and decreasing order of 

homology with Aspergillus funiigatus Afpka-EAL91742 (43.6%), Ustilago maydis 

Ukal (29%) and S. cerevisiae Tpk3 (27.9%) (see table. 5.8.1). Further investigation 

wi l l be needed to determine if Pb Tpk 1 and Tpk2 confer any antifungal activity. 
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P. brasiliensis TPK1 has been cloned by specific primers designed on the 

basis of the sequence downloaded from the Broad Institute data base. P. brasiliensis 

TPKI1^'^0 was transformed into the S. cerevisiae haploid (SGY446 tpkl Ts mutant) 

and diploid (XPY5a/a, tpkl mutant) strains, which were analysed for 

complementation as observed for P. brasiliensis Tpk2. Pb T p k l neither 

complements the haploid strain nor the diploid strains for growth at 37HC and 

pseudohyphal growth under low nitrogen conditions, respectively (Fig. 5.9.4.1). 

Confocal microscope analyses revealed that T p k l localises in the cytoplasm (Fig 

5.9.4.2). Previous studies indicated that S. cerevisiae Tpk l localization is controlled 

by nutrients. During active growth and cAMP depleted conditions Tpkl-GFP 

localizes in the nucleus, whereas exogenous addition of 3 mm cAMP causes rapid 

dissociation of T p k l from regulatory subunit Bcyl and enters in to the cytoplasm, 

but Bcy l remains in the nucleus (Griffioen et al., 2000). Therefore it is not 

surprising that P. brasiliensis Tpkl -GFP localizes in the cytoplasm. 

For two-hybrid analyses, Pb TPKl' 0 0 6 0 was sub-cloned into both of the two-

hybrid assay vectors and ADT7 Tpk was co-transformed with BKT7 C y r l , Gpbl and 

Tup l and vice versa. It has been shown that Tpk l can interact with only adenylyl 

cyclase but not with Tupl and Gpbl with both vector constructs (see table 5.9.3.1). 

It seems that the adenylyl cyclase acts as a central component of the cAMP/PKA 

pathway, which can interact with many proteins. 

Pb Tpk2 induced pseudohyphal growth in a diploid S. cerevisiae tpkl mutant 

strain but T p k l did not. This suggests that Tpk2 of Pb has a role in the filamentous 

growth of the mycelial form and T p k l has no role in morphological transition. This 

behaviour correlates with the transcript levels, in that Tpk2 levels are higher in 

mycelial. During the morphological transition the Tpk2 transcript levels decreased 

and Gpb transcript levels rose after 24 hours of the onset of the transition (Chen et 

al., 2007). This suggests that Gpbl down-regulates Tpk2 and inhibits filamentous 

erowth. 
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CHAPTER SIX 

Final discussion 

In order to identify potential drug targets, a molecular level study of P. brasiliensis 

was under taken. Due to a lack of genetic tools in P. brasiliensis, we have used 

various approaches to study the components of the cAMP signalling pathway. We 

measured the intracellular cAMP levels; a transient increase in cAMP was observed 

with the onset of the morphological transition from mycelium to yeast (figure. 3.11.4) 

that correlates with an increase in the transcripts of adenylyl cyclase (Chen et al., 

2007). In general adenylyl cyclase is activated by G proteins, consistent with this, in 

this study we have shown that adenylyl cyclase interacts with the G protein Gpal 

(figure. 3.9.1), this suggests adenylyl cyclase could be activated by this interaction. 

Similarly, in S.pombe, adenylyl cyclase is activated by the G protein Gpa2 when it 

interacts with the N-terminus of adenylyl cyclase (Ivey and Hoffman, 2005). Recently, 

it was demonstrated that Gpa2 interacts with adenylyl cyclase in S. cerevisiae (Peeters 

et al., 2006). 

In addition, we have established for the first time that a G(3 subunit Gpbl 

interacts with adenylyl cyclase in a filamentous fungus, which is required for the 

regulation of adenylyl cyclase activity (figure. 3.10.1). Interestingly both Ga Gpal 

and G(3 Gpbl interact with the N-terminus of adenylyl cyclase (453-678). Most 

filamentous fungi, including P. brasiliensis have more than one Ga subunit, but there 

is no evidence that the G(3 and Gy subunit, and which there is generally single copied, 

forms a complex with different Ga. In this study, we have shown for the first time 

that the G protein Ga Gpal forms a complex with G(3 Gpbl and Gy Gpgl (Chen et al., 

2007). Work in our lab indicated that Gpa2 and Gpa3 do not interact with Gpbl and 

Gpgl (Chen et al.. 2007). 

The cAMP-dependent PKA is the main downstream component of the 

cAMP/PKA pathway in 5. cerevisiae (Thevelein and de Winde 1999; Ivey and 

Hoffman, 2005). Initially the Pb PKA catalytic subunit TPK2 was cloned in our lab, 



which is highly homologous to S. cerevisiue Tpk2, but a recent genome sequencing 

project revealed the presence of another TPK, we named as TPK I, which is similar to 

A.fwnigatits catalytic subunit, Afpka-EAL91742. It has been shown that PKA shows a 

strong feed back inhibition on cAMP synthesis by activating phosphodiesterase via 

phosphorylation activity (Nikawa et al., 1987; Mbonyi et al., 1990; Ma et al., 1999). 

However, a strong feed back inhibition was also seen in phosphodiesterase mutant 

strains, this suggests that adenylyl cyclase itself is a target for the feed back inhibition 

(Thevelein and de Winde 1999; Colombo et al., 1998). In this study, we have shown 

for the first time that Tpk2 directly interacts with the N and C-terminus of adenylyl 

cyclase (see table 4.2.1). The N-terminal interaction is used as a scaffold for protein 

binding and probably the C-terminal (catalytic domain of adenylyl cyclase) 

interaction inhibits cAMP synthesis. 

The Tpk2 of C. albicans complements 5. cerevisiae tpkl mutant (Sonnebom 

et al., 2000), similarly we sought to test i f Tpk2 of P. brasiliensis complements 5. 

cerevisiae Atpk2. We found P. brasiliensis Tpk2 complemented the 5. cerevisiae tpkl 

mutant haploid strain (SGY446, Ts mutant) and induced the formation of 

pseudohyphae in a tpkl mutant diploid strain (XPY5a/a) (figure 5.3.1 and 5.4.1), but 

T p k l did not (figure. 5.9.4.1). Moreover, Tpk2 localised to the nucleus and T p k l to 

the cytoplasm of 5. cerevisiae (figure 5.7.1 and 5.9.4). Consistent with this, Tpk2 of 5. 

cerevisiae localised to the nucleus (Pan and Heitman, 2002) 

The P. brasiliensis G(3 protein Gpbl interacts with Tpk2 C-terminus (catalytic 

domain). We sought to test whether this interaction could affect Tpk's function. 

Consistent with this. Gpbl interacts with Tpk2 in vivo and inhibits the pseudohyphae 

induced by Tpk2 (figure. 5.5.2.2). This indicates that Gpbl inhibits the catalytic 

activity of Tpk2. In addition, Gpbl was targeted to the nucleus in the presence of 

Tpk2 (figure. 5.8.1), there is a possibility that Gpbl could be phosphorylated by Tpk2, 

but this needs to be determined. However, the mechanism in S. cerevisiae is different; 

G(3 mimics Krh l /2 interact with Tpk2 causing it to interact with its regulatory subunit 

Bey 1 (Peelers et al.. 2006 and 2007). 

P. brasiliensis Tpk2 N-terminus also interacts with the global transcriptional 

repressor Tup 1 (figure. 4.12.1 and table. 4.2.1). We have established for the first time 
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that the glutamine-rich domain of Tpk2 is necessary for this interaction (table. 4.2.1). 

but the position of Tup I in the cAMP pathway and the role of the interaction have to 

be characterised. Previously it was shown that the 'Q' residues are necessary for 

protein-protein interactions (Liebman et al., 2004; Sonneborn et at., 2000). 

Extracellular 

• / n 
/ / / / / 

/ / / / / / 
Seven-transmembrane helix 

/ if n 

Intracellular V O 0 G | 3 y 

Q a ,Gpa1 @ Gpb1 

Adenylyl cyclase Cyr1 

ATP cAMP 

Feed back inhibition 
PKA Catalytic subunit Tpk2 

Dimorphism 

Jpk1 

Figure 6.1 The c A M P pathway in P. brasiliensis. Gpal dissociates f rom the Gf3y 
dimer, and in turn adenylyl cyclase is activated by Gpal . Gpbl also 
interacts and regulates the adenylyl cyclase activity probably in an 
inhibitory manner. Tpk2 interacts with adenylyl cyclase and acts as a feed 
back inhibitor of cAMP. Tpk2 involves in the dimorphism. Blunt arrow 
indicates negative effect. 

In conclusion, we have shown that the change in cAMP levels during the 

morphological transition suggesting that c A M P modulates this transition. Despite 

phosphodiesterase feed back inhibition of cAMP; we showed here, Tpk2 directly 

interacts with adenylyl cyclase: therefore adenylyl cyclase itself acts as a target for 
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feed back inhibition of cAMP. The G protein Gp Gpbl interacts with both adenylyl 

cyclase and Tpk2 in order to switch off the signalling pathway. In addition, we 

presume that, the interaction of Gpbl with Tpk2 blocks the interaction with adenylyl 

cyclase. We suggest that G protein G(3 Gpbl regulates both upstream and downstream 

components of the cAMP signalling pathway. 
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Summary 

Paracoccidioides brasiiiensis is a human pathogenic 
fungus that switches from a saprobic mycelium to a 
pathogenic yeast. Consistent with the morphological 
transition being regulated by the cAMP-signalling 
pathway, there is an increase in cellular cAMP levels 
both transiently at the onset (< 24 h) and progressively 
in the later stages (> 120 h) of the transition to the 
yeast form, and this transition can be modulated by 
exogenous cAMP. We have cloned the cyr1 gene 
encoding adenylate cyclase (AC) and established that 
its transcript levels correlate with cAMP levels. In 
addition, we have cloned the genes encoding three Get 
(Gpa1-3), Gp° (Gpb1) and Gy (Gpg1) G proteins. Gpa1 
and Gpb1 interact with one another and the N-terminus 
of AC, but neither Gpa2 nor Gpa3 interacted with Gpb1 
or AC. The interaction of Gpa1 with Gpb1 was blocked 
by GTP, but its interaction with AC was independent of 
bound nucleotide. The transcript levels for gpal, gpbl 
and gpgl were similar in mycelium, but there was a 
transient excess of gpbl during the transition, and an 
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excess of gpal in yeast. We have interpreted our 
findings in terms of a novel signalling mechanism in 
which the activity of AC is differentially modulated by 
Gpal and Gpbl to maintain the signal over the 10 days 
needed for the morphological switch. 

Introduction 

The phylogenetically related ascomycete fungi Para­
coccidioides brasiiiensis, Histoplasma capsulatum, 
Blastomyces dermatitidis, Coccidioides immitis, Penicil-
lium marneffei and Sporothrix schenkii from more than 
hundred thousand different species of environmental 
fungi are able to adapt for survival in mammalian hosts 
(Borges-Walmsley etal., 2002; Morris-Jones, 2002; San-
Blas etal., 2002; Bradsher etal., 2003; DiCaudo, 2006; 
Vanittanakom etal., 2006; Kauffman, 2007). These are 
known as dimorphic fungi because they undergo exten­
sive changes that allow them to switch from mycelium, a 
non-pathogenic filamentous form, to pathogenic single-
cellular yeast that causes infections in millions of people 
across the globe every year. Infection is the result of the 
release from mycelium, frequently found in soil, of frag­
ments or spores, which are inhaled by the host, exposing 
them to an elevated temperature that triggers the morpho­
logical switch. The pathogenicity of these fungi is inti­
mately linked to the morphological change because 
strains that are unable to transform from mycelium to 
yeast are often avirulent (Nemecek etal., 2006). 
However, our knowledge of how these fungi sense and 
respond to the temperature change is still rudimentary. 

In eukaryotes, many cell-signalling processes are medi­
ated by guanine-nucleotide binding proteins known as G 
proteins (for a review, see Sprang, 1997). Generally these 
are activated when they interact with a G protein-coupled 
receptor (GPCR) and transmit signals to downstream 
effectors such as adenylate cyclase (AC) and protein 
kinases. Typically these G proteins function as heterotri-
meric complexes, composed of Ga, G[3 and Gy subunits, 
which are activated when GTP binds to, and replaces 
bound GDP on, the Ga subunit to cause its dissociation 
from the GPy dimer. The signal can be mediated by 
Got-GTP, GPy or both, depending on the pathway, and is 
attenuated as the GTP is hydrolysed to allow the 
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re-association of the trimeric complex (Sprang, 1997). 
Although this is a generally held view of the function of 
heterotrimeric G proteins, there is recent evidence that 
complex dissociation is not needed for signalling by all G 
proteins (Frank era/., 2005). 

Fungi possess between two and four, but most have 
three, Ga proteins. However, they only appear to have a 
single G(i and Gy protein, suggesting that either some Go 
proteins can act independently or multiple Ga proteins can 
interact with the Gpy dimer (Lafon et at, 2006; Yu, 2006). 
Saccharomyces cerevisiae has two Ga proteins, Gpa1 
and Gpa2, which have been shown to regulate mating, in 
response to pheromones, and filamentous growth, in 
response to glucose, via mitogen-activated protein kinase 
(MAPK) and cAMP-signalling pathways respectively (for a 
recent review, see Hoffman, 2005). Gpa1 interacts with 
the GPy dimer, composed of Ste4 and Ste18, preventing 
activation of the MAPK-signalling pathway by the Ste4-
Ste18 dimer, which binds to the scaffold protein Ste5 
(Whiteway etal., 1995; Pryciak and Huntress, 1998) and 
the p21-activated kinase Ste20 (Leeuw etal., 1998). In 
contrast, the cAMP-signalling pathway is activated by 
Gpa2 and Ras (Lorenz and Heitman, 1997; Colombo 
etal., 1998; 2004; Xue etal., 1998; Kraakman etal., 1999; 
Lorenz et al., 2000), both of which are presumed to bind 
directly to AC. Although Gpa2 does not appear to have a 
Gp partner, it can bind the kelch-repeat proteins Gpb1 and 
Gpb2 that may mimic Gp subunits to control the level of the 
free protein (Harashim and Heitman, 2002). Schizosac-
charomyces pombe also possesses two Ga proteins that 
regulate pheromone-activated MAPK and glucose-
activated cAMP-signalling pathways. However, the phero-
mone pathway is activated by the Ga protein Gpa1, rather 
than by a G(3y dimer, but its target is unknown (Obara 
etal., 1991; Ladds etal., 2005); while Gpa2, which binds 
to the G^ydimer, composed of Git5 and Git11 (Landry and 
Hoffman, 2001), binds to and activates AC (Ogihara et al., 
2004; Ivey and Hoffman, 2005). Ustilago maydis has four 
Ga proteins, but it is not known whether they work inde­
pendently of a Gp or whether they all interact with the 
same Gp, or even if they have kelch-repeat protein part­
ners (Regenfelder etal., 1997; Muller etal., 2004). 
Aspergillus nidulans possesses three Ga proteins, FadA 
(Yu etal., 1996), GanA and GanB (Chang etal., 2004), 
and apparently a single Gp, sfaD (Rosen et al., 1999), and 
Gy, GpgA (Seo etal., 2005), protein, but does not appear 
to possess kelch-repeat proteins that are related to Gpb1 
or Gpb2. There is evidence from the phenotypes of dis­
ruption mutants that a sfaD-GpgA dimer can interact with 
both FadA and GanB (Lafon etal., 2005), but a direct 
interaction has not been demonstrated. 

Gp proteins have been found to be involved in develop­
mental pathways of several filamentous fungi: for example, 
in controlling the development and/or virulence of the plant 

pathogens Cryphonectria parasitica (Kasahara and Nuss, 
1997), Magnaporthe grisea (Nishimura etal.. 2003), 
Fusarium oxysporum (Jain etal., 2003; Delgado-Jarana 
etal., 2005), U. maydis (Muller etal., 2004) and 
Cochliobolus heterostrophus (Ganem et al., 2004), and in 
the development of Neurospora crassa (Krystofova and 
Borkovich, 2005), A. nidulans (Rosen etal., 1999) and 
Cryptococcus neoformans (Wang etal., 2000). Although 
the Gp proteins MBP1 and GPB1, from M. grisea and 
C. neoformans, appear to function through MAPK-
signalling pathways in analogy with Ste4, the other Gp 
proteins function, at least partially, through cAMP-
signalling pathways. In several cases, exogenous cAMP 
can suppress some, if not all, of the defects caused 
by deleting these genes. For example, the filamentous 
growth of a bpp 1 deletion in U. maydis can be suppressed 
by exogenous cAMP (Muller et al., 2004). A constitutively 
active allele of gpa3 also suppresses this phenotype, 
suggesting that Bpp1 and Gpa3 are components of the 
same heterotrimeric G protein that acts on AC. However, in 
contrast to Abbpl strains, &gpa3 strains are impaired in 
pathogenicity, suggesting that Gpa3 operates indepen­
dently of Bpp1. In N. crassa, deletion of the Gp protein 
Gnb-1 causes a reduction in cAMP levels, but this was 
attributed to a reduction in Ga proteins that activate AC 
(Krystofova and Borkovich, 2005). In S. pombe, deletion of 
the Gp protein Git5 does not affect basal cAMP levels but 
inhibits the glucose-induced elevation of cAMP levels 
(Landry etal., 2000), and one proposal is that Git5 inter­
acts directly with AC. Thus, there is evidence that Ga and 
Gp proteins can independently activate different signalling 
processes. 

If Ga and Gp, and the GPy and GaPy complexes can all 
elicit signalling, then there is no reason why these subunits 
should be expressed equivalently. Signalling could be 
brought about by the increased expression of either the Ga 
or Gp subunit, above that of its cognate subunit, so that 
there would be a pool of uncomplexed G protein that would 
be free to interact with other proteins in the signalling 
pathway. In the case of S. cerevisiae, it has been reported 
that there is an excess of Gpa1 over Ste4 (Ghaem-
maghami etal., 2003) that might be needed to prevent 
pheromone-independent signalling by the Ste4-Ste18 
dimer (Hoffman, 2005). This balance in the subunits is 
important because a twofold increase in Ste4 is sufficient to 
activate the pathway (Hao etal., 2003). A similar imbal­
ance has been noted in S. pombe, where the Gp Git5 is 
transcribed at much lower levels than the Ga Gpa2 and Gy 
Git11 (Hoffman, 2005). It has been hypothesized that 
the uncomplexed Gpa2 is associated with AC to form an 
inactive complex: glucose activation of the signalling 
pathway would lead to Gpa2-GTP, released from the Git5-
Git11 dimer, being swapped for Gpa2-GDP bound to AC 
that would then become activated (Hoffman, 2005). 
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The cAMP-signalling pathway has been shown to be 
important in controlling morphological changes and the 
pathogenicity of several fungi (Borges-Walmsley and 
Walmsley, 2000). For example, signalling through AC con­
trols the virulence of Candida albicans (Rocha etal., 
2001), C. neoformans (Alspaugh et al., 2002) and A. fumi-
gatus (Liebmann etal., 2003). In contrast to the ACs of 
C. neoformans (Vallim el al., 2005) and A. fumlgatus (Lie­
bmann el al., 2003) that only appear to be regulated via Ga 
proteins, C. albicans is regulated by both Ras (Rocha 
etal., 2001) and Gpa2 (Miwa etal., 2004; Maidan etal., 
2005), which can also interact with the MAPK pathway 
(Sanchez-Martinez and Perez-Martin, 2002; Bennett and 
Johnson, 2006). In the plant pathogen M. grisea, the mor­
phological changes that are involved in pathogenicity are 
dependent upon G protein-mediated cAMP signalling, and 
exogenous cAMP induces formation of the infective 
appressorium (Nishimura etal., 2003). 

Paracoccidioides brasiliensis, the aetiological agent of 
paracoccidioidomycosis (for a review, see San-Bias ef al., 
2002; Borges-Walmsley etal., 2002), the most prevalent 
systemic mycosis in Latin America, where it is estimated 
that throughout the endemic region as many as 10 million 
individuals, out of a population of about 90 million, may be 
infected (Restrepo etal., 2001). The fungus is dimorphic 
undergoing a complex transformation in vivo, in which 
mycelia and conidia transform to the pathogenic yeast 
form (Medoff etal., 1987; Borges-Walmsley etal., 2002; 
San-Bias etal., 2002), while strains that are unable to 
undergo the mycelium-to-yeast transformation are aviru-
lent (San-Bias and Nino-Veja, 2001). Herein we establish 
that this process is regulated by the cAMP-signalling 
pathway, and we have cloned the gene encoding AC and 
genes that encode a set of G proteins, which potentially 
function upstream of AC. In the absence of molecular 
tools for forward and reverse genetic approaches for 
studying gene function in P. brasiliensis, we have investi­
gated the interaction of these proteins using yeast two-
hybrid and pull-down assays. Our data indicate that the 
G[i and Gy proteins Gpb1 and Gpg1 interact specifically 
with the Ga Gpa1, but not with Gpa2 or Gpa3, to form a 
trimeric complex. This trimer can dissociate to release 
Gpa1 and Gpb1 that can independently interact with the 
N-terminus of AC. We propose that the ability of AC to 
bind both Gpa1 and Gpb1 enables maintenance of a 
long-term signal that is required to direct the morphologi­
cal transition from the saprobic mycelium to pathogenic 
yeast, which occurs over a period of about 10 days. 

Results 

The P. brasiliensis morphological transition is controlled 
by cAMP 

The cAMP-signalling pathway has been implicated in 
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controlling morphological changes and the virulence of a 
number of fungi. We sought to determine whether cAMP 
would affect the morphological transition, which underlies 
the virulence, of P. brasiliensis. As a prerequisite for 
such an analysis, we monitored the morphology of 
P. brasiliensis cells, growing in liquid culture, which had 
been induced to undergo the mycelium-to-yeast transition 
by increasing the temperature from 26°C to 37°C, and 
established parameters to quantify the different morpho-
types that are produced during this process. We classified 
the transition into four different morphological states 
(Fig. 1A): (i) hyphae; (ii) differentiating hyphae, character­
ized by the development of chlamydospore-like cells, pro­
duced by intercalary or lateral swellings in the fertile 
hyphae; (iii) transforming yeast, characterized by the pro­
duction of multiple buds by the chlamydospore; and (iv) 
mature, multibudding yeast. This classification helped us 
establish quantitative parameters to assess the morpho­
logical transition at successive time point: after 336 h, 
92% of the cells were yeast, indicating that the transition 
had gone to near completion (Fig. 1B, left graphic). In 
contrast, when the mycelial cells were treated with 10 mM 
dibutyryl-cAMP and the morphological switch induced, 
only 32% of the cells were yeast after 336 h, indicating 
that cAMP retarded the morphological transition (Fig. 1B, 
right graphic). We did not find any appreciable effect of 
dibutyryl-cAMP, at concentrations up to 20 mM, upon the 
yeast-to-mycelium transition induced by decreasing the 
incubation temperature from 37°C to 26°C (data not 
shown). This latter finding contrasts with an earlier study 
that indicated that cAMP retarded the yeast-to-mycelium 
transition (Paris and Duran, 1985), but we cannot identify 
any clear reason for this difference. 

Identification of the components of a cAMP-signalling 
pathway in P. brasiliensis 

In an attempt to identify genes from the cAMP-signalling 
pathway, which our studies clearly implicated in the control 
of the morphological switch from the mycelium to patho­
genic yeast form of P. brasiliensis, we used homology-
based strategies to clone the genes that encode AC (e.g. 
CYR1) and several G proteins, including three Ga (e.g. 
GPA1, GPA2 and GPA3), G(3 (e.g. GPB1) and Gy (e.g. 
GPG1) subunits, which might be expected to be involved in 
its regulation (see Supplementary material). 

A phylogenetic analysis of all known fungal Ga proteins 
identified to date indicates that they fall into three major 
families (groups 1 -3) . each of which is represented by one 
of the three Go. proteins, Gpa1-3, from P. brasiliensis 
(Fig. S1). In contrast, only a single G(3 and Gy have been 
identified in these fungi, raising the question as to whether 
they interact with more than one Ga. Consequently, we 
sought to test whether the G(5 protein Gpb1 interacts with 
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F ig . 1 . The cAMP-signal l ing pathway 
regulates the transition from mycelium to 
yeast in P. brasiliensis. 
A. The morphology of P. brasiliensis cells, 
growing in liquid culture, which had been 
induced to undergo the mycelium-to-yeast 
transition by increasing the temperature from 
26°C to 37°C and was monitored to quantify 
the different morphotypes that are produced 
during this process. Cellular forms were 
classified into four different morphological 
states: (i) hyphae; (ii) differentiating hyphae, 
character ized by the development of 
chlamydospore-l ike cells, produced by 
intercalary or lateral swell ings in the fertile 
hyphae; (iii) transforming yeast, characterized 
by the production of multiple buds by the 
chlamydospore; and (iv) mature, mult ibudding 
yeast. At the indicated t imes during the 
morphological switch, 300 morphological units 
were picked and the number of individual 
forms quanti f ied. 

B. The bar charts show the percentage of 
each morphological form at increasing times 
during the morphological transition from 
mycel ium to yeast in the absence (a) and 
presence (b) of 10 m M dibutyry l -cAMP The 
data indicate that exogenous dibutyryl-cAMP 
retards the mycelium-to-yeast morphological 
transit ion. 
C. The bar charts show the percentage of 
each morphological form at 240 h after 
initiating the transition in the absence of 
cAMP (chart a) and for cells to which 10 m M 
dibutyryl-cAMP was added at the start of the 
transition (chart b), at 12 h (chart c) and 120 h 
(chart e) after initiating the transition; for 
compar ison, the percentage of each 
morphological forms after 120 h is also shown 
(chart d). The data indicate that the addition 
of exogenous dibutyryl-cAMP late in the 
transition reverses the mycelium-to-yeast 
morphological transition. M-mycelium; 

DM-Differentiat ing mycel ium; 
DY-Differentiating yeast; Y-Yeast. 

Gpa1-3 from P. brasiliensis by two-hybrid screening in 
S. cerevisiae. Initially, no interactions between any of the 
Get proteins and Gpb1 were detected (Fig. 2A). Although 
the Gp protein Ste4 can interact independently, of its 
cognate Gy protein Ste18, with the Ga protein Gpa1 in 
two-hybrid assays in S. cerevisiae (Ongay-Larios et al., 
2000), it is possible that the failure to detect any interaction 
between the P. brasiliensis G(5 and Ga proteins was attrib­
utable to the requirement for a Gy protein to stabilize Gpb1 
for interaction with the Ga proteins. However, we failed to 
identify an interaction between Gpa1-3 and a Gpb1-
Iinker-Gpg1 fusion protein, nor was there an interaction 
between Gpb1 and Gpg1 (data not shown). Consequently, 
we decided to test whether any of the Gpa proteins would 
interact with discrete domains of Gpb1, which might only 
be available for interaction in the Gpb1-Gpg1 complex. 
These experiments revealed an interaction of Gpa1, but 
not Gpa2 or Gpa3, with C-terminal-truncated Gpb1, with a 
deletion analysis indicated that Gpa1 interacted with the 

first two WD domains at the N-terminus (Fig. 2A). Gpa1 
also interacted with a fusion protein in which the first WD 
domain was fused to the third, but not the seventh. WD 
domain (Fig. 2A). In analogy, S. cerevisiae Gpa2 has been 
reported to interact with an N-terminal-truncated, consist­
ing of residues 531-740 of the, but not with the full-size, 
kelch-repeat protein Gpb1 (Batlle et al., 2003). We comple­
mented this approach by constructing random mutagen­
esis libraries for Gpa1 - 3 and Gpb1 in the yeast two-hybrid 
vector pGADT7: screening the Gpa1-3 libraries with Gpb1 
and the Gpb1 library with Gpa1-3. No point or frameshift 
mutations were detected that led to an interaction (data not 
shown). As a positive control we used the GPR1 and GPA2 
genes that, respectively, encode a GPCR and its cognate 
Ga protein in S. cerevisiae: two-hybrid screens indicated 
that Gpa2 could interact with the C-terminal domain, 
encompassing residues 679-961, of Gpr1 (data not 
shown). When a random mutagenesis library of 
GPR1679 7 9 6 1 was screened with GPA2, at least 50 positive 
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Fig . 2. A. GPA1, but not GPA2 nor GPA3. and GPG1 interact with GPB1. Each of the P. brasiiiensis proteins G p a l . Gpa2. Gpa3, Gpg1 and 
Cyr1 was tested by two-hybrid screening in S. cerevisiae for interactions with Gpb l (e.g. W D 1 - 7 ) and a series of truncates in which 
successive WD domains were deleted from the C-terminus (e.g. W D 1 - 6 to WD1) ; a construct that lacked the N-terminal WD domain (e.g. 
W D 2 - 7 ) ; a construct that comprised the two C-terminal WD domains (e.g. W D 6 - 7 ) ; and a fusion of W D domains 1 and 3 (e.g. WD1+3) , and 1 
and 7 (e.g. WD1+7). S. cerevisiae strain AH109, harbouring pGADT7 plasmids bearing genes that encoded proteins to test for interactions 
with G p b l and truncates of this protein, expressed from pGBKT7, were identified by auxotrophic selection on S D / - L e u / - T r p / - H i s / - A D E plates 
and Xgal assays. As il lustrated by the left-hand plate, full-length G p b l did not interact with G p a l , Gpa2, Gpa3 nor G p g 1 . However, full-length 
G p b l did interact with the positive control C y r 1 - 6 7 8 , consequently, establishing that the full-length protein is expressed. The middle- and 
right-hand plates show the interaction of Gpg1 and Gpa l respectively with the WD domains of G p b l . As a negative control, each pGBK 
protein vector was cotransformed, with pGADT7, into AH109 and screen for growth on SD/ -Leu / -T rp / -H i s / -ADE plates. None of these control 
cells grew (data not shown). In the accompanying table, the (+) and (-) symbols are indicative of the presence and absence of protein-protein 
interactions respectively. 

B. Pull-down assays to demonstrate that G p a l interacts with G p b l . GST and GST-Gpb1 were purified from bacteria, loaded onto glutathione 
sepharose beads before incubation with in vitro translated 3 5 S-Gpa1and 10 mM nucleotide. After washing the beads, the proteins were eluted 
by the addition of 4x NuPAGE LDS sample buffer, followed by boiling at 90°C for 5 min, and separated on a 4 - 1 2 % NuPAGE gel under 
denaturing conditions. Bound G p a l was detected as a gel band by autoradiography. Lanes 2, 4 and 6 establish that G p a l binds to 
immobil ized G p b l , but the apparent affinity decreases in order of incubation with GDP (lane 2), no nucleotide (lane 4) and GTP (lane 6). 
Negative controls, using immobil ized GST, are shown in lanes 3, 5, 7 and 10. Using in vitro translated 3 5 S-Gpg1 (lane 8), there was no 
detectable interaction with G p b l (lane 9). 
C. G p b l and Gpa l used in pull-down assays cross-react with specific antibodies, (a) G p b l produced as a fusion protein with GST in E. coli 
and (b) G p a l synthesized using an in vitro transcription/translation system ran at the expected Mr on SDS-PAGE gels and cross-reacted with 
antibodies generated to specific sequences within these proteins. 
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colonies were detected. Screening the same library with 
P. brasiliensis GP/W-3 did not yield any positive colonies, 
nor did a screen of the P. brasiliensis GPA1-3 random 
mutagenesis libraries with S. cerevisiae GPR1 (data not 
shown). These results establish that there is a high degree 
of stringency in the Ga-GPCR interaction because none of 
the Ga proteins from P. brasiliensis could interact with 
S. cerevisiae Gpr1. We conclude that of the three Ga 
proteins found in P. brasiliensis, only Gpa1 interacts with 
Gpb1, and that it binds to the same N-terminal region of 
Gpb1 to which Gpg1 binds. These results suggest that 
Gpa1, Gpb1 and Gpg1 form a GafSytrimer. 

We used pull-down assays to confirm the interaction of 
Gpa1, produced by in vitro translation, with Gpb1, 
expressed and purified as a glutathione S-transferase 
(GST) fusion protein from bacteria. We found that Gpa1 
could interact directly with Gpb1, but this interaction 
appeared to be strengthened by GDP and blocked by 
GTP (Fig. 2B). The apparent capability of Gpa1 to bind 
GTP and dissociate from Gpb1 provides strong evidence 
that both proteins are correctly folded and functional. 
Furthermore, we found that both Gpa1 and Gpb1 
cross-reacted with specific antibodies to these proteins 
(Fig. 2C). Consistent with our yeast two-hybrid assays, no 
interaction between Gpb1 and Gpg1, produced by in vitro 
translation, was detected. This is perhaps not surprising 
because recent studies have revealed a role for phos-
ducins as molecular chaperones required for Gfiy dimer 
assembly (Lukov etal., 2005). 

Adenylate cyclase interacts with Gpa1 and Gpb1 

Although it has been known for some time that G proteins 
modulate the activity of mammalian AC by binding to the 
catalytic domain (Tesmer etal., 1997), only recently has 
it been established that S. pombe Gpa2 and S. cere­
visiae Gpa2 bind to the N-terminus of AC to cause its 
activation in S. pombe (Ogihara etal., 2004; Ivey and 
Hoffman, 2005) and S. cerevisiae (Peeters etal., 2006) 
respectively. 

We used two-hybrid analyses to test whether any of the 
G proteins interact with AC from P. brasiliensis. The AC, 
when analysed with SMART (EMBL), contains four 
domains: a Ras association and Ga binding domain (RA. 
positions 1-678) domain (RA, positions); 14 leucine-rich 
repeats (LRR_TYR domains, positions 752-1244); a 
serine/threonine phosphatase family 2C catalytic domain 
(PP2Cc, positions 1341-1627); and an adenylyl/guanylyl 
cyclase catalytic domain (CYCc domain, positions 1574-
1856). The AC cDNA was segmented into four parts with 
each containing an individual domain and cloned into yeast 
two-hybrid vectors to make constructions PbCVRt 1 - 6 7 8 , 
PftCVflr 6 0 0 - ' 3 1 6 , PbCYRt , 3 0 , - 1 8 7 6 and PbCYRt 1 3 " 7 - 2 , 0 0 tha t 
were used to test for interactions with Gpa1-3 and Gpb1 

from P. brasiliensis. We found that the N-terminus of AC, 
encoded by the pGBK-PbCYR11678 construct, interacted 
with Gpa1 and Gpb1, but not with Gpa2 nor Gpa3 (Fig. 3A). 
Furthermore, a deletion analysis indicated that AC could 
interact with a pair of WD domains from the extremes of 
either the N- or C-terminus of Gpb1 (Fig. 2A). We also 
tested for interactions between the P b C V f l ? ' 6 7 8 , 
PbCVR/ 6 0 0 ^ 3 ' 5 , PbCYRV30,-'B7e and PbCYRVM1'2m 

constructs, but none were found (data not shown). 

To confirm these interactions, we used an N-terminal 
fragment of Cyr1, comprising residues 453-678, fused to 
GST, Cyr1 (45 3. 6 7 8 )-GST, produced and purified from bacte­
ria, for pull-down assays with in vitro translated Gpa1; and 
an in vitro translated N-terminal fragment of Cyr1, com­
prising residues 1-678, for pull-down assays with the 
Gpb1-GST fusion protein (Fig. 3B). These assays estab­
lishing that both Gpa1 and Gpb1 could interact with the 
N-terminus of AC and specifically with a region that incor­
porates the putative Ga and Ras binding domains, 
between residues 453 and 678 (Fig. 3B). Gpa1 was able 
to bind Cyr1 in the presence of GTP or GDP or in the 
absence of nucleotides but, surprisingly, the relative inten­
sities of the bands suggested a preference for Gpa1 in the 
absence of nucleotides. A similar comparison suggested 
that Gpa1-GDP had a stronger affinity for Gpb1 than for 
Cyr1 (Fig. 3B, lane 8). Indeed, in a pull-down assay using 
immobilized Gpb1-GST with in vitro translated, 3 5 S-
labelled, Cyr1 1 ~ 6 7 8 and Gpa1, in the presence of excess 
Gpa1 and GDP, we did not detect a Cyr1 band, suggest­
ing that Gpa1-GDP binds preferentially to Gpb1 (Fig. 3B, 
lane 9). However, the strength of these interactions will 
need to be confirmed by direct measurement when, and if, 
the proteins can be obtained in sufficient quantities for 
biophysical studies. 

A transient increase in CYR1 transcript and cellular 
cAMP levels correlates with the onset of the 
morphological switch 

Real-time reverse transcription polymerase chain reaction 
(RT-PCR) was used to evaluate the CYRl transcript 
levels, which revealed that it is differentially expressed 
at higher levels in yeast than in mycelium (Fig. 4A). 
However, monitoring the transcript levels during the mor­
phological transition revealed a significant transient peak 
in CYR1 transcripts after 24 h of the onset of the morpho­
logical transition, correlating with the peak in mycelial 
differentiation, and a further progressive increase in 
CYR1 transcripts from about 72 h, as the fungus adopted 
the yeast form. Considering this behaviour, we sought to 
determine whether the increase in CYRl transcripts cor­
related with an increase in cellular cAMP levels. We found 
that the level of cellular cAMP peaked at about 12 h, and 
then progressively increased from a minimum at 72 h, 
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Fig . 3. A. Yeast two-hybrid assays indicate 
that full-length GPA1 and GPB1, but not 
GPA2 nor GPA3, directly interact with 
CYR1' Bait and prey vectors were 
simultaneously transformed into yeast strain 
AH109 and plated out on SD/ -Leu / -T rp for 
3 days. Yeast colonies that grew on 
SD/-I_eu/Trp were restreaked on 
SD / -Ade / -H i s / - Leu / -T rp and incubated for a 
further 3 days. The results growths indicate 
that pGAD-P£>GR47 and pG AD-PbGPBI 
could, but pGAD-PbGPA2 and pGAD-PbGPA3 
could not, directly interact with 
p G B K - P b C Y R V * 7 " . In a series of negative 
controls, pGBK-PbCYRV^" could not 
interact with p G A D - S c G P f i t 6 7 9 9 6 1 , pGADT7-T, 
p G A D - P 5 3 ' J - 3 9 0 and p G A D - L a m 6 6 2 3 0 . 
B. Pull-down assays to demonstrate that 
Gpa1 and Gpb1 both interact with G p b 1 . GST 
and GST-Cy r 4 5 3 - 6 7 8 were purified from 
bacteria, loaded onto glutathione sepharose 
beads before incubation with in vitro 
translated 3 5 S-Gpa1 and 10 mM nucleotide. 
After washing the beads, the proteins were 
eluted by the addition of 4x NuPAGE LDS 
sample buffer, fol lowed by boiling at 90°C for 
5 min, and separated on a 4 - 1 2 % NuPAGE 
gel under denaturing condit ions. Bound 
Gpa1 was detected as a gel band by 
autoradiography. Lanes 2, 4 and 6 establish 
that Gpa1 binds to immobil ized Cyr1 , but 
there was little difference in apparent affinity 
after incubation with GTP (lane 2), no 
nucleotide (lane 4) or GDP (lane 6). Negative 
controls, using immobil ized GST, are shown in 
lanes 3, 5, 7, 10 and 13. A control using 
immobil ized GST-Gpb1 to pull-down 
3 5 S - G p a 1 . in the presence of 10 mM GDP, 
shows a more intense band, suggesting that 
Gpa1-GDP is bound with higher affinity to 
Gpb1 than to Cyr. Using in vitro translated 
3 5 S-Cyr ' - 6 ™ (lane 11), an interaction with 
immobil ized GST-Gpb1 (lane 12) was 
detected. 

strongly suggesting that increasing cAMP levels regulate 
the morphological transition (Fig. 4B). We noted that the 
CYR1 transcript levels increased at 24 and 240 h by 
about 3.2- and 7.5-fold respectively, while the cAMP 
levels were about 7.5- and 17-fold higher than in 
mycelium. This behaviour suggests that not only is the 
expression of AC upregulated, but it is also activated, 
presumably upon G protein binding. 

Our results are intriguing because we previously found 
that the addition of exogenous dibutyryl-cAMP retarded 
the morphological transition. Perhaps the cells detect and 
respond to transient changes in cAMP levels rather than 
the absolute concentration of cAMP? Consistent with this 
proposal, we found that adding exogenous dibutyryl-
cAMP 12 h after the onset of the morphological transition, 

when cellular cAMP levels would be maximal, had less 
effect in retarding the transition compared with its addition 
at the onset of the transition (i.e. compare charts b and c 
in Fig. 1C). However, the addition of dibutyryl-cAMP after 
120 h, when the cAMP levels had dropped to a minimal 
level, similar to that in mycelium, induced a partial reversal 
of the transition (i.e. compare charts d and e in Fig. 1C): at 
this time, 0.5%, 5.5%, 75.5% and 18.5% of the morphol­
ogy units were hyphae, differentiating hyphae, transform­
ing yeast and yeast respectively (Fig. 1C, chart d); but 
after a further 120 h after the addition of the dibutyryl-
cAMP, the proportion of these states was 9.3%, 22%, 43% 
and 25.7% respectively (Fig. 1C, chart e). Presumably 
because the cells are not synchronized in their develop­
ment, some are committed to the transition and, accord-

© 2007 T h e Au tho rs 
Journa l compi la t ion © 2007 Blackwel l Publ ish ing Ltd, Molecular Microbiology, 65, 7 6 1 - 7 7 9 



768 D. Chen et al 

CYR1 

LJI h n l ] 
12 24 48 72 120 240 

Time (hours) 

2000 
0 
E 1 cAMP 

3 6 12 24 48 72 96 120 240 340 

Time (hours) 

CO L_ 
0> 2 

.£2 
E 
3 

Q . 1 
"£ 
U 
e 
TO 

GPA1 GPB1 GPG1 

Q • n 

n 

n n r ^ ^ N 
0 12 24 48 72 120 240 0 12 24 48 72 120 240 

Time (hours) 
0 12 24 48 72 120 240 

Fig . 4. The changes in intracellular cAMP levels correlate with the CYR1, GPA1, GPB1 and GPG1 transcript levels during the 
mycelium-to-yeast transition. The measured quantity of each P. brasiliensis gene mRNA in each of the treated samples was normalized by 
using the C t values obtained for the a-tubulin RNA amplif ications run on the same plate. The relative quantif ication of each P. brasiliensis 
gene and a-tubulin gene expression was determined by a standard curve (i.e. C , values plotted against the logarithm of the DNA copy 
number). The values represent the number of copies of the cDNAs of each P. brasiliensis gene divided by the number of copies of the cDNAs 
of the a-tubulin gene. 
A. A bar chart showing the CYR1 transcript levels at the indicated times following an increase in temperature from 2 6 ° C to 3 7 ° C to induce the 
mycelium-to-yeast transformation. The data represent the average of three independent measurements. 
B. The corresponding changes in the cellular cAMP levels during the morphological transition from mycel ium to yeast are shown in chart B. 
Intracellular cAMP measurements were made using a non-acetylated ElA procedure (see Experimental procedures) and are the average of six 
assays. 
C . A bar chart showing the GPA1, GPB1 and GPG1 transcript levels at the indicated t imes following an increase in temperature from 2 6 ° C to 
3 7 ° C to induce the mycelium-to-yeast transformation. The data represent the average of three independent measurements. 

ingly, transform into yeast, but a large proportion of the 
cells convert back to hyphae. Furthermore, the addition of 
dibutyryl-cAMP, at concentrations up to 20 mM, did not 
induce the transformation of yeast at 37°C, indicating that 
once the cells had passed a certain point in their devel­
opment, increasing dibutyryl-cAMP was insufficient to 
reverse this process (data not shown). Indeed, this is 
consistent with our hypothesis because the cellular cAMP 
levels are relatively high in yeast, suggesting that the 
yeast-to-mycelium transition is triggered by decreasing 
cAMP levels. Consistent with this hypothesis, we could 
not prevent the temperature-induced yeast-to-mycelium 
interconversion (e.g. upon decreasing the temperature 
from 37°C to 26°C) with exogenous dibutyryl-cAMP 
(data not shown). 

Evidence for a switch from G subunit-signalling during 
the morphological transition 

As our studies indicated that both Gpa1 and Gpb1 could 
interact with AC, we sought to determine whether there 
was an imbalance in the concentrations of the G protein 

subunits during the morphological switch from mycelium 
to yeast in P. brasiliensis. RT-PCR experiments indicated 
that the GPA1, GPB1 and GPG1 transcript levels were 
equivalent in mycelium; but there was a 5.4-fold increase 
in GPB1 transcript levels 24 h from the onset of the tran­
sition, while those for GPA1 and GPG1 declined 2-fold 
from that in mycelium, so that the GPB1 transcript levels 
were more than 10-fold higher than those for GPA1 and 
GPG1, which were still nearly equivalent (Fig. 5, left 
inset). Conversely, as the transition approached its end-
point, after 240 h, when most cells had adopted the yeast 
form, the GPB1 transcript levels dropped to a level 3.7-
fold lower than those for GPA1 and GPG1. This behaviour 
contrasts with that for RAS transcript levels that were 
about 50-fold higher than those for the G protein subunits 
and fluctuated little during the transition, suggestive of a 
role in controlling basal cAMP levels (see Fig. S2). We 
sought to confirm the imbalance in Gpa1 and Gpb1 sub-
units by Western blotting: comparing the intensities of the 
bands for the Gpa1 and Gpb1 blots indicated that there 
was, as predicted, greater expression of Gpa1 than Gpb1 
in yeast (Fig. 5, right inset). We did not extend such 
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Fig . 5. The hindrance of the mycelium-to-yeast transition by 
dibutyryl-cAMP correlates with an imbalance in G p a l and G p b l 
expression. A set of bar charts for the transcript levels of the CYR1, 
GPA1, GPB1 and GPG1 genes at the indicated t imes fol lowing an 
increase in temperature from 26°C to 37°C to induce the 
mycelium-to-yeast transformation in the absence (black bars) and 
presence (grey bars) of 10 mM dibutyryl-cAMP. The right inset 
shows the ratio of the GPB1 and GPG1 transcripts respectively 
relative to the number of GPA1 transcripts in mycel ium, and at 12 
and 240 h after the onset of the transition to the yeast form. The 
transcript numbers were determined in the absence (black bars) 
and presence (grey bars) of 10 m M dibutyryl-cAMP. Data are the 
average of three independent measurements. The right inset is a 
Western blot showing that G p a l is expressed at a higher level than 
G p b l in yeast. 

analyses though, because they were complicated by the 
fact that the Gpal antibodies also cross-reacted with 
higher- and lower-molecular-weight proteins, which could 
be oligomers and degradation products respectively (data 
not shown). The presence of the latter would not be sur­
prising if the concentration of Gpal needs to be finely 
controlled in order to modulate cAMP production. Indeed, 
it would be difficult to comprehend the functional signifi­
cance of our finding that nucleotide-free Gpal and Gpbl 
can bind to AC if these were always at equivalent concen­
trations and preferentially in complex with each other in 
the absence of GTP. However, we must be cautious in the 
interpretation of our transcript data because the imbal­
ance in transcript levels may not reflect the difference in 
protein levels, especially if they are degraded at different 
rates, and there is a future need to ascertain whether, and 
how, Gpal and/or Gpbl affect the catalytic activity of AC. 

As our morphology studies indicated that the addition 
of exogenous dibutyryl-cAMP retarded the switch from 
mycelium to yeast, we sought to determine whether this 
reflected a change in transcription of AC and/or G 
proteins. Accordingly, we redetermined the transcript 
levels in mycelium, 24 h after the onset of the transition, 
and in yeast, in the presence of 10 mM dibutyryl-cAMP 
(Fig. 5). There was little change in the CYR1 transcript 

levels at any stage in the morphological switch, which 
could have caused a reduction in cAMP levels to retard 
the transition. However, after 24 h, there was a notable 
reduction, from about 10- to 4-fold, in the imbalance in 
GPB1 to GPA1 transcripts. If Gpbl has a lower affinity 
than Gpal for Cyr1, then this excess of Gpbl might be 
insufficient to efficiently curtail the Gpal signal by displac­
ing it from Cyr1, potentially retarding the transition. Fur­
thermore, after 240 h there was still a 1.6-fold imbalance 
in GPB1 to GPA1 transcripts; whereas in the absence of 
exogenous dibutyryl-cAMP, the GPB7 transcript levels 
were 3.7-fold lower than GPA1. All of the Gpal should be 
complexed in the trimer, and none would be freely avail­
able to interact with AC as normal. 

Discussion 

Our data are consistent with the morphological transition in 
P. brasiiiensis being controlled by changing cAMP levels, 
with the onset of the transition correlating with a transient 
increase in cAMP, suggesting that the cAMP-signalling 
pathway is activated. Furthermore, there is a clear corre­
lation with the changes in cAMP levels and the expression 
of AC during the transition. However, the fold-increase in 
CYR1 transcripts (e.g. 3.2 and 7.5 at 24 and 240 h) was 
less than that in cAMP levels (e.g. 7.5 and 17 at 24 and 
240 h), suggesting that increased cAMP was not simply 
due to more AC but because the protein is activated. We 
sought to identify the G proteins most likely responsible for 
the activation of AC. Most, if not all, filamentous fungi 
possess three or more Ga proteins, but, to date, only single 
Gp and Gy proteins have been identified. It has remained a 
mystery as to whether the G(i and Gy proteins can form 
trimeric complexes with the different Ga proteins. In this 
study, we have established forthe first time that the Gp and 
Gy proteins, Gpbl and Gpg1, interact with only a single Ga 
protein, Gpa l , in P. brasiiiensis, presumably to form a 
Gpa1/Gpb1/Gpg1 trimeric complex. We did not find an 
interaction between Gpbl and the other Ga proteins, Gpa2 
and Gpa3, which work either independently or perhaps in 
association with other Gp mimics (Harashima and 
Heitman, 2002; Palmer etal., 2006; Slessareva etal., 
2006; reviewed by Hoffman, 2007). We then established 
that both the Ga and Gp proteins, Gpal and Gpbl , could 
interact with the N-terminal domain of AC. Previous studies 
established that, in S. Pombe, Gpa2 interacts with the 
N-terminus of AC to cause its activation (Ogihara etal., 
2004; Ivey and Hoffman, 2005), while more recently, an 
interaction between Gpa2 and AC from S. cerevisiae was 
confirmed (Peeters et al., 2006). Although there is genetic 
evidence for the Gp protein Git5 interacting with and acti­
vating AC in S. pombe (Landry etal.. 2000), we have 
shown a direct interaction between Gp and a fungal AC that 
has not previously been demonstrated. 
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Our studies demonstrate that both Ga and Gf3 pro­
teins Gpa1 and Gpb1 bind to a site that lies between 
residues 453 and 678 of P. brasiliensis AC. Similarly, the 
activity of mammalian ACs is regulated by the binding of 
Ga and G|3 proteins (Dessauer el al., 2002; Diel et al., 
2006). However, mammalian ACs are integral membrane 
proteins that share little sequence homology with fungal 
ACs, which are only associated with the periphery of the 
membrane. Mammalian ACs have a common topology 
consisting of two transmembrane domains, M1 and M2, 
each followed by a cytosolic catalytic domain, C1 and 
C2 (Krupinski et al., 1989). The catalytic activity of mam­
malian ACs is regulated by the binding of Gas and Gai 
proteins to the C2 and C1 cytoplasmic domains respec­
tively, to increase or decrease the interactions of these 
domains (Dessauer et al., 2002). The effect of binding 
the Gffy subunits, apparently to C1, depends upon the 
AC subtype, for example, activating ACM but inhibiting 
ACIII (Diel etal., 2006). Our data indicate that fungal 
ACs employ a different mechanism of modulation that 
involves the binding of G proteins to the N-terminus, but 
it is not clear how they modulate the activity of the cata­
lytic domain, which is about 1000 residues away. We did 
not detect any interaction between the RA, LRR_TYR, 
PP2Cc and CYCc domains of AC, but these might only 
be induced by the binding of effectors, such as Gpa1 
and Gpb1, to the N-terminal domain. The activity of AC 
in S. cerevisiae has been shown to be controlled by its 
interaction with Sgt1 that binds directly to the LRR 
domain (Dubacq etal.. 2002). Similarly, Git7, a homo-
logue of Sgt1, has been shown to control cAMP levels 
and play a role in glucose-triggered cAMP signalling in 
S. pombe (Schadick etal., 2002). Sequence analyses 
indicated that Sgt1 has features of a co-chaperone, and 
it has been proposed to act as a co-chaperone or factor 
in the assembly or the conformational activation of 
specific multiprotein complexes (Dubacq etal., 2002). 
Consistent with such a role, recent studies have shown 
that Sgt1 interacts with Hsp90 (Bansal etal., 2004; 
Lingelbach and Kaplan, 2004). Failure to detect interac­
tions between the different domains of AC in the present 
investigation might be attributable to the involvement of 
Sgt1-Hsp90 in stabilizing inter-domain interactions and 
complex assembly. Considering the growing number of 
proteins identified as interacting with fungal ACs, this is 
an attractive hypothesis, as the interactions must occur 
in a controlled manner. 

Our studies indicate that there is an imbalance in Gpa1, 
Gpb1 and Gpg1 G protein subunits as P. brasiliensis 
undergoes the morphological transition from mycelium to 
yeast. In mycelium the transcript levels for GPA1, GPB1 
and GPG1 are nearly equivalent, but GPB1 predominates 
during the transition, while GPA 1 predominates in yeast. It 
is notable that the CYR1, GPA1, GPB1 and GPG1 tran­

scripts have extensive leader sequences that incorporate 
motifs likely to be targeted by RNA binding proteins that 
can be used to regulate the life times of these transcripts 
(see Supplementary material data). It seems plausible 
that signal progression is effected by regulating the lon­
gevity of these transcripts and of the translated proteins. 
Presumably, activation of the cAMP-signalling pathway in 
mycelium will depend upon GTP-induced dissociation of 
the Gpa1/Gpb1/Gpg1 trimer to release 'free' Gpa1 and 
Gpb1 that can interact with AC. However, remodelling 
of the cell, as it changes from mycelium to yeast, is a 
relatively lengthy process, requiring about 10 days for 
completion. A requirement for GTP to maintain the signal 
would constitute a metabolic waste over such a time 
period. An alternative strategy would be to increase the 
concentration of the protein that activates the signalling 
process, so that GTP-induced dissociation of the trimeric 
complex was not subsequently required. Early on in the 
transition Gpb1 is produced at higher levels than Gpa1 
and, as we have established that it only interacts with the 
Gpa1, and not with Gpa2 or Gpa3, this excess will be 
'free' to interact directly with AC. However, as we have 
found that Gpa1 can interact with AC in the absence of 
GTP, why does not the cell simply produce an excess 
of Gpa1 as it does in yeast? We note that the excess of 
Gpa1 in yeast correlates with an increase in the basal 
cAMP level, suggesting that nucleotide-free Gpa1 can 
activate AC. Consequently, if Gpa1 was produced in 
excess during the early stages of the transformation, it 
would be expected to maintain a high cAMP level, which 
we have shown, via the addition of dibutyryl-cAMP, actu­
ally retards the morphological transition. It seems plau­
sible that Gpb1 serves a role in attenuating the cAMP 
signal by inactivating AC. Although we have not mapped 
the precise binding sites for Gpa1 and Gpb1, we have 
found that both G proteins bind to a domain of AC that 
incorporates residues 453-678, raising the possibility 
that they bind to the same site in a competitive manner. 
Considering the fact that the cAMP levels undergo cyclical 
changes during the morphological switch, and the effect 
of exogenous dibutyryl-cAMP in retarding the transition, 
particularly when cAMP levels are low, it seems likely that 
these changes in cAMP levels are needed to co-ordinate 
the activation of sequential steps in the morphological 
change. 

Interestingly, while it is generally believed that it is the 
GPy dimer that is the functional unit, we have found that 
Gpb1 alone can interact with AC. This behaviour is, 
however, consistent with the expression of the Gpb1 
exceeding that of Gpa1 and Gpg1 during the morphologi­
cal switch. Gpg1 has a CCAAX box at its C-terminus (e.g. 
CCMIM) that is the site for prenylation, which is important 
in targeting the Gpy dimer to the membrane (Whiteway 
and Thomas, 1994; Hirschman and Jenness, 1999; 
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Manahan et al., 2000). A recent study indicated that there 
is considerable heterogeneity in the prenylat ion process, 
suggest ing that this can affect the target ing of the Gfty 
dimer, possibly as a means to swi tch be tween different 
s ignal l ing pathways (Cook etal., 2006) . Accordingly, it 
is wor th consider ing whether the increased express ion of 
G p b 1 , above that of Gpg1 and G p a 1 , dur ing the morpho­
logical transit ion is not only used to dif ferential ly modulate 
the activity of AC, but could be used to alter the target ing 
of G p b 1 . Recent studies have shown that G a proteins are 
segregated into distinct pools that al low specif ic signal l ing 
pa thways to be act ivated at the p lasmamembrane and 
at intracellular membranes (Slessareva etal., 2006; 
S lessareva and Dohlman, 2006). 

Experimental procedures 

Strain and culture 

Paracoccidioides brasiliensis strain ATCC 90659 was grown 
as a mycelium form at 26°C and as a yeast form at 37°C in a 
modified liquid YPD medium ( 1 % yeast extract, 2 % neo-
peptone and 2 % dextrose, pH 6.5) with shaking at 110 r.p.m. 
for up to 15 days. The primers and plasmids used in this 
investigation are described in Tables 1 and 2 respectively, 
and the primers used for gene cloning are shown in Table S 1 . 
Exogenous cAMP was added to cultures of P. brasiliensis as 
the non-metabolite cAMP analogue dibutyryl-adenosine 3'-5'-
cyclic monophosphoric acid (Sigma). 

Microscopy 

For the microscopic assays, the different morphotypes were 
transferred to fixative solution (3.7% formaldehyde, 50 mM 
sodium phosphate buffer pH 7.0, 0.2% Triton X-100) for 
120 min at room temperature. Then, they were briefly rinsed 
with PBS buffer (140 mM NaCI, 2 mM KCI, 10 mM N a H P C , 
1.8 mM KH 2 PCv pH 7.4) and mounted on the slides. The 
material was photographed using a Zeiss epifluorescence 
microscope. 

RNA extraction 

For the real-time RT-PCR experiments, yeast cells and myce­
lium were disrupted with glass beads and grinding in liquid 
nitrogen respectively, and immediately mixed with Trizol 
(Gibco-BRL) for RNA extraction following the supplier's rec­
ommendations. To verify the RNA integrity, 20 ug of RNA from 
each treatment was fractionated in 2.2 M formaldehyde, 1.2% 
agarose gel, stained with ethidium bromide, and visualized 
with UV light. The presence of intact 28S and 18S ribosomal 
RNA bands was used as a criterion to verify whether the RNA 
was intact. RNase-free DNase treatment was performed in a 
final volume of 100 ul containing 40 mM Tris-HCI pH 7.5 and 
6 mM MgCI 2 , 1 u lo f RNasin (40 U y\\-\ Promega, USA), 10 ul 
of RNase-free DNase (1 U ul ', Promega or Life Technologies, 
USA), 2.5 ul of 200 mM DTT, and 10 ug of total RNA. The 
reaction was incubated at 37°C for 60 min and stopped by 

incubating at 70°C for 30 min. The absence of DNA contami­
nation after the RNase-free DNase treatment was verified by 
PCR amplification of the GP43 gene. 

Construction of cDNA libraries 

A P. brasiliensis yeast cDNA library was constructed in the 
vector pDNR-LIB using the Creator SMART cDNA Library 
(Clontech) according to the manufacturer's instructions. The 
CYR1, GPA1, GPA2, GPA3, GPB1, GPG1 and RAS genes 
were cloned from the Creator pDNR Library as described in 
Supplementary methods. 

Real-time PCR and RT-PCR reactions 

All the real-time PCR and RT-PCR reactions were performed 
using an ABI Prism 7700 Sequence Detection System 
(Perkin-Elmer Applied Biosystems, USA). Taq-ManR EZ 
RT-PCR kits (Applied Biosystems, USA) were used for 
RT-PCR reactions. The thermocycling conditions comprised 
an initial step at 50°C for 2 min, followed by 30 min at 60°C 
for reverse transcription, 95°C for 5 min, and 40 cycles at 
94°C for 20 s and 60°C for 1 min. Taq ManR PCR reagent kits 
were used for PCR reactions. As there is no ideal control for 
gene expression, we first compared several genes as nor-
malizers for the expression experiments, such as those 
encoding a.-tubulin, hexokinase and a translation factor. We 
have seen no difference by using any of these normalizers. 
Accordingly, the calibrator gene used for the expression 
experiments was the a-tubulin gene (data not shown). The 
reactions and calculations were performed according to 
Semighini etal. (2002). Primer and probe sequences are 
described in Table 1. 

Subcloning of genes for yeast two-hybrid analysis 

The GPA1, GPA2, GPA3, GPB1 and GPG1 genes, and frag­
ments of the CYRl and GPB1 gene, were subcloned into the 
vectors pGBKT7 and pGADT7 for use in yeast two-hybrid 
screens (Table 2). 

Construction of random mutagenesis libraries for yeast 
two-hybrid screening 

Random mutagenesis libraries for GPA1, GPA2, GPA3 and 
GPS 7 from P brasiliensis, GPR1 from S. cerevisiae, and 
mammalian P53 and LAM were constructed using the Gen-
eMorph II Random Mutagenesis kit (Stratagene) and cloned 
into the prey vector pGADT7 to create the libraries pGAD-
PbGPA1-RM-Lib, pGAD-PbGPA2-RM-Lib, pGAD-PbGPA3-
RM-Lib, pGAD-PbGPB-RM-Lib, pGAD-ScGPRl -F5R l -RM-
Lib, pGAD-P53-RM-Lib and pGAD-Lam-RM-Lib respectively 
for yeast two-hybrid screening. 

Yeast two-hybrid analysis and screening 

The Matchmaker Two-Hybrid System 3 (Clontech) was used 
to test for protein-protein interactions and to screen libraries 
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Table 1. Primers used (or constructing yeast two-hybrid vectors, quantitative R T - P C R and expression constructs lor pull-down assays . 

Primer Sequence (5'—>3'; restriction sites underlined) Description 

PbAC-F26(Kpnl) G G T A C C A A A A T G T C T A G G A G A C A G C G G G A G A A A G A T A G G Plasmid construction 
PbAC-R34(Noll) G C G G C C G C G C C G T G C T C G A A G A A C T A G A A C C A C Plasmid construction 
PbAC-GADFI (Ncol ) G G T A C C A C C A T G G C A A G G A G A C A G C G G G A G A A A G Plasmid construction 
PbAC-GADF2(Ncol) T C G T C C A T G G A A G A T G A G C T G A A T A A C T A C Plasmid construction 
PbAC-GADR 1 (BamHI) T G A T T T G G A T C C C G T T G A T T C C C A A G T C A G C Plasmid construction 
PbAC-GADR2(BamHI) C C C C A G G A T C C T A A G A T G T T T C A A A G A G T T G Plasmid construction 
PbAC-EF1 (Ndel) G G G A T T C A T A T G G T T A A T A G C A C A G A T C T G Plasmid construction 
PbAC-EF2(Ndel) A G T A T C C A T A T G G G A C T G T C T C C A T T A A C T G Plasmid construction 
PbAC-ERl (Xho l ) C C A T G G C T C G A G C G C C G T G C T C G A A G A A C T Plasmid construction 
PbAC-ER2(Xhol) C T C G C G C T C G A G A T T G T G A T T A A G A T A G T C Plasmid construction 
PbGPA1-ExGPAF1 C A T A T G G G T T G T G G A A T G A G C Plasmid construction 
P b G P A 1 - p Y E R 3 G C C T A G G T C A T A T C A G T C C A C A G A G G C G A A G Plasmid construction 
PbGPA2-F6 C A T G G G T T G C G C A A G T T C T C A A C C A G T G G A Plasmid construction 
PbGPA2-F7(EcoRI) C T A G G A A T T C A T G G G T T G C G C A A G T T C T C A Plasmid construction 
PbGPA2-R6 C T G T T G G C A C C T A C A G A A T C A G G T T G T T G A Plasmid construction 
PbGPA3-F5 T G G T A T C A G A T A G G A T G G G T G G G T G T T G C A Plasmid construction 
PbGPA3-R5 C C C T T T C A C A A A A T A C C A G A A T C T T T C A G G Plasmid construction 
P b R A S - F I ( N d e l ) C C G C G C T T C A T A T G C A G C T T T G T C T A A A C C Plasmid construction 
P b R A S - R I ( E c o R I ) G T G A T A C T G T A G A A T T C C A C G A A A C C C T C Plasmid construction 
PbGPB-Ndel -F A C G C T C A T A T G G C G G C C G A T T T G A G C G G Plasmid construction 
PbGPB-BanHI -R C G A T G G A T C C C T A C C A T G C C C A G A C C T T G A G Plasmid construction 
PbGPG-Ndel -F C A T A T G G C C C C T G C C T A C G A G C T T C G A C Plasmid construction 
PbGPG-BamHI-R G G A T C C T T A C A T G A T C A T A C A G C A G C C A C C T G A T Plasmid construction 

pbgpb-Ndel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WDI 
gpbWD-1R G C T A G G A T C C T A A T C G G A G A T G A T T A G T T T C C pAD-WD1 
pbgpb-IMdel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WD2 
gpbWD-2R G C T A G G A T C C T A A T T A T A G A T G G A A C A G A T G pAD-WD2 
pbgpb-Ndel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WD3 
gpbWD-3R G C T A G G A T C C T A A T C C C A T A G C A T A C A G G T C pAD-WD3 
pbgpb-Ndel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WD4 
gpbWD-4R G C T A G G A T C C T A A T C C C A G A G T T T A G C A A A G G pAD-WD4 
pbgpb-Ndel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WD5 
gpbWD-5R C G T A G G A T C C T A A T C G A A T A G A C G G C A G G T G G pAD-WDS 
pbgpb-Ndel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WD6 
gpbWD-6R G C T A G G A T C C T A G T C C C A G A C C T T G C A C T C A T pAD-WD6 
pbgpb-Ndel-F A C G C T C A T A T G G C G G C C G A T T T G A G C G G pAD-WD13 
gpbWD-1R G C T A G G A T C C T A A T C G G A G A T G A T T A G T T T C C PAD-WD13 
Gpb-WD3-F G G A T C C C T T T C C T C T C G A G A A G G T C C pAD-WD13 
gpbWD-3R G C T A G G A T C C T A A T C C C A T A G C A T A C A G G T C pAD-WD13 
Gpb-WD27-R C A T A T G G C A T A C A C A A C A A A C A A A G T G C A C pAD-WD27 
pbgpb-BanHI-R C G A T G G A T C C C T A C C A T G C C C A G A C C T T G A G pAD-WD27 
gpbWD-67-F CATATG A T C C G C G C G G A T A G A G A A C T T A A T A C PAD-WD67 
pbgpb-BanHI-R C G A T G G A T C C C T A C C A T G C C C A G A C C T T G A G PAD-WD67 

S c G P R 1 - F 1 C G G G A T C C G A A G T G T G A C G A A T A A A G C Plasmid construction 
S c G P R 1 - F 3 C G G G A T C C A T A T G A T A A C T G A G G G A T T T C C C C C G Plasmid construction 
S c G P R 1 - F 4 C C G G A T C C G T G A A A G T A A A A G A A T T A A A G C G C Plasmid construclion 
S c G P R 1 - F 5 C C G G A T C C A G G A A A A A C C T T G G A A C T A T T C A T G Plasmid construction 
S c G P R 1 R l C G G G A T C C A T T T T C A A A C A T C G C G A T A C Plasmid construction 
S c G P R l - R 3 C C G G A T C C T T A G A T T C T T T T G A A T T T G T G C C Plasmid construclion 
SCGPA2-F1 C C G G A T C C T G G G T C T C T G C G C A T C T T C A Plasmid construclion 
ScGPA2-R1 C C G G A T C C G C T G T G C A T T C A T T G T A A C A C Plasmid construction 
3'BD screening T G G C T G C A A G C G C G C A A A A A A C C C C T C A A G A C Plasmid construction 
5'BD screening T C A T C G G A A G A G A G T A G T A A C A A A G G T C A A A G A Plasmid construction 

pGADT-linker-gamma-F1 C C G C T C C G G C C C T G A C C C C G G C G G A T G T G G C C C G C A G C A T For construct of 
G G C C C C T G C C T A C G A G C T T C G A C C C G PbGpb-linker-PbGpgamma 

fusion gene 
pGADT-linker-gamma-F2 G G A T C C C G T A T T A A A A A C G G C A G C G G T G C G G C A G C C C C G A A A For construct of 

G C C G C T C C G G C C C T G A C C C C G G C G G A T G PbGpb-linker-PbGpgamma 
fusion gene 

pGADT-Gpb-R2(TAG) G G A T C C C C A T G C C C A G A C C T T G A G C A G A G A A T C For construct ol 
PbGpb-linker-PbGpgamma 
fusion gene 

Real-lime P C R 
Alpha C C A G A A C C A G G C A G T C C A A A Real-time P C R of (/-tubulin 
P-alpha F A M - C A C C T G C C T A A C A A G A T T G G A C C A G G 5 G 
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Table 1. cont. 

Primer Sequence (S'->3'; restriction sites underlined) Description 

P-gpa1_Pb G T A C C G C C A C C T A C G T C G A A C A T A C G G 5 A C - F A M Real-lime P C R ol gpal 
p-gpa1_Pb A T G T C C T T C G C T C C C G T G T T A 
P-Gpb_Pb C A C G G C G A G A A G G T C C A A C C C G 5 G - F A M Real-time P C R of gpbl 
p-Gpb_Pb T C G C C G G A A G A A G T G A T G A T T 
P-Gpg_Pb C G G T T G T C A A T C T G T C C C C A A A C 5 G - F A M Real-time P C R of gpgl 
p-Gpg_Pb C G G C C A T G T C A C T C A T C A A C T 

Real-time P C R of gpgl 

P-PbAden_cyc C A C A T T C A A A G T T T C G T G G G A A G G A A T G 5 G - F A M Real-time P C R of cyr1 
p-PbAden_cyc A G A G G C C G A T T C T C A T G C A A 

Protein overexpression 
pGEX-6P-3 Cyr1453-678_Pb A A G G A T G G A T C C G A T A A A A C C C A T C A G G A T A A C T T T G Plasmid construction 
(BamHI and Notl) C A T A T C G C G G C C G C T T A G T G G C T A A A C T T T T G G T T C T C G T G 
pGEX-6P-3 Gpbl A T A C A T G G A T C C A T G G C G G C C G A T T T G A G C G G C G Plasmid construction 
(BamHI and Notl) A T A T C T G C G G C C G C C T A C C A T G C C C A G A C C T T G 

In most c a s e s , the same primers were used to make constructs in both pGADT7 and pGBKT7 for yeast two-hybrid screens. 

for potential interacting protein partners. For the former 
purpose, transformants were generated by introducing both 
bait and prey vectors into yeast strain AH109 simultaneously. 
For the latter, bait vectors were introduced into AH 109 first, 
followed by sequential transformation with 20 ug of prey 
library plasmids. Experimental procedures were conducted in 
accord with the Matchmaker GAL4 Two-Hybrid System 3 
manual and the Yeast Protocol Handbook (Clontech). Protein 
interactions were identified by observing the growth of trans­
formants on SD-Ade/-His/-Leu7-Trp plates. After screening 
random mutagenesis libraries, candidate transformants were 
twice restreaked on SD-Ade/-His/ -Leu/-Trp plates to allow 
loss of non-interacting prey vectors. Interacting prey vectors 
were purified using a Yeast Plasmid Isolation kit (Clontech) 
and subjected to DNA sequence analysis to confirm the iden­
tities of the interacting gene products. 

Assays for cAMP production 

Paracoccidioides brasiliensis mycelium growing in modified 
liquid YPD media at 26°C was subjected to an increase in 
temperature to 37°C to induce the morphological transition to 
the yeast form. Cells were harvested at different times during 
the transition and immediately stored at -80°C. To thawed 
cells, collected by centrifugation, 4 % formic acid was added 
and agitated for 5 h to disrupt the cells. The cell debris 
was removed by centrifugation and the supernatant was 
lyophilized. Subsequently, the lyophilized pellet was made 
up in assay buffer, containing 2.5% dodecyl-trimethyl-
ammonium-bromide, and was assayed using a Biotrak 
Enzyme Immuno Assay (EIA) kit from Amersham, according 
to the manufacturer's protocol 3. Measurements were nor­
malized by using an equivalent wet weight of cells during the 
disruption procedure. 

Expression of GST-Gpb1 and GST-CyrV'13^678 

GPB1 and CYRlJ53S67e were cloned into pGEX6p-3, to 
enable expression of GST fusion proteins, and transformed 
into Escherichia coli codon plus cells, which were grown in 
2YT, at 25°C with shaking at 200 r.p.m., before induction with 

0.1 mM IPTG. Cells were harvested by centrifugation, resus-
pended and disrupted by passage through a Constant 
Systems cell disrupter; 0 . 1 % Triton X-100 was added to the 
disrupted cells and the debris collected by ultracentrifugation. 
The supernatant was mixed with GST beads and incubated 
on a rotator for 30 min at 4°C, loaded into a glass column, 
and washed with PBS and finally with GST elution buffer 
(50 mM Tris/HCI pH 8.0, 10 mM glutothione). The elution 
fractions were run on 4 - 1 2 % SDS-PAGE (NuPAGE precast) 
polyacrylamide gels. The protein concentrations were 
measured using a BCA™ protein assay kit (Pierce). These 
procedures typically yielded 7 mg ml" ' GST-Cy r l ^ 5 3 - 6 7 8 , 
5 mg ml"' GST-Gpb and 3 mg m l ' ' GST. 

In vitro translation of Gpal, Gpgl and Cyr1' e ? 8 

Gpa1, Gpg l and Cy r1 '~ 5 7 8 were synthesized by an in vitro 
coupled transcription and translation system (Promega), 
labelling the proteins with Redivue™ L- 3 5S-methionine (Amer­
sham), using rabbit reticulocyte lysate. This was necessary 
because our attempts to overexpress these proteins, as well 
as full-length Cyr1 , either as His-tagged or as GST-tagged 
proteins, always resulted in the production of inclusion 
bodies. The yeast two-hybrid pGBKT7 vectors, into which 
each gene or gene fragment had been cloned, were used as 
the template for the in vitro translation. The reaction was 
incubated at 30°C for 2 h, and 2.5 pi of the translated 
samples was loaded onto a gel to verify the translation. The 
translated proteins were stored at 4°C. 

Pull-down assays 

GST pull-down assays were performed with GST fusion pro­
teins as bait and proteins labelled with 3 5 S , produced by 
TNT-coupled transcription/translation (Promega), as prey. 
The GST proteins were immobilized on 40 pi glutathione 
sepharose 4B beads (GE Healthcare), which had been pre-
blocked with 200 pi of binding buffer (20 mM HEPES pH 7.9, 
600 mM NaCI, 0 . 1 % Tween 20, 5% glycerol, 1 mM DTT, 5% 
milk and 1 % BSA) for 10-15 min at room temperature with 
10 pi of EDTA-free protease inhibitor (1/4 tablet in 0.2 ml 
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Table 2 . Plasmid used in this study. 

Plasmid name Vector 

pGEMTE-cPbAC-F26R34-1 pGEM T E a s y (Promega) 

pGBK-PbCYR1„. s 7 s , pGBKT7 (Clontech) 

pGBK-PbCYR1, c„o I O . O I pGBKT7 (Clontech) 

p G B K - P b C Y R l „ 3 0 ? . 1 B 7 6 , pGBKT7 (Clontech) 

p G B K - P b C Y R 1 „ 6 J 8 _ 2 , 0 0 , pGBKT7 (Clontech) 

pGAD-PbCYR1, , . 6 ; „ pGADT7 (Clontech) 

pGAD-PbCYR1,6oo- ,3 io , pGADT7 (Clontech) 

p G A D - P b C Y R l , n c . j - , e 7 6 i pGADT7 (Clontech) 

pGAD-PbCYRl„ 6 „_ j , 0 0 , pGADT7 (Clontech) 

p G E M T E - c P b G P A I -
E x G P A F I pYER3-9(T7>SP6) 

pGEM T E a s y (Promega) 

p G E M T E - c P b G P A 2 -
F6R6-2(SP6>T7) 

p G E M T E - c P b G P A 3 -
F5R5-2(T7>SP6) 

pGBK-PbGPA1 

pGEM T E a s y (Promega) 

pGEM T E a s y (Promega) 

pGBKT7 (Clontech) 

pGAD-PbGPA1 pGADT7 (Clontech) 

pGBK-PbGPA2 pGBKT7 (Clontech) 

pGAD-PbGPA2 pGADT7 (Clontech) 

pGBK-PbGPA3 pGBKT7 (Clontech) 

pGAD-PbGPA3 pGADT7 (Clontech) 

pGBK-PbGPB1 
p G A D - P b G P B l 
p G B K - P b R A S 
pGAD-PbRAS 

pGBKT7 (Clontech) 
pGADT7 (Clontech) 
pGBKT7 (Clontech) 
pGADT7 (Clontech) 

pGBKT7-53 
pGAD-P53(72-390, 

pGBKT7 (Clontech) 
pGADT7 (Clontech) 

pGBKT7-Lam 
pGAD-Lam,66-23iji 

pGBKT7 (Clontech) 
pGADT7 (Clontech) 

pGADT7-T 
p G E M T E - S c G P R 1 - F l R 1 - 1 7 

pGADT7 (Clontech) 
pGEM T E a s y (Promega) 

p G A D - S c G P R 1,679-w, 1-F5R1 pGADT7 (Clontech) 

pGAD-ScGPR1,2.7.i-G2,,-F4R3 pGADT7 (Clonlech) 

pGAD-ScGPR1„ 9r,„-F3Rl pGADT7 (Clontech) 

pGBK-ScGPR1„ . K „ -F3R l pGBKT7 (Clontech) 

Insert and cloning description 

The insert is the full-length PbCYRI cDNA amplified with 
PbAC-F26 and PbAC-R34 

PbCYRI cDNA fragment (Ncol/BamHI) obtained by P C R with 
PbAC-GADF1 and P b A C - G A D R l cloned into pGBKT7 (Ncol/BamHI) 

PbCYRI cDNA fragment (Ncol/BamHI) obtained by P C R with 
PbAC-GADF2 and PbAC-GADR2 cloned into pGBKT7 (Ncol/BamHI) 

PbCYRI cDNA fragment (Ndel/Xhol) obtained by P C R with 
PbAC-EF1 and P b A C - E R 2 cloned into pGBKT7 (Ndel/Sall) 

PbCYRI cDNA fragment (Ndel/Xhol) obtained by P C R with 
P b A C - E F 2 and PbAC-ER1 cloned into pGBKT7 (Ndel/Sall) 

PbCYRI ' - 6 7 B fragment from p G B K - P b C Y R I , , . ^ , (Ndel/BamHI) 
cloned into pGADT7 (Ndel/BamHI) 

P d C y R ; 6 0 0 ' 3 ' 6 fragment from p G B K - P b C Y R W n . e , (Ndel/BamHI) 
cloned into pGADT7 (Ndel/BamHI) 

PbCYRI cDNA fragment (Ndel/Xhol) obtained by PCR with 
PbAC-EF1 and P b A C - E R 2 cloned into pGADT7 (Ndel/Xhol) 

PbCYRI cDNA fragment (Ndel/Xhol) obtained by P C R with 
P b A C - E F 2 and P b A C - E R l cloned into pGBKT7 (Ndel/Xhol) 

R T - P C R product with PbGPA1-ExGPAF1 and PbGPA1-pYER3 from 
Pb mRNA cloned into pGEM T Easy. The insert is the full-length 
PbGPAl cONA 

R T - P C R product with PbGPA2-F6 and PbGPA2-R6 from Pb mRNA 
cloned into p G E M T Easy. The insert is the full-length PbGPA2 cDNA 

R T - P C R product with PbGPA3-F5 and PbGPA3-R5 Irom Pb mRNA 
cloned into p G E M T Easy. The insert is the full-length PbGPA3 cDNA 

Insert (Ndel) from p G E M T E - c P b G P A 1 - E x G P A F I p Y E R 3 - 9 cloned 
into pGBKT7 (Ndel) 

PbGPAl insert (Ndel digested) from pGBK-PbGPA1 cloned into 
pGADT7 (Ndel) 

P C R product (EcoRI digested) with PbGPA2-F7 and T7 as primers 
and pGEMTE-cPbGPA2-F6R6-2 as template, cloned into pGBKT7 
(EcoRI digested) 

PbGPA2 insert (Ndel/Sall digested) from pGBK-PbGPA2 cloned 
into pGADT7 (Ndel/Xhol) 

P C R product (EcoRI digested) with PbGPA3-F8 and S P 6 as primers 
and p G E M T E - c P b G P A 3 - F 5 R S - 2 as template, cloned into pGBKT7 
(EcoRI digested) 

PbGPA3 insert (Ndel/BamHI digested) from pGBK-PbGPA3 cloned 
into pGADT7 (Ndel/BamHI) 

PbGPBl cDNA (Ndel/BamHI) cloned into pGBKT7 (Ndel/BamHI) 
PbGPBl cDNA (Ndel/BamHI) cloned inlo pGADT7 (Ndel/BamHI) 
PbRAS cDNA (Ndel/EcoRI) cloned into pGBKT7 (Ndel/EcoRII) 
PbRAS insert (Ndel/EcoRI digested) from p G B K - P b R A S cloned 

into pGADT7 (Ndel/EcoRI) 
From Clontech 
P53 insert (Ndel/BamHI digested) from pGBKT7-P53, cloned into 

pGADT7 (Ndel/BamHI) 
From Clontech 
Lam insert (Ndel/BamHI) from pGBKT7-Lam cloned into pGADT7 

(Ndel/BamHI) 
From Clontech 
The insert is the full-length ScGPRl amplified with Sc -GPR1-F1 

and S c G P R l - R 1 
P C R product (BamHI digested) with S C G P R 1 - F 5 and S C G P R 1 - R 1 

as primers, and p G E M T E - S c G P R 1 - F l R l - 1 7 as template, cloned 
into pGADT7 (BamHI digested); corresponding to C-lerminal 
cytoplasmic domain 

P C R product (BamHI digested) with S c G P R 1 - F 4 and S c G P R 1 - R 3 
as primers, and p G E M T E - S c G P R 1 - F 1 R1-17 as template, cloned 
into pGADT7 (BamHI digested); corresponding to the third 
cytoplasmic loop 

P C R product (BamHI digested) with S c G P R 1 - F 3 and S c G P R 1 - R 1 
as primers, and p G E M T E - S c G P R 1 - F l R l - 1 7 as template, cloned 
into pGADT7 (BamHI digested); corresponding to lull-length ScGPRl 

Insert (BamHI digested) from pGAD-ScGPR1,,. .9G,]-F3R1 cloned 
into pGBKT7 
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Table 2 . cont. 

Plasmid name Vector Insert and cloning description 

pGBK-ScGPA2-F1R1 pGBKT7 (Clontech) P C R product (BamHl digested) with S C G P A 2 - F 1 and ScGPA2-R1 
as primers, and S c DNA as template, cloned into pGBKT7 
(BamHl digested): corresponding to full-length S c G P A 2 

pAD-PbGPB1 pGADT7 (Clontech) 1062 bp PbGPBI gene linked into pGADT-7 at the sites of Ndel 
and BamHl 

p B D - P b G P B l pGBKT7 (Clontech) 1062 bp PbGPBI gene linked into pGBKT-7 at the sites of Ndel 
and BamHl 

p A D - P b G P B 1 - T A G pGADT7 [Clontech) 1059 bp PbGPBI gene without stop code was linked into pGADT-7 at 
the site of Ndel and BamHl 

p B D - P b G P B l - T A G pGBKT7 (Clontech) 1059 bp PbGPBI gene without stop code was linked into pGBDT-7 
at the site of Ndel and BamHl 

pAD-PbGPG1 pGADT7 (Clontech) 2 7 6 bp PbGPGl gene linked into pGADT-7 at the sites of Ndel 
and BamHl 

pBD-PbGPG1 pGBKT7 (Clontech) 2 7 6 bp PbGpg gene linked into pGBKT-7 at the sites of Ndel and 
BamHl 

pAD-PbGPB1-l ink-PbGPG1 pGADT7 (Clontech) PbGpb-flexible linker-PbGpg was ligated into pGADT-7 at the site 
ol Ndel and BamHl 

pBD-PbGPB1 -link-PbGPG1 pGBKT7 (Clontech) PbGpb-flexible linker-PbGpb was ligated into pGBKT-7 at the site 
of Ndel and BamHl 

pAD-WD1 pGBKT7 (Clontech) The first WD domain of PbGpbl with a stop codon linked into pGADT-7 
at the sites of Ndel and BamHl 

pAD-WD2 pGADT7 (Clontech) The region encoding from the N-termini to the end of the second WD 
domain of PbGpbl with a stop codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

pAD-WD3 pGADT7 (Clontech) The region encoding from the N-termini to the end of the third WD 
domain of PbGpbl with a stop codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

pAD-WD4 pGADT7 (Clontech) The region encoding from the N-termini to the end of the fourth WD 
domain of PbGpbl with a stop codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

pAD-WD5 pGADT7 (Clontech) The region encoding from the N-termini to the end of the fifth WD 
domain of PbGpbl with a stop codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

pAD-WD6 pGADT7 (Clontech) The region encoding from the N-termini to the end of the sixth WD 
domain of PbGpbl with a stop codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

pAD-WD13 pGADT7 (Clontech) The region encoding a fragment containing the first and third WD 
domains of PbGpbl with a start codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

P A D - W D 2 7 pGADT7 (Clontech) The region encoding a fragment from the second WD domain to the 
end of PgGpbl with a start codon linked into pGADT-7 vector at the 
sites of Ndel and BamHl 

P A D - W D 6 7 pGADT7 (Clontech) The region encoding a fragment from the sixth WD domain to the 
end of PgGpbl with a start codon linked into pGADT-7 vector 
at the sites of Ndel and BamHl 

P A D - W D 1 7 pGADT7 (Clontech) Deletion of a Sail fragment from the region encoding the fragment 
between the first and seventh WD domains of PbGpbl in 
pAD-PbGPB1 

pGEX-6P-3 Cyr1,«3-«7») pGEX-6P-3 ( G E Healthcare) The region encoding the cDNA fragment of CYR1, 225 bp 
(Goc binding domain and R a s association domain) linked to 
pGEX-6P-3 vector (GST fusion) at the sites of BamHl and Notl 

pGEX-6P-3 Gpb1 pGEX-6P-3 (GE Healthcare) 1062 bp PbGPBI gene linked into p G E X - 6 P - 3 (GST fusion) 
vector at the sites of BamHl and Notl 

PBS) (Roche); to which was added 10 ul of in vitro translated 

protein and, in some assays, 10 mM GTP or GDP, and incu­

bated on an end-over rotator at room temperature for 2 h. To 

facilitate comparisons between different pull-down experi­

ments, we always utilized the same batch of in vitro trans­

lated product at an equivalent concentration. The beads were 

washed seven times with buffer (20 mM HEPES pH 7.9, 

600 mM NaCI, 0 . 1 % Tween 20, 5% glycerol, 1 mM DTT), and 

then proteins were eluted by the addition of 4x NuPAGE LDS 

sample buffer (Invitrogen), followed by boiling at 90°C for 

5 min. The proteins were separated on 4—12% NuPAGE 

(precast Bis-Tris) gels. The gels were fixed with 2 0 % ethanol 

and 10% acetic acid for 30 min, and then soaked in 5-10 ml 

of fluorographic reagent NAMP 100 (Amersham Biosciences) 

to amplify the signal. The gels were dried at 80°C for 35 min 

under vacuum and autoradiographed (2-3 days exposed at 

-80°C) . Each assay was repeated three times with a different 

batch of in vitro translated product to confirm the results. 
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Western blots 

Antibodies were to the GST tag (Novagen) or commercially 
produced polyclonal antibodies (Invitrogen) raised in rabbits 
to specific oligopeptides: Gpa1 - CFR RSR EYQ LND SAR 
and Gpb1 - CDI RAD REL NTY QSD. 

Proteins were separated by SDS-PAGE (on 4 - 1 2 % 
polyacrylamide gels) and electrotransterred to PVDF 
membranes. Blots were incubated with the respective 
antibodies (e.g. anti-GST at 1:12 500 dilution and specific 
antibodies at 1:2500 dilution). Alkaline-phosphatase-
conjugated anti-mouse IgG (1:2500 dilution) and horseradish 
peroxidase-conjugated anti-rabbit IgG (1:2500 dilution) were 
used as secondary antibodies for GST and specific protein 
blots respectively. 

Nucleotide sequence accession number 

The GenBank accession numbers for the P. brasiliensis 
genes used in this study are: CYR1 (AAS01025), GPA1 
(AAT40562), GPA2 (AAT40564), GPA3 (AAT40563), GPBl 
(AAT40565), GPG1 (EF687895) and RAS (AY547438). 
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cyclase (AC) (B) G|3. (C) Gy and (D) Go. proteins, using the 
VectorNTi 6.0 align program (Informax). 
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yeast transition. 
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