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Abstract 

Programmed cell death in animals, plants and protists is in part regulated by a variety 

of proteases, including cysteine aspartyl proteases, (caspases, paracaspases and 

metacaspases), cathepsins, subtilisin-like serine proteases, vacuolar processing 

enzymes and the proteasome. The role of different proteases in the cell death 

responses of the fungi is however largely unknown. A greater understanding of the 

fungal cell death machinery may provide new insights into the mechanisms and 

evolution of PCD and potentially reveal novel targets for a new generation of 

antifungal drugs.  

The role of a metacaspase encoding gene, MCA1, in the cell death response of the 

human pathogen Candida albicans pathogen has been investigated by functional 

analysis.  MCA1 deletion not only alters the sensitivity of cells to a number of cell 

death stimuli, it also enhances virulence in an insect model. C. albicans shows altered 

cell and colony morphology on Lee’s medium. Evidence is presented to suggest that 

these functions appear to be dependent upon active mitochondria. 

In this study it has also been shown that key caspase substrates may be conserved 

between humans and the yeasts Saccharomyces cerevisiae and Candida albicans.  

Many substrates, particularly those which are essential, have retained their caspase 

cleavage motifs. 14 protease mutants displayed altered activity against caspase 1, 3, 6 

or 8 substrates during acetic acid-induced PCD and caspase 1-like activity appeared to 

be particularly associated with PCD.  

Using a novel bioinformatic analysis of experimental LC-MS/MS data, changes in the 

degradation patterns of the proteome (destructome) following acetic acid-induced cell 

death have been investigated in wild-type yeast.  In addition, potential native 

substrates of the yeast Mca1 have also been identified. 

The future challenge is to characterise the destructome of different proteases under a 

range of cell death conditions. In this way it may be possible to identify key 

components of the cell death machinery and their substrates and so reveal the most 

promising targets for future therapeutics. 
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Chapter 1. Introduction 

1.1.  Fungi 

1.1.1. What are fungi? 

The fungi constitute a diverse kingdom and were once considered to be plants. 

However, green plants are autotrophic: producing their own carbohydrates photo-

synthetically. Fungi are heterotrophic: obtaining their carbohydrates from other 

organisms. There may be over 1.5 million species of fungi in the world (Hawksworth, 

1991) though fewer than 120,000 have been identified. The kingdom includes familiar 

mushrooms and toadstools (the fruiting bodies of some basidiomycetes), baker’s yeast 

(the ascomycete, Saccharomyces cerevisiae) and plant and animal pathogens, such as 

rusts, smuts, moulds and the fungi which cause dandruff, athlete’s foot and thrush.  

Fungi are more closely related to animals than to plants (Figure 1.1) and the two 

kingdoms share a common protist-like ancestor (Cavalier-Smith, 1987; Baldauf & 

Palmer, 1993; Steenkamp et al., 2006). Fungi are traditionally divided into several 

phyla: Chytridiomycota, Zygomycota, Glomerulomycota, Ascomycota, Basidiomycota 

and Microsporidia (Hibbett et al., 2007). Classification is based mainly on sexual cycle 

and spore morphology. The Chytridiomycota produce motile zoospores and motile 

gametes. The Zygomycota produce large thick walled zygosporangia. Each spore 

contains nuclei from two fused cells. The Ascomycota produce sexual spores, often in 

multiples of four, in bag-like asci while the Basidiomycota have club-shaped basidia 

bearing spores (usually four). The Deuteromycota (fungi imperfecti) constitute a 

polyphyletic group of ascomycete and basidiomycete fungi with no known sexual cycle.  

Detailed phylogenic analysis based largely on PCR amplification of ribosomal RNA 

genes has led to a major restructuring of fungal taxonomy (Hibbett et al., 2007). The 

new system does not recognize the Zygomycota as a phylum but redistributes its 

members and some of the chytridiomycota between two new phyla, the 

Blastocladiomycota and the Neocallimastigomycota. The former are highly mycelial 

with monoflagellate spores while the latter are anaerobic rumen fungi with multi-

flagellate spores. A new sub-kingdom is also recognized: the Dikarya, consisting of the 

Ascomycota and Basidiomycota. 
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Alveolates Stramenopiles Rhizaria   Plants 
Haplophytes 
Cryptomonads Amoebozoa     Fungi    Animals Excavates 

Chloroplast 
(cyanobacterium) 

Mitochondrion 
(bacterium) 

Figure 1.1.The eukaryotic tree of life. Fungi and animals share a common protist-like ancestor with amoebozoa. Fungi are much more closely 
related to animals than to plants.  Arrows denote horizontal gene transfer and the ‘enslavement’ of bacteria and cyanobacteria: the ancestors of 
modern mitochondria and chloroplasts respectively. (Adapted from Burki et al., 2008). 
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1.1.1.1. Fungal trophism 

Many fungi are saprotrophs, feeding on dead and decaying matter. Saprotrophic fungi 

play a vital part in the decomposition of organic matter and recycling of nutrients 

(Swift et al., 1979). Their hyphae and secreted polysaccharides help maintain soil 

structure (Chenu, 1989). Obligate biotrophs penetrate plants and form specialized 

mycelia (e.g. the smuts, Ustilago) or bulbous haustoria (e.g. the rusts, Uredinales) 

which facilitate the absorption of host nutrients. Nectrotrophic fungi (e.g. the white 

mould, Sclerotinia sclerotiorum and the grey mould, Botrytis cinerea) produce toxins 

and other substances to kill the host and lytic enzymes to break down plant tissues 

ready for absorption (Van Kan, 2006). Hemibiotrophs (e.g. Colleotrichum species) 

spend part of their life cycles as parasitic biotrophs but eventually induce necrosis and 

feed on the dead cells (Shen et al., 2001; Dieguez-Uribeondo et al., 2005; Martinez-

Pacheco et al., 2009). Mutualistic symbionts practice a form of biotrophy in which the 

fungus obtains carbohydrates in exchange for water, minerals and (in lichens) 

protection. Arbuscular mycorrhizal fungi are vital members of many ecosystems. They 

form close connections with plant roots, acidify the soil and greatly increase surface 

area: leading to increased water, iron and phosphorus uptake (Barea, 1991; Li et al., 

1991). Arbuscular mycorrhizae secrete cellulases and cutinases which are important in 

the decomposition of organic matter (Bakar et al., 2005; Martinez-Pacheco et al., 

2009). Lichens are mutualistic symbionts consisting of a fungus and a green alga or a 

cyanobacterium or both. 42 % of the Ascomycota can form lichens and 98 % of 

lichenised fungi are ascomycetes, 1.6 % deuteromycetes and 0.4 % basidiomycetes 

(Honegger, 1991). Between 13500 and 18000 species of fungi form lichens (Sipman & 

Aptroot, 2001) but less than 200 species of algae/cyanobacteria are known to do so 

(Honegger, 1991). Many modern non-lichenised fungi (including Aspergillus and 

Penicillium spp.) may be descended from lichenised ancestors (Lutzoni et al., 2001).  

1.1.1.2. Commercially important fungi 

Fungi provide many benefits to humans besides mushrooms and other edible fungi, 

though it is worth noting that the global mushroom industry was valued at forty five 

billion dollars in 2005 (Chang, 2006) and that a 1.5 kg white truffle (Tuber magnatum) 

sold for £165000 in 2007 (BBC News, 2007). Saccharomyces cerevisiae is used to make 

bread and alcoholic beverages. Production of blue cheese such as Roquefort is 
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dependent upon the mould Penicillium roqueforti (Kinsella & Hwang, 1976). Aspergillus 

niger produces citric acid for soft drinks and foods as well as cellulases, lactases, 

pectinases and other industrially important enzymes (Karaffa et al., 2003; Ward, 1989).    

1.1.1.3. Drugs derived from fungi 

Penicillin was first isolated from the mould Penicillium chrysogenum, formerly P. 

notatum (Fleming, 1929; Abraham et al., 1941; Hockenhull, 1948) and griseofulvin 

from P. griseofulvum (Torres et al., 1987). Janos Berdy (2005) estimated that by 2002 

there were approximately 4900 known fungally-derived metabolites with antibiotic 

properties, around 1000 of which were derived from Penicillium and Aspergillus 

species. Other fungal antibiotics include cephalosporins (Poggeler et al., 2008) and 

trichothecin (Iglesias & Ballesta, 1994) and viridin (Brian & McGowan, 1945). 

Wortmannin is a selective protein kinase inhibitor (Sessions & Jacobi, 2006) with anti-

cancer properties derived from Penicillium funiculosum. Lentinan, from the shiitake 

mushroom (Lentinula edodes) has anti-tumour and anti-metastasis properties and 

stimulates the immune system (Chihara et al., 1987; Matsuoka et al., 1997). Various 

substances extracted from reishi (Ganoderma lucidum) show anti-viral (including anti-

HIV), immunostimulatory and anti-inflammatory activities (El-Mekkawy et al., 1998). 

1.1.1.4. Food spoilage and mycotoxins 

The arsenal of lytic enzymes which make fungi successful as pathogens and 

saprotrophs also makes them potential agents of food spoilage. Aspergillus niger is a 

major cause of black rot on onions and spoilage of other fruit and vegetables 

(Narayana et al., 2007). Some saprotrophs, such as Neosartorya fischeri and 

Talaromyces flavus, are able to survive the high temperatures associated with food 

treatment (Tournas, 1994) because their ascospores are difficult to destroy by heating. 

They cause spoilage of heat-treated food and beverages and produce toxins and 

carcinogens. Ergot poisoning is caused by toxic alkaloids produced by the fungus. Feed 

and cereals may be contaminated with aflatoxins and other mycotoxins from species 

of Aspergillus, Penicillium and Fusarium (reviewed in Yiannikouris & Jouany, 2002). In 

1960 turkey-X disease killed over 100,000 turkeys and thousands of ducks and 

pheasants in the UK. The cause was aflatoxin (‘A. flavus toxin’) produced by Aspergillus 

flavus on peanut feed (Goldbatt, 1969). There are several kinds of aflatoxin, including 
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aflatoxins B1 and M1. The latter may be present in the milk of mammals that have 

ingested aflatoxin. The former is metabolised to a carcinogenic epoxide and then to 

the toxic dihydrodihydroxy aflatoxin (Moss, 2002).  Contaminated silage fed to animals 

may contain aflatoxins (Kuhn & Ghannoum, 2003) that may then appear in the milk 

and meat of livestock.  

1.2. Pathogenic fungi 

Many fungi are parasites and are pathogenic if they cause significant damage to the 

host. Opportunistic pathogens may live on a potential host, on or in another organism, 

in the soil or on decaying matter and only become pathogenic when the host is 

weakened or injured. Many pathogenic fungi possess virulence factors, including 

secondary metabolites, which may have evolved for different purposes, such as 

obtaining nutrients from dead material.  The number of fungal species which infect 

humans is estimated to be quite low: around 300 (Taylor, 2001) but many are known 

to infect plants, wildlife and even other fungi. 

1.2.1. Plant pathogens 

Most plant diseases (e.g. those in Table 1.1) are caused by fungi (Carruthers & Soper, 

1987). The rice blast fungus Magnaporthe oryzae is a classic example of a plant 

pathogen. It destroys up to 30 % of the world’s rice crop annually (Talbot, 2003), 

though the disease can also affect wheat and finger millet: important food crops in 

India and Africa. Sorghum ergot is caused by Claviceps africana, C. sorghi and C. 

sorghicola. The former originated in Africa but has spread to Asia, Australia and the 

Americas. C. sorghi is found in India and C. sorghicola in Japan (Pazoutova et al., 2000). 

C. purpurea infects a broad range of grasses, including commercially important cereal 

crops such as wheat, barley and rye (Alderman et al., 2004). In the USA, Fusarium head 

blight causes annual losses of up to $2.7 billion by infecting wheat and barley crops 

and some other cereals (Nganje et al., 2004). It has been estimated that almost 10 % of 

global food crops are lost due to fungal infection each year (Oerke & Dehne, 2004).  

Economically damaging diseases also occur in non-crop plants. Chestnut blight 

is caused by the ascomycete Cryphonectria parasitica (Anagnostakis, 2001) which  
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Plant & reference Disease Pathogen 

Banana1 Black sigatoka disease Mycosphaerella fijiensis 

Banana2 Panama disease Fusarium spp. 

Barley3 Powdery mildew Blumeria graminis 

Rice, wheat, finger millet4 Rice blast Magnaporthe oryzae 

Soya bean5 Soya bean rust Phakosora pakirhizi 

Wheat, barley, oat, rye6 Stem rust Puccinia graminis 

Wheat, barley7 Karnal bunt Tilletia indica 

Wheat, barley, rye8 Ergot Claviceps purpura 

Wheat, barley9 Fusarium head blight Fusarium graminearum 

Sorghum10 Sorghum ergot Claviceps africana, C. sorghi and C. sorghicola 

Maize11 Corn smut Ustilago maydis 

Sugar cane12 Sugar cane orange rust Pucciniana kuehnii 

Yam, mango, lupin13 Anthracnose Colletotrichum gleosporoides 

Potato14 Blackscurf Rhizoctonia solani 

Potato15 Dry rot Fusarium sambucinum 

Potato16 Early blight Alternaria solani 

Potato17 Verticillium wilt Verticillium dahlia, V. albo-atrum 

Alfalfa18 Alfalfa anthracnose Colletotrichum trifolii 

Chestnut19 Chestnut blight Cryphonectria parasitica 

Elm20 Dutch elm disease Ophiostoma spp. 

 

 

Table 1.1. Some commercially important fungal pathogens of plants. References: 1: Churchill, 2011.    
2: Ploetz, 2000. 3: Collins et al., 2002. 4: Veneault-Fourrey et al., 2006. 5: Slaminko et al., 2008.             6: 
Leonard & Szabo, 2005. 7: Gewin, 2003. 8: Bolker, 2001. 9: Nganje et al., 2004 Alderman et al., 2004. 10: 
Pazoutova et al., 2000. 11: Juarez-Montiel et al., 2011. 12: Anderson et al., 2004 13:  Barhoorn & 
Sharon, 2006 14-17: Secor & Gudmestad, 1999.  18: Chen & Dickman, 2005. 19: Anagnostakis, 2001. 20: 
Konrad, 2002.  
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originated in the far-east. C. parasitica produces cankers and kills American chestnuts. 

Dutch elm disease transmitted by the elm bark beetle is caused by other ascomycetes 

Ophiostoma ulmi, O. novo-ulmi and O. himal-ulmi (Konrad et al., 2002). Hybridisation 

of O. novo-ulmi ssp. novo-ulmi and ssp. americana has generated hyper-virulent 

strains. Dutch elm disease is currently endemic to Europe and the USA. 

1.2.2. Animal pathogens 

Several pathogenic fungi have risen to prominence recently due to their devastating 

effect on animal populations. A psychrophillic ascomycete Geomyces destructans 

causes white nose syndrome and has killed over one million bats in the USA 

(Puechmaille et al., 2010). The disease has recently appeared in Europe. 

Chytridiomycosis may also have caused the extinction of over a hundred amphibian 

species. The disease is caused by several chytrid species, including Batrachochytrium 

dendrobatidis (Fisher et al., 2009). Colony collapse in honey bees (Apis mellifera) 

involves a sudden population crash in apparently healthy hives and leads to huge 

financial losses for bee keepers and for the farmers who rely upon bees for pollination. 

The microsporidian parasite Nosema ceranae, in concert with a virus, may be one of 

the factors contributing to colony collapse (Higes et al., 2008) after jumping from the 

Asian honey bee A. ceranae to its new host. Ringworm (dermatophytosis) in livestock 

is an infection of the hair and skin and is caused by several Trichophyton, Microsporum 

and Epidermophyton species (Gudding & Lund, 1995). It is expensive to treat but 

vaccination of cattle is effective and reduces the incidence of ringworm in people living 

or working in close proximity to livestock (Gudding & Lund, 1995). Malassezia furfur 

causes irritating skin diseases and otitis in dogs and cats (Scott & Miller 2010) and may 

be transmitted by health workers from their pets to neo-natal infants in intensive care 

units, causing skin disease, lung infections and meningitis (Rosales et al., 2004; Richet 

et al., 1989). Pets and livestock can be significant reservoirs of human diseases. 

1.2.3. Human fungal pathogens 

Fungal infections in people can range from superficial skin, nail and tongue infections 

to systemic life-threatenting fungaemias. Candida albicans is a pleomorphic 

ascomycete fungus which grows commensally on the skin and mucous membranes. It 

is a normal member of the flora of the skin, gut and genitourinary tract of warm 
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blooded animals. However, C. albicans is also an opportunistic pathogen and can cause 

superficial to life-threatening infections in immunocompromised individuals. It is the 

4th most common hospital-acquired infection and mortality in cases of blood-borne 

candidiasis may be as high as 41 % (Blumberg et al., 2001).  

Candida albicans and other fungal species are found as commensals on the skin and 

mucous membranes of humans. Some fungi are opportunistic pathogens: living 

harmlessly as members of the skin flora but becoming pathogenic in 

immunocompromised individuals, burns victims or those with implanted medical 

devices. Most human commensals are bacteria and these help prevent overgrowth of 

fungi and other pathogens. Pseudomonas aeruginosa inhibits the growth of Candida 

species (Kerr et al., 1994).  C. albicans is found on the skin or mucous membranes of 

15-60 % of healthy individuals (Odds, 1987; Odds et al., 2001). Three quarters of 

women suffer at least one bout of vaginal thrush and C. albicans is responsible for 80-

90 % of these cases. 

Mortality in cases of invasive aspergillosis may reach 90 % in leukaemia patients 

(Chamilos & Kontoyiannis, 2005). Cyyptococcus neoformans may infect immuno-

compromised individuals, causing serious conditions such as cryptococcal meningitis or 

pneumonia (Saag et al., 2000). The most common cause of invasive aspergillosis is 

Aspergillus fumigatus. Most life-threatening diseases are caused by opportunistic fungi 

in immunocompromised patients. However, two fungal pathogens, Cryptococcus gattii 

and Histoplasma capsulatum are primary pathogens and cause cryptococcosis and 

histoplasmosis respectively. C. gattii is present in soil in tropical/ sub-tropical areas and 

parts of North America. When inhaled, C. gattii spores may infect the lungs (Saag et al., 

2000) leading to pulmonary infection, meningitis, hydrocephalus and seizures. H. 

capsulatum is present in bird and bat guano, particularly in the Ohio and Mississippi 

river valleys. It may also cause lung infection if inhaled (reviewed by Kauffman, 2007) 

and occasionally infects the central nervous system and can spread to other organs in 

an immunocompromised individual 

1.2.4. Risk factors 

A prime risk factor for fungal infection is a compromised immune system. Principally  



                                                                                                                   Chapter 1: Introduction 
 

Proteases and programmed cell death in fungi Page 27 
 

this is due to HIV/AIDS, corticosteroid use, radio- and chemotherapy, malignancy, 

iatrogenic immune suppression in organ transplant patients and autoimmune disease 

(Lin et al., 2001). Others factors include the use of broad spectrum antibiotics, 

abdominal surgery, bacterial infection and insertion of a catheter or other device, old 

age, burns and premature birth (Odds et al., 2007; Bodey et al., 1992; Viudes et al., 

2002; Darouiche et al., 2001). Some factors may increase the prevalence of a particular 

species. Mardani et al. (1999) found that the majority of patients with C. glabrata 

systemic infections were neutropaenic due to haematological cancers, whereas most 

of those with C. albicans fungaemias had solid tumours. Use of anti-fungal 

therapeutics, HIV and smoking alters the proportions of Candida species isolated from 

subjects, which are not C. albicans, (Schoofs et al., 2009).  

1.2.5. Anti-fungal drugs: mode of action 

Five main classes of drug are used to combat fungal infections (Lewis, 2002). These are 

polyenes, fluoropyrimidines, azoles, echinocandins and allylamines (Table 1.2). They 

have different modes of action (Figure 1.2). Polyenes, such as amphotericin B, interact 

with the membrane component ergosterol, increasing membrane permeability. 

Fluoropyrimidines, such as flucytosine (5-FC), interfere with nucleotide synthesis. 

Flucytosine is metabolized in the fungal cell to fluorouridine triphosphate (fUTP) and 5-

fluorodeoxyuridine monophosphate (fdUMP). The former is used in RNA metabolism, 

leading to defective RNA synthesis while the latter inhibits DNA synthesis (Vermes et 

al., 2000). Azoles such as fluconazole and itraconazole target lanosterol 14α-

demethylase, an enzyme involved in synthesis of ergosterol (Heimark et al., 2002). 

Echinocandins, e.g. caspofungin, inhibit β-1,3-D-glucan synthase (Eschenauer et al., 

2007). Reduced production of β-D-glucans affects cell wall integrity and leads to cell 

lysis. Allylamines, such as terbinafine, inhibit ergosterol production by inhibiting 

squalene epoxidase (Erg1 in S.cerevisiae and C. albicans) and causing a build-up of 

toxic intermediates (Cannon et al., 2009).  Other anti fungal drugs include griseofulvin 

which may be used in treating tinea (Torrez et al., 1987; Elewski, 2008).  

1.2.6. Spectrum of activity 

Amphotericin B has broad effectivity against invasive Candida and Aspergillus spp. and 

zygomycetes (Moen et al., 2009). Flucytosine is effective against Candida, Aspergillus 
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Class and examples Mode of action Mode of resistance 

Polyenes                             
Amphotericin-B       
Nystatin  

Bind ergosterol and increase 
membrane permeability 

Reduced ergosterol content e.g. 
by mutation of ERG3 

Fluoropyrimidines             
Flucytosine                   

Interfere with DNA and RNA 
synthesis by incorporating 
fluorinated pyrimidine analogues 

Mutated drug receptors or 
transporters (e.g. Fur1). 
Increased pyrimidine synthesis 

Azoles                                         
Ketoconazole   I             
Clotrimazole     
Fluconazole        I ii           
Itraconazole                   
Voriconazole              

Inhibit ergolsterol biosynthesis by 
inhibiting Erg11. Production of 
toxic methylated intermediates. 

Mutated Erg11. Upregulated 
Erg11. Upregulated efflux 
pumps. Increased tolerance for 
toxic inter-mediates by 
mutation of Erg3. Stress 
tolerance. Use of other sterols 
obtained from host. 

Echinocandins                    
Caspofungin I    
Micafungin              
Anidulafungin                  

Interfere with cell wall formation 
by inhibiting β(1,3)-glucan 
synthase 

Mutation of β(1,3)-glucan 
synthase. Increased cell wall 
chitin. 

Allylamines                          
Terbinafine        
Butenafine                        
I                    

Interfere with ergosterol synthesis 
by inhibiting squalene epoxidase 
Erg1.  

Mutation of Erg1. Upregulation 
of efflux pumps. Improved 
stress tolerance. Detoxification. 

 

 

Table 1.2. Anti-fungal action and resistance. (Adapted from Cannon et al., 2009).   
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Figure 1.2. Antifungal drug action. Ergosterol is a constituent of the fungal cell membrane. Polyenes 
physically associate with ergosterol, increasing membrane permeability. Allylamines, azoles and 
amorolfine inhibit enzymes involved in ergosterol biosynthesis. The aberrant incorporation of 14α-
methyl-3,6-diol into the membrane inhibits cell growth. (Adapted from Lupetti et al., 2002). 

 

 

 

Squalene 

Lanosterol 

C14-demethyl lanosterol 

Ergosterol 

Fecosterol 

Episterol 

Azoles e.g. fluconazole C14α-demethylase (ERG11) 

 Δ8,7-isomerase (ERG2) 

C14-reductase (ERG24) 

Squalene epoxidase (ERG1) 

Amorolfine 

Allylamines e.g. terbinafine 

Polyenes  e.g. 
amphotericin B                                    

14α-methyl-3,6-diol 

    Δ5,6-desaturase (ERG3) 
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and Cryptococcus spp. (Vermes et al., 2000) and skin-infecting fungi. Terbinafine is 

used topically or orally to treat onychomycosis, ringworm, athlete’s foot and other skin 

infections. Echinocandins are most effective against Aspergillus and Candida species 

(Abruzzo et al., 2000; Denning, 2003). Azoles and amphotericin B are the first line of 

defence against Candida and Aspergillus spp. (Como & Dismukes, 1994). Prophylactic 

azole use leads to increased resistance in fungal isolates but this is countered by 

combining azoles with amphotericin B (Paterson et al., 2001). Combinations may yield 

synergistic results but some drugs may counteract others (Dvorak, 2011). Systemic 

fungal infections are often associated with compromised immune systems and so 

mortality may be extremely high. Anti-fungal drugs are not as specific as anti-bacterial 

drugs due to the close relationship between fungi and animals. This leads to cytotoxic 

side effects and can severely limit the dose which can be safely administered.  

1.2.7. Resistance 

There is increasing evidence of drug resistance in many species of pathogenic fungi 

(Pfaller, 1996; Mah & O’Toole, 2001; Vasquez et al., 2001; Arendrup et al., 2010; Bueid 

et al., 2010; Pfaller et al., 2011). Table 1.2 sets out some of the mechanisms of 

resistance to commonly used classes of anti-fungal drugs. A reduction in the ergosterol 

content of the cell membrane (e.g. by mutating the sterol desaturase gene ERG3) can 

lead to polyene resistance in Candida and Aspergillus species (Kelly et al., 1997; 

Loeffler & Stevens, 2003) There are two main modes of resistance to flucytosine 

(Vermes et al., 2000). Mutations in drug receptors/transporters reduce uptake of the 

drug and upregulation of cellular pyrimidine production dilutes the effect of the drug. 

There are several mechanisms (Figure 1.3) by which fungi develop resistance to azoles 

(Sanglard et al., 1995; 1998; Perera et al., 2001; Sanglard & Odds, 2002). These include 

increased production of multidrug transporters, which results in the removal of azole 

molecules from the cell; mutation of ERG11 so that Erg11 can still convert 14-α 

demethylated sterols to ergosterol but may not be bound by the azole inhibitor; 

increased production of Erg11, which ensures that a significant number of enzyme 

molecules are not bound (and inhibited) by azoles. Finally, downregulation of Erg3 

prevents desaturation of lanosterol, allowing its conversion by C14 reductase (Erg24)  
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Figure 1.3. Mechanisms of azole resistance. C14α-demethylase (Erg11) catalyses the conversion of 
lanosterol to C14-demethyl lanosterol during ergosterol biosynthesis (A). Azoles inhibit Erg11 and 
prevent the production of ergosterol (B). Upregulation of multidrug efflux transporters removes azoles 
from the cell and allows biosynthesis to proceed (C). Mutation of Erg11 prevents the drug from binding 
(D). Upregulation of Erg11 ensures there is sufficient unbound Erg11 for biosynthesis (E).   
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to 14α-methyl fecosterol which may be incorporated into the membrane. This form of 

azole resistance also confers resistance to polyenes as they target ergosterol. There 

are worrying signs of reduced susceptibility to fluconazole in North America and the 

Asia/Pacific region respectively (Pfaller et al., 2010). Nosocomial C. parapsilosis also 

shows increasing resistance where treatment regimes are poor and rare Candida 

species such as C. glabrata, C. krusei, C. lusitaniae, C. guilliermondii and C. dubliniensis 

are also developing increased resisitance to fluconazole.   

Aspergillus species utilise similar resistance mechanisms (Chamilos & Kontoyiannis, 

2005) and A. fumigatus isolates show increased resistance to azoles in several areas, 

including the Netherlands and parts of the UK (Bueid et al., 2010). Some of these 

mechanisms are also effective in developing resistance to triazoles (Sanglard & Odds, 

2002). Multi-drug transporters for example can act on many different therapeutic 

agents to reduce their concentration in the cell. Use of high doses of echinocandins 

can trigger a novel form of resistance (Stevens et al., 2007) with an upregulation in cell 

wall chitin content at the expense of glucan content, allowing fungi to escape cell lysis. 

Desnos-Ollivier and co-workers (2008) found that resistance to caspofungin correlated 

with mutation of the β-1,3-D-glucan synthase component, Fks1. Resistance to 

allylamines is generally low (Cannon et al., 2009). Most cases have been generated 

synthetically by UV irradiation, genetic engineering or transformation with a DNA 

library and have resulted in mutation of squalene epoxidase or upregulation of 

squalene epoxidase or efflux pumps (Rocha et al., 2002; Liu et al., 2004).  

1.2.8. Cytotoxicity 

A significant problem regarding antifungal drugs is cytotoxicity. Amphotericin B is used 

routinely in treating fungal infections but is cytotoxic and can kill kidney tubule cells 

(Bell et al., 1962; Iovine et al., 1963; Utz et al., 1964; Butler et al., 1964). However, lipid 

preparations may be used, decreasing the minimal effective dose and reducing side 

effects (Moen et al., 2009). Flucytosine is hepatotoxic and toxic to bone marrow cells 

(Vermes et al., 2000). Flucytosine may be converted to 5-FU by the gut flora and the 

drug may be contaminated with 5-FU. If 5-FU is taken up by mammalian cells and 

metabolized further it can lead to defective RNA and DNA synthesis. Benko et al. 

(1999) found that while fluconazole lacked significant cytotoxicity, itraconazole was 
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cytotoxic at the recommended dose and the highest dose recommended for 

ketaconazole produced blood concentrations in excess of toxic levels. 

1.2.9. Fungistatic and fungicidal effects 

Antifungal drugs may be fungistatic or fungicidal. Fungistatic substances prevent the 

growth of fungi while fungicidal kill fungi (Grunberg, 1947). Echinocandins are 

fungicidal against Candida spp. but fungistatic against Aspergillus spp. (Morris & 

Villmann, 2006). Graybill et al. (1997) argue that the only truly fungicidal drug is one 

that kills 100 % of the target pathogen cells and that this is essential because many 

patients with fungaemia are immunocompromised. Resistance is less likely to arise 

against fungicidal than fungistatic drugs, particularly if the fungicidal drugs act directly 

and kill quickly (Chamilos & Kontoyiannis, 2005). This is because cells are not killed and 

long-term use of a fungistatic agent exerts selective pressure, enhancing the fitness of 

resistant mutants. The azoles (fluconazole, ketaconazole etc.) are generally fungistatic 

and there are reports of azole-resistance in Aspergillus species and of cross resistance 

between different azoles (Pfaller et al., 2008).  

There is an urgent need to identify new targets for anti-fungal therapeutics: 

particularly as the lead time for the introduction of new drugs is so long. 

Understanding the machinery of cell death may provide a whole range of attractive 

new drug targets if the molecular mechanisms can be uncovered. The cell death 

machinery of metazoa has been extensively studied but relatively little is known about 

cell death in fungi. A greater understanding of the protein effectors of fungal cell death 

and their regulation may be vital to the development of the next generation of anti-

fungal drugs (Ramsdale, 2008). To begin to understand PCD in fungi and how it might 

be manipulated to therapeutic benefit we need to understand more about the nature 

of PCD regulatory and effector pathways. 

1.3. Modes of cell death, overview 

Gluckmann (1951) noted that embryogenesis involves the death of certain cells and 

the proliferation of others. Lockshin and Williams (Lockshin & Williams, 1964; 1965a; 

1965b; 1965c; Lockshin, 1969) later carried out a detailed study of silk moth 

metamorphosis. They discovered that the process involves programmed cell death, 

which is dependent on the synthesis of RNA and protein. Subsequently Kerr et al. 
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(1972) coined the term ‘apoptosis’ to describe this process and to distinguish it from 

necrosis, which was considered to be a form of ‘accidental’ cell death due to physical 

injury or other cellular insult (David, 1965; McLean et al., 1965). 

Apoptosis involves cell shrinkage, flipping of phosphatidylserine from the inner to the 

outer leaflet of the cell membrane, the loss of mitochondrial membrane potential, a 

change in mitochondrial morphology from a tubular to a ‘string of beads’ morphology, 

accumulation of ROSs, chromatin condensation, DNA fragmentation and disintegration 

of the cell into membrane-wrapped bodies (Gorczyca et al., 1993; Oberhammer et al., 

1993; Martin et al., 1995). There are three main pathways of apoptosis: the intrinsic, 

extrinsic (reviewed by Barnhart et al., 1993) and ER stress-induced pathways (Kim et 

al., 2003). DNA damage, mitochondrial dysfunction and oxidative damage induce 

intrinsic apoptosis while defects in protein glycosylation trigger the unfolded protein 

response. Apoptosis is a normal part of embryo and organ development, acquired 

immunity and cell turnover (reviewed by Bowen & Amin, 2000; Opferman, 2008; 

Pellettieri & Sanchez Alvarado, 2007). Developmental apoptosis is mediated by the 

extrinsic pathway and involves the binding of death signal ligands (e.g. tumour necrosis 

factor) to receptors on the cell surface. 

Necrosis is characterized by cell swelling, loss of membrane integrity, loss of cell 

architecture and rupture of the membrane (Wyllie, 1974). Whereas membrane pumps 

continue to function in apoptotic cells, the pumps in necrotic cells fail, leading to an 

influx of water, sodium and calcium (reviewed by Bowen & Amin, 2000). Autophagy is 

another form of programmed cell death and is characterized by encapsulation of the 

cell contents in double-membraned ‘vacuoles’ (autophagosomes), merging of the 

autophagosomes with lysosomes or vacuoles and lysis of the contents and the inner 

membrane by cathepsin and other acid proteases (reviewed by Marino & Lopez-Otin, 

2004; Mizushima, 2007). Cornification is a final type of cell death that has been 

described in detail that is unique to epidermal cells forming dead skin (Kroemer et al., 

2009). There are other forms of cell death but it is unclear to what extent they differ 

from those above. The Nomenclature Committee on Cell Death (NCCD) has 

recommended the use of the four terms mentioned and defined the changes in cell 

morphology associated with each (Table 1.3). 
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Features 

 

Apoptosis      Rounding-up of the cell. Retraction of pseudopodes. 
Reduction of cellular and nuclear volume (pyknosis). 
Nuclear fragmentation (karyorrhexis). 
Minor modification of cytoplasmic organelles. 
Plasma membrane blebbing. Engulfment by resident phagocytes, in vivo. 

Autophagy Lack of chromatin condensation. Massive vacuolization of the cytoplasm. 
Accumulation of (double-membraned) autophagic vacuoles. 
Little or no uptake by phagocytic cells, in vivo. 

Cornification Elimination of cytosolic organelles. Modifications of plasma membrane. 
Accumulation of lipids in F and L granules. Extrusion of lipids in the 
extracellular space. Desquamation (loss of corneocytes) by protease 
activation 

Necrosis Cytoplasmic swelling (oncosis). Rupture of plasma membrane. 
Swelling of cytoplasmic organelles. Moderate chromatin condensation. 
 

 

 

 

 

Table1.3. Cell death terms recommended by the NCCD. (Adapted from Kroemer et al., 2009) 
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1.3.1. Caspases 

Caspases are largely responsible for orchestrating metazoan apoptosis (Green & 

Kroemer, 1998). Caspases are cysteine-dependent aspartate proteases (Alnemri et al., 

1996) which cleave peptide bonds on the C-terminal side of aspartate residues 

(Timmer & Salvesen, 2007). Initiator caspases with long protein interaction 

prodomains, are activated by adaptor proteins in response to upstream events (Riedl & 

Salvesen, 2007). Initiator caspases cleave executioner caspases, leading to activation of 

the latter by dimerisation of the large and small subunits (Riedl & Salvesen, 2007). 

Executioner caspases cleave target substrate proteins, activating or deactivating them 

and so affect downstream cell death events (Lopez-Otin & Overall, 2002). 

1.3.2. Intrinsic apoptosis in Caenorhabditis elegans 

Apoptosis plays an important part in shaping metazoan bodies. The nematode worm 

Caenorhabditis elegans has been extensively studied in order to identify the exact 

sequence of events during embryogenesis and the associated production of specialized 

cells and tissues. A combination of cell division, death, differentiation and migration is 

responsible for the development of the worm’s organs and tissues (Sulston et al., 

1983). The hermaphrodite form of C. elegans begins with 1090 somatic cells but 131 

undergo apoptosis at precise points in the worm’s development (Sulston, 1988; 

Hengartner & Horvitz, 1994). The genes involved in regulating this process have been 

identified and homologous pathways exist in Drosophila melanogaster (fruit flies) and 

in humans (Figure 1.4). In C. elegans cell fate is determined by a single caspase, Ced-3 

(Hengartner & Horvitz, 1994; Kornbluth & White, 2005; Meier et al., 2000) which in 

turn is affected by Ced4. Ced-3 is the executioner of all 131 condemned cells (Yuan et 

al., 1993). Ced-4 is repressed by binding to Ced-9 but this is countered by the 

expression of Egl-1 which binds to Ced-9, allowing Ced-4 to form a complex (the 

apoptosome) which recruits and activates Ced-3 (Kornbluth & White, 2005). 

1.3.3. Caspase-dependent intrinsic apoptosis in Drosophila melanogaster 

The machinery of fruit fly apoptosis is more complicated than that in C. elegans 

(Kornbluth & White, 2005; Meier et al., 2000). Flies have seven caspases (Steller, 

2008). Three fly caspases, Dredd, Dronc and Strica have sizeable prodomains, which 

suggests that they are initiator caspases and receive pro-death signals by interaction 
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with other proteins (reviewed by Meier et al., 2000). For example, Dronc has a CARD 

domain and interacts with the Apaf1 homologue, Dark/Hac1. Four look more like 

executioner caspases, with short prodomains. These are Dcp-1, drICE, Decay and 

Damn. The initiators, once activated, cleave and activate the executioners which effect 

apoptosis. Dredd appears to be involved with the immune response and is homologous 

to human caspase-8 while Dronc is homologous with caspase-9 and is specifically 

involved in stress-triggered apoptosis. In flies there are homologues of the worm 

apoptotic proteins and the central pathway is similar (Figure 1.4) but there is another 

layer of control, with many interacting proteins, exerting pro- or anti-apoptotic signals. 

The inhibitor of apoptosis protein (IAP) Diap1 prevents inappropriate apoptosis by 

promoting ubiquitination and degradation of the caspase Dronc but apoptosis only 

occurs when reaper family proteins (Reaper, Grim and Hid) promote self-ubiquitination 

and degradation of Diap1 (reviewed by Steller, 2008). The release of pro-apoptotic 

proteins (cytochrome C, ARTS and Smac/Diablo) by the mitochondria is promoted by 

Bax but inhibited by Bcl-2. Cytochrome C promotes the activation of caspases by 

Dark/Hac-1 while Smac and ARTS inhibit the IAPs which reduce caspase activity 

(reviewed by Steller, 2008). Pro-apoptotic signals stimulate the reaper family proteins 

Reaper, Hid and Grim, while anti-apoptotic signals inhibit Hid via a MAP kinase.  

1.3.4. Caspase-dependent intrinsic apoptosis in humans  

Mammalian apoptosis (Figure 1.4) also possesses a core intrinsic pathway, similar to 

that found in C. elegans (Steller, 2008). In each case it is the formation of the 

apoptosome that activates the initiator caspases by bringing them into close proximity 

(Riedl & Salvesen, 2007). Anti-apoptotic members of the Bcl-2 family (e.g. Bcl-2 and 

Bcl-XL) bind and inhibit Apaf-1, preventing the activation of caspase-9. Pro-apoptotic 

members such as Bax may bind and inhibit anti-apoptotic members via their BH3 

motifs (similar to inhibition of Ced-9 by Egl1 in C. elegans).  

1.3.5. Caspase-dependent extrinsic apoptosis 

The extrinsic pathway is the means by which external cell signals elicit apoptosis. 

Binding of a signal ligand (e.g. tumour necrosis factor alpha: TNF-α) to a receptor on 

the cell surface (e.g. TNF receptor: TNFR) leads to the interaction of the receptor 

proteins with cytoplasmic adaptor proteins (e.g. FADD) via their death domains (DDs). 
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Figure 1.4. Conservation of the intrinsic pathway. Intrinsic apoptosis is conserved throughout the 
metazoa. C. elegans (the worm) possesses one caspase Ced-3 which is activated by the Apaf1-like Ced-4. 
Ced-4 is inhibited by the Bcl-2 protein Ced-9 which is in turn inhibited by the BH3-only protein Egl-1. This 
central core of the intrinsic pathway (coloured red and green) is conserved in D. melanogaster (the fly) 
and man. (Adapted from Steller, 2008). 
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FADD proteins interact with caspases (caspase-8 or -10) via death effector domains 

(DEDs). Trimerisation of external ligands causes trimerisation of the receptors, FADD 

and caspases to form the death inducing signal complex (DISC). Like the apoptosome, 

the DISC brings caspases close to one another and thus facilitates autoprocessing and 

activation. Active initiator caspases cleave and activate executioner caspases (caspase-

3 and -7). Executioner caspases target and cleave specific substrates; activating or 

deactivating proteins and thus effecting apoptosis.  

1.3.6. Caspase-activated DNase  

Caspase-activated DNase (CAD) has been shown to be involved in DNA fragmentation, 

nuclear condensation and nuclear fragmentation in response to certain apoptotic 

stimuli in mammals (Enari et al., 1998; Sakahira et al., 1998; reviewed by Nagata, 

2000). CAD is an endonuclease which is held in an inactive state by its chaperone ICAD 

(inhibitor of CAD) (McIlroy et al., 1999; Wolf et al., 1999). ICAD exists in a long and 

short form, resulting from alternative splicing and both forms (ICAD-L and ICAD-S) have 

two caspase cleavage sites. They are cleaved by caspase-3 (McIlroy et al., 1999; Wolf et 

al., 1999), releasing CAD which can then migrate to the nucleus and cleave DNA. CAD is 

most effective against adenine- and thiamine-rich regions and first cleaves at the AT-

rich nuclear scaffolds, opening up the DNA and permitting further CAD-mediated 

cleavage in the internucleosomal regions (reviewed by Nagata, 2000). This is an 

interesting example of the gain-of-function of a substrate due to caspase cleavage.  

1.3.7. Caspase-independent apoptosis 

As well as the intrinsic and extrinsic apoptosis pathways there are several other 

pathways that influence its outcome. Mitochondria release apoptosis inducing factor 

(AIF) and endonuclease G (Endo-G) in response to pro-death signals. AIF translocates 

to the nucleus where it triggers DNA condensation and fragmentation. Endo-G also 

translocates to the nucleus and cleaves DNA. Endo-G and AIF are highly conserved 

throughout the tree-of-life and act in a caspase-independent manner (reviewed by 

Pereira et al., 2008; Liang et al., 2008; Pradelli et al., 2010). 

1.3.8. Endoplasmic reticulum stress-activated cell death 

The endoplasmic reticulum stress pathway of cell death involves both caspase-

dependent and caspase-independent components . Stress such as misfolded proteins, 
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calcium imbalance or defective glycosylation (Xu et al., 2005) stimulates the opening of 

calcium channels in the ER, allowing calcium ions to cross from the lumen to the 

cytosol (Figure 1.5). The increased calcium ion concentration activates dynamin-

related protein 1 (DRP1) which stimulates mitochondrial fission (Peng et al., 2011). 

Activated phospholipases and scramblases cause cardiolipin to flip to the outer 

mitochondrial membrane, leading to insertion of pro-apoptotic BH3, BID and BAX (Kim 

et al., 2008). Activated nitric oxide synthase produces nitric oxide and this leads to an 

accumulation of reactive nitrogen and oxygen species (Hsieh et al., 2007). Activated 

calpains cleave caspases, anti-apoptotic BID and ATG5 which, in turn, inhibit the anti-

apoptotic BCL-X2. Activated calcineurin activates BAD which inhibits BCL-X2 (Chen et al., 

2001). Calcium also directly stimulates the mitochondrial permeability transition pore. 

All of these events lead to the release of AIF, endonuclease-G, cytochrome-C, SMAC 

and HTRa2 from the mitochondria and an increase in ROS production, promoting 

apoptosis (Kim et al., 2008). 

1.4. Programmed cell death in single-celled organisms 

It was long considered unlikely that programmed cell death existed in single-celled 

organisms as it seemed to make no evolutionary sense and the apoptotic machinery 

(caspases, Apaf-1 etc) appeared to be missing in such organisms. However Madeo and 

co-workers (1997) observed that a CDC48 temperature-sensitive mutant (CDC48S565G) 

displayed hallmarks of apoptosis as it dies. Since then programmed cell death, 

including apoptotic-like PCD, has been reported in many species of single-celled 

organisms and in response to many different death-inducing stimuli.  

1.4.1. Single-celled organisms and altruistic cell death 

Matsuyama and co-workers (1999) suggested several scenarios in which it might make 

sense for a single-celled organism to undergo altruistic PCD. These are: to prevent the 

spread of an infecting virus, to spare nutrients for fitter relatives in times of starvation 

and to prevent inheritance of harmful mutations following DNA damage. Examples 

where this has been shown to occur in fungi are highlighted in the following section. 

1.4.1.1. Prevention of virus transmission 

Heterokaryon incompatibility in fungi is a form of non-self recognition leading to PCD. 

The hyphae of filamentous fungi such as Neurospora crassa are able to fuse, forming 
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Figure 1.5. Endoplasmic reticulum stress-activated cell death. ER stress leads to calcium efflux from the 
ER lumen. Calcium ions activate proteins which stimulate the release of pro-apoptotic proteins from the 
mitochondria or which activate other proteins that inhibit anti-apoptotic proteins. BAD: BCL-2-
associated agonist of cell death. ATG5: Autophagy protein 5. DRP1: Dynamin related protein 1. BAD: BH3 
domain-interacting death agonist. BCL-X2: B cell leukaemia/lymphoma X2. MPTP: mitochondrial 
membrane permeability transition pore. SMAC: second mitochondria-derived activator of caspases. 
HTRA2: high temperature requirement protein A2.ROS: reactive oxygen species. AIF: apoptosis inducing 
factor. Other ER-stress events, some eliciting autophagy, are not shown. (Adapted from Kim et al., 
2008). 
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interconnected mycelial networks that facilitate the sharing of nutrients (Craven et al., 

2008).  Where cells of different mating-type fuse they form heterokaryons: cells with 

nuclei which are genomically different (reviewed by Saupe, 2000; Glass et al., 2000). 

Compatibility is governed by het (heterokaryon incompatibility) and vic (vegetative 

incompatibility) genes which often have other functions and which do not all segregate 

independently of one another. In his review Saupe (2000) outlined heterokaryon 

incompatibility mechanisms in four species: Neurospora crassa, Podospera anserina, 

Aspergillus nidulans and Cryphonectria parasitica. These species have between six and 

eleven het/vic genes. When a heterokaryon is formed between cells that differ in just 

one of the incompatibility loci, growth is retarded or the heterokaryon undergoes 

programmed cell death (reviewed by Saupe, 2000). The result is dependent upon 

which locus is involved as the gene products have very different functions. This may be 

a means of reducing the transfer of viruses between individuals or preventing nutrient 

theft (Biella et al., 2002; Saupe, 2000) and has been shown to limit the spread of the 

hypovirus in C. parasitica. Heterokaryon incompatibility-induced cell death in N. crassa 

has been shown to be independent of metacaspase and homologues of apoptosis 

inducing factor (Hutchison et al., 2009).  

1.4.1.2. Nutrient sparing 

Necrotic cell death involves rapid membrane rupture and releases toxins which may 

kill other cells. Apoptotic cell death is more controlled and releases nutrients safely for 

use by other cells.  Many single-celled organisms exist in the form of biofilms: complex, 

three-dimensional networks of related cells. When nutrients are scarce, older cells 

may undergo programmed cell death, thus releasing nutrients for use by fitter relatives 

(Vachova & Palkova, 2005). The colonies often produce ammonia which stimulates 

younger cells to overcome stress-induced cell death and survive while older cells 

undergo apoptotic-like PCD and release nutrients for use by their relatives. Fabrizio et 

al. (2004) suggest that yeasts are programmed to die early in times of starvation so as 

to release nutrients for regrowth.  

1.4.1.3. DNA damage 

Double-stranded DNA breaks are extremely dangerous (Burgoyne et al., 2007) and 

must be repaired as quickly as possible. There are checkpoints in place to ensure that 
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cells do not enter mitosis (or meiosis) with damaged DNA or replication forks 

(MacQueen & Hochwagen, 2011). Saccharomyces cerevisiae (baker’s yeast) and 

Schizosaccharomyces pombe (fission yeast) undergo apoptosis-like cell death in 

response to DNA damage or dysfunctional checkpoints or replication forks (reviewed in 

Burhans et al., 2003). Mutated replication initiation proteins and mutations causing 

dysfunctional cell dependent kinase (CDK) regulation leads to cell death, suggesting 

that cells may cycle through mitosis with insufficient replication forks or before 

chromosomes have finished replicating (Burhans et al., 2003). Marcheti et al. (2006) 

showed that decreased replication in fission yeast (Schizosaccharomyces pombe) leads 

to up-regulated cell cycle dependent kinase activity, premature mitotic entry, 

increased production of reactive oxygen species and cell death. Del Carratore et al. 

(2002) found that sub-lethal doses of UV radiation induce DNA damage and produce a 

sub-G1 population of shrunken cells with condensed DNA.  Bleomycin, which 

introduces DNA strand breaks, also induces chromatin condensation, DNA 

fragmentation and a sub-G1 population of cells (Aouida et al., 2007). Ciclopirox 

olamine (CPO) causes G2/M phase cell cycle arrest dependent on aspartase activity but 

is not dependent on Mca1 or Aif1 (Almeida et al., 2006). CPO is believed to interfere 

with cell cycle regulation, DNA repair and mitotic spindles (Leem et al., 2003).  

1.4.1.4. Mating 

Pheromone-induced cell death kills unmated cells, favouring long-term evolution over 

short-term survival (Buttner et al., 2006). Pheromone-induced cell death has been 

extensively studied in S. cerevisiae and appears to involve three signalling pathways 

(Zhang et al., 2006): slow death, intermediate death and fast death pathways. In yeast 

the slow death pathway appears to be mediated by calcineurin and mitochondrial 

respiration while the fast death pathway is connected with a rise in cell wall 

degradation due to loss of the cell wall integrity pathway (Zhang et al., 2006). In 

Candida albicans however the calcineurin and cell wall integrity pathway appears to 

play a much less important role in pheromone-induced cell death (Alby et al., 2010) 

though removal of calcium increases cell death in response to pheromone. This 

suggests there may be an alternative pathway (Alby et al., 2010) operating in C. 

albicans. In both yeasts the proteins Fig1 and Fus1 play important roles in pheromone-

induced cell death. Fig1 is involved in calcium influx, while Fus1 promotes the 
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production of hydrolases which break down the cell wall as a prelude to mating/cell 

fusion (Zhang et al., 2006; Alby et al., 2010). However, there are indications that 

pheromone-induced cell death in yeast is not apoptotic but may be necrotic (Zhang et 

al., 2006). 

1.4.1.5. Avoidance of host killing 

Some protist parasites have been shown to undergo programmed cell death at certain 

stages in their development, perhaps as a means of regulating infection and 

preventing death of the host (Hurd & Carter, 2004; Denninger et al., 2007). The 

sleeping sickness parasite, Trypanosoma brucei, exists as a dividing ‘slender’ form and 

a non-dividing ‘stumpy’ form during the human blood stage of infection (Duszenko et 

al., 2006). The stumpy form is able to infect a tsetse fly when it takes a blood meal 

while the slender form maintains the infection in the human host. The slender form 

produces a signalling molecule, stumpy induction factor (SIF) which elicits 

differentiation from slender to stumpy. The stumpy form produces prostaglandin D2 

(PGD2) which triggers cell death in the stumpy variety. When cell numbers (and the 

concentration of PGD2) reach a certain level the stumpy promastigotes undergo cell 

death while the slender form may still differentiate to produce a population capable of 

infecting the insect host. Zandbergen et al. (2010) suggest that PCD alleviates the host 

immune response and that host inflammatory responses such as the production of 

prostaglandin D2 contribute to parasite PCD. Therefore, the parasite senses the 

inflammatory response and acts to limit cell numbers and thus limit further immune 

responses. It may be that pathogenic fungi, too, have evolved PCD strategies to avoid 

killing their hosts.  

1.5. Characterisation of PCD in fungi 

Since Madeo et al. (1997) first described apoptotic-like cell death in yeast many stimuli 

have been identified which elicit programmed cell death in Saccharomyces cerevisiae 

(Table 1.4). Programmed cell death also occurs during development of tissue types in 

fungi (see Ramsdale, 2006 review). For example it is required for gill formation in 

Coprinus cinereus (Lu et al., 1991) and during development of the stipe in Agaricus 

bisporus (Umar & Van Griensven, 1998).  
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Table 1.4. Factors which stimulate apoptotic PCD in yeast. 

 

 

 

 

Stimulus Reference 

Chronological ageing Herker et al., 2004; Fabrizio et al., 2001; 2003; 2004 

Replicative ageing Laun et al., 2001 

Hydrogen peroxide Madeo et al., 1999 

Acetic acid Ludovico et al., 2001; 2002; 2003 

Sodium chloride Huh et al., 2002 

Osmotic stress Silva et al., 2005 

Copper and manganese Liang & Zhou, 2007 

Mating pheromone Severin & Hyman, 2002 

Actin dynamics Gourlay et al., 2004 

DNA damage Burhans et al., 2003; Almeida et al., 2006 

ER stress: defective N-glycosylation, Ca 2+,  

imbalance, protein misfolding 

Xu et al., 2005 

Heterologous expression of mammalian 

Bax 

Ligr et al., 1998 

Paclitaxel (anti tumour) Foland et al., 2005 

Bleomycin (DNA fragmenting) Aouidae et al., 2007 

Valproate (Histone deacetylase inhibiting) Mitsue et al., 2005; Sun et al., 2007 

Edelfosine (Phosphatidylcholine analogue) Zhang et al., 2007 

Ciclopiroxolamine (Metal cation chaelator) Almeida et al., 2007 

Osmotin Plasma membrane binder [PMB]) Narasimhan et al., 2001; 2005 

Dermaseptin (PMB) Morton et al., 2007a; 2007b 

Pradimicin (PMB) Hiramoto et al., 2003; 2005 
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1.5.1. Ageing  

There are two distinct types of ageing which may lead to cell death in yeast: replicative 

and chronological. The former is a measure of the number of times a cell has divided 

while the latter is simply a measure of time since the cell separated from its mother 

cell. There are several theories as to why yeast cells age and they centre on the 

retention of an ageing agent in the mother cell during cell division (Erjavec et al., 2007; 

Eldakak et al., 2010). Homologous recombination may produce extra-chromosomal 

DNA which, having no centromere, is retained in the mother cell. It has been suggested 

that the accumulation of extra-chromosomal ribosomal DNA circles causes ageing 

(Sinclair & Guarente, 1997). Others suggest that the age-inducing agent is oxidatively-

damaged proteins, dysfunctional mitochondria, accumulation of protein aggregates or 

other damaged organelles (Nystrom, 2005; Lai et al., 2002; Erjavec, 2007). In budding 

yeast, oxidatively damaged proteins (e.g. aconitase) are retained in the mother cell 

while undamaged proteins are passed to the daughter cell (Aguilaniu et al., 2003; 

Klinger et al., 2010). Newly-synthesised multi-drug transporters are distributed 

preferentially to the daughter cells (Eldakak et al., 2010). One theory of ageing argues 

that it is programmed to limit competition with offspring. Computer simulations 

indicate that early ageing and death, combined with high mutation frequency, drives 

rapid adaptation to changes in the environment (Fabrizio et al. (2004). The signal for 

cells to undergo early programmed cell death is superoxide, and only cells which have 

already divided respond to the cell death signal (Fabrizio et al., 2004; Allen et al., 

2006). 

1.5.2. Oxidative stress 

Hydrogen peroxide, menadione and some heavy metals elicit oxidative stress which 

may promote cell death in fungi (Madeo et al., 1999; Jamieson, 1992; Liang et al., 

2007.) Madeo et al. (1999) showed that hydrogen peroxide induces cell death in S. 

cerevisiae and that cell death is programmed, involving active protein production. 0-5 

mM hydrogen peroxide triggers apoptosis-like cell death, while apoptosis decreases 

and necrosis increases at higher doses (Madeo et al., 1999).  Typical markers of 

apoptosis are seen in cells killed with doses of hydrogen peroxide below 5 mM 

including chromatin condensation and DNA fragmentation. The latter may be shown 

using TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling). The 
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fluorescent moiety such as FITC linked to dUTP binds to free 3’ hydroxyl groups where 

the DNA has been cleaved.  Other forms of apoptotic stimuli have been shown to 

involve the generation of reactive oxygen species. Deleting the gene for the anti-

oxidant glutathione results in up-regulation of apoptosis in response to oxidative stress 

whereas removal of ROS or oxygen abrogates cell death (Madeo et al., 1999). Thus is 

appears that production of ROS is an important step in cell death. 

1.5.3. Antioxidant system 

Superoxide dismutase, catalase and many antioxidants play a part in the adaptation of 

yeast cells to oxidative stress (Jamieson, 1998, Chaves et al., 2007). Superoxide 

dismutase (SOD) catalyses the conversion of highly damaging superoxide anions to 

hydrogen peroxide, which catalase then converts to oxygen and water (Sohal et al., 

1992). Alternatively, hydrogen peroxide may be reduced by glutathione (Todorova et 

al., 2009). Deleting SOD1 or SOD2 caused yeast cells to die sooner in well oxygenated 

stationary phase culture but to live longer in poorly oxygenated culture (Longo et al., 

1996). Overexpression of SOD1 or SOD2 increases longevity (Fabrizio et al., 2004). 

Deleting cytosolic catalase T (CTT1) increases long-term survival in stationary phase 

while overexpression of CTT1 decreases lifespan. Cytosolic catalase T inactivation 

increases lifesapan and induces SOD expression (Martinez et al., 2004; Mesquita et al., 

2010). It is believed that increased hydrogen peroxide concentration, as a result of 

catalase deletion, activates superoxide dismutase and leads to the removal of highly 

toxic superoxide anions (Mesquita et al., 2010). Over-expression of catalase abrogates 

acetic acid-induced cell death (Guaragnella et al., 2008) while SOD over-expression 

increases PCD in response to acetic acid and reduces catalase concentration. It appears 

that the catalase is proteolytically degraded in a murine cell line in similar conditions 

(Yu et al., 2006) and Guaragnella et al. (2008) suggest that this may also be the case in 

yeast. Superoxide dismutase is required for the survival of stationary phase yeast cells 

and mitochondria-generated reactive oxygen species mediate cell death (Longo et al., 

1996). Baek et al. (2004) found that Candida albicans cells deficient in glutamylcysteine 

synthetase (which is involved in biosynthesis of the antioxidant glutathione) 

underwent PCD. Mendes-Fereira et al. (2010) studied changes in alcohol fermenting 

yeast noting that Sod2, Cta1 and ROS levels increased but that superoxide anions 

made up only a tiny fraction of the ROS. In nitrogen starvation conditions autophagy 
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enabled cells to recycle nutrients and survive, though they suffered a G0/G1 phase 

arrest which could only be alleviated by the addition of nitrogen to the culture. 

1.5.4. Weak acids 

At pH3, low doses of weak acid, such as acetic acid elicit apoptotic-like cell death in S. 

cerevisiae (Ludovico et al., 2001; 2002; 2003). Blocking translation with cyclohexamide 

prevents the death response, indicating that it is a form of programmed cell death. The 

cells do not stain with propidium iodide, indicating that the membrane is intact and 

the cells are not necrotic (reviewed by Bowen & Amin, 2000). However, these cells 

stain with annexin V, indicating that phosphatidylserine has flipped from the inner to 

the outer layer of the cell membrane, a hallmark of apoptosis (Martin et al., 1995). 

Weak acids are relatively poorly dissociated and reassociated acetic acid is able to 

diffuse across a lipid bilayer and dissociate in the cytoplasm (Antonenko et al., 1993; 

Saparov et al., 2006), decreasing the intracellular pH. Putative targets of increased 

proton concentration include the mitochondria, calcium homeostasis, caspases, 

endonucleases and the antioxidant system (Lagadic-Gossmann et al., 2004). Acetic 

acid-induced programmed cell death (AA-PCD) was believed to depend upon the 

release of cytochrome c from mitochondria. Cytochrome c is released from coupled 

mitochondria early in the apoptotic response (Giannattasio et al., 2008). AA-PCD leads 

to a reduction in oxygen consumption, mitochondrial membrane potential, 

cytochrome c oxidase activity and COXII concentration (Ludovico et al., 2002). It has 

been shown that the mitochondrial phospholipid cardiolipin (CL) may be oxidised by 

CL-bound cytochrome c and that oxidised CL is required for the release of apoptotic 

factors from the mitochondria during apoptosis (Kagan et al., 2005). There also 

appears to be a caspase- and cytochrome c-independent, pathway of AA-PCD 

(Guaragnella et al., 2006; 2010a, 2010b).  

1.6. Mechanisms of programmed cell death in fungi  

It was initially believed that S. cerevisiae lacked homologues of the major apoptotic 

regulatory proteins (caspases, Apaf-1 and Bcl-2). Careful bioinformatic searches and 

structural screens have identified components of the apoptotic machinery including 

Aif1, Endo-G and caspase in yeast, each with clear roles in yeast apoptosis. It has now 
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become clear that many components of the cell death machinery are conserved 

between metazoan and fungi. 

1.6.1. Caspases 

Several stimuli induce cell death in yeast that is associated with caspase-like activity 

(reviewed by Vachova & Palkova, 2007; Mazzoni & Falcone, 2008) including hydrogen 

peroxide, valproic acid and arsenic (Madeo et al., 1999; Ludovico et al., 2001; Mitsui et 

al., 2005; Du et al., 2007). Uren and co-workers (2002) discovered structural 

homologues of caspases using iterative BLAST searches. These are metacaspases; in 

fungi, plants and some protists and paracaspases; in metazoan and slime moulds. 

Furthermore yeast possess homologues of other apoptotic regulators, including 

endonuclease-G, AMID, Omi/ HtrA2, IAP and MOMP proteins (reviewed by Pereira et 

al., 2008; Liang et al., 2008; Pradelli et al., 2010).  

The yeast metacaspase Mca1 has a large, catalytic 20 kDa subunit, small 10 kDa 

subunit and a proline-rich prodomain and undergoes proteolytic processing in 

response to apoptotic stress (Madeo et al., 2000). The full length metacaspase is 

cleaved into large and small subunits, which is a factor shared with executioner 

caspase activation in metazoa (Boatright & Salvesen, 2003). Only one caspase 

substrate has been shown to be a metacaspase substrate (Sundstrom et al., 2009). This 

is Tudor staphylococcal nuclease (TSN). Some plant metacaspases have been shown to 

cleave at arginine or lysine (Bozhkov et al., 2004; Vercammen et al., 2004; Watanabe & 

Lam, 2005; He et al., 2007; Sundstrom et al., 2009) whereas caspases cleave at 

aspartate, suggesting some functional divergence.  

1.6.2. Endonuclease-G 

Some stimuli elicit non-metacaspase dependent caspase-like proteolysis and may 

involve alternative mediators such as endonuclease-G. The yeast homologue of 

endonuclease-G is Nuc1. Endo-G/Nuc1 is the most highly conserved of the proteins 

known to regulate metazoan apoptosis (reviewed by Liang et al., 2008). 

Overexpression of Nuc1 increases age-induced cell death in yeast and deletion of Mca1 

or Aif1 does not abrogate this effect (Buttner et al., 2007). Nuc1 has a mitochondrial 

localisation signal but is released from the mitochondria via the adenine nucleotide 

translocator AAC in response to apoptotic stimuli. Nuc1 is then relocalised to the 
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nucleus, chaperoned by the karyopherin Kap123 and promotes fragmentation of DNA 

in concert with histone phosphorylation (Buttner et al., 2007). NUC1 deletion 

promotes apoptosis in yeast grown on a fermentable carbon source but abrogates 

apoptosis in respiring yeast cells (Buttner et al., 2007).   

1.6.3. Apoptosis-inducing factor  

Apoptosis-inducing factor (Aif1) is an NADH oxidase which plays a role in the electron 

transport chain and also has a role in apoptosis (reviewed by Liang et al., 2008; Pradelli 

et al., 2010). Aif1 and cytochrome C both localise to the mitochondria and have roles in 

apoptosis and as redox proteins. Their redox activities may be abolished without 

affecting their apoptosis roles (Miramar et al., 2001). During apoptosis Aif1 relocalises 

to the nucleus (Susin et al., 1999) where it mediates DNA fragmentation. Deletion of 

AIF1 abrogates apoptosis induced by oxidative stress and delays age-induced apoptosis 

(Wissing et al., 2004) while over-expression stimulates oxidative stress-induced 

apoptosis in a partially Mca1-dependent manner. A close relative of Aif1 is AMID (AIF-

homologous mitochondrion-associated inducer of death) which is also released from 

the nucleus during apoptosis, migrates to the nucleus and stimulates DNA 

fragmentation (Li et al., 2006). Over-expression of the yeast AMID homologue, Ndi1 

induces an accumulation of ROS and increased sensitivity to apoptotic stimuli while 

over-expression in a strain lacking SOD2 is lethal (Li et al., 2006).  

1.6.4. Omi/HtrA2 

Omi/HtrA2 acts downstream of mitochondrial changes in apoptosis (Egger et al., 2003) 

but it appears there may be serine proteases acting upstream of this event (de Bruin et 

al., 2003) during ER stress-triggered cell death. 

1.7. Proteases 

In the next section the general role of proteases in PCD is explored accompanied by a 

more detailed examination of the true caspases and their distant homologues. The 

mammalian degradome database (http://degradome.uniovi.es/dindex.html) lists 90 

hereditary diseases caused by mutated protease genes (Quesada et al., 2009) including 

Parkinson’s disease, Alzheimers and haemophilia B. Proteases play a role in the 

development of many cancers (reviewed by Koblinski et al., 2000) and the  cathepsins 

and matrix metalloproteases in particular have been shown to be involved in 
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metastasis. The presence of novel peptide fragments arising from proteins in the blood 

is increasingly useful in cancer diagnosis (Van den Broek et al., 2010). Protease 

inhibitors are now used to treat HIV/AIDS, high blood pressure, cancer, diabetes and 

blood clotting pathologies. Dag & Salvesen (2010) estimate that up to ten percent of 

current drug targets are proteases. Proteases are also used by pathogens including C. 

albicans in both defence and attack (Naglik et al., 2003) so an understanding of their 

functions and targets is potentially of great benefit.  

1.7.1. What are proteases 

Most proteases cleave α-peptide bonds between the carboxyl carbon of one amino 

acid residue and the amino nitrogen of a neighbouring residue (Turk, 2006). Proteolysis 

is a hydrolytic reaction and one molecule of water is used to cleave one peptide bond 

(Figure 1.6). Almost 700 human genes (3 % of the genome) are believed to encode 

proteases compared with 120 (1.8 %) for S. cerevisiae (Rawlings et al., 2010). 

Proteolysis is essential for protein catabolism, releasing amino acids, carbon skeletons 

and amino groups for incorporation into other proteins. Since many proteins control 

many cellular processes, proteolysis is a major means of cell-signalling and control 

(Turk, 2006). Proteolysis is used to remove misfolded and oxidatively damaged 

proteins, to break up protein aggregates, remove cellular localisation signals, process 

proteins and also to inactivate virulence factors produced by other organisms or 

viruses (Lee & Suzuki, 2008; Tatsuta, 2009).  

1.7.2. Protease classification 

Proteases may be classified as endo- or exo-peptidases, depending on whether they 

cleave between internal amino acid residues or cleave off the end residue respectively 

Turk, 2006). Exopeptidases may be divided into carboxy-peptidases which cleave off 

the residue at the carboxy terminus and amino-peptidases which cleave at the amino 

terminus. Proteases may also be classified according to the pH range within which they 

show optimal activity (acid, neutral or alkali proteases) or their amino acid 

preferences. For example, many vacuolar and lysosomal proteases are acid proteases, 

as is the stomach digestive enzyme, pepsin (Rawlings et al., 2010). Those which cleave 

at an aspartate residue are termed aspartyl-proteases and those which cleave at 

proline are prolyl proteases and so-on. The modern system of protease classification is  
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Figure 1.6. Proteolysis mechanism for trypsin. Trypsin, uses the hydroxyl group of a serine residue in a 
nucleophilic attack on the substrate’s scissile carbon (A). This forms a tetrahedral oxyanion intermediate 
which is stabilised by the trypsin oxyanion hole (B). The N-terminal peptide is released and the hydroxyl 
group of a water molecule binds the scissile carbon while its proton replaces that lost previously (C). 
Another tetrahedral oxyanion intermediate is formed (D) and the C-terminal peptide is released (E). 
(Adapted from Voet & Voet, 2004) 
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largely based upon the reaction mechanism. Aspartic-, glutamic- and metallo-

proteases use an activated water molecule as a nucleophile to attack the positively 

charged carbon of the target peptide bond. Cysteine-, serine- and threonine-proteases 

use a cysteine, serine or threonine residue as nucleophile in the reaction. The MEROPS 

database (Rawlings et al., 2010) further divides proteases into clans and families. Each 

clan consists of related families and each family of related proteases. Homologues 

from different organisms are classed as the same protease allowing easy comparison 

of functional roles. 

1.7.3. Mechanism of proteolysis 

Proteases have an oxyanion hole, a basic pocket in which the negatively-charged 

carbonyl oxygen of the target peptide bond is stabilised (Sigala et al., 2008). This 

stabilisation lowers the energy barrier and facilitates hydrolysis. Some proteases 

(cysteine, serine and threonine proteases) use amino acid side-chains as nucleophiles 

(Turk, 2006). For example, the hydroxyl oxygen of serine 195 in the serine-protease 

chymotrypsin carries out a nucleophilic attack on the carbon of its target peptide bond 

(Figure 1.6). This converts the planar peptide into a tetrahedral intermediate, expels a 

hydrogen ion and lowers the energy barrier of proteolysis (Voet & Voet, 2004). One of 

the hydrogens of the scissile amino group is attracted to the aromatic ring of histidine 

57, which has already been polarised by hydrogen bonding with aspartate 102. Next 

water acts as a nucleophile: the hydroxyl group attacks the carbonyl oxygen on the C-

terminal side of the hydrolysed bond (forming a second tetrahedral intermediate) 

while the hydrogen ion is taken by the polarised histidine side chain and then 

transferred to serine 195, releasing the C-terminal peptide fragment.  

Aspartic-, glutamic- and metallo-proteases activate water molecules (Turk, 2006) by 

removing a proton. The hydroxyl ion then carries out a nucleophilic attack on the 

carbon of the target carbonyl group. This forms a tetrahedral intermediate and lowers 

the energy barrier. The mechanism of reaction for some metallo-proteases may 

involve complex interactions among a metal ion, three histidine residues and a 

glutamate residue (Manzetti et al., 2003). 
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1.7.4. Zymogens 

As proteases cleave proteins it is important to protect the cell structure and its protein 

machinery from untargeted proteolysis. Many proteases are therefore produced as 

inactive zymogens and subsequently activated by auto-cleavage or cleavage by other 

proteases. A well-known example is the digestive stomach enzyme pepsin which is 

secreted as inactive pepsinogen (Ryle, 1965). In the acid conditions of the stomach, 

pepsinogen undergoes auto-processing and removes a 44-amino acid section to 

produce active pepsin (Richter et al., 1998). 

1.7.5. Specificity 

Proteases range from those which cleave at any amino acid residue (e.g. protease K) to 

those which are highly specific. Complement component C2a for example only cleaves 

complement components, C3 and C5, and the IgA1-specific peptidases of bacteria, 

such as Haemophilus influenzae, cleave only the secreted antibody protein IgA1 and its 

precursor (Rawlings et al., 2010). Protease specificity arises from the nature of the 

residues making up the active site and the pockets into which substrate side-groups fit. 

By convention the substrate residues on the N-terminal side of the scissile (target) 

bond are designated P1, P2, P3 etc. while those on the C-terminus side are P1’, P2’, P3’ 

etc. The protease pockets into which substrate residues fit are designated by the 

corresponding numbers (S1, S2, S3 etc, S1’, S2’, S3’ etc.). A basic S1 pocket will favour 

the presence of an acidic P1 side group at that position and vice-versa. Hydrophobic 

pockets favour hydrophobic protease side groups. Such specificity allows proteases to 

play a key part in signalling pathways as they target a subset of proteins with a 

particular recognition motif for cleavage. Cleavage may activate proteins which 

promote a particular process and inactivate those which inhibit the same process. 

1.7.6. Proteasome 

The eukaryotic 26S proteasome is a highly evolved complex which degrades proteins 

that have been damaged or misfolded or which are endowed with a short half-life or 

that have been targeted for destruction. The proteasome consists of a 20S barrel 

shaped catalytic core and two 19S regulatory subunits. The catalytic core consists of 

two heptameric rings of beta subunits sandwiched between two heptameric rings of 

alpha subunits. Three of the beta subunits of each beta ring are threonine proteases 
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and have catalytic activity (Kisselev et al., 1999). The β2 subunit has trypsin-like activity 

and cleaves after arginine or lysine, β5 has chymotrypsin activity and cleaves after 

residues with hydrophobic side-chains while β1 has peptidyl-glutamyl peptide-

hydrolysing activity and cleaves after acidic residues (glutamate and aspartate) and 

residues with branching side-chains (leucine, isoleucine and valine). The three catalytic 

activities enable the proteasome to hydrolyse 10-15 % of all peptide bonds but the 

resulting peptide fragments may then be completely hydrolysed by proteases in the 

cytoplasm (Reits et al., 2004).  

The ubiquitin-proteasome system (UPS) is a major pathway of protein degradation 

involving ‘tagging’ of target proteins with the small ubiquitous protein modification 

peptide, ubiquitin followed by the recognition and degradation of the tagged protein 

by the proteasome (reviewed by Ciechanover, 1998; Glickman & Ciechanover, 2002). 

Ubiquitin is activated by the ubiquitin activating enzyme (E1), passed to a ubiquitin-

conjugating enzyme (E2) and then attached to a lysine residue on the target protein by 

a ubiquitin-protein ligase (E3) (Scheffner et al., 1995; Kraft et al., 2005; Xle et al., 

2007). Ubiquitin conjugating enzymes and ubiquitin ligases may be extremely specific 

or may recognise more than one ligase or substrate respectively. The ubiquitin-

conjugating enzyme E3α (Ubr1) recognises residues at the N-terminal of a protein 

(Varshavsky, 1996). The targeting of basic or bulky residues at the N-terminal end of 

proteins is often referred to as the N-end rule. In yeast an N-terminal arginine, lysine, 

histidine, phenylalanine, leucine, tryptophan, tyrosine or isoleucine reduces the half-

life of X-β-galactosidase from over 1200 minutes to 30 or less (Varshavsky, 1996). An 

N-terminal aspartate or glutamate also confers a short half-life as an arginyl t-RNA 

protein transferase can add an arginine residue at the N-terminal end of the 

polypeptide. N-terminal amidase can remove the extra amide group to convert 

asparagine to aspartate or glutamine to glutamate, and so can target a protein for 

early degradation.  

Other E3 ligases recognise other motifs such as the HECT domain, found in the large 

subunit of RNA polymerase II (Ciechanover, 1998) and many other proteins. 

Recognition of a specific domain by an E3 ligase may be dependent upon modification 

of the motif. For example phosphorylation of several serine residues of c-Jun inhibits 
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ubiquitination and degradation while phosphorylation at a PEST (proline, glutamate, 

serine, threonine) sequence of yeast G1 cyclin 3 promotes ubiquitination and 

proteolysis (Ciechanover, 1998).  Some ubiquitin ligases are complexes of several 

proteins, such as the anaphase promoting complex which targets cyclins and other 

regulators of the cell cycle (Lukas et al., 1999; Pfleger et al., 2001; Pickart et al., 2001; 

Wei et al., 2004).  

1.7.7. Endoplasmic reticulum-associated degradation  

The ER not only plays an important part in protein processing, but also in the handling 

of misfolded proteins that must be identified and degraded. There are three steps in 

the process: recognition, retrograde translocation and degradation. The process 

involves HSP family homologues, disulphide isomerases, E3 ubiquitin ligases and the 

26S proteasome (Meusser et al., 2005; Carvalho et al., 2006; Denic et al., 2006; Gauss 

et al., 2006; Xie & Ng, 2010).  

Endoplasmic reticulum-associated degradation (ERAD) is involved in the degradation of 

proteins from the ER lumen and ER membrane (Xie & Ng, 2010) and is mediated by 

one of two membrane-bound E3 ligase complexes, Hrd1 and Doa10. Both include the 

E2 ubiquitin conjugating enzyme Ubc7 (Denic et al., 2006) and bind the 

Cdc48/Ufd1/Npl4 subcomplex at their cytoplasmic surfaces (Neuber et al., 2005; 

Schuberth et al., 2005). Doa10 is specific to membrane proteins with sizeable 

cytoplasmic sections while Hrd1 targets both lumenal and membrane proteins 

(Meusser et al., 2005). Some lumenal proteins are bound directly by the lumenal 

domain of Hrd3, a component of the Hrd1 complex (Gauss et al., 2006) but 

glycoproteins are recruited to Hrd3 by recognition proteins such as Yos9 (Buschhorn et 

al., 2004). Both complexes extract and ubiquitinate target proteins and pass them to 

the cytosolic 26S proteasome for degradation. Extraction (retrograde tranlocation) is 

driven by the Cdc48/Ufd1/Npl4 subcomplex (Bays et al., 2001; Ye et al., 2001). Cdc48 is 

an AAA ATPase while the other components of the subcomplex bind ubiquitinated 

proteins (Meyer et al., 2002).  

Recognition is the most complex stage in ERAD and involves several different 

processes. Hrd1 can recognise exposed charged or polar residues in the membrane but 

requires an adaptor for the identification of misfolded glycoproteins. The chaperones 
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calnexin and calreticulin (CNX and CRT) aid in folding glycoproteins in the ER lumen 

(Meusser et al., 2005). Sequential removal of glucose groups and a mannose group in 

the ER yields a mature glycoprotein. However if the glycoprotein remains misfolded, 

removal of a further mannose by Htm1/Mnl1 leaves an exposed α-1,6-mannose group 

to which Yos9 may bind and thus target the protein for degradation (Clerc et al., 2009; 

Xie et al., 2009).  

1.7.8. Lysosomal and vacuolar proteases 

Proteins which have suffered mild oxidative damage are hydrolysed by proteasomes 

while highly-oxidised proteins are broken down in lysosomes (Rodgers et al., 2002; 

Kaganovich et al., 2008). Mammalian lysosomes contain cathepsins: acid proteases 

which degrade organelles and proteins targeted for recycling. Lysosomes play an 

important part in autophagy, fusing with vacuoles to form autophagolysosomes 

(reviewed by Seglen & Bohley, 1992; Dunn, 1994; Blommaart et al., 1997; Klionsky & 

Ohsumi, 1999). Cathepsins may be aspartic, cysteine or serine proteases. Vacuoles 

carry out some of the functions of lysosomes in fungi and yeast vacuoles contain acid 

proteases including proteinase A (Pep4) and proteinase B (Prb1), carboxypeptidase Y 

(Prc1), carboxypeptidase S (Cps1) and aminopeptidase I (Lap4). These include 

aspartate, cysteine and serine proteases (Achstetter & Wolf, 1985). Vacuolar and 

lysosomal proteases are mainly non-specific (Li & Kane, 2009) and most are soluble 

while some are membrane-bound. They are synthesised as inactive zymogens and pass 

via the endoplasmic reticulum and Golgi to the vacuoles or lysosomes (Li & Kane, 

2009). Zubenko et al. (1982) suggested that Pep4 (proteinase A) cleaves and thus 

activates the other zymogens in the yeast vacuole.   

1.7.9. Mitochondrial membrane proteases 

Proteases play important roles in processing and quality control of mitochondrial 

proteins (reviewed by Arnold & Langer, 2002; Tatsuta & Langer, 2009). AAA-proteases 

in the mitochondrial inner membrane and matrix use energy from ATP hydrolysis to 

fuel useful work.  Membrane AAA-proteases have a mitochondrial localisation signal 

and other domains including an ATPase domain, protease domain and one or two 

trans-membrane domains (Tatsuta & Langer, 2009). The proteins form hexameric 

circular complexes which project into the inter-membrane space (iAAA-proteases) or 
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matrix (mAAA-proteases). As with the proteasome, catalytic activity is located within 

the cylindrical complex. AAA-proteases process proteins such as the mitochondrial 

ribosomal protein MrpL32 degrade membrane proteins which are incorrectly folded or 

which have failed to form complexes (Tatsuta & Langer, 2009). Some functions are 

ATPase-dependent but protease-independent, such as the translocation of proteins 

across the membrane or positioning of proteins (e.g. cytochrome c peroxidase) for 

processing by an inter-membrane rhomboid [serine] protease (reviewed by Freeman, 

2008). AAA-proteases are M41 family metalloproteases and show little specificity 

towards particular residues. Mere detection of unfolded membrane proteins may 

trigger proteolysis (Tatsuta & Langer, 2009).  

1.7.10.   Mitochondrial matrix proteases 

Lon proteases are AAA-proteases found in the lysosomes and mitochondrial matrix 

(Lee & Suzuki, 2008). They are members of family S16 (Rawlings et al., 2008) with a 

serine-lysine catalytic dyad. Bacterial and archaeal Lon proteins form hexameric ring 

complexes but the yeast Lon orthologue Pim1 forms heptameric rings (Lee & Suzuki, 

2008). This is of interest as the bacterial proteasomal rings are hexameric while those 

of archaea and eukaryotes are heptameric. Lon proteases hydrolyse damaged proteins 

but also regulate important processes by degrading proteins in order to control cellular 

concentrations. Human Lon protease breaks down mildly oxidised aconitase in an ATP-

dependent manner but is unable to hydrolyse heavily oxidised, aggregated aconitase, 

which forms inclusions and damages mitochondrial function (Bota & Davies, 2002). 

Pim1 is aided by the major mitochondrial heat shock protein mtHsp70, which inhibits 

aggregate formation by binding with incorrectly folded peptides (Voos, 2009). These 

misfolded proteins may then be refolded by Hsp78 or (with the aid of a chaperone 

HSP70 which maintains protein solubility) be degraded by Pim1. Metazoa have a 

second protease/chaperone pair: mtClpP and mtClpX respectively which act in a 

similar way (Voos, 2009).  

1.7.11. Secreted aspartyl proteases 

Secreted aspartyl proteases (SAPs) are known virulence factors: degrading host cells to 

provide nutrients, altering host cell surfaces to aid in adhesion and penetration of cells 

and disabling elements of the host immune system (Naglik et al., 2003).  Candida 
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albicans produces ten SAPs while other members of the genus produce fewer. 

Saccharomyces cerevisiae and Candida glabrata (which is phylogenetically closer to the 

Saccharomyces genus than to other Candida species) produce no SAPs (Parra-Ortega et 

al., 2009). SAPs are synthesised as preproenzymes with signal motifs that target them 

to the endoplasmic reticulum. Within the ER they are processed by signal peptides and 

then passed to the Golgi where further processing is carried out by Kex2 protease 

before undergoing vesicular transfer to the membrane (Naglik et al., 2003). Some SAPs 

are secreted while others become associated with the membrane or cell wall. SAPs all 

appear to be relatively non-specific in terms of their target amino acid residues (Naglik 

et al., 2003) but have varying pH optima and may have evolved for different 

environments. 

1.8. Caspases 

Many forms of metazoan apoptosis are dependent upon caspases. Caspases are 

Cysteine-dependent ASPartic proteASES which activate themselves and other caspases 

and activate or deactivate other proteins by cleaving peptide bonds on the C-terminal 

side of aspartate residues. They make up the C14a family of cysteine proteases which 

have a conserved histidine/cysteine (His/Cys) catalytic dyad and use the sulphhydryl 

group of the catalytic cysteine as a nucleophile in the proteolytic reaction. Caspase 

activation is facilitated by several different activation bodies including the apopto-

some and death-inducing signal complex.  

1.8.1. The apoptosome and intrinsic apoptosis 

The apoptosome consists of apoptotic protease activating factor (Apaf-1), cytochrome 

C and caspase-7 or -9 (Jiang & Wang, 2004). Apaf-1 and cytochrome C are released 

from the mitochondria in response to DNA damage and certain other apoptosis-

inducing stimuli. Apaf-1 has a caspase activation recruitment domain (CARD) which is 

folded away until cytochrome C binds to Apaf-1 at the CARD ‘slot’, causing the CARD to 

unfold (Pop et al., 2006). Once this occurs, Apaf-1 may bind initiator caspase-9 via its 

prodomain. A complex, resembling a seven-spoked wheel is formed (Figure 1.7). 

Dimerisation of caspases activates them (Pop et al., 2006). The activation loop of one 

monomer unit inserts into a cleft in the neighbouring unit. As a result the active site  
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attains its optimum conformation for activity (Boatright & Salvesen, 2003). Caspase 2 is 

believed to be activated in a similar manner as part of a large complex but this does 

not involve Apaf-1 (Boatright & Salvesen, 2003). 

1.8.2. The DISC and extrinsic apoptosis 

The DISC (Figure 1.7) consists of caspase-8 or -10, membrane-bound receptors and 

adaptor proteins (Shi, 2002).  An example of a death signalling molecule is the 

fibroblast associated ligand (FasL/CD95L). It binds the Fas receptor (FasR/CD95/Apo-1) 

which associates with the Fas-associated protein with death domain (FADD) (Boatright 

et al., 2003; Donepudi et al., 2003; Yang et al., 2005; Pop et al., 2006).  When cells are 

targeted for apoptosis (e.g. self-reactive immune cells) the Fas ligand binds to cell 

surface receptors (FasR/CD95/Apo-1). The cytoplasmic portions of these receptors are 

associated with adaptor proteins (FADD) via their respective death domains (DDs) and 

adaptor proteins associate with caspases via death effector domains (DEDs). Again, 

activation is not dependent upon cleavage of caspases but upon dimerisation. 

Activation of caspase-8 via tumour necrosis factor is more complicated (Micheau & 

Tschopp, 2003) and involves two complexes. Complex 1 is at the membrane and 

involves TNF receptors, receptor interacting protein (RIP1), TNF receptor associated 

factor (TRAF2) and TNFR1 associated death domain protein (TRADD) while complex 2 is 

in the cytoplasm and involves TRADD, RIP1, TRAF2, FADD and caspase-8. Complex 1 

activates cell survival via nuclear factor kappa B (NFκB). Complex 2 promotes apoptosis 

via caspase-8 but NFκB inhibits complex 2 via the non-catalytic caspase-8 mimic, 

cellular FLICE inhibitory protein (cFLIP). This complex mechanism may allow crosstalk 

between conflicting signalling pathways. There are six known death signal receptors, 

they all signal via caspase-8 and the master inhibitor in each case is cFLIP (Lavrik, 

2011).   

1.8.3. Activation of executioner (effector) caspases 

Executioner caspases are activated by cleavage between the large and small subunits. 

This allows conformational changes and activation of the caspase. Caspases-3, -6 and -

7 are executioner caspases. Cleavage of the inter-domain linker of caspase-7 unblocks 

and stabilises the active site (Micheau & Tschopp, 2003). Caspase-3 and caspase-7 

effect apoptosis in both the intrinsic and extrinsic pathways and caspase-7 also plays a 
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Figure 1.7. The apoptosome and the death-inducing signal complex. The apoptosome (A) consists of 
Apaf-1, cytochrome-C and caspase-7 or -9. Caspases and Apaf-1 interact via their CARD domains and the 
caspases dimerise, which optimises their active sites. Units like the two shown, form wheel-shaped 
heptamers. The death-inducing signal complex consists of receptors, extracellular signalling ligands, 
FADD (an adaptor protein) and caspases-8 or -10. When receptors are bound by ligands the receptors 
trimerise, recruiting FADD and associated caspases. Receptors and FADD interact via death domains 
while FADD and caspases interact via death effector domains. 
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role in inflammation-induced apoptosis via the inflammasome and caspase-1 

(Lamkanfi & Kanneganti, 2010). Table 1.5 sets out the substrate specificities of most of 

the known human caspases given in the MEROPS database (Rawlings et al., 2008). 

Caspase-3 has a preference for the sequence D/e/v/D (Aspartate, glutamate, valine, 

aspartate) where the last residue is the target aspartate. Caspase-6 prefers v/Ed/-/D 

(valine, Glutamate or aspartate, any residue, aspartate) and caspase-7 prefers 

Des/e/v/D (Aspartate or glutamate or serine, glutamate, valine, aspartate) where 

lower case indicates a weaker preference. 

1.8.4. Caspase substrates 

‘The Casbah’ caspase substrate database (Luthi & Martin, 2007) lists 776 known 

caspase substrates, their cleavage motifs (where known) and the effect of cleavage 

upon activity (where known). An example is the human BH3-binding protein, Bid. Its 

cleavage motif is LQTD and cleavage by caspase-8 causes the C-terminal fragment to 

re-locate to the mitochondria where it induces outer membrane permeability and thus 

apoptosis (Luo et al., 1998). The mouse helicard protein, Ifih1 has three known 

cleavage sites with the motifs DNTD, SCTD and SHRD and cleavage between the N-

terminal CARDs and the C-terminal helicase domain causes the latter to re-locate from 

the cytoplasm to the nucleus, where it promotes DNA fragmentation (Kovacsovics et 

al., 2002). Cleavage of lamin A at its VEID motif by caspase-6 leads to disintegration of 

the nuclear envelope (Rao et al., 1996). Such gain-of-function and loss-of-function 

effects contribute to the changes in cellular morphology which typify apoptosis. 

1.9. Non-caspase proteases and cell death 

There are many examples of caspase-independent programmed cell death (Liang et al., 

2007; Cheng et al., 2003; Arnoult et al., 2001; Joza et al., 2001; Morton et al., 2007) 

and deletion of metacaspases only partially alleviates some forms of apoptosis in yeast 

(Wissing et al., 2004). It has also been argued that metacaspases are arginine and 

lysine specific (Watanabe & Lam, 2005; Bozhkov et al., 2005; Vercammen et al., 2006; 

Gonzalez et al., 2007). Fungal and plant cell death often occurs with measurable 

increases in caspase activity and the use of synthetic substrates and inhibitors has 

revealed a number of proteolytic activities, associated with PCD (Table 1.6). Some of  
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Caspase Motif* Motif** Motif*** Caspase Motif* Motif** Motif*** 

1 YEVDX WEHDX WEHD 7 DEVDX DEVDX DEVD 

2 DVADX DEHDX DEHD 8 IETDX LETDX LETD 

3 DMQDX DEVDX DEVD 9 N/D LEHDX LEHD 

4 LEVDX W/LEHDX WEHD 10 IEADX N/D LEXD 

5 N/D W/LEHDX WEHD 14 N/D N/D N/D 

6 VEIDX VEHDX VEHD     

 

 

 

Table 1.5.  Substrate preferences for human caspases   (P4/P3/P2/P1/p1’ site preferences) 

*Talanian et al., 1997; **Thornberry et al., 1997; *** Garcia-Calvo et al., 1998 

X = any residue     X = any residue except P, E, D, Q, K or R       N/D = no data 
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these cell death proteases are relatively non-specific. For example, plant subtilisin-like 

serine proteases (Coffeen & Wolpert, 2004; Woltering, 2004) show a range of 

specificities and may be involved in processing other proteases.  Some plant protease 

activities resemble those of caspases 1, 3, 6 and 8/9 and it has been suggested that 

these proteases may fulfil the functions carried out by caspases in metazoa (Coffeen & 

Wolpert, 2004; Woltering, 2004). 

Yeast hydrogen-peroxide-induced PCD is accompanied by increases in caspase 6- and 

8-like activities (VEIDase and IETDase respectively), and a smaller increase in caspase 3-

like activity (DEVDase), (Madeo et al., 2002). Hauptmann et al. (2006) found that 

similar aspartase activities were associated with yeast apoptosis, induced by defects in 

N-glycosylation (Table 1.6). They also detected a small change in caspase 1-like 

(YVADase) activity. Watanabe & Lam (2005) showed that recombinant Mca1 is able to 

cleave synthetic caspase 1, 3, 6 and 8 substrates. It may be significant that the yeast 

metacaspase appears to possess strong initiator caspase-like activity as Mca1 has a 

long prodomain and so resembles an initiator caspase. However, some yeast caspase-

like activity is not attributable to metacaspase (Vachova and Palkova, 2005; 

Hauptmann et al., 2006). 

1.9.1. Vacuolar proteases   

In plants the tobacco mosaic virus (TMV)-induced hypersensitive response is 

dependent upon vacuolar processing enzymes (VPEs), which are plant legumains 

predominantly cleaving at asparagine but also at aspartate (reviewed by Lam, 2005). 

The lysosomes of metazoa also contain proteases, which resemble legumains (Chen 

1998; Li et al., 2003). Vacuoles replace lysosomes in fungi (Matile & Wiemken, 1967) 

and yeast vacuoles contain acid proteases including proteinase A (Pep4) and 

proteinase B (Prb1), carboxypeptidase Y (Prc1), carboxypeptidase S (Cps1) and 

aminopeptidase I (Lap4) (Lenney et al., 1974; Matern et al., 1974; Wiemken et al., 

1979).  Vacuolar and lysosomal proteases are mainly non-specific and are synthesised 

as inactive zymogens, passing via the ER and Golgi to the vacuoles (Li & Kane, 2009).  

Lysosomal endopeptidases are perhaps responsible for most bulk protein breakdown 

in yeast, disposal of protein aggregates and degradation of membrane proteins. 

Aminopeptidases and carboxypeptidases finally reduce the products to free amino acid 
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Table 1.6. Caspase-like activities reported in plants and fungi. Synthetic substrates tested that reveal activity are shown in capitals. Activities tested but not detected are shown in 

lowercase.  Inhibitors of caspase activity that prevent PCD are marked (+I). 

Author Journal Group Expt CASP1 ICE CASP3 CASP4 CASP6 CASP8
Korthout et al (2000) FEBS Lett. 475, 139-144 Plants Barley mitochondria YVAD+I DEVD+I
Del Pozo & Lam (1998) Curr. Biol. 8, 1129-1137 Plants Tobacco HSR YVAD devd
Ernst J. Woltering,* Arie van der Bent, and Frank A. Hoeberichts Plants Tomato  +I  +I
Zhao et al (1999) FEBS Lett. 448, 197-200 Plants Carrot cyt c induced  +I  +I
Xu & Zhang (2009) Plant Signal. Behav. 4, 902–904 Plants
Belenghi et al (2004) J. Exp. Bot. 55, 889-897 Plants Pea shoots YVAD+I EDANS DEVD+I
Kuroyanagi et al (2005) J. Biol. Chem. 280, 32914-32920. Plants Mycotoxin-induced Cell Death in Arabidopsis thaliana recombinant VPEaseYVAD
Gao et al (2008) Planta 227, 755-767 Plants Arabidopsis UV-C
Thomas & Franklin-Tong (2004) Nature 429, 305-309 Plants Papaver pollen SI yvad DEVD
Bosch & Franklin-Tong (2007) Proc Natl Acad Sci U S A. 104, 18327-18332 Plants Papaver SI YVAD DEVD LEVD VEID
Bozhkov et al (2004) Cell Death Differ. 11, 175–182 Plants Embryo development VEID
Boren et al (2006) J. Exp. Bot. 57,  3747–3753 Plants Embryo development VEID
Woltering EJ Trends Plants Sci. 9, 469–472 Plants
Coffeen & Wolpert (2004) Plant Cell 16, 857–873 Plants Avena sativa VKMD+ 
Danon et al (2004) J. Biol. Chem. 279, 779–787 Plants Arabidopsis UV-C YVAD DEVD
Thomas et al (2006) J. Cell Biol. 174, 221–229 Plants
Chichkova et al (2003) Plant Cell 16, 157–171 Plants Tobacco HSR
Tharne et al (2004) Fungal Genet. Biol.  41, 361-368 Fungi Aspergillus nidulans  sporulation DEVD-AFC IETD
Watanabe & Lam (2005) J. Biol. Chem. 280, 14691–14699 Fungi Recombinant Mca1 yvad devd veid ietd
Hardwick & Cheng (2004) Dev. Cell 7, 630–632 Fungi Yeast
Silva et al (2005) Mol. Microbiol. 58, 824–834 Fungi Yeast
Madeo et al (2002) Mol. Cell 9, 911–917 Fungi Yeast DEVD VEID IETD
Herker et al (2004) J. Cell Biol. 164, 501–507 Fungi Yeast
Fannjiang et al (2004) Genes Dev. 18, 2785–2797 Fungi Yeast  +I
Vachova & Palkova (2007) FEMS Yeast Res. 7, 12-21 Fungi Yeast
Hauptmann et al (2006) Mol. Microbiol. 59, 765 - 778 Fungi Yeast Defects in N-glycosylation induce apoptosis yvad devd VEID+I IETD
Vachova & Palkova (2005) J. Cell Biol. 169, 711–717 Fungi Yeast
Weinberger et al (2005) J. Cell Sci. 118, 3543–3553 Fungi Yeast
Guaragnella et al (2006) FEBS Lett. 580, 6880-6884 Fungi Yeast
Gonzalez et al (2007) Int. J. Parasitol. 37, 161-172 Fungi / Protist Yeast and Leishmania DEVD VEID IETD
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pools. Complete digestion to amino acids is so swift that the degradation 

intermediates are virtually impossible to detect (Shen et al., 2008). 

1.9.2. Cathepsins  

Cathepsins are lysosomal proteases. They include serine (Cathepsins A and G), aspartic 

(Cathepsins D and E) and cysteine proteases (Cathepsins B, C, F, H, K, L, O, S, V, W and 

Y/Z). The last group are papain family cysteine proteases (Chwieralski et al., 2006). The 

caspase and calpain families are also cysteine proteases. Cathepsins are released in 

response to ER stress (Schrader et al., 2010) and other stimuli such as activated 

caspases, calpains and cathepsins themselves (reviewed by Johansson et al., 2010). 

Cathepsins cleave inhibitors of apoptosis (e.g. XIAP and Bcl-2). Moderate cathepsin 

release may lead to apoptosis, while large scale release leads to necrosis (Brunk et al., 

1997; 1999). Pep4, the yeast equivalent of cathepsin D is principally located in the 

vacuole (Pereira et al., 2010; Conus & Simon, 2010); however, hydrogen peroxide and 

acetic acid trigger vacuolar release of Pep4.  Pep4 relocates to the nucleus and 

cytoplasm and initiates a mitophagy-independent degradation of mitochondria and 

nucleoporins contributing to apoptosis. 

1.9.3. Calpains  

Calpains have been associated with apoptosis in response to calcium imbalance 

(reviewed by Huai et al., 2010). As internal calcium levels change, calpains relocate to 

the nuclear pore complex and cleave Bax, initiating cytochrome C release from the 

mitochondria. The S. cerevisiae calpain-like protease Rim13 (homologue of A. nidulans 

palB) is thought to cleave Rim 101 in response to high pH, triggering invasive growth 

and spore formation (Futai et al., 1999). Release of Aif-1 from the inner mitochondrial 

membrane in yeast is also dependent upon cleavage by a protease; possibly calpain or 

a cathepsin (Liang et al., 2008).  

1.9.4. Granzyme B 

Granzyme B is a serine protease involved in programmed cell death. It is thought to 

cleave the executioner caspase, caspase 3 or to cleave Bid and thus promote release of 

cytochrome C (reviewed by Huai et al., 2010). Van Damme et al. (2008) identified pro- 

and anti-apoptotic substrates of Granzyme B using N-terminal labelling and combined 

fractional diagonal chromatography (COFRADIC). Acetylating (and protecting) existing
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N-terminal amino groups before digesting with trypsin and adding trinitrophenol 

groups to unprotected N-termini, increases the hydrophobicity of tryptic fragments, 

facilitating chromatographic separation (Van Damme et al., 2005; Vande Walle et al., 

2007). Deuteroacetylation of the original N-termini in one sample allows the samples 

to be mixed and processed together, thus permitting direct comparison. Presumably 

pro-apoptotic proteins are activated by Granzyme B cleavage while anti-apoptotic 

proteins are deactivated. 

1.9.5. Esp1   

Hydrogen peroxide-induced apoptosis triggers cleavage of Mcd1, a yeast homolog of 

the Rad21 cohesin required for dsDNA repair, sister chromatid cohesion and 

chromosome condensation (Yang et al., 2008).  Cleavage of Mcd1 is dependent upon 

Esp1, a C14-family caspase-like separase normally associated with an inhibitory securin 

Pds1 (Ciosk et al., 1998; Tinker-Kulberg & Morgan, 1999; Jensen et al., 2001).  During 

normal growth, Pds1 is degraded by the anaphase-promoting complex at the 

anaphase-metaphase transition, releasing Esp1 which cleaves Mcd1 (and substrates 

such as Slk19 and Scc1). The fragments remain in the cytoplasm.  However apoptotic 

cleavage of Mcd1 initiates translocation of a 40 residue C-terminal peptide fragment 

from the nucleus to the mitochondria.  This appears to be an apoptotic gain-of-

function cleavage, since the Mcd1 fragment can directly stimulate PCD.  Mitochondrial 

import of the fragment is associated with a loss of mitochondrial membrane potential, 

contributing to the apoptotic response. Over-expression of Esp1 leads to accumulation 

of Mcd1 in the mitochondria, even in the absence of external stimuli. A significant 

proportion of cells produce endogenous ROS, which seems to be required for 

mitochondrial import.  Esp1 has caspase-1 like activity against synthetic substrates 

(Uhlmann et al., 2000) and caspase-1 inhibitors reduce Mcd1 degradation. 

1.9.6. Nma111    

Nma111 is a pro-apoptotic HtrA-like serine protease with a PDZ (post-synaptic density 

95/disc/zona occludens) domain which responds to a variety of cellular stresses by 

forming intranuclear aggregates (Fahrenkrog et al., 2004; Belanger et al., 2009).  The 

protease contains duplicates of the HtrA-like sequence, but only the N-terminal repeat 

has a functional catalytic domain (Belanger et al., 2009).  The active site contains a 
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GGSGS consensus motif characteristic of many serine proteases with trypsin-like 

properties.  The protein also contains a nuclear localization signal, with nuclear import 

mediated by the receptor protein Kap95 (Belanger et al., 2009).  Cells lacking Nma111 

survive better than WT cells following heat shock and fail to undergo apoptosis when 

exposed to hydrogen peroxide.  Conversely, over-expression of Nma111 enhances 

apoptosis under stress conditions.  A homolog of Nma111 in Botrytis cinerea has 

recently been implicated in PCD (Finkelshtein et al., 2011).  The mammalian 

orthologue of Nma111, HtrA/Omi antagonises inhibitor of apoptosis protein XIAP. The 

pro-apoptotic role of Nma111 is partly due to its ability to interact with, and cleave the 

only yeast IAP, Bir1 (though Bir1 cleavage per se is not sufficient to induce PCD (Walter 

et al., 2006).  Moreover, BIr1 does not appear to interact with Mca1 as might be 

expected of a bona fide IAP. 

1.9.7. Kex1  

Disruption of protein N-glycosylation within the ER, by defective oligosaccharyl 

transferases (e.g. wbp1-1 and ost2) or treatment with tunicamycin, leads to apoptosis 

in yeast (Hauptmann et al., 2006).  MCA1 Deletion does not abrogate this response 

(Hauptmann et al., 2006) , however loss of Kex1 decreases caspase-like activity within 

dying cells and improves the survival of cells suffering ER-stress, acetic acid-induced 

PCD and chronological ageing (Hauptmann & Lehle, 2008).  It is unclear if the loss of 

caspase-like activity results from loss of a Kex-1 intrinsic caspase activity or from failure 

to initiate a downstream proteolytic cascade with a caspase-like activity component.  

Purified Kex1 cannot cleave a synthetic caspase-6 substrate (Hauptmann & Lehle, 

2008) but other caspase substrates have not yet been tested.   Kex1 is a cathepsin A-

like serine carboxypeptidase with a high specificity for basic amino acid residues, and a 

preference for C-terminal arginine and lysine residues (Latchinian-Sadek & Thomas, 

1993). Kex1 was originally identified as the protease which processed alpha factor 

(Wagner & Wolf, 1987). 

1.9.8. Proteasome   
Since the first recognition of PCD in yeast, the ubiquitin-protease system has been 

strongly implicated as a key player (Madeo et al., 1997; Ligr et al., 2001; Bettiga et al., 

2004; Valenti et al., 2008).  Inactivation of de-ubiquitinating enzyme UBP10 yields a 
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complex phenotype including a subpopulation of cells exhibiting typical markers of 

apoptosis. Cells lacking Ubp10 exhibit endogenous caspase-like activity, which is 

partially lost upon deletion of MCA1.  Loss of Mca1 suppresses the ubp10 null mutant 

phenotype, whilst Mca1 over-expression, even without external stimulus, impairs 

growth and viability of ubp10 cells.  Acetic acid induced PCD in yeast requires a 

transient elevation of proteasome-related chymotrypsin, trypsin and PGPH-like 

activities during the later stages (Valenti et al., 2008).  No changes in expression of 

proteasomal catalytic components (Pre2, Pre 3) are detectable, suggesting a role for a 

proteasome regulatory component, or altered accessibility of the proteasome itself.  

Inhibition of proteasomal chymotrypsin-like activity with high doses of MG132 can 

significantly reduce acetic acid induced PCD (Valenti et al., 2008) emphasizing the 

importance of proteasome activation in acetic acid-induced PCD. In many plant and 

mammalian cell-types blocking proteasome function promotes PCD (Shinohara et al., 

1996; Kim et al., 2003). Under some cell death scenarios in yeast, activation of the 

proteasome may be as important in preventing PCD as in its activation.  For example, 

over-expression of Stm1, a known proteasomal target promotes apoptosis, while 

deletion yields a deficiency in apoptosis (Ligr et al., 2001). 

1.9.9. The subtilisin superfamily 

There are six families of subtilisin-like proteases (SLPs): subtilisins, thermitases, 

lantibiotic peptidases, kexins, proteinase K-type proteases and pyrolisins (Siezen & 

Leunissen, 1997). Fungi possess proteases from the last three of these families.  Kexins 

consist of an S8 family protease domain and a proprotein convertase domain and play 

an important part in protein maturation (Bryant et al., 2009). Preproproteins have 

their pre-domains (ER localisation signals) removed by signal peptidases in the 

endoplasmic reticulum. The proproteins are then cleaved by kexins in the Golgi to 

produce the mature protein. Kex1 protease has been shown to mediate yeast PCD 

triggered by acetic acid, ageing and dysfunctional N-glycosylation (Hauptmann & Lehle, 

2008). Kex1 appears to target lysine and arginine residues at the C-termini of proteins 

(Hauptmann & Lehle, 2008). Proteinase K-type SLPs consist of an S8 protease domain 

and a propeptide domain that acts as a chaperone and also blocks the protease’s 

hydrolytic activity (Bryant et al., 2009). Deleting Kex1 improves survival in cells 
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undergoing ER stress-, acetic acid- or chronological ageing-induced cell death and 

reduces caspase-like activity in dying cells (Hauptmann & Lehle, 2008).  

 Caspase-like proteases have been shown to play a part in cell death induced by 

bacteria, fungal toxins and stress (Pozo & Lam, 1998; Sun et al., 1999; Tian et al., 2000; 

Richael et al., 2001; Elbaz et al., 2002; Mlejnek & Prochazka, 2002). Plant saspases 

(subtilisin-like serine proteases: reviewed by Vartapetian et al., 2011) constitute a large 

family of pyrolisin-type saspases. Some plant saspases have broad specificity and are 

believed to be involved in degradation (Kaneda & Tominaga, 1975; Yamugata et al., 

1994; Uchikoba et al., 1995) while others are much more specific and are thought to 

be processive, participating in protease cascades (Varpetian et al., 2011). Coffeen and 

Wolpert (2004) showed that two closely-related saspases are involved in Avena sativa 

PCD elicited by the fungal toxin victorin. They also showed that the saspases re-localise 

to the extracellular fluid upon the initiation of PCD and that a DEVDase and a cysteine 

protease must be involved in the protease cascade leading from victorin treatment to 

degradation of the ubiquitous plant protein Rubisco in the chloroplast. Coffeen and 

Wolpert also suggest that either the saspases re-enter the cell or they process another 

protease in the extracellular fluid which then enters the cell. 

1.10. Degradomics 

Degradomics is the study of the protease complement of a cell, tissue or organism and 

of the substrates of those proteases. A number of methods have been developed to 

help identify substrates and their cleavage products. Because proteolysis is central to 

so many vital processes deficient, excessive and dysfunctional proteolysis has been 

implicated in a wide range of diseases (reviewed by Koblinski et al., 2000; Lutgens et 

al., 2007; Quesada et al., 2009; de Strooper, 2010; Mason & Joyce, 2011). Identifying 

protease substrates and their degradation products can aid in the diagnosis of disease 

(reviewed by Lopez-Otin & Overall, 2002; Thadikkaran et al., 2005; Graeber et al., 

2009; Findeisen & Neumaier, 2009) and will help unravel basic biological processes 

such as PCD.  

1.10.1. Phage display libraries 

One technique for testing the specificity of a protease is to use a phage display library. 

Bacteriophage clones are engineered to display on their surfaces fusion proteins, each 
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consisting of a single protease substrate sandwiched between a phage capsid protein 

and a tagging protein (Scholle et al., 2006). Examples of tags include AviTag, 6His or 

FLAG and these facilitate immobilisation of phage. Incubation with the protease of 

interest results in cleavage of some substrate domains to release certain phage clones. 

These are removed from polystyrene wells during washing. ELISA is used to compare 

phage density in protease treated and control wells. Fragments released may be 

examined by mass spectroscopy to identify the cleavage site. One disadvantage of this 

technique is that conditions in vitro do not necessarily reflect those in vivo and this 

may affect the specificity of the protease being tested (Dix et al., 2008). 

1.10.2. Two-dimensional gel electrophoresis  

In vivo cleavage of protease substrates may be studied by two-dimensional gel 

electrophoresis (2DGE) (O’Farrel, 1975; reviewed by Bredemeyer et al., 2004, Marouga 

et al., 2005; Rabilloud et al., 2010). Protein samples are separated in one dimension 

according to charge and then in another according to mass in polyacrylamide gels. The 

first separation relies upon a pH gradient in the gel strip. As a protein migrates through 

the gel it stops when it reaches its isoelectric point:  the position along the pH gradient 

where it has no charge and so does not migrate in response to an electric field. The 

strip is bonded to a polyacrylamide gel containing SDS and the SDS disrupts complexes 

and unfolds proteins so that the second separation is by molecular weight: the 

proteins being ‘sieved’ through the pores of the gel. Gels are stained with Coomassie 

blue or silver stain and scanned and the relative intensities of protein spots compared. 

2DGE suffers from low sensitivity and poor reproducibility and is unsuitable for 

resolving hydrophobic proteins such as membrane proteins (Rabilloud et al., 2010) 

1.10.3. Two-dimensional difference gel electrophoresis  

Two-dimensional difference gel electrophoresis (2DIGE or 2-D DiGE) goes some way to 

resolving the disadvantages of 2DGE (Unlu et al., 1997; Dix et al., 2008). Proteins in 

different samples are labelled with different fluorescent dyes which improves 

sensitivity of detection. The samples may be run on the same gel at the same time, 

thus reducing differences between conditions and improving reproducibility. A gel is 

scanned using different wavelengths of light and the images overlaid to identify spots 

from different samples which co-localise and also differences in spot abundance 
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between the samples. Reproducibility is further improved by the inclusion of an 

internal standard, a mixture of all samples run on the gel which has been stained with 

a different fluorescent dye (Dix et al., 2008). By comparing the intensity of a spot to 

that of the corresponding spot for the internal standard it is possible to reduce 

experimental differences between gels. 

1.10.4. Mass spectroscopy 

Mass spectroscopy is an extremely useful tool for the identification of proteins and 

peptides (reviewed by Lane, 2005; Gevaert et al., 2007; Han et al., 2008; Impens et al., 

2010). A mass spectrometer consists of an input mechanism, one or more mass 

analysers, a detector to count ions of a particular mass/charge ratio and a computer to 

interpret the data (Lane et al., 2005).  

1.10.4.1. Pre-MS separation and processing 

Prior to mass spectroscopy protein/peptide mixtures usually need to undergo 

proteolytic digestion either in a gel (after 1-D or 2-D electrophoresis) or in solution 

(Biringer et al., 2006). Digestion cleaves proteins into shorter peptides, which are 

easier to ionise. Trypsin is the most commonly used proteolytic enzyme, hydrolysing 

peptide bonds on the carbonyl side of arginine or lysine except when the residue on 

the other side of the peptide bond is proline. Trypsin digestion produces good results 

with more overlap between peptide fragments than chymotrypsin and some other 

proteases (Biringer et al., 2006). Detergents are often used to extract proteins prior to 

MS, especially membrane proteins, but detergents are not compatible with mass 

spectroscopy since their ions can swamp the resulting spectra (Nagaraj et al., 2008). 

Methods of removing detergents include various forms of chromatography, gel 

electrophoresis, dialysis and precipitation (reviewed by Furth, 1980) or use of a 

desalting column (Nagaraj et al., 2008). A range of detergents have been developed 

which are cleaved at low pH to yield non-ionic and zwitterionic products which are not 

detected by MS (reviewed by Li et al., 2010). Peptide mixes are often separated by 

liquid chromatography to simplify the mixture and to improve sampling of different 

types of peptides.  
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1.10.4.2. Injection of sample 

Input systems were too harsh for complex proteomics until the development of 

electrospray injection (Dole et al., 1968; Yamashita et al., 1984) and matrix assisted 

desorption/ionisation (MALDI: Karas & Bahr, 1986; Beavis & Chait, 1990; reviewed by 

Fenyo & Beavis, 2008). Electrospray ionisation (ESI) involves the application of a high 

voltage to a wide-bore capillary tube through which the sample is fed. The sample 

emerges from the capillary as a conical ion cloud. MALDI involves mixing the sample 

with a matrix substance such as sinapinic acid and other cinnamic acid derivatives 

(Beavis & Chait, 1990) in a water/organic solvent mix and drying this onto a plate so 

that the sample and matrix crystallise together. A laser is applied to the matrix and the 

matrix material absorbs the laser energy efficiently and heats up, facilitating ionisation 

of the sample proteins. 

1.10.4.3. Mass analysers 

Mass determination is based upon the relationship between energy, mass, charge and 

velocity of an ion since potential energy = zV, kinetic energy = mv2/2 and v = d/t where 

z = charge, V = voltage, m = mass, v = velocity, d = distance travelled and t = time 

taken. Assuming energy is conserved (the first law of thermodynamics) it follows that 

 

Thus for a given voltage the mass/charge ratio is directly proportional to the square of 

the time taken and inversely proportional to the square of the distance travelled. If 

one of these factors is known the other may be measured and the mass/charge ratio 

calculated. Time of flight (TOF) mass analysers measure the time taken for ions to 

travel a given distance from source to detector (Lane et al., 2005).  

Quadrupoles mass analysers consist of four parallel rods, two anodes and two 

cathodes, through which a direct and alternating current are passed (Schwartz et al., 

2002). Ions with a mass/charge ratio above a target range are deflected out of the 

channel by the positive field while those whose m/z ratio is below the target range are 

ejected by the negative field. In effect, the alternating field causes ions to oscillate and 

only those ions whose resonance frequency allows them to pass through the channel 

without being drawn too close to the positive or negative rods make it to the other 

 zV = mv2 = m(d/t)2  = md2 so m = 2Vt2                                                                                                     
.               2                2             2t2         z       d2                                                                    
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end. Non-charged proteins or peptides may be removed by curving quadrupoles so 

that uncharged peptides diverge from the path and do not reach the detector. The ion 

trap mass analyser works by trapping ions within a magnetic field and ejecting those 

below a particular mass m/z ratio towards a detector (Cooks et al., 1997). The trap 

may consist of a quadrupole or of a ring electrode and two endcap electrodes. Other 

kinds of mass analyser include orbitraps (Hu et al., 2005) and Fourier transform ion 

cyclotron resonance devices (Bogdanov et al., 2005). Mass spectrometers cycle 

through a range of voltages, thus sampling ions from a range of m/z ratios. The higher 

the voltage through a quadrupole, the higher the m/z ratio of the ions allowed to pass 

through (Lane, 2005). The detector then generates a signal (e.g. an electric current) for 

each ‘hit’ which is amplified and quantified. 

1.10.4.4. Data analysis 

Mass spectrometers measure m/z ratios and the numbers of ions detected at those 

ratios. It would not be practical to interpret data manually, particularly with modern 

high throughput MS. Therefore numerous algorithms have been developed for 

comparing mass spectra with a database of proteins (Deutsch et al., 2008). Commonly 

used, older software packages include SEQUEST and Mascot (Eng, 1994; Keller et al., 

2005). Steps in data analysis include collation of raw data, interrogation of protein 

databases, comparing experimental data with that held on the databases, identifying 

peptides, and proteins, quantifying peptides and proteins and statistically validating 

spectra and protein/peptide identifications.  

1.10.4.5. Methods to detect rare proteins 

Liquid chromatography (LC) and high performance liquid chromatography (HPLC) are 

commonly used to fractionate the peptide sample before MS in order to improve 

resolution of peptides and reduce under-sampling: rare proteins or peptides or those 

with certain chemical properties are often under-represented in the output data 

(Gevaert et al., 2007; Chen et al., 2009). Florens and Washburn (2006) describe a 

technique called multidimensional protein identification technology (MuDPIT), in 

which proteins are fractionated through two chromatography columns. The first is a 

strong cation exchange (SCX) column and the second a reverse phase (RP) column. 

Acidified peptides are tightly bound by the SCX column and then eluted with salt. The 
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eluate is then passed to the RP column. Hydrophobic peptides do not bind to the first 

column and so are removed. The higher the charge on a protein (for a given mass), the 

more strongly it binds to the SCX column. The reverse is true of the second column. 

Coupling columns with different properties produces greater resolution.  

There are many ways of improving the sampling of proteins and peptides. These 

include labelling proteins with chemical groups, peptide tags or different isotopes of 

carbon or hydrogen and then purifying the protein mix to select for labelled peptides 

(reviewed by Lane, 2005). Combined fractional diagonal chromatography (COFRADIC) 

involves chemically modifying certain groups to change the properties of peptides and 

facilitate chromatographic separation (Martes et al., 2004). Cysteine groups may be 

tagged with hydrophobic thionitrobenzoate groups using Ellman’s reagent. After 

trypsin digestion and chromatography the thionitrobenzoate groups are removed 

using a reducing agent. This causes the peptides to become more hydrophilic and 

enables further separation during a second round of chromatography.  

N-terminal COFRADIC is especially useful in proteolysis research as it can be used to 

identify differences in the degradomes of two samples (Van Damme et al., 2005; 

Vande Walle et al., 2007). First existing amino groups are acetylated or 

deuteroacetylated (to label the proteins of one sample with acetyl groups containing 

the heavier isotope of hydrogen). Then the samples are mixed, digested with trypsin 

and treated with 2,4,6-trinitrobenzenesulphonic acid. The latter adds a trinitrophenyl 

(TNP) group to any trypsin-generated amino termini (the original acetylated amino 

groups in a sample are protected from modification) eliciting a considerable increase in 

the hydrophobicity of the TNP-tagged peptides. Thus when the peptide mixture is 

passed through a reverse phase HPLC column the newly modified peptides elute later 

and are separated from the peptides with the original amino termini. Comparing 

mass/charge ratios allows the labelled and unlabelled peptides from the different 

samples to be distinguished. Comparing the amino groups of similar peptides 

facilitates comparison of proteolytic cleavage of the parent protein in the two samples.  

1.11. Aims of the current project 

Fungi undergo programmed cell death with hallmarks of apoptosis and PCD may be 

dependent upon metacapases. Fungi possess homologues of some components of the 
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apoptotic machinery but not of others. There is speculation as to the role of 

metacaspases in cell death and whether metacaspases are bona-fide caspases. There is 

also evidence that metacaspases prefer lysine or arginine at the P1 position rather 

than aspartate and that some examples of fungal apoptosis are dependent on caspase-

like activity but independent of metacaspases. Only one caspase substrate to date has 

been shown to be processed by a metacaspase. 

With this in mind a study was performed to determine whether caspase substrates and 

their cleavage motifs are conserved between metazoa and fungi and to further 

understand the role of proteases in programmed cell death and the fates of putative 

cell death substrates during PCD. Both bioinformatic and experimental approaches 

have been employed to investigate substrate conservation between humans and 

yeast. As well as considering metacaspases and caspase substrates a search was 

conducted to look for novel cell death proteases and their substrates. Finally, we 

examined the role of a metacaspase in PCD and virulence in a human pathogen 

Candida albicans. 

Apoptosis, as with other cellular processes, is determined by a complex interaction 

between many different factors. Central to metazoan apoptosis is a proteolytic 

cascade orchestrated by caspases. The cleavage of individual proteins may be a factor 

in cell survival but it is the balance among processed and unprocessed proteins that 

determines whether cells will live or die. A better understanding of the ‘destructome’ 

would allow us to fill in the gaps in signalling pathways, improve computer modelling 

in systems biology and identify new drug targets and diagnostic markers. The 

involvement of many different proteases, thousands of proteins and tens of thousands 

of protein fragments makes PCD an incredibly complicated field of study but also 

presents a huge array of potential targets for new anti-fungal therapeutics. 
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Chapter 2. Bioinformatic identification of potential metacaspase substrates 

2.1. Chapter introduction 

Cell death in metazoa is orchestrated by caspases (cysteine-dependent aspartate 

proteases) and metacaspases are their structural orthologues in plants, fungi and some 

protists (Uren et al., 2002). The question of whether metacaspases are functional 

orthologues of caspases is controversial (Vercammen et al., 2007; Carmona-Gutierrez 

et al., 2010; Enoksson & Salvesen, 2010). If metacaspases are true caspases then they 

and their protein substrates may be promising targets for anti-fungal drugs.  

Caspases regulate and execute cell death by activating pro-apoptotic proteins and de-

activating anti-apoptotic ones (Earnshaw et al., 1999). The Casbah database (Lüthi & 

Martin, 2007, http://bioinf.gen.tcd.ie/cgi-bin/casbah/casbah.pl) lists 777 caspase 

substrates. Many of these substrates have known functions during apoptosis and the 

cleavage motifs and consequences of cleavage have been characterised for some.  

The BH3-interacting domain death agonist (BID) migrates to the mitochondria 

following caspase cleavage and induces mitochondrial outer membrane permeability 

(MOMP), leading to apoptosis (Luo et al., 1998; Fischer et al., 2005). Truncated BID 

(tBID) associates with cardiolipin-rich regions, where the mitochondrial inner and 

outer membranes come into contact (Lutter et al., 2001). This is an example of a gain- 

of-function due to proteolysis. Cleavage of gelsolin prevents its binding with actin, 

inhibiting polymerization and leading to membrane blebbing (Kothakota et al., 1997; 

Azuma et al., 1998). This is an example of a loss-of-function due to proteolysis. 

Cleavage of the ROCK1 C-terminal inhibitory domain allows Rho-GTP to phosphorylate 

ROCK1 which then phosphorylates other proteins, increasing actin-myosin force and 

contributing to membrane blebbing (Coleman et al., 2001). Lamin cleavage is required 

for the partitioning of the nucleus into apoptotic bodies (Takahashi et al., 1996; Rao et 

al., 1996). Other caspase substrates include the caspase activated nuclease CAD which 

migrates to the nucleus and effects the degradation of DNA (Huang et al., 2001). 

Human Tudor staphylococcal nuclease (SDN1 or p100) activates mRNA splicing (Yang 

et al., 2007). SDN1 also has ribonuclease activity (Sundstrom et al., 2009) and cleavage 

by caspase-3 impairs both functions. A type II metacaspase from Norway spruce (Picea 
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abies) can also cleave human SDN1 (Sundtrom et al., 2009) but appears to cleave at 

arginine or lysine rather than aspartate residues.  

The hallmarks of programmed cell death (Kerr et al., 1972; Kroemer et al., 2009) 

appear to be conserved between metazoa and fungi (Madeo et al., 1997; 2002; 

Ludovico et al., 2002; Wissing et al., 2004; Buttner et al., 2007; Eisenberg et al., 2007; 

Carmona-Guttierez et al., 2010). Many elements of the death machinery appear to be 

present in fungi (Susin et al., 1999; Uren et al., 2002; Ludovico et al., 2002; Egger et al., 

2003; Buttner et al., 2007; 2011) so it seems likely that the downstream substrates of 

apoptotic proteases are conserved from metazoa to yeast. If metacaspases in fungi are 

functional homologues of mammalian caspases it could reasonably be expected that 

they and the fungal homologues of mammalian caspase substrates have co-evolved 

and it might be possible to use phylogenetic approaches to measure the degree of 

correlation between interacting proteins (reviewed by Pazos & Valencia, 2008).  

In this chapter we consider three questions: (i) whether caspase substrates are 

conserved in fungi, (ii) whether known cleavage motifs in mammalian caspase 

substrates are conserved in their fungal structural orthologues and (iii) whether 

metacaspases and their putative substrates have co-evolved. Affirmative answers to 

each of these questions would support the hypothesis that metacaspases are 

functional homologues of caspases. It would also be a strong indication that cell death 

pathways have been conserved across the tree-of-life. 

2.2. Materials and methods 

S. cerevisiae was chosen as the fungal species for orthologue searches as the yeast 

genome has been extensively annotated and is a useful model system for further 

experimental characterisation. Protein rather than DNA sequences were used as some 

of the fungi considered (the CTG clade) have a slightly different genetic code from 

most organisms and read the CUG codon as serine instead of leucine (Butler et al., 

2009). Bioinformatics resources used include the Casbah caspase database 

(http://bioinf.gen.tcd.ie/casbah/Luthi & Martin, 2007), the Saccharomyces genome 

database (http://www.yeastgenome.org/ Cherry et al., 1997), Uniprot (Jain et al., 

2009) and orthoDB (Waterhouse et al., 2011). Protein sequences were imported into 

bioedit (© Tom Hall, Ibis Biosciences). Multiple alignments were carried out using 
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ClustalW (Thompson et al., 1994) and protein distances calculated using Protdist 

version 3.5c (© Joseph Felsenstein: included in the bioedit package).  Scatter plots 

were produced and regression analysis carried out in Microsoft Office Excel 2007 (© 

Microsoft Corp.).  

OrthoDB employs the Smith-Waterman algorithm (Smith et al., 1981). This involves 

scoring every residue in one protein against every residue in another to produce a 

matrix and then calculating the route back from the highest to the lowest score in the 

matrix. The ‘walkback’ route maximises the score for each step and is used to align 

residues in one protein against those in the other. OrthoDB also selects the best 

reciprocal hit. In other words as well as a BLAST search to identify putative 

orthologues, reverse BLAST searches are carried out to establish that the starting 

protein is also the best hit for the orthologues (Waterhouse et al., 2011). 

2.2.1. Conservation of caspase substrates 

A list of 776 caspase substrates was downloaded from the Casbah database 

(http://bioinf.gen.tcd.ie/casbah/ [accessed 6th April 2010] Luthi & Martin, 2007). The 

relevant Uniprot pages were accessed (http://www.uniprot.org [accessed 6th April 

2010] Jain et al., 2009) and then the relevant entries in the database of orthologous 

groups (http://cegg.unige.ch/orthodb [accessed 6th April 2010] Waterhouse et al., 

2011) to identify yeast orthologues.  The minimum accepted hit identity and E-value 

were 40 % and 7 X 10-6 respectively.  

2.2.2. Conservation of cleavage motifs 

For each putative caspase substrate orthologue the FASTA formulae for human and 

yeast proteins were down-loaded from Uniprot (http://www.uniprot.org [accessed 6th 

April 2010] Jain et al., 2009) and aligned using ClustalW (Thompson et al., 1994). The 

mammalian P4-P1 caspase cleavage site was identified in the human protein sequence 

and an equivalent motif sought in the aligned region of the yeast sequence. 

Conservation of only the P1 aspartate (D) was accepted if it aligned exactly with the 

mammalian P1 aspartate. Where other motif residues were present in the correct 

position, relative to the P1 aspartate, a degree of misalignment was permitted. Two 

motif components were acceptable up to three residues up- or down-stream of the 
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equivalent mammalian positions; three components up to six residues away and four 

components up to nine residues away. 

 2.2.3. Enrichment for essential proteins 

Lists of essential and non-essential genes were downloaded from the Saccharomyces 

genome database (http://www.yeastgenome.org/ [April 2010] Cherry et al., 1997) and 

pasted into Excel spreadsheets. The list of yeast structural orthologues of caspase 

substrates was pasted into each spreadsheet, to the right of the essential or non-

essential genes list and the ‘VLOOKUP’ function was used to search each gene in the 

caspase substrate orthologue list for essentiality.  A list of 997 yeast homologues of 

human proteins was downloaded (Botstein et al., 1997) and the above process 

repeated in order to identify those homologues, which are essential in yeast.  

2.2.4. Defining the death protease cleavage motif 

Each eight-amino acid residue motif from the yeast orthologues (corresponding to the 

P4-P4’ residues of the equivalent caspase substrates) was identified. The putative 

target aspartate residue was assumed to be the P1 residue. The list of putative motifs 

was analysed using the Weblogo online sequence logo generator 

(http://weblogo.berkeley.edu/ Crooks et al., 2004). 

2.2.5. Enrichment of gene ontology terms 

The putative orthologue data set was analysed for enrichment of gene ontology terms 

using the term enrichment tool on the Amigo website (Carbon et al., 2009 

http://amigo.geneontology.org/cgi-bin/amigo/go.cgi)  The Saccharomyces genome 

database (SGD) (http://www.yeastgenome.org/cache/genomeSnapshot.html Cherry et 

al., 1997) lists 6607 ORFs and so the Bonferroni correction for multiple statistical 

comparisons was applied. The threshold p value (0.05) for a 95 % confidence interval 

was divided by 6607 to produce a more conservative value: 7.5 X 10-6.  This value was 

used as the cut off for the gene ontology term enrichment tool. Granular annotation of 

GO terms was carried out using the GOslimmer tool on the Amigo website. 

2.2.6. Co-evolution of caspases and their substrates 

The list of putative yeast PCD functional orthologues of mammalian caspase substrates 

was used to identify other fungal orthologues, using the Candida genome database 
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(Arnaud et al., 2005. http://www.candidagenome.org/). The FASTA formulae of fungal 

orthologues were imported into bioedit (Bioedit version 7.0.9. © Tom Hall, Ibis 

Bioscience) and paralogues culled to leave only the best hit ortholgue. The remaining 

sequences were aligned using ClustalW (Thompson et al., 1994) and protein distances 

calculated using Protdist version 3.5c (© Joseph Felsenstein: included in the bioedit 

package). The distance matrix was pasted into an Excel spreadsheet and converted 

into one row of numbers. This process was repeated for the Mca1 protein and the 

substrate values for each species pair plotted against the corresponding values for 

Mca1. Scatter plots were prepared in Excel 2007. A regression line and correlation 

coefficient (R2 value) were added to each plot. 

2.3. Results 

2.3.1. Caspase substrates may be conserved between humans and yeast 

Programmed cell death with hallmarks of apoptosis is conserved across the eukaryotic 

tree of life (Arnoult et al., 2001; Hardwick & Cheng, 2004) and is often associated with 

caspase or caspase-like activity (Hengartner & Horvitz, 1994; Maier et al., 2000; Bosch 

& Franklin-Tong, 2007; Gonzalez et al., 2007). We employed a bioinformatics approach 

to investigate whether substrates have been conserved between mammals and fungi. 

We took a list of known mammalian caspase substrates from the Casbah database 

(Luthi & Martin, 2007). Many of the later entries (333 sites mapping to 292 proteins) 

were identified by using LC MS/MS to analyse biotinylated N-termini for caspase-type 

cleavages, occurring specifically in apoptotic cells (Mahrus et al., 2008). Some 

substrates in the database have been shown to be cleaved by one or more caspases 

but their cleavage sites have not been identified. Caspase-3 sites predominate but 

many sites, typical of other caspases are also included (Luthi & Martin, 2007). We 

searched for yeast orthologues via UniProt and orthoDB. We found that 378 of the 776 

mammalian substrates (49 %) had yeast structural orthologues (Figure 2.1). Some 

yeast proteins were orthologues of two or more closely related mammalian proteins 

and so the 378 mammalian substrates produced a list of 347 orthologues.  

Almost 49 % of known caspase substrates had structural orthologues in yeast 

compared with only 16 % of all human proteins.  
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Figure 2.1. Conservation of caspase substrates. A list of 776 known mammalian caspase substrates was 
downloaded from the Casbah database (http://bioinf.gen.tcd.ie/casbah/ [accessed 6th April 2010] Luthi 
& Martin, 2007).  Structural orthologues were identified by following links to the relevant Uniprot pages 
(http://www.uniprot.org [accessed 6th April 2010] Jain et al., 2009) and the relevant entry in the 
database of orthologous groups (http://cegg.unige.ch/orthodb [accessed 6th April 2010] Waterhouse et 
al., 2011).  The minimum accepted hit identity and hit E-value were 40 % and 7 X 10-6 respectively. Data 
concerning conservation, in yeast, of all proteins in the human proteome (minimum hit identity 40 %, 
minimum E value 7 X 10-6) were also obtained from the database of orthologous groups. 

Conserved in yeast       Not conserved 

Conserved in yeast 

Human proteome 

Caspase substrate orthologues 

      Not conserved 
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2.3.2. Some yeast structural orthologues of caspase substrates may have retained a 

caspase-like cleavage motif  

Metacaspases are structural homologues of caspases (Uren et al., 2000). Tudor 

staphylococcal nuclease, TSN, has been shown to be a bona fide substrate of caspases 

and metacaspases in vitro and in vivo (Sundstrom et al., 2009) but metacaspases 

cleave TSN at arginine or lysine rather than aspartate (Bozhkov et al., 2004; 

Vercammen et al., 2004; Watanabe & Lam, 2005; He et al., 2007; Sundstrom et al., 

2009). However, programmed cell death in fungi has been linked with protease 

activities, resembling those of caspases-1, 3, 6 and 8 (Madeo et al., 2002; Watanabe & 

Lam, 2005; Hauptmann et al., 2006; Gonzalez et al., 2007). Conservation of the caspase 

cleavage motifs would constitute supporting evidence of conserved cell death 

functions and of regulation of yeast PCD by proteases with caspase-like activity. 

Therefore we investigated how many yeast structural orthologues of caspase 

substrates had retained their caspase cleavage motifs. 

We aligned caspase substrates with their yeast structural orthologues using ClustalW 

(Thompson et al., 1994: included in the bioedit package: Bioedit version 7.0.9. © Tom 

Hall, Ibis Bioscience) and identified wholly or partially conserved P4-P1 cleavage 

motifs. Conservation of only the P1 aspartate (D) was accepted only when it aligned 

exactly with the mammalian P1 aspartate. If two motif residues were present, 

misalignment by up to three residues up- or down-stream was acceptable. Where 

three residues were present, misalignment by up to six residues was acceptable. 

Where all four P1-P4 residues were present, the maximum acceptable misalignment 

was nine residues up- or down-stream. Fifty four of the yeast orthologues identified in 

2.3.1 were found to possess at least partially conserved cleavage motifs (Table 2.1).     

We analysed the list for gene ontology term enrichment using the Amigo term 

enrichment tool. The Bonferroni correction was applied. No significantly enriched 

terms were identified. 

Around fourteen percent of yeast structural orthologues of caspase substrates may be 

functional orthologues with conserved cell death roles. 
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protein 
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Human 
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Yeast 

motif 

 Human 

protein 

Yeast 

protein 

Human 

motif 

Yeast 

motif 
AKT1 YPK1 EEMD IHLD  PPIL4 CPR7 DLPD ERYD 
AKT1 YPK1 TVAD TIFD  DPOE1 POL2 DQLD LIED 
AP1B1 APL2 DLFD DLFD  DPOE1 POL2 DMED VEED 
AP2A2 APL3 VFSD FIAD  2AAA TPD3 DEQD DNQD 
ATG3 ATG3 DDGD DEDD  FIP1 FIP1 VDLD KLLD 
BLM SGS1 TEVD SDFD  TSR1 TSR1 CATD LELD 
PCY1A PCT1 TEED EEQD  DDX46 PRP5 ERQD ESTD 
CDC42 CDC42 DLRD DLRD  TEBP SBA1 PEVD GSPD 
CDC6 CDC6 LVLD VVLD  RAD51 RAD51 DVLD DPDD 
CAF1A RLF2 EQPD NAED  RBX1 HRT1 MDVD MDVD 
COPA COP1 TGVD NLLD  RFC1 RFC1 DEVD DEVD 
IF2A SUI2 DGDD DSED  RFC1 RFC1 IETD SSTD 
IF31 HCR1 DSWD MSWD  RFC1 RFC1 DEKD PADD 
EF1B EFB1 DDID DDVD  GDIS RDI1 DELD RNND 
IF5A1 HYP2 ETGD ETAD  RPAP3 STI1 SEED MEVD 
IF5A1 ANB1 ETGD ENAD  RPB1 RPO21 LETD LETD 
FNBP1 BZZ1 ESPD TPGD  RLA0 RPP0 EESD EESD 
GLRX3 GRX3 DLRD SGAD  RLA0 RPP0 SDED SDDD 
SYG GRS1 VDVD SVED  SAP51 SAP4 SSVD SDYD 
GNL1 LSG1 DTSD FTTD  SF3B2 CUS1 TEED AMID 
DKC1 CBF5 EYVD VPLD  SRP72 SRP72 SELD QALD 
KO174 IST1 DLID DFSD  SSF1 SSF1 AEPD IEDD 
KRR1 KRR1 TVPD DDID  STX7 PEP12 DVID VLVD 
LRC47 FRS1 TEAD TRPD  TBL1R SIF2 MEVD DDLD 
MEF2A RLM1 SSYD STYD  TCPD CCT4 VVSD IVND 
MEF2A RLM1 TLTD LKPD  TF2B SUA7 TSVD KSED 
MEF2A RLM1 STTD STMD  RU1C SMB1 DYCD NLID 
NP1L1 NAP1 ERLD SIQD  UBP5 UBP14 DDLD NNMD 
NOP14 NOP14 DLND DLDD  UBXD7 UBX5 SIFD RVND 
NUCL NSR1 TEID KEID  VAPA SCS22 SKQD GNHD 
NUCL NSR1 GEID EYID  YTHD1 YDR374C TVVD TIED 

 

Table 2.1. Conservation of cleavage motifs. FASTA formulae of mammalian caspase substrates, with 
known cleavage motifs, and their yeast orthologues were downloaded from Uniprot 
(http://www.uniprot.org [April 2010] Jain et al., 2009) and aligned using clustalW (Thompson et al., 
1994: included in the bioedit package: Bioedit version 7.0.9. © Tom Hall, Ibis Bioscience). The 
mammalian P4-P1 cleavage motifs were compared with the aligned regions of the yeast sequences. 
Conservation of only the P1 aspartate (D) was accepted only when it aligned exactly with the 
mammalian P1 aspartate. If two motif residues were present, misalignment by up to three residues up- 
or down-stream was acceptable. Where three residues were present, misalignment by up to six residues 
was acceptable. Where all four P1-P4 residues were present, the maximum acceptable misalignment 
was nine residues up- or down-stream. Conserved residues are shown in red. 
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2.3.3. Putative functional orthologues are enriched for essential proteins  

Caspases cleave, and inactivate, survival proteins (Widmann et al., 1998; Karran & 

Dyer, 2001). The cell division control kinases CDK42 and CDK6 are essential proteins, 

which have anti-apoptotic functions. In mammals, overexpression of uncleavable 

mutated CDK42 inhibits apoptosis while overexpression of uncleavable CDK6 delays 

apoptosis.  Targeting essential proteins for inactivation would be an efficient way to kill 

a cell and there is evidence that caspases target multiple subunits of protein 

complexes with roles in cell survival (Mahrus et al., 2008). It seems reasonable to 

assume that, if apoptosis has been conserved between fungi and metazoa, the most 

highly conserved targets for hydrolysis by cell death proteases (apart from apoptotic 

proteins) would be the essential cell survival proteins. We therefore decided to 

investigate whether essential proteins were enriched among putatively conserved 

substrates. We compared the percentage of essential proteins among yeast 

orthologues of caspase substrates with putative caspase-like cleavage motifs with the 

percentage among structural orthologues and that in the yeast proteome.  

We searched a list of essential yeast genes and a list of non-essential yeast genes for 

genes encoding caspase substrate functional and/or structural orthologues of caspase 

substrates. 22 out of  54 orthologues with at least partially conserved caspase cleavage 

motifs (40.74 %) were essential, compared with 105 of the 347 structural orthologues 

of caspase substrates (30.26 %) and 20.14 % of the yeast proteome (Figure 2.2).  

The percentage of essential proteins was enriched from 20 % of the yeast genome to 

30 % of yeast structural orthologues of caspase substrates and 41 % of those 

orthologues with wholly or partially conserved caspase cleavage sites. 
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Figure 2.2. Enrichment of essential proteins. Lists of essential and non essential yeast proteins were 
downloaded from the Saccharomyces genome database (http://www.yeastgenome.org/ [April 2010] 
Cherry et al., 1997). Each list was searched for yeast orthologues of caspase substrates and for 
orthologues with conserved cleavage sites. The total numbers of essential and non essential proteins 
were also extracted from the lists and the percentage of essential proteins (blue shaded area) and non-
essential proteins (yellow shaded area) for each data set plotted in a column chart. 
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2.3.4. Cleavage sites may be more highly conserved in essential proteins 

In apoptotic jurkat cells 43 % of cleavages are at aspartate, compared with less than    

1 % in non-apoptotic cells (Mahrus et al., 2008). Previous experiments suggested that 

the major caspase consensus sequence (P4-P1’) was DEXDG/S/A where D is aspartate, 

E glutamate, X any residue, G glycine, S serine and A alanine and the frequency of 

glycine at the P1’ position is greater than that of serine, which is greater than that of 

alanine. However, Mahrus et al. (2008) reported a high incidence of serine (S) or 

threonine (T) at P4 and P3. They also found a relatively low occurrence of the classic 

caspase-3 motif, DEVD and of the more general motifs, DXVD and DEXD. Caspase-like 

activities reported to be associated with yeast PCD include those targeting the 

caspase-1, 3, 6 and 8 substrates YVAD, DEVD, VEID and IETD respectively (Madeo et al., 

2002; Hauptmann et al., 2006; Gonzalez et al., 2007). We tried to identify a consensus 

death-related protease cleavage sequence.  

We analysed the list of yeast and human P4-P4’ cut site sequences (Table 2.2) using 

the online consensus sequence tool of the University of California, Berkeley 

(http://weblogo.berkeley.edu/logo.cgi [April 2010]   Crooks et al., 2004). Sequence 

logos (Figure 2.3 A and B) appear to differ, with a reduced frequency of aspartate at 

P4, glutamate at P3 and  P2 valine and increased frequency of acidic residues at P2 in 

yeast, compared to human proteins. It appears (Figure 2.3 C) that both sets of cut site 

sequences have low frequencies (below 6.5 %) of the classic DEVD (caspase-3) motif 

and of the more generalised DXVD and DEXD, where X is any residue. The frequency of 

the DXXD motif in the yeast data set was 19.4 % while that in the human data set was 

33.9 %: over 1.7 times higher. We wondered if cut sites might be more highly 

conserved in essential than in non-essential proteins. Therefore we repeated the 

process above with only non-essential proteins (Figure 2.3 D, E and F) and only 

essential proteins (Figure 2.3 G, H and I).  

For the non-essential proteins there appeared to be a reduced frequency of aspartate 

residues at P4, glutamate at P3 and leucine and valine at P2 and an increased 

frequency of asparagine at P3 in the yeast data set compared to the human data set 

(Figure 2.3 D and E). The frequencies of the motifs DEVD, DXVD and DEXD were all 

below 5.5 %. There was an even greater difference between the yeast and human data 
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Human 
protein 

Yeast 
protein 

Yeast 
(systematic) 

Essentiality Human 
motif 

Yeast 
motif 

AKT1 YPK1 YKL126W  non essential EEMDFRSG IHLDSFHL 

AKT1 YPK1 YKL126W  non essential TVADGLKK TIFDKINS 

AP1B1 APL2 YKL135C non essential DLFDLTSG DLFDFGPS 

AP2A2 APL3 YBL037W non essential VFSDSASV FIADLRSA 

ATG3 ATG3 YNR007C essential DDGDGGWV DEDDVLEY 

BLM SGS1 YMR190C non essential TEVDFNKS SDFDFVVN 

PCY1A PCT1 YGR202C non essential TEEDGVPS EEQDNEDK 

CDC42 CDC42 YLR229C essential DLRDDPST DLRDDKVI 

CDC6 CDC6 YJL194W essential LVLDEMDQ VVLDEMDR 

CAF1A RLF2 YPR018W  non essential EQPDSLVD NAEDKLLC 

COPA COP1 YDL145C  essential TGVDLFGT NLLDGSLG 

IF2A SUI2 YJR007W essential DGDDDAEE DSEDDEDE 

IF31 HCR1 YLR192C  non essential DSWDADAF MSWDAEIG 

EF1B EFB1 YAL003W essential DDIDLFGS DDVDLFGS 

IF5A1 HYP2 YEL034W essential ETGDAGAS ETADAGSS 

IF5A1 ANB1 YJR047C non essential ETGDAGAS ENADAGAS 

FNBP1 BZZ1 YHR114W non essential ESPDGSYT TPGDKISL 

GLRX3 GRX3 YDR098C non essential DRLDGAHA SGADPKEY 

SYG GRS1 YBR121C non essential VDVDKAVA SVEDIKKA 

GNL1 LSG1 YGL099W essential DTSDGESV FTTDKHEA 

DKC1 CBF5 YLR175W essential EYVDYSES VPLDNAEQ 

KOI74 IST1 YNL265C  non essential DLIDVGFT DFSDPSGD 

KRR1 KRR1 YCL059C essential TVPDGWKE DDIDKWKI 

LRC47 FRS1 YLR060W  essential TEADAVSG TRPDILHA 

MEF2A RLM1 YPL089C  non essential SSYDGSDR STYDAAAT 

MEF2A RLM1 YPL089C  non essential TLTDSSML LKPDPLQI 

MEF2A RLM1 YPL089C  non essential STTDLTVP STMDFPKL 

NP1L1 NAP1 YKR048C  non essential ERLDGLVE SIQDRLGS 

NOP14 NOP14 YDL148C  essential DLNDGFVL DLDDGFWE 

NUCL NSR1 YGR159C  non essential TEIDGRSI KEIDGRPI 

NUCL NSR1 YGR159C  non essential GEIDGNKV EYIDNRPV 

PPIL4 CPR7 YJR032W non essential DLPDADIK ERYDDAIM 

DPOE1 POL2 YNL262W  non essential DQLDNIVD LIEDIREY 

DPOE1 POL2 YNL262W  non essential DMEDFGLV VEEDNAKI 

2AAA TPD3 YAL016W  non essential DEQDSVRI DNQDSVKF 

FIP1 FIP1 YJR093C essential VDLDAPGS KLLDSYST 

TSR1 TSR1 YDL060W  essential CATDAVDD LELDLQTV 

DDX46 PRP5 YBR237W  essential ERQDGGQN ESTDGSII 

TEBP SBA1 YKL117W  non essential PEVDGADD GSPDMAQL 

RAD51 RAD51 YER095W  non essential DVLDNVAY DPDDALNN 
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RBX1 HRT1 YOL133W  essential MDVDTPSG MDVDEDES 

RFC1 RFC1 YOR217W  essential DEVDGMAG DEVDGMSG 

RFC1 RFC1 YOR217W  essential IETDAMIK SSTDLKKD 

RFC1 RFC1 YOR217W  essential DEKDQDAI PADDEETQ 

GDIS RDI1 YDL135C  non essential DELDSKLN RNNDQYKV 

RPAP3 STI1 YOR027W  non essential SEEDGIHV MEVDEDDS 

RPB1 RPO21 YDL140C  essential LETDGVSL LETDGVNL 

RLA0 RPP0 YLR340W  essential EESDEDMG EESDDDMG 

RLA0 RPP0 YLR340W  essential SDEDMGFG SDDDMGFG 

SAP51 SAP4 YGL229C  non essential SSVDGQLE SDYDEVDL 

SF3B2 CUS1 YMR240C  non essential TEEDTVSV AMIDARRL 

SRP72 SRP72 YPL210C  essential SELDASKT QALDISKK 

SSF1 SSF1 YDR312W  non essential AEPDGDHN IEDDAIVR 

STX7 PEP12 YOR036W  non essential DVIDSIEA VLVDNIEA 

TBL1R SIF2 YBR103W  non essential MEVDGDVE DDLDGFFK 

TCPD CCT4 YDL143W  essential VVSDYAQM IVNDYRQM 

TF2B SUA7 YPR086W essential TSVDLITT KSEDGFLK 

RU1C SMB1 YER029C non essential DYCDTYLT NLIDYKLR 

UBP5 UBP14 YBR058C non essential DDLDAEAA NNMDDDGT 

UBXD7 UBX5 YDR330W non essential SIFDGFRD RVNDMFDE 

VAPA SCS22 YBL091C non essential SKQDGPMP GNHDAESA 

YTHD1 YDR374C YDR374C non essential TVVDGQPG TIEDSLRE 

 

Table 2.2. Comparing human and yeast cleavage sites. Sixty two human caspase cleavage sites (P4-P4’) 
and 62 putative yeast sites for 54 human caspase substrates and their yeast structural orthologues 
(identified in 2.3.3.). The 62 cleavage sites are those, which were found to be wholly or partially 
conserved between humans and yeast (table 2.1). The motifs cover the cleavage sites from P4 to P4’ 
(the target aspartate being designated as the P1 position). Data, concerning essentiality, refer to yeast 
proteins and were obtained from the Saccharomyces genome database (http://www.yeastgenome.org/ 
[April 2010] Cherry et al., 1997).  
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sets with regard to the frequencies of the DXXD general motif. In yeast the frequency 

was 13.5 % while in humans it was 35.1 %: 2.6 times greater (Figure 2.3 F).  

When essential protein cut sites were compared, there appeared to be similar 

frequencies of acidic residues at P4 and P3 but a greater frequency of leucine and 

aspartate and lower frequency of valine at P2 in the yeast data set, compared with the 

human data set (Figure 2.3 G and H). The frequencies of the motifs DEVD, DXVD and 

DEXD were a little higher for essential proteins: between 4 and 8 % (Figure 2.3 I) and 

the frequencies of the general motif DXXD were extremely similar for the yeast and 

human data sets: 2.8 and 3.2 % respectively. The P1’ residue has been shown to be 

important in caspase specificity (Mahrus et al., 2008). Therefore, we investigated the 

frequencies of residues at the P1’ position of yeast and human proteins. 

We identified which residues appeared at P1’ for each of the data sets and how 

frequently they appeared. (Figure 2.3 J). We found that while glycine was at the P1’ 

position in 24 % of yeast essential proteins and 28 % of their human homologues there 

was a much greater difference between the non-essential proteins, with glycine 

appearing at the P1’ position in 43 % of human proteins and only 5 % of yeast proteins. 

Human essential proteins never had basic residues at P1’ while human non-essential 

proteins never had acidic residues at P1’. The human proteins possess one of thirteen 

amino acid residues at P1’ while the yeast proteins possess one of fifteen residues. 

However, while only four residues are common to both of the human data sets, ten 

are common to the two yeast data sets. 

The DEVD motif appears relatively infrequently in human caspase substrates and yeast 

structural orthologues. The DXXD motif appears in 32 % of essential and 35 % of non-

essential human substrates. The DXXD motif appears in only 13.5 % of yeast non-

essential proteins but in 28 % of yeast essential proteins. The latter is similar to the 

frequency of the motif among human caspase substrates. The P1’ position was 

occupied by glycine in 24-28 % of both the yeast and human essential proteins but 43 

% of human non-essential proteins and only 5 % of yeast non-essential proteins. 

Human essential and non-essential proteins differ to a greater extent than do the yeast 

data sets, with regard to their P1’ residues, which are never basic in the essential 

human proteins and never acidic in the non-essential human proteins. 
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Figure 2.3. Defining the yeast death protease cleavage motif. Cleavage motif logos (P4-P4’) were 
generated using WEBLOGO (http://weblogo.berkeley.edu/logo.cgi   Crooks et al., 2004) for each human 
and yeast data set (A and B) and for the non-essential (D and E) and essential (G and H) proteins in each 
data set. ‘Essential’ and ‘non-essential’ refer to essentiality in yeast only. The frequencies of motifs 
DEVD, DXVD, DEXD and DXXD (where X is any residue) were plotted for all proteins (C), non essential 
proteins (F) and essential proteins (I).  Blue columns: human proteins. Red columns: yeast proteins. The 
frequencies of residues at position P1’ were plotted (J) for human essential (green bars), yeast essential 
(orange bars), human non-essential (black bars) and yeast non-essential (grey bars) proteins. 
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2.3.5. Yeast death proteases may target cell cycle progression, translation initiation 

and polarised growth  

Caspase activity during apoptosis prevents cell cycle progression, inhibits repair 

processes and disrupts the structure of the cell (Fischer et al., 2003). In mammalian 

cells, activated caspases cleave key proteins and protein complexes, which control 

transcription, translation, cell division and DNA repair and replication, as well as pro- 

and anti-apoptotic processes (Mahrus et al., 2008). Cleavage of many proteins yields 

stable, constitutively active fragments which promote apoptosis (Rudel & Bokoch, 

1997; Coleman et al., 2001; Jakobi, 2004; Dix et al., 2008). We decided to investigate 

the list of conserved substrates to determine which processes, functions and cellular 

components might be targeted by the cell death machinery in yeast. 

We analysed the list of yeast structural orthologues of caspase substrates using the 

gene ontology (GO) term enrichment tool on the Amigo website 

(http://amigo.geneontology.org/cgi-bin/amigo/go.cgi Carbon et al., 2009). The 

Bonferroni correction was applied. Data were obtained for biological function, 

molecular process and cellular component GO terms. The results for yeast orthologues 

were normalised to those of the entire yeast proteome and plotted in Excel as radar 

plots (Figure 2.4). When compared with the yeast proteome, the most highly enriched 

process, function and component were ‘interphase’, ‘translation initiation factor 

activity’ and ‘site of polarised growth’, which were enriched five-fold, eight-fold and 

three-fold respectively. Other enriched terms included ‘chromosome organisation’, 

post-translational modification’, ‘ATPase activity’, ‘hydrolase activity’, ‘protein 

complex’ and ‘macromolecular’. The interphase-related proteins were involved in 

nutrient-responsive growth (Tor1 and Tor2), the G1/S or G2/M transition, DNA 

replication and spindle assembly. Proteins with translation initiator factor activity 

included RNA helicases, RNA cap-binding proteins and GTPases required for translation 

initiation. Proteins connected with the site of polarised growth were almost all GTPase 

activating proteins (GAPs) or serine/threonine protein kinases.     

Yeast structural orthologues of caspase substrates were highly enriched for proteins 

with roles in cell growth/cell cycle progression, translation initiation and polarised 

growth.  
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Figure  2.4. Enrichment of GO terms among caspase substrate orthologues.  The list of 347 orthologues 
was analysed for GO term enrichment using the term enrichment tool on the Amigo website (Carbon et 
al., 2009 http://amigo.geneontology.org/cgi-bin/amigo/go.cgi). The results for yeast orthologues (blue 
lines) were normalised to those for the yeast proteome (yellow lines) and plotted in Excel as radar plots. 
Only enriched terms are shown. 
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2.3.6. Coevolution 

Given that some caspase substrates have been conserved between humans and yeast, 

we wondered if caspases/metacaspases/paracaspases and caspase substrates had 

coevolved across the tree of life. If this were the case, it might be possible to predict 

which yeast proteins were likely to be bona fide metacaspase substrates. One method 

used to study coevolution is to compare phylogenic trees (Moyle et al., 1994; van 

Kesteren et al., 1996; Goh & Pazos, 2000; Valencia & Pazos, 2003; Pazos et al., 2008). 

The mirror tree method involves comparing the number and placing of branches and 

branch lengths in different species. The method is complicated by the need for 

extensive manipulation of nodes and requires a high level of computer expertise. A 

simpler method is to calculate protein distances between species (Ramani & Marcotte, 

2003; Valencia & Pazos, 2003; Sato et al., 2005; Pazos et al., 2008; Tillier & Charlebois, 

2009) and to compare a matrix of distances for one protein between every pair of 

species with the matrix for another protein between the same pairs.  

The list of putative yeast PCD functional orthologues of mammalian caspase substrates 

was used to identify other fungal orthologues, using the Candida genome database 

(http://www.candidagenome.org/ Arnaud et al., 2005). The FASTA formulae of fungal 

orthologues were imported into bioedit (Bioedit version 7.0.9. © Tom Hall, Ibis 

Bioscience) and paralogues culled to leave only the best hit orthologue. The remaining 

sequences were aligned using ClustalW (Thompson et al., 1994) and protein distances 

calculated using Protdist version 3.5c (© Joseph Felsenstein: included in the bioedit 

package). Protdist combines five different methods of estimating protein distance in 

order to take into account the expected and actual fraction of amino acids changed, 

the similarity between amino acids and whether a nucleic acid transition or 

transversion would be necessary. A score of 1 indicates that sequences are identical. 

The distance matrix was pasted into an Excel spreadsheet and converted into one row 

of numbers. This process was repeated for the Mca1 protein and the substrate values 

for each species pair plotted against the corresponding values for Mca1. Scatter plots 

were prepared in Excel 2007. A regression line and correlation coefficient (R2 value) 

was added to each plot. 
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Regression analysis revealed a high level of correlation between metacapases and 

yeast orthologues of caspase substrates (Figure 2.5). There was no significant 

difference (p = 0.18) between the degree of correlation between metacaspases and 

caspase substrate orthologues with conserved motifs and that between metacaspases 

and caspase substrate orthologues with no conserved cleavage motif. 

2.4. Discussion 

2.4.1. Almost half of known human caspase substrates may be conserved in yeast  

16 % of human proteins are conserved in yeast (Brown & Jurisica, 2007) but 49 % of 

human caspase substrates have yeast structural orthologues (Figure 2.1). Fischer et al. 

(2003) suggest that, as apoptosis is highly conserved there are probably conserved 

caspase substrates which are central to programmed cell death. Caspases target key 

proteins with important roles in cell structural integrity, signalling, proliferation and 

survival (Hsu & Hsueh 2000). Protein (‘hubs’) which interact with many other proteins, 

are often essential and are highly conserved (Wuchty, 2004; He & Zhang, 2006). 

Therefore it might be expected that caspase substrates would be more highly 

conserved than other proteins.   

2.4.2. Conservation of cleavage motifs 

We found that 378 out of 776 caspase substrates had yeast structural orthologues. We 

then considered whether the caspase cleavage motifs had been conserved in putative 

caspase substrate orthologues. After aligning caspase substrates and their yeast 

orthologues using ClustalW we identified conserved P4-P1 cleavage motifs. 

Conservation of only the P1 aspartate (D) was accepted if the two aspartates aligned 

exactly. Misalignment by up to three residues was acceptable where two residues from 

the motif were present in the correct positions relative to one another. Where three 

residues were present, misalignment by up to six residues was acceptable and for four 

residues, up to nine residues misalignment of the P1 aspartate was acceptable. Fifty 

five yeast orthologues of fifty four human caspase substrates were identified with at 

least partially conserved cleavage motifs. Six proteins had conserved all four P1-P4 

residues, eight had conserved three of the P1-P4 residues, twenty two had conserved 

two residues and twenty six had conserved the P1 aspartate alone.   
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Figure 2.5. Coevolution of metacaspases and putative substrates. A tree-assisted alignment of meta-
caspases was downloaded from the Candida genome database (Arnaud et al., 2005. 
"Candida Genome Database" http://www.candidagenome.org/ [10.07.2011]). A matrix of protein 
differences was generated using PROTDIST version 3.5c (© Joseph Felsenstein, 1993) a bioedit 
accessory. This was repeated for 25 yeast orthologues of known caspase substrates with conserved 
cleavage motifs and 25 more orthologues with no conserved motif. A: The metacaspase distances were 
plotted against the corresponding substrate distances for each combination of two species.  A line of 
regression was added and the R2 value calculated in Excel.  B: example of a yeast orthologues of known 
caspase substrate (Anb1). C: an example of an orthologue without a conserved motif (Pnp1). Species: 
Saccharomyces cerevisiae; S. paradoxus; S. mikatae; S. bayanus; Candida glabrata; S. castellii; 
Kluyveromyces waltii; K. lactis; S. kluyveri; Ashbya gossypii; C. lusitaniae; Debaryomyces hanseni; C. 
guilliermondii; C. tropicalis; C. albicans; C. parapsilosis; Loderomyces elongosporus; Yarrowia lipolytica; 
Aspergillus nidulans; Neurospora crassa; Schizosaccharomyces japonicus; Schizosaccharomyces 
octosporus; Schizosaccharomyces pombe. 
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It should be noted that five of the six proteins with wholly conserved caspase cleavage 

sites were essential proteins and so a higher rate of residue conservation would be 

expected. The five essential proteins were Cdc42, a small Rho-like GTPase essential to 

cell polarity (Pruyne & Bretscher, 2000); Hrt1, a subunit of the Skp1-cullin-F-box (Seol 

et al., 1999) involved in cell cycle transition; Rfc1, a subunit of an ATPase complex with 

a role in the cell cycle; Rpo21, the largest subunit of RNA polymerase II (Archambault & 

Friesen, 1993) and Rpp0, a ribosomal stalk protein (Newton et al., 1990). The non-

essential protein with a wholly conserved caspase substrate cleavage site was Apl2, a 

component of a clathrin-associated Golgi sorting protein complex (Rad et al., 1995).  

We analysed the list for gene ontology term enrichment using the Amigo term 

enrichment tool (see 2.3.2). The Bonferroni correction was applied. No significantly 

enriched terms were identified. This may be due to the small size of the data set in 

comparison with the Saccharomyces cerevisiae genome. 

2.4.3. Defining the PCD protease cleavage motif 

The human caspase cleavage sequence motif most closely represents a classic caspase-

3 motif (DEVDG for P4-P1’). The set of yeast substrates with conserved motifs was 

slightly different with DELDA as the top sequence. There was reduced preference for 

aspartate at P4 and glutamate at P3 and valine was replaced with leucine at P2. Also 

glycine and alanine abundance was reversed at P1’. However when separate 

consensus sequence logos were prepared for essential and non-essential genes the 

essential yeast protein logo closely resembled its human counterpart except that 

hydrophobic valine at P2 was replaced with another hydrophobic residue, leucine.  

Caspases prefer G>S>A (Stennicke et al., 2000; Schilling & Overall, 2008) at P1’. It is 

interesting that in this study most of the P1’ alanines are attributable to non-essential 

proteins. It is possible that the cleavage motifs in essential proteins are more highly 

conserved and that they are targeted by a specific caspase with a strict sequence 

preference or with tighter upstream regulation. Mahrus et al. (2008) identified over 40 

% of the caspase substrates reported in the Casbah caspase database. Mahrus et al. 

found that cleavages in vivo were associated with high incidences of serine and 

threonine at P2, P3 and P4. In the current study threonine was noticed at P2 and serine 

at P3 in the essential data set, but serine and threonine were mainly seen at P4 in the 
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non-essential data set.   It would be useful to investigate the cleavage of essential and 

non-essential proteins in vivo and in vitro and to establish if certain caspases target 

one or the other set of substrates. 

It should be borne in mind that Mahrus et al. (2008) attributed the cleavages they 

observed to caspases because the cleavages were induced by apoptosis and inhibited 

by a pan-caspase inhibitor, Z-VAD-fmk. However, the latter also inhibits cathepsin 

activity (Schotte et al., 1998; 1999) and this could theoretically influence apparent 

cleavage motif preference. 

2.4.4. Yeast caspase substrate orthologues with putative conserved cleavage motifs 

are enriched for essential proteins 

Translation initiation factor activity was the highest enriched gene ontology term seen 

among conserved caspase substrates, with an eight-fold increase over the background 

frequency. This is interesting as the inhibition of translation is widely accepted as a 

means of preventing cell survival and promoting apoptosis (Li et al., 2003; Van Eden et 

al., 2004; Adams & Cooper, 2007; Bouffant et al., 2008). Caspases cleave translation 

factors which inhibit the translation of the anti-apoptotic BCL-2 family proteins and 

inhibitors of apoptosis (IAPs). Since proteins such as Mcl-1 (Bouffant et al., 2008) have 

a high turnover, translational inhibition leads quickly to exhaustion of the cellular 

population and allows pro-apoptotic Bak and Bax to initiate MOMP and release 

cytochrome c. 

The conserved yeast data set was enriched for proteins involved in interphase; 

including proteins which regulate DNA replication and the G1/S and G2/M transitions. 

Among the interphase proteins were Cdc6 and Mcm3-6 which are components of the 

pre-replication complex. Not only are these proteins targeted by caspases during 

apoptosis (Schwab et al., 1998); a cleavage fragment of Cdc6 has also been shown to 

be pro-apoptotic (Schories et al., 2004). Cdc6 is known to be ubiquitinated by the APC 

and degraded by the proteasome but also cleaved by an unidentified protease during 

PCD in yeast (Blanchard et al., 2002). Lee et al. (2008) reported that the yeast 

metacaspase Mca1 appears to inhibit the G2/M phase transition while promoting the 

G1/S phase transition.  
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The highest enrichment of cellular component terms among the conserved caspase 

substrates was a three-fold increase for proteins mapping to the site of polarized 

growth. Schories et al. (2004) suggested that cleavage of pro-growth proteins spares 

ATP for apoptosis and so prevents necrosis. Interestingly, ATPase activity is the second 

most enriched of the molecular function GO terms. There is a two-fold enrichment of 

proteins forming components of complexes. This is consistent with the observations by 

Tang et al. (2005) and Mahrus et al. (2008) that caspases often target several 

components of complexes. 

These data indicate that many of the caspase substrates, conserved in yeast are key 

regulators of cellular processes or pro-survival mediators and that a disproportionate 

percentage of these substrates are essential proteins. It might be argued that essential 

proteins would be expected to be conserved before non-essential ones and 32 % of all 

human proteins, conserved in yeast are essential. This figure is close to the result from 

this study, indicating that 30.26 % of conserved caspase substrates were essential in 

yeast. However, there is even greater enrichment for essential proteins (40 %) among 

yeast orthologues of caspase substrates with conserved cleavage motifs. This is good 

evidence of a bias towards essential proteins among bona fide substrates when taken 

together with the enrichment of cell death-associated GO terms among the putative 

substrate data set.  

2.4.5. Coevolution of metacaspases and substrates 

There was a significant degree of correlation between metacaspases and substrates. 

There was no significant difference between the mean correlation for substrates with 

conserved cleavage motifs and those without conserved motifs (Figure 2.5). Goh et al. 

(2000) studied coevolution of the N- and C-terminal parts of phosphoglycerate kinase 

as they must have coevolved. They calculated a correlation coefficient of 0.79. In this 

study the mean correlation coefficients for substrates with and without conserved 

cleavage motifs was 0.72 and 0.75 respectively. The high degree of correlation is 

suggestive of a high degree of coevolution. However, there was no significant 

difference between susbtrates with and without conserved cleavage motifs., 

suggesting either that coevolution was independent of cleavage motif or that the 
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cleavage motifs and active sites have mutated in some way. Yeang & Haussler (2007) 

suggested that less than 3 % of physical interactions are attributable to coevolution.  

It may be that while cleavage motif residues and active site residues interact and so 

coevolve, the other residues in each protein are subject to other evolutionary 

pressures which mask the degree of correlation. Ideally 3-dimensional models would 

be constructed, interacting residues identified and their correlation across the tree of 

life considered. The similarity in mean correlation coefficient for the two data sets 

(with and without conserved cleavage motif) argues against the enrichment of 

essential proteins being attributable to general conservation of a protein between man 

and yeast.  

2.5. Conclusion 

Almost half of human caspase substrates have close structural homologues in yeast. 

Essential proteins and proteins involved in key survival or apoptosis pathways are 

more highly conserved and their caspase cleavage motifs have been more highly 

conserved. Those yeast homologues of caspase substrates, which are essential 

proteins have a similar frequency of caspase-like DXXD motifs and P1’ glycine residues 

to their human counterparts. This may be due to the higher rate of conservation seen 

in essential proteins generally. However, there was a similar level of correlation 

between metacaspase and substrate protein difference for substrates with conserved 

caspase cleavage motifs as that for substrates with no conserved cleavage motif. 

Therefore, the higher conservation of cleavage motifs among essential homologues of 

caspase substrates may not be attributable simply to a higher rate of protein sequence 

conservation in essential proteins.   
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Chapter 3. Experimental determination of the yeast degradome and destructome 

3.1. Chapter introduction 

In chapter 2 we showed that many caspase substrates may be conserved between 

Homo sapiens and Saccharomyces cerevisiae and that cleavage sites may have been 

conserved in a number of cases. We therefore decided to investigate what roles fungal 

proteases play in programmed cell death and to identify the cleavage specificities and 

substrates of proteases that are induced or inhibited by acetic acid-induced PCD. 

3.1.1. Degradomics and Destructomics 

Biological processes are often controlled by complex signalling networks involving 

crosstalk, protein modification, transcription factor activation and proteolysis. Multi-

domain proteins may be cleaved several times; removing inhibitory domains, localis-

ation signals and protein interaction domains: activating or deactivating the protein 

and thereby influencing events inside the cell.  Degradomics is the identification of the 

proteases involved in a process (López-Otín and Overall, 2002) and the destructome 

defines the targets of the proteases (Wilkinson & Ramsdale, 2011) taking into account 

the proviso that protease substrates often have multiple cleavage sites and substrates 

may be targets for many proteases. The degradome and destructome may be as 

important as patterns of phosphorylation or acetylation in understanding a cell’s 

physiological status under a variety of conditions including cell death.    

3.1.2. Metacaspases and cell death 

Saccharomyces cerevisiae has been shown to undergo programmed cell death with 

apoptotic characteristics in response to stimuli such as ageing or oxidative, weak acid, 

salt and osmotic stress (Fabrizio et al., 2001; Laun et al., 2001; Madeo et al., 1999; 

Ludovico et al., 2001; Huh et al., 2002; Silva et al., 2005; Severin & Hyman, 2002).  

Yeast PCD clearly involves some caspase-like activity that may be dependent upon 

metacaspases (Reiter et al., 2005; Vachova & Palkova, 2005; Silva et al., 2005). Whilst 

several plants have been shown to possess proteases with caspase-like activities 

(Belenghi et al., 2004; Danon et al., 2004; Rojo et al., 2004; Kuroyanagi et al., 2005; 

Nakune et al., 2005; Boren et al., 2006; Hatsugai et al., 2006; Vacca et al., 2006; Bosch 
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& Franklin-Tong, 2007) relatively little is known of the proteases that contribute to 

such activity in yeast and the substrates that are targeted.  

It is known that some metacaspases cleave at arginine or lysine rather than aspartate 

(Watanabe & Lam, 2005; Bozhkov et al., 2005; Vercammen et al., 2006; Gonzalez et al., 

2007). The basic residues which form the active site in caspases align with  acidic 

residues in metacaspases (Fuentes-Prior & Salvesen, 2004), suggesting that 

metacaspase active sites have evolved to accommodate basic residues such as arginine 

and lysine. The native substrate repertoire of the yeast metacaspase has not been 

defined and so the nature of the cleavage site remains to be determined.  

3.1.3. Other proteases in cell death 

There is growing evidence of caspase-like cell death activity dependent on proteases 

other than metacaspases in fungi and plants (Belenghi et al., 2004; Boren et al., 2006; 

Bosch et al., 2007; 3020; Bozhkov et al., 2004; Chichkova et al., 2004; Coffeen & 

Wolpert, 2004; Danon et al., 2004; Fannjiang et al., 2004; Gao et al., 2008; Guaragnella 

et al., 2006; Hardwick et al., 2004; Korthout et al., 2000; Kuroyanagi et al., 2005; 

Thomas & Franklin-Tong, 2004; Thomas et al., 2006; Thrane et al., 2004; Vachova& 

Palkova , 2007; Watanabe & Lam, 2005; Weinberger et al., 2005; Xu & Zhang, 2009; 

Zhao et al., 1999; Rojo et al., 2004; Nakune et al., 2005; Vacca et al., 2006;). Other 

proteases have also been implicated in yeast cell death including Esp1 (Yang et al., 

2008), Nma111 (Fahrenkrog et al., 2004; Belanger et al., 2009), Kex1 (Lehle et al., 

2006; Hauptmann et al., 2006) and vacuolar proteases (Li & Kane, 2009) but no 

systematic study has been undertaken to assess the roles of other proteases. 

3.1.4. Defining the degradome and destructome of yeast - methodology 

LC-MS/MS is a cheap, quick and sensitive method commonly used to assess the 

composition of the proteome. Proteins are normally harvested from cells and then 

digested with trypsin to produce peptide fragments that will have known N- and C-

termini and therefore known masses.  After in-gel digestion of proteins with trypsin, 

the resulting peptides are separated by reverse phase chromatography with a 

methanol gradient as the mobile phase. As the methanol concentration rises from 2 to 

95 %, the more hydrophobic peptides begin to elute off the column. Eluted peptides 

are then introduced into a tandem mass spectrometer by electrospray. Parent ions are 
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selected according to mass/charge ratio by a quadrupole MS. The parent ions are 

bombarded with electrons to fragment them into daughter ions and the latter 

detected in a time-of-flight (TOF) mass spectrometer. The mass of the daughter ions is 

calculated from the time taken to reach the detector.  The observed masses of the 

fragments that are detected can be readily matched to hypothetical masses in 

databases that are based on a theoretical trypsin digestion of the proteome.  

Computer software such as (Spectrum Mill) is often used to piece together the data on 

the partially and completely fragmented ions and then used to compare the results 

with lists of known proteins (for example yeast proteins in the NCBI database). The 

probability of positive identification can be calculated and compared with the 

probability of the reversed sequence of the peptide detected being the same protein. 

If the ratio of probabilities exceeds a given threshold, a positive identification is made. 

This shotgun approach can be modified to ascertain the components of the 

destructome since endogenous cleavage of proteins will generate additional peptide 

fragments that do not match the predicted trypsin digest products (that cleave at 

lysine or argine) by writing a script to sift each output file for peptide fragments that 

match cleavages at each of the eighteen remaining amino acid residues. This approach 

has the advantage over protein tagging or chemical modification of N- or C-termini of 

low cost and does not affect protein behaviour in vivo or peptide sampling during LC 

MS/MS. One draw-back is that in vivo cleavages at arginine or lysine residues cannot 

be differentiated from those arising from in-gel trypsin digestion prior to LC MS/MS.  

The yeast genome has been extensively annotated and deletion mutants / tagged 

strains are readily available. To assist with the elucidation of the degradome we used a 

set of haploid protease deletion mutants to study the effect of single gene deletion on 

acetic acid sensitivity, ROS production and caspase activity. To define the destructome 

we employed liquid chromatography and tandem mass spectrometry (LC-MS/MS) to 

compare the proteolytic fragments associated with acetic-acid treated and control 

yeast cells and to identify putative novel cell death protease substrates. Finally, a set of 

GFP-tagged yeast strains was examined to examine the effect of acetic acid-induced 

cell death on substrate concentration and localisation in the cell and to validate the 

findings of the LC-MS/MS and previous bioinformatic studies.  
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3.2. Materials and methods 

3.2.1. Determining the yeast destructome 

3.2.1.1. Materials 

General chemicals and bench spectrophotometer from Fisher Scientific, 

Loughborough, UK; media reagents from Oxoid, Basingstoke, UK; Bradford reagent, 

BSA and propidium iodide from Sigma Aldrich, St. Louis, MO, USA and protease 

inhibitor tablets from Roche Diagnostics, Indianapolis, IN, USA. Glass beads from 

Sartorius Steddin, Goettingen, Germany; and bead beater from MP Biologicals, Solon, 

OH, USA. All media were prepared using MilliQ water and autoclaved according to the 

manufacturer’s instructions, typically 121 °C for 15 min. Spectrophotometer cuvettes 

from Greiner Bio-one, Bad Hallerstrasse, Austria and NuSep pre-cast polyacrylamide 

gels and tank buffer from Generon Ltd, Maidenhead, UK. X Cell Sure Lock ™mini cell, X 

cell II ™ Blot Module, Invitrolon ™ PVDF membranes and See Blue® Plus 2 protein size 

standards from Invitrogen, Paisley, UK. Primary antibody (monoclonal anti-GFP raised 

in mouse) from Santa Cruz Biotechnology, Santa Cruz, Ca, USA, secondary antibody 

(HRP-conjugated anti-mouse IgG raised in goat) from Promega, Southampton, UK.; 

Lumiglo from Cell Signalling Technology, Danvers, Ma, USA; G-box gel imager from 

Syngene, Cambridge, USA; Molecular Probes® Mitotracker Orange® from Life 

Technologies, Carlsbad, CA, USA and Tissue Lyser from Biorad, Hercules, CA, USA. 

Synthetic caspase substrates from Calbiochem/EMD4 Biosciences, Merck KGaA, 

Darmstadt, Germany. Automatic plate reader from Tecan, Mannedorf, Switzerland. 96-

well polystyrene plates from Greiner, Stonehouse, UK. Filter paper by Whatman, 

Maidstone, UK. 

3.2.1.2. S. cerevisiae growth conditions 

For long-term storage, a Saccharomyces cerevisiae (yeast) broth culture was mixed 

with an equal volume of 50 % autoclaved aqueous glycerol and placed in a –80 C 

freezer. Yeast was streaked onto YPD agar (1 % yeast extract, 2 % mycological peptone, 

2 % D-glucose, 2 % Number two agar), incubated at 30 C for 2 days and stored at 

room temperature. Overnight cultures were prepared by inoculating 10 mL YPD broth 

(1 % yeast extract, 2 % mycological peptone, 2 % D-glucose) with a single colony taken 

from an agar plate. 50 mL YPD broth was inoculated with 1 mL of overnight culture and 
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grown in a shaking incubator at 30 C and 200 rpm for 4 h. The strains used in this 

aspect of the study are listed in Table 3.1 

Strain Parent strain Reference 

BY4741 S288C Brachmann et al., 1998 

BY4741 mca1::kanMX422 BY4741 Euroscarf 

 

Table 3.1. Strains used in LC MS/MS study 

3.2.1.3. Acetic acid treatment of yeast cells 

Cell density was measured using a haemocytometer. Cultures were centrifuged at 

2000 rpm for 2 min, broth decanted and cells washed in water, spun down, and 

resuspended in YPD pH 3 (1 % yeast extract, 2 % mycological peptone, 2 % D-glucose 

set to pH 3 with concentrated hydrochloric acid) at a density of 1 X 107 cells/mL. Test 

cells were treated with acetic acid (200 mM) to induce cell death, control cells with an 

equal volume of sterile water. Cultures were grown in a shaking incubator at 30 C and 

200 rpm for up to 4 h. 

3.2.1.4. Propidium iodide staining  

From 1 h after treatment, 500 L of each treated culture was pipetted into a 1.5 mL 

Eppendorf tube, pelleted and resuspended in PBS (137 mM sodium chloride, 2.7 mM 

potassium chloride, 10 mM disodium hydrogen phosphate, 1.76 mM potassium di-

hydrogen phosphate, pH 7.4) containing 2 µg per mL propidium iodide and incubated 

at 30 C for 20 min. Cells were centrifuged (5 s in a bench-top centrifuge at 12,000 

rpm) washed twice with PBS, resuspended in PBS and examined with a fluorescence 

microscope (Leica DMLB fitted with Leica DFC300 FX camera) with an excitation 

wavelength of 490-520 nm. Once 50 % of treated cells had stained red (indicating 50% 

necrosis) cells were centrifuged (2000 rpm at 4 C), washed in ice-cold PBS and 

resuspended in 1 mL ice-cold PBS containing a cocktail of protease inhibitors (Roche 

Diagnostics, Indianapolis, USA) which inhibit serine, cysteine and metallo-proteases. 

The protease inhibitors are less effective against aspartic proteases at acid pH, but the 

PBS had a pH of 7.4. No detergents were used as they bind to reverse-phase 

chromatography columns, affecting subsequent peptide separation and reducing 

peptide ionisation during MS (Katayama et al., 2001; Zhang & Li, 2004).  
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3.2.1.5. Protein extraction 

Cell suspensions (1 mL) were pipetted into chilled 1.5 mL sterile cryotubes half filled 

with ice-cold glass beads (Sartorius Steddin: 0.4-0.6 mm). Cryotubes were vortexed six 

times in a bead beater (MP Biomedicals, Solon, OH, USA) for 15 s and cooled for 3 min 

on ice between cycles. The tubes were centrifuged for 20 min at 14000 rpm and 4 C. 

The supernatant was pipetted into chilled Eppendorf tubes. Protein concentrations 

were measured by Bradford assay and the tubes frozen and stored at -20 C. 

Extractions were carried out three times with fresh cultures and independent colonies, 

each suspension diluted to 0.3 mg/mL and three replicates pooled for each sample. 

3.2.1.6. Bradford assay 

1 mL Bradford reagent (Sigma Aldrich) was pipetted into each cuvette (Greiner Bio-

one). 10 µL protein extract was added to each cuvette and mixed. Absorbance was 

read at 590 nm using a bench-top spectrophotometer (Fisher Scientific).  A calibration 

curve was produced using Bovine Serum Albumin (Sigma Aldrich) standard 

concentrations. If the absorbance exceeded 2, the protein extract was diluted, the 

assay repeated and the concentration calculated by multiplying by the dilution factor.  

3.2.1.7. LC-MS 

LC-MS work was carried out by Dr Hannah Florance. 4 µL of 10 mM dithiothreitol (DTT) 

was added to 10 µL sample (0.3 mg/mL protein) and incubated at 50 °C for 20 min. 

After addition of 4 µL of 50 mM iodoacetamide and 2 µL of 500 mM ammonium 

bicarbonate, the samples were incubated at room temperature in the dark for 20 min.  

Samples were digested overnight (around 16 h) with 0.1 µg trypsin at 37 °C. 1 µL 1 % 

formic acid was added to stop the reaction and the samples were stored at -20 °C. 

Digests were analysed using a QTOF 6520 (Agilent) mass spectrometer coupled with a 

1200 series HPLC chip interface. Separation was carried out using a column consisting 

of a 160 nL enrichment and 150 mm X 75 µm analytical column filled with Zorbax 300 

SB (C18-coated 5 µm silica beads). Enrichment column flow rate was 0.4 mL per min. 

The mobile phase was a methanol/water gradient formed from 2 solutions: (A) 2 % 

aqueous methanol/0.1 % formic acid and (B) 95 % aqueous methanol/0.1 % formic 

acid. Elution time course was as follows: 0 min 5 % solution B, 10 min 10 % solution B, 

65 min 30 % B, 100 min 60 % B, 122 min 100 % B, 123 min 5 % B (for 9 min to re-
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equilibrate the column). Gas temp, flow rate and capillary voltage were 300 °C, 4 L/min 

and 1850 V respectively. Analysis was carried out in positive ion mode. Fragmentor 

and skimmer voltage were 175 V and 70 V respectively. Auto MS/MS was carried out 

at 5 scans/s with sloped collision energy of 3.7 V/100 Da and an offset of -2.5 V.  

3.2.1.8. Spectrum Mill 

Spectrum Mill MS MS proteomics workbench software (Agilent) was used to analyse 

spectra from the mass spectrometer and to identify the peptides by mass/charge ratio. 

Poor quality spectra were rejected based on signal to noise and other parameters such 

as reverse database and proton mobility scoring. Each reported fragment sequence 

was compared with the full length S. cerevisiae protein sequences in the NCBI 

database. The file of detected peptide fragments for each sample was filtered twice to 

identify fragments arising from cleavage on the N-terminal side or C-terminal side of a 

particular amino acid residue. Most proteases cleave on the C-terminal side of a target 

amino acid residue but a few (e.g. nardilysin) cleave on the N-terminal side (Hospital et 

al., 2000). N-side and C-side searches were predicted to identify the same peptides but 

to categorise them as resulting from cleavages at different amino acid residues. 

Identification in one search confirmed that in the other and only peptides identified in 

both searches were retained in the data set. This was repeated for 18 amino acids but 

not for arginine or lysine (which are cleaved during trypsin digestion).  

3.2.1.9. File search   

Two files, containing column retention times and MS spectral information, were 

generated by Spectrum Mill: one for the acetic acid treated sample and one for the 

untreated sample. Each file was searched thirty six times: for N-side cleavage and C-

side cleavage peptides and for each of the eighteen amino acid residues (i.e. all but 

arginine and lysine). Therefore a total of 72 peptide reports were generated, detailing 

data relating to verified peptide identifications. The data included column retention 

time, parent peptide charge, mass/charge ratio, peak intensity, a verification score, 

peptide sequence, NCBI accession number and protein name.  

3.2.1.10. Data processing 

The peptide reports were pasted into four Excel spreadsheets: one for N-side cleavage 

searches of the treated sample file, one for C-side cleavage searches of the treated 
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sample file, one for N-side cleavage searches of the untreated sample file and one for 

C-side searches of the untreated sample file. Duplicate peptide entries in the same 

report were removed unless both termini of the same peptide appeared to have been 

cleaved at the same residue. A list of yeast proteins with NCBI accession numbers, 

systematic names and common names was downloaded from the Saccharomyces 

Genome Database (http://www.yeastgenome.org/ [August 2010] Cherry et al., 1997). 

This was searched, using the NCBI number and a VLOOKUP function, in order to 

annotate each protein/peptide row with the appropriate systematic and common 

protein names. Each row was also annotated with a letter, designating the putative P1 

residue and with ‘treated’ or ‘untreated’ and ‘N-side’ or ‘C-side’ for future filtering, 

should the data sets be combined. Hierarchical clustering of data in each spreadsheet 

was carried out by pasting all protein accession numbers into one row, removing 

duplicates and then using a ‘COUNTIF’ function to count the number of peptides 

mapping to each protein. The resulting list of proteins and peptide numbers was 

sorted according to peptide number, highest to lowest, in one column. Next the 

spreadsheet data were filtered by P1 residue and systematic protein names pasted 

into separate columns for each P1 residue. The same protein name appeared many 

times in the same column when one protein produced many peptides, cleaved at the 

same residue. A ‘COUNTIF’ function was used to search these columns for protein 

names in the hierarchical protein list and thus populate the columns to the right of the 

protein list, beginning with the most frequently targeted residue and ending with the 

least. In this way a table was produced, incorporating peptide numbers, arranged in 

order of peptide number per protein from top to bottom and in order of peptide 

number per residue from left to right. 

3.2.2. Fluorescence microscopy 

Confocal microscopy was carried out alongside Dr Mark Ramsdale using a Zeiss LSM 

510 Meta confocal scanning laser microscope system within the Bioimaging Facility 

(Biosciences, University of Exeter).   

3.2.2.1. Growth conditions 

Wild-type and GFP-tagged yeast cell cultures (Table 3.2) were grown overnight in 3 mL 
of YPD at 30 °C with shaking (200 rpm). Cells were washed, counted and resuspended  
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Table 3.2. Yeast GFP-tagged strains used in this study 

GFP-tagged gene Systematic Function 

TDH3 YGR192C GAPD isozyme 3 

ALD6 YPL061W Cytosolic aldehyde dehydrogenase 

PFK2 YMR205C Pfk beta subunit  

MDH1 YKL085W Mitochondrial malate dehydrogenase 

MCA1 YOR197W Metacaspase 

LAP2 YNL045W Leucyl aminopeptidase  

YPS7 YDR349C GPI-anchored aspartic protease 

PIM1 YBL022C ATP-dependent Lon protease 

RBD2 YPL246C Possible rhomboid protease 

EMP47 YFL048C Component of ER-derived vesicles 

HSP104 YLL026W Heat shock protein  

RPP1A YDL081C Ribosomal stalk protein  

YEF3 YLR249W Translational elongation factor 3 

MET6 YER091C Methionine synthase 

MET10 YFR030W Sulphite reductase component 

LEU2 YCL018W Catalyzes 3rd step in leucine biosynthesis 

GSH2 YOL049W Glutathione synthetase 

FIS1 YIL065C Mitochondrial membrane fission protein 

IDS2 YJL146W Modulator of Ime2 activity 

POR1 YNL055C MOM porin (V-DAC) 

RSF2 YJR127C Zinc-finger protein  

BCS1 YDR375C MIM protein 

PMA1 YGL008C Plasma membrane H+-ATPase 

SSL2 YIL143C RNA Pol TF component 

GYP7 YDL234C RAB GTPase 

PFK1 YGR240C Pfk alpha subunit 

HXK2 YGL253W Hexokinase isoenzyme 2  

YEF3 YLR249W Translational elongation factor 3 

VTC4 YJL012C VTC complex subunit 

APE2 YKL157W Aminopeptidase yscII 

UBP15 YMR304W Ubiquitin-specific protease  

PEP4 YPL154C Vacuolar aspartyl protease  

ECM14 YHR132C Putative metalloprotease  

BRO1 YPL084W Vacuolar protein sorting (VPS) factor 

DUG3 YNL191W Glutamine amidotransferase 

YOL098C YOL098C Putative metalloprotease  

QCR2 YPR191W Ubiquinol cyt-c reductase subunit 

AAP1 YHR047C Arginine/alanine aminopeptidase 

MAP1 YLR244C Methionine aminopeptidase 

COR1 YBL045C Ubiquinol-cyt c reductase complex subunit 

STE24 YJR117W Zinc metalloprotease  
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at 106  cells/mL in 3 ml fresh YPD pH3 or YPD pH3 + 160 mM acetic acid and incubated 

at 30 °C with shaking (200 rpm) for 1 h. Mitochondria were visualized by the addition 

of 60 µl of 1/10,000 dilution of a stock solution of Mitotracker Orange (MO) in DMSO 

(Molecular Probes) 30 min prior to harvesting. The cells were then washed and 

resuspended in PBS and viewed under a confocal microscope. 

3.2.2.2. Microscopy 

Cells were examined using a Zeiss Axiovert 510 Meta laser scanning confocal 

microscope with a plan-apochromatic 63 X 1.4 (i.e. 88.2 X) oil immersion and DIC 

objective lens. Light paths and wavelengths were controlled by HFT 405 ⁄ 488 ⁄ 543 ⁄ 

633 nm and NFT 635 dichroic mirrors. GFP fluorescence was excited at 488 nm using a 

30 mW argon laser set to 2% transmission intensity. Pixel dwell time was 4.20 ls. GFP 

fluorescence emission was recorded with a long pass filter in place (LP 505 nm).  

Mitotracker orange was excited at 543 nm using a 30 mW argon laser set to 50% 

transmission intensity. The pinhole was set at 72 lm (1.75 Airy units (AU)) for GFP 

fluorescence and 92 lm (1.03 AU) for Mitotracker orange.  Mitotracker orange 

fluorescence emission was recorded with an LP 560 nm filter. Fluorescence and DIC 

images were integrated and processed using Zeiss 510 software.  

3.2.3. Fluorescent spectroscopy 

3.2.3.1. Growth conditions 

Wild-type and mutant yeast cultures were grown overnight in 3 mL YPD pH3 at 30 °C/  

200 rpm then washed, counted and resuspended at 106 cells/mL in fresh YPD pH3 or 

YPD pH3 + 160 mM acetic acid or YPD pH3 + 20 mM acetic acid in a 96-well  plate.  

3.2.3.2. Plate reading  

The 96-well plates (Greiner 96 U bottom Black Polystyrol) were placed in an automatic 

fluorescent plate reader (Tecan, Mannedorf, Switzerland) and the GFP fluorescence 

measured every 4 min for 4 h.  Fluorescence of GFP was measured at 488 nm 

excitation, 525 nm emission (9 nm bandwidth) with a 20 µs integration time.   
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3.2.4. Caspase activity 

3.2.4.1. Growth conditions 

Wild-type and mutant yeast cell cultures (Table 3.3) were grown overnight in 200 µl of 

YPD in 2.0 ml deep-well microtitre plates. Cell cultures were then mixed with 800 µl of 

fresh YPD and incubated for 3 h at 30 °C with shaking. Plates were spun down at 3,000 

rpm for 5 min, the supernatant was removed and cells were resuspended in either 1 

ml YPD (pH3.0 control) or YPD (pH3.0 + 160 mM HAc treatment). Cultures were 

incubated at 30 °C for 200 minutes. After treatment, cells were harvested by 

centrifugation at 3,000 rpm for 5 min and then resuspended in 400 µl PBS.  To obtain 

estimates of total cell density, 150 µl of cell suspension was transferred to standard 

400 µl flat bottom clear 96-well microtitre plates and the optical density read at 600 

nm. The remainder of the cell sample was frozen at -80 °C until required. 

3.2.4.2. Protein extraction 

Glass beads (100 µl) were added to the frozen cell samples and then proteins were 

extracted in the microtitre plates with 250 µl extraction buffer [100 mM K2HPO4 

(pH7.4), 1 M NaCl, 1 mM EDTA, 0.2 mM DTT, 2% CHAPS, 20% glycerol; 10 µg ml-1 

aprotinin].  Microtitre plates were covered with an adhesive film and then cells were 

lysed for 2 min at 25 Hz and 2 min at 30 Hz on a Biorad TissueLyser.  Plates were spun 

down at 2,000 rpm for 5 min and 150 µl of each protein extract was transferred to a 

fresh microtitre plate. Protein extracts were stored at -80 °C until required.  

3.2.4.3. Protein concentration determination 

A 10 µl aliquot of each protein extract was diluted 10x with water, then a 10 µl 

subsample of the diluted protein extract was mixed with 190 µl pre-filtered Bradford 

reagent (1 parts Bradford reagent: 4 parts water). Samples were incubated for 5 min at 

RT and the absorbance measured at 595 nm. BSA standards of known concentration 

(0.05-0.5 mg ml-1) were measured in parallel to calibrate the readings and ascertain 

the protein concentrations of the protein extracts.  

3.2.4.4. Caspase substrate cleavage assay 

Caspase-like activity was measured by the colorimetric detection of hydrolysis of pNA 

derivatives of consensus peptidyl substrates according to the manufacturer’s 
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instructions (Calbiochem / EMD4 Biosciences). Essentially, neat  protein extracts (10 µl) 

were mixed with 90 µl caspase substrate assay solution [25 mM HEPES-KOH, pH7.5; 

150 mM NaCl, 10 mM CaCl2, 10 mM DTT, 10 % glycerol, 0.1 % CHAPS, 200 µg synthetic  

caspase substrate].  Absorbance readings were taken immediately at 415 nm, and then 

again after plates had been incubated for 1 h at 30 °C.  Synthetic caspase substrates 

Ac-YVAD-pNA, Ac-DEVD-pNA, Ac-VEID-pNA or Ac-IETD-pNA (Calbiochem/EMD4 

Biosciences) were prepared as 100 mM stocks in DMSO and dispensed so that the final 

concentration of DMSO in the assay buffer was 0.05 %. To determine caspase 

substrate cleavage activities, background absorbance readings at 415 nm (measuring 

pNA) were subtracted from each absorbance value after incubation for 1 h and the 

rate of change in absorbance was normalized to the measured protein concentrations. 

The Euroscarf protease-null mutant strains used in this study are shown in Table 3.3. 

3.2.5. Sensitivity assays 

S. cerevisiae protease deletion mutants (Euroscarf) and the wild-type parent strain 

(BY4741 MATa) were streaked onto fresh YPD agar plates and incubated at 30 °C  for 

48 h. YPD agar plates were dried for 20 min in a laminar flow cabinet. For each strain a 

single colony from the culture plate was suspended in 2 mL sterile water, poured into 

the dried YPD agar plate and then poured into a waste bottle. The plate was dried in a 

level 2 safety cabinet for 30 min. A sterile 5 mm diameter filter paper disc (Whatman 

No 1) was placed aseptically in the centre of the dried plate and impregnated with 5 µL 

of 12 M acetic acid. Three replicates were prepared. The plates were then incubated at 

30 °C for 24 h and the size of the zone of inhibition measured around each disc.  

3.2.6. Western blot confirmation of LC MS-detected cleavage 

3.2.6.1. Growth conditions 

10 mL cultures of wild-type (S388C) and Ald6-GFP (BY4741 ALD6/ALD6-GFP HIS1) were 

grown overnight at 30 °C with shaking (200 rpm). 1 mL WT culture was used to 

inoculate 50 mL YPD pH3 while 4 mL Ald6-GFP culture was used to inoculate 400 mL 

YPD pH3. The fresh cultures were incubated with shaking (30 °C, 200 rpm) for 4 h.  
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Table 3.3. Yeast protease- and non-peptidase protease homologue-null mutants used in this study 

Gene ORF Family  Description 

YPS6 YIR039C A1  GPI-anchored aspartic protease 

YCL075W YCL075W A1  Ty1 homologue 

BAR1 YIL015W A1  Secreted protease 

YPS3 YLR121C A1  GPI-anchored aspartic protease 

YPS5 YGL259W A1  GPI-anchored aspartic protease 

YPS1 YLR120C A1  GPI-anchored aspartic protease 

PEP4 YPL154C A1  Vacuolar proteinase A 

YPS7 YDR349C A1  GPI-anchored aspartic protease 

MKC7 YDR144C A1  Aspartyl protease related to Yap3p 

YPF1 YKL100C A22  Similar to signal peptide proteases 

LAP3 YNL239W C1  Aminopeptidase of cysteine protease family 

RIM13 YMR154C C2  Cysteine protease similar to palB 

YUH1 YJR099W C12  Ubiquitin hydrolase 

MCA1 YOR197W C14  Metacaspase 

UBP3 YER151C C19  Ubiquitin-specific protease 

UBP14 YBR058C C19  Ubiquitin-specific protease 

SNO4 YMR322C C19  Possible chaperone and cysteine protease 

UBP11 YKR098C C19  Ubiquitin-specific protease 

UBP6 YFR010W C19  Putative ubiquitin-specific protease 

UBP1 YDL122W C19  Ubiquitin-specific protease 

UBP5 YER144C C19  Putative Ubiquitin-specific protease 

UBP15 YMR304W C19  Putative deubiquitinating enzyme 

UBP16 YPL072W C19  Putative deubiquitinating enzyme 

UBP13 YBL067C C19  Ubiquitin carboxyl-terminal hydrolase 

UBP2 YOR124C C19  Ubiquitin-specific protease 

UBP12 YJL197W C19  Ubiquitin carboxyl-terminal hydrolase 

UBP9 YER098W C19  Ubiquitin carboxyl-terminal hydrolase 

UBP8 YMR223W C19  Putative deubiquitinating enzyme 

DOA4 YDR069C C19  Ubiquitin isopeptidase 

UBP7 YIL156W C19  Ubiquitin-specific protease 

TRP3 YKL211C C26  Anthranilate synthase 

URA2 YJL130C C26  Carbamoyl-phophate synthetase 

ABZ1 YNR033W C26  Para-aminobenzoate synthase, PABA synthase 

ASN2 YGR124W C44  Asparagine synthetase 

ASN1 YPR145W C44  Asparagine synthetase 

DUG3 YNL191W C44  Probable glutamine amidotransferase 

ADE4 YMR300C C44  Phosphoribosylpyrophosphate amidotransferase 

ATG4 YNL223W C54  Anchors autophagosomes to tubulin 

HSP31 YDR533C C56  Possible chaperone and cysteine protease  

OTU1 YFL044C C88  Deubiquitylation enzyme  

APE2 YKL157W M1  Aminopeptidase yscII 

APE2 YKL157W M1  Aminopeptidase yscII 

LAP2 YNL045W M1  Leucyl aminopeptidase yscIV  

AAP1 YHR047C M1  Arginine/alanine aminopeptidase 

TMA108 YIL137C M1  Putative metalloprotease 

MIP1 YOR330C M3  Catalytic subunit of mitochondrial DNA polymerase 

PRD1 YCL057W M3  Saccharolysin (oligopeptidase yscD) 

O CT1 YKL134C M3  Mitochondrial intermediate peptidase 

ECM14 YHR132C M14  Carboxypeptidase 

QCR2 YPR191W M16  40 kDa ubiquinol cytochrome-c reductase core protein  

CYM1 YDR430C M16  Lysine-specific metalloprotease  

YOL098C YOL098C M16  Putative metalloprotease 

COR1 YBL045C M16  44 kDa core protein of  QH2 cytochrome c reductase 

AXL1 YPR122W M16  Putative homologue of human  endoprotease 
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STE23 YLR389C M16  Involved in a-factor processing 

YHR113W YHR113W M18  Vacuolar:   cleaves  N-terminal acidic residues  

LAP4 YKL103C M18  Vacuolar aminopeptidase ysc1 

CPS1 YJL172W M20  Carboxypeptidase yscS 

DUG1 YFR044C M20  Cys-Gly metallo-di-peptidase; degrades glutathione 

CPS1 YJL172W M20  Carboxypeptidase yscS 

DUG2 YBR281C M20  Probable G-protein, -transducin type 

YOL153C YOL153C M20  Pseudogene 

QRI7 YDL104C M22  Similar to H.influenzae sialoglycoprotease 

MAP1 YLR244C M24  Methionine aminopeptidase 

ICP55 YER078C M24  Mitochondrial aminopeptidase P 

MAP2 YBL091C M24  Methionine aminopeptidase 2 

YFR006W YFR006W M24  Putative X-Pro aminopeptidase 

FRA1 YLL029W M24  Negative regulation of transcription of iron regulon 

APE3 YBR286W M28  Aminopeptidase yscIII 

VPS70 YJR126C M28  Protein of unknown function: VPS? 

TRE1 YPL176C M28  Regulates ubiquitylation and  degradation of t Smf1p 

YBR074W YBR074W M28  Homolog to aminopeptidase Y (S. cerevisiae) 

YBR074W YBR074W M28  Homolog to aminopeptidase Y  

DAL1 YIR027C M38  Allantoinase 

AFG3 YER017C M41  ATP-dependent metalloprotease 

YME1 YPR024W M41  Mitochondrial  ATPase 

YTA12 YMR089C M41  Mitochondrial membrane ATPase  

STE24 YJR117W M48  Zinc metallo-protease;   processes of the yeast a-factor  

OMA1 YKR087C M48  Metalloendopeptidase of the MIM 

YOL057W YOL057W M49  Dipeptidyl-peptidase III 

RRI1 YDL216C M67  Catalytic subunit of the COP9 signalosome  

ATP23 YNR020C M76  Putative metalloprotease of the MIM 

RCE1 YMR274C M79  Protease, acts on Ras and a-factor C-termini 

NMA111 YNL123W S1  Serine protease and general molecular chaperone 

RRT12 YCR045C S8  Protease 

PRB1 YEL060C S8  Vacuolar protease B 

KEX2 YNL238W S8  Ca2+-dependent serine protease 

YSP3 YOR003W S8  Subtilisin-like protease III 

DAP2 YHR028C S9  Dipeptidyl aminopeptidase B (DPAP B) 

STE13 YOR219C S9  Dipeptidyl aminopeptidase 

YNL320W YNL320W S9  Mitochondrial protein? 

YBR139W YBR139W S10  Probable serine-type carboxypeptidase  

KEX1 YGL203C S10  Carboxypeptidase B-like processing protease 

PRC1 YMR297W S10  Carboxypeptidase Y (proteinase C) 

PIM1 YBL022C S16  Mitochondrial ATP-dependent protease 

IMP1 YMR150C S26  Inner membrane protease (mitochondrial protein) 

IMP2 YMR035W S26  Mitochondrial inner membrane protease 

ICT1 YLR099C S33  Increased Copper Tolerance; Similar to Ecm18p 

YJU3 YKL094W S33  Monoglyceride lipase  

MET2 YNL277W S33  Homoserine O-trans-acetylase 

ECM18 YDR125C S33  Putative involved in cell wall biogenesis 

RBD2 YPL246C S54  Possible rhomboid protease 

PCP1 YGR101W S54  Mitochondrial serine protease  

NUP100 YKL068W S59  NPC protein homologous to Nup116p 

PRE9 YGR135W T1  Proteasome component Y13 

ECM38 YLR299W T3  Gamma-glutamyltransferase homolog 

ECM40 YMR062C T5  Acetylornithine acetyltransferase 

YCL074W YCL074W uk  TyPol reverse transcriptase 

RPN10 YHR200W uk  Homologue of the mammalian S5a protein 

GUD1 YDL238C uk  Guanine deaminase 

Wild-type    BY4741 MATa; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0 
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3.2.6.3. Cell harvesting 

Immediately upon addition of acetic acid or water, 50 mL samples of treated and 

control cultures were decanted into Falcon tubes, centrifuged at 2000 rpm and 4 °C for 

2 min, washed with ice cold PBS and resuspended in 1 mL ice cold protein extraction 

buffer (PBS plus protease inhibitor cocktail). The samples were flash-frozen in liquid 

nitrogen and stored at -20 °C pending use. Further samples of treated cells were taken 

at 5, 15, 30, 60 and 90 min. The WT cells and a further sample of control Ald6-GFP cells 

were harvested after 90 min. 

3.2.6.4. Protein extraction 

Frozen samples were thawed on ice and transferred to chilled 1.5 mL cryotubes 

containing 500 µL 0.4-0.6 mm glass beads (Sartorius Stedim, Gottingen, Germany). The 

tubes were vortexed six times in a bead beater (MP Biomedicals, Solon, OH, USA) for 

15 s and cooled for 3 min on ice between cycles. The tubes were centrifuged for 20 

min at 14000 rpm and 4 C. The supernatant was pipetted into chilled Eppendorf 

tubes. Protein concentrations were measured by Bradford assay. 

3.2.6.5. Polyacrylamide gel electrophoresis  

Five parts protein suspension was heated (80 °C for 10 min) with 1 part reducing 

protein loading buffer (50 mM Tris.HCl pH 6.8, 2 % SDS, 10 % glycerol, 1 % β-

mercaptoethanol, 12.5 mM EDTA, 0.02 % bromophenol blue). 50 µg protein or 10 µL 

protein size standard (See Blue®Plus 2, Invitrogen, Paisley, UK) was loaded into each 

well of a 10 % SDS polyacrylamide gel and electrophoresis carried out in an X Cell Sure 

Lock ™Mini-Cell (Invitrogen, Paisley, UK) at 100 V for 1 h with NuSep tank buffer 

(100 mM Tris, 100 mM HEPES, 3 mM SDS).  

3.2.6.6. Western blot 

Proteins were transferred onto an Invitrolon PVDF membrane in an X Cell II ™ Blot 

module with transfer buffer (25 mM Tris free base, 192 mM glycine, 20 % methanol, 

pH 8.3, 0.1 % SDS) at 25 V for 1 h. Before blotting the membrane was soaked in 

methanol for 30 s and then the gel, membrane and sponges were soaked in transfer 

buffer for 15 min. 
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3.2.6.7. Visualisation of protein bands  

The blot was briefly rinsed with TBS tween (20 mM Tris, pH 7.5, 0.1 M sodium chloride, 

0.1 % Tween) and blocked with 3 % skimmed milk protein (Marvel, Premier Foods) in 

TBS tween for 1 h at room temperature with gentle rocking. The blot was then rocked 

in 10 mL of blocking buffer containing monoclonal anti-GFP antibody raised in mouse 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature for 1 h. After 

three 5 min washes in TBS tween the blot was rocked in 10 mL blocking buffer 

containing horse radish peroxidase (HRP)-conjugated anti-mouse IgG antibody raised 

in goat (Promega, Southampton, UK) for 1 h at room temperature. The blot was 

washed again three times in fresh TBS tween for 5 min each time. Then the blot was 

placed on a black surface, covered in activated lumiglo solution (Cell Signalling 

Technology, Danvers MA, USA) and protein bands visualized with a G-Box gel imager 

(Syngene, Cambridge, UK). Images were saved to file. 

3.2.6.8. Confirmation of equal protein loading 

The blot was rinsed briefly with distilled water and then stained with 0.1 % (w/v) 

Ponceau’s stain in 5 % acetic acid for 5 min with rocking at room temperature. The 

stain was decanted off and the blot rinsed with distilled water twice before rocking 

with distilled water for 10 min at room temperature. The stained protein bands were 

visualized using a G-Box imager (Syngene) with visible white lighting from above.  

3.3. Results 

3.3.1. Sensitivity in this study compares well with that in other studies  

Several studies have attempted to map the yeast proteome using mass spectrometry 

(Washburn et al., 2001; Peng et al., 2003; de Godoy et al., 2006; Chi et al., 2007), 2-D 

gel electrophoresis coupled with protein sequencing or MS (Futcher et al., 1999),  and 

fusion protein strain libraries with either flow cytometry (Newman et al., 2006) or 

western blotting (Ghaemmaghami et al., 2003). Peng et al. (2003) separated peptides 

in two dimensions, using a strong cation exchange column and a reverse phase column 

before MS. These studies were mainly concerned with protein expression in log phase 

cultures in rich medium. However, Newman et al. (2006) compared protein expression 

in rich and minimal media while Futcher et al. (1999) compared protein expression in 

media containing 2 % glucose and 2 % ethanol.   
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We chose to use LC MS/MS as it is quicker and cheaper than 2-D electrophoresis or 

western blotting and a fusion protein tag might influence proteolysis by affecting 

protein folding, localisation or interaction. We also chose not to employ expensive 

forms of MS, such as MudPIT (Washburn et al., 2001) or SILAC (de Godoy et al., 2006) 

which can reduce undersampling and provide quantitative data respectively. We were 

primarily interested in qualitative data (e.g. which proteins were degraded under 

which conditions and how highly degraded were individual proteins). A reverse phase 

LC column, coupled with tandem MS is relatively sensitive and we wrote a script to 

enable Spectrum Mill software to identify peptides, apparently cleaved at a particular 

amino acid residue.  

Mid log-phase S. cerevisiae BY4741 MATa cells were treated in YPD pH3 with 160 mM 

acetic acid or an equal volume of water (untreated control) until half of the cells were 

necrotic (i.e. they stained red with propidium iodide) and extracted proteins, diluted 

extracts to 0.3 mg/mL protein and combined three replicate suspensions from treated 

and three from untreated cells. After trypsin digestion the resulting peptides were 

separated and their sequences determined by LC MS/MS, based on mass/charge ratio 

of ionised peptides and their fragmentation products. Spectrum Mill software was 

used to automatically map peptides to parent proteins by BLASTing the NCBI database 

of yeast proteins and to verify the identification. 2845 unique peptide fragments were 

identified, with at least one terminus resulting from cleavage at an amino acid residue 

other than arginine or lysine (i.e. non-tryptic). These were mapped to 1260 yeast 

proteins from the NCBI database. When spurious ORFs were removed from the data 

set, 1111 proteins and 2147 peptides remained. The results were compared with those 

from seven other studies (Table 3.4). We identified peptides from 651 % more proteins 

than Futcher et al. (1999), 74 % more proteins than Chi et al. (2007), 25 % fewer 

proteins than Washburn et al. (2001), 27 % fewer than Peng et al. (2003), 50 % fewer 

than Newman et al. (2006), 45 % fewer than De Godoy et al. (2006) and 71 % fewer 

than Ghaemmaghami et al. (2003). Regression analysis (Figure 3.1) comparing proteins 

detected in other studies with the overlap between this study and others showed near 

perfect correlation (R2 = 0.9923).  
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Table 3.4. Comparing LC MS/MS results with other yeast proteome datasets. Four mass spectrometry 
(MS)-generated yeast proteome data sets three non MS-generated data sets and combined results from 
all seven were compared with the data set from this study.  

 

 

 

 

 

 

 

Figure 3.1. Correlation with other studies. Regression analysis confirmed close to perfect correlation (R2 
= 0.9923) between the number of proteins detected in other studies and the overlap with this study. 
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However, when proteins were sorted into size bands and the number in each band 

plotted in a column graph (Figure 3.2.A) it appeared that this study may be 

considerably less effective than the Ghaemmaghami study in detecting smaller 

proteins. Therefore we calculated the percentage of all yeast proteins in each size 

band, identified in our study and that in the Ghaemmaghami study. When the results 

were plotted as a column graph (Figure 3.2.B) this became even clearer. While the 

Ghaemaghami study detected between 71 and 94 % of all proteins between 101 and 

1700 residues in length, this study detected only 27 to 39 % of proteins between 101 

and 1700 residues in length. Our detection rate decreased rapidly for proteins below 

801 residues long to 4 % for the 101-200 residue size band and only 0.6 % for proteins 

below 101 residues long. Since there were sensitivity variations in the Ghammaghami 

data we expressed the number of proteins in each size band detected in our study as a 

proportion of the equivalent number in the Ghaemmaghami data set (Figure 3.2.C).  

The sensitivity of our study, relative to that by Ghaemmaghami et al. (2003), increases 

from 0.02 to 0.4 as protein length increases from 1 to 1100 residues. Relative 

sensitivity changes little until protein lengths exceeding 1701 residues. Above this size 

the relative sensitivity of our study rises to a maximum of 0.8.  We identified 2147 

peptides with at least one terminus resulting from a non-arginine/non-lysine cleavage. 

These mapped to 1111 unique non-spurious yeast ORFs in the NCBI data base. We 

detected 74 % more proteins than Chi et al. (2007), 25 % fewer than Washburn et al. 

(2001) and 27 % fewer than Peng et al. (2003). There was near perfect correlation 

between the number of proteins detected in other studies and the overlap between 

those studies and ours. However, relative sensitivity in our study, compared to that of 

Ghaemmaghami et al. (2003), was only 0.02 for proteins below 100 residues long, 

rising gradually to 0.4 for proteins of 1001-1100 residues long and rising again above 

1700 residues to 0.8 for proteins over 1800 residues long. It should be noted that we 

attempted to quantify the number of typtic fragments (with two Arg/Lys-cleaved 

termini). Spectrum Mill produced different values for the number of tryptic peptides 

detected in each sample each time the search was carried out and the number of 

tryptic peptides was always far below the number expected. Our non-Arg/non-Lys 

figures remained stable. We were unable to account for this anomaly. 
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Figure 3.2. Detection of proteins in different size bands. Proteins, detected in this study, in the 
Ghaemmaghami study and in the yeast proteome, were divided into size bands and the number of 
proteins in each size band calculated using Excel (A). The number of proteins detected in each size band 
in this study and in the Ghaemmaghami study was expressed as a percentage of the number in the yeast 
proteome (B) and the number in this study as a proportion of that in the Ghammaghami study (C).           
Yellow columns: this study. Blue: Ghaemmaghami et al. (2003). Purple: Yeast proteome. 
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3.3.2. Proteins detected in both treated and untreated samples appear to be more 

highly degraded than those detected only in one of the cell extract samples 

We compared the degree of protein degradation in treated and untreated cell extracts 

to establish if death-inducing acetic acid treatment increases or decreases proteolytic 

activity in the cell. Filterswere applied to select peptides detected only in acetic acid 

treated or only in control (untreated) cell extract or in both and the proteins were 

clustered hierarchically according to the number of non-Arg/non-Lys peptides detected 

and P1 residue – see Table 3.5 for a list of the top 20 proteins detected in treated and 

control samples. 282 proteins and 331 peptides were unique to acetic acid-treated 

cells while 538 proteins and 765 peptides were unique to control cells. 291 proteins 

and 1051 peptides were detected in both treated and control cells. Thus, for proteins, 

detected uniquely in acetic acid treated cell extract, the mean number of non-Arg/non-

Lys cleavage peptides was 1.17. For proteins, detected only in untreated (control) cell 

extract, it was 1.42. For proteins, detected in both the number was 3.61 (Figure 3.3).   

3.3.3. Acetic acid treatment alters cleavage frequency at some amino acid residues 

Mahrus et al. (2008) reported that 43 % of proteolytic cleavages in apoptotic jurkat 

cells targeted aspartate residues while less than 1 % did so in non-apoptotic cells. We 

decided to compare amino acid targeting by proteases in yeast cells under cell death 

and non-cell death-inducing conditions. Excel was used to carry out a hierarchical 

clustering of our protein/peptide data according to the frequency of putative amino 

acid residues targeted and according to the number of peptides mapped to each 

individual protein.  

Plots of the percentages of peptides, resulting from cleavage at each amino acid 

residue, are shown in a column graph (Figure 3.4). The fold increase or decrease was 

calculated for each residue. Peptides resulting from cleavage at threonine, leucine, 

proline and aspartate were more frequent in treated cells while those resulting from 

proteolysis at methionine, histidine, glutamate, glycine, valine, glutamine and 

tryptophan were more frequent in control cells (Figure 3.4). Acetic acid treatment 

caused only a modest 1.1-fold increase in cleavage at aspartate. Fold increases were 

greater for Pro (1.34), Leu (1.57) and Thr (2.64). The fold decrease for cleavage at Met 

was 2.5 while those at His, Glu, Gly, Val, Gln and Trp were 0.66, 0.63, 0.53, 0.6, 0.85  
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YLR044C 1 1 1 0 2 1 0 3 0 1 4 0 0 0 0 0 0 0 

YJR009C 1 1 3 1 2 4 1 2 1 4 0 0 2 0 1 0 0 1 

YGR192C 0 2 1 4 2 0 4 0 0 4 0 3 3 0 0 1 0 0 

YGR254W 4 0 5 0 2 0 2 0 1 1 2 0 0 0 0 2 0 1 

YAL038W 2 0 1 1 1 1 1 0 1 1 2 0 0 2 0 0 1 0 

YCR012W 0 2 0 1 0 0 0 0 0 0 1 0 1 1 0 0 1 0 

YOL086C 0 0 1 2 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

YPR080W 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

YAL005C 1 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

YOR133W 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

YFL039C 0 1 0 1 1 1 0 1 1 1 1 0 0 0 0 0 1 0 

YBR140C 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 

YCR093W 3 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

YCR032W 0 0 0 0 0 2 0 0 2 0 0 0 0 0 0 0 0 0 

YJL130C 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 0 0 0 

YMR186W 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

YGR087C 3 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 

YJR045C 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

YFL007W 0 0 0 1 2 1 0 0 0 0 0 0 0 0 0 0 0 0 

YFR019W 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Con 

YLR044C 10 1 6 2 6 1 4 10 0 5 2 3 6 4 3 2 0 2 

YJR009C 1 2 2 0 9 8 5 4 0 3 0 1 1 0 1 1 2 1 

YGR192C 1 3 3 2 3 1 2 0 0 1 1 0 4 1 0 0 0 0 

YGR254W 0 2 1 0 3 1 2 2 1 0 1 1 0 0 0 0 0 0 

YAL038W 2 3 5 1 2 0 6 3 1 1 2 0 0 1 0 0 0 0 

YCR012W 5 1 2 0 1 6 1 2 1 1 1 0 0 0 2 0 0 0 

YOL086C 2 2 2 0 2 1 1 4 0 1 0 0 0 0 3 0 2 0 

YPR080W 1 5 5 1 3 0 3 2 0 4 4 1 0 0 0 0 0 0 

YAL005C 0 4 1 1 2 2 2 0 1 2 0 0 0 2 0 0 0 0 

YOR133W 0 0 1 0 0 2 0 1 0 0 2 0 1 1 0 1 1 0 

YFL039C 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 

YBR140C 3 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 

YCR093W 2 2 2 1 0 0 0 0 1 0 0 1 1 1 0 0 0 0 

YCR032W 1 4 2 0 0 1 1 0 0 1 0 0 1 0 0 0 0 0 

YJL130C 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 

YMR186W 1 3 1 1 2 3 0 0 1 0 0 0 0 0 0 0 0 0 

YGR087C 2 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

YJR045C 0 1 1 0 0 0 2 0 1 0 0 1 0 0 0 0 0 0 

YFL007W 2 0 1 0 0 1 0 1 0 1 0 1 0 0 1 0 0 0 

YFR019W 0 0 0 0 0 3 2 0 0 0 0 0 0 1 0 0 0 0 

 

Table 3.5 Hierarchical clustering of LC MS/MS data. The lists of non-Arg/non-Lys peptides detected in 
acetic acid-treated and untreated cells were clustered according to peptides per protein and cleavage at 
a particular amino acid residue. Upper section: acetic acid treated cells (HAc).  Lower: untreated cells 
(Con). Numbers: peptides derived from cleavage of the specified protein at specified residue. Residues: 
Leucine, Isoleucine, Alanine, Aspartate, Valine, Serine, Asparagine, Glycine, Glutamate, Threonine, 
Phenylalanine, Proline, Tyrosine, Glutamine, Histidine, Methionine, Cysteine and Tryptophan.  



                                            Chapter 3. Experimental determination of the destructome 
 

Proteases and programmed cell death in fungi Page 123 
 

 

 

 

 

Figure 3.3. Comparing treated and untreated samples. The numbers of non-Arg/non-Lys cleavage 
peptides and parent proteins, detected in extracts from acetic acid-treated and untreated cells or in 
both, were used to calculate the mean number of peptides per protein for each data set. These were 
1.17 peptides per protein detected only in the treated sample, 1.42 peptides per protein detected only 
in the untreated sample (control) and 3.61 peptides per protein detected in both samples.  

 

 

 

 

Figure 3.4. The effect of acetic acid on cleavage at a particular residue. The percentage of all non-
Arg/non-Lys peptides detected was calculated for peptides resulting from cleavage at each amino acid 
residue.  Acetic acid treatment resulted in increased cleavage at some residues and decreased at others 
(B). Fold increase or decrease is shown in the box on the right. 
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and 0.76 respectively. Yeast acetic acid-induced cell death does not appear to greatly 

affect aspartate-targeted proteolysis but there are significant changes, including a 

2.64-fold increase in cleavage at threonine and a four-fold decrease in cleavage at 

methionine residues. 

3.3.4. Proteolysis is specific  

To establish if proteolysis in S. cerevisiae is specific the correlation between cleavage 

(peptide number) and protein length, protein abundance and amino acid frequency in 

the proteome was investigated. If proteolysis were random, longer proteins might be 

expected to produce higher numbers of peptides. It might also be expected that the 

probability of undergoing proteolysis is greater in more highly abundant proteins. 

Furthermore, it would be logical to assume that random proteolysis would result in a 

high degree of correlation between proteomic amino acid frequency and the number 

of peptides cleaved at a particular residue.  

Plots are presented of the number of peptides detected for each protein against 

protein length (Figure 3.5.A) and for the number of peptides against protein 

abundance (Figure 3.5.B). Also shown are the numbers of peptides detected, with 

termini resulting from cleavage at a particular amino acid residue, against the 

frequency of that amino acid in the yeast proteome (Figure 3.5.C). Overall, there was 

extremely low correlation between protein length and the number of peptides 

detected (Figure 3.5.A) and also between protein abundance and the number of 

peptides detected for that protein (Figure 3.5.B). There was however a good 

correlation (Figure 3.5C) is seen between proteomic amino acid frequency and the 

proportion of peptides resulting from proteolysis at that amino acid residue (R2 = 

0.7105).  

The correlation between amino acid frequency and cleavage could indicate whether 

proteolysis was non-specific or if the inclusion of N-terminal cleavage data might mask 

the specificity of cleavage on the C-terminal side of the P1 residue. Very few proteases 

cut on the N-terminal side of the P1 residue (Hospital et al., 2000) and so most 

predicted N-side cleavage events could be expected to be false positives and the 

predicted P1 residue would actually be the P2 residue in a C-side cleavage. Mammalian 
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caspases, for example, possess a high degree of specificity for amino acid residues at 

the P1, P3 and P4 positions but little specificity for P2 residues (Talanian et al. 1997).  

In order to address this possibility the LC MS/MS data was divided into predicted N-

side and C-side cleavage groups and then further divided into acetic acid treated and 

untreated sub-groups. Plots of proteomic amino acid frequency against the frequency 

of peptides, cleaved at that amino acid are shown in Figure 3.5.D-G. There was 

reasonable correlation between residue frequency and cleavage at that residue for N-

side proteolysis. R2 was 0.59 for treated cells and 0.64 for untreated cells.  

This would suggest that putative N-side cleavages are largely false positives or that N-

side cleavage is non-specific. However, there was little correlation for C-side 

proteolysis. R2 was 0.16 for treated and 0.09 for untreated cells. This suggests that C-

side proteolysis is not random and that death associated proteases, cleaving on the C-

side of a P1 residue, may be specific, preferring some residues over others at the P1 

position. 

There is very little correlation between protein cleavage and protein length (R2 = 0.01). 

There is also little correlation between protein cleavage and protein abundance (R2 = 

0.04). There is good correlation between amino acid frequency and cleavage at that 

amino acid for our entire data set (R2 = 0.71) and for putative N-side cleavages (R2 = 

0.59-0.64) but low correlation for putative C-side cleavages (R2 = 0.16 and 0.09 for 

treated and untreated cells respectively).  

3.3.5. Selective degradation of key enzymes may lead to metabolic changes in acetic 

acid-treated S. cerevisiae cells 

There have been several studies of protein expression in yeast (see 3.3.1) and some 

studies (including Futcher et al., 1999; Newman et al., 2006) have investigated 

differences in the proteome under different environmental conditions. Other studies 

have investigated yeast protein abundance or protein half lives (Ghaemmaghami et al., 

2003; Belle et al., 2006). To our knowledge, no group has yet studied changes in yeast 

protein degradation during acetic acid-induced cell death.  
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Figure 3.5. Regression analysis of protein cleavage. We plotted peptide number against the length (A) 
and abundance (B) of the parent protein. We also plotted proteomic amino acid frequency against the 
number of peptides detected with termini resulting from cleavage at that amino acid residue (C). We 
then plotted amino acid frequency against the frequency of non-Arg/non-Lys peptides, cleaved at that 
residue for C-side cleavages in acetic acid-treated cells (D), C-side cleavages in untreated cells (E) and N-
side cleavages in acetic acid-treated (F) and untreated (G) cells. W: tryptophan; C: cysteine; M: 
methionine; H: histidine; Y: tyrosine; Q: glutamine; P: proline; F: phenylalanine; G: glycine; A: alanine; V: 
valine; D: aspartate; T: threonine; N: asparagine; E: glutamate; I: isoleucine; S: serine; L: leucine. 
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The top seven proteins, in terms of peptides detected, in our study were all enzymes 

with roles in glycolysis and alcohol fermentation (Table 3.6; Figure 3.6). Thus, 0.84 % of 

all proteins detected in untreated cell extracts produced 11.78 % of all peptides 

detected in the untreated sample and 1.22 % of all proteins detected in the treated 

sample accounted for 7.74 % of peptides detected in the treated cell extract.  

These seven proteins are in the top 18 % of yeast proteins in terms of abundance in a 

study by Ghaemmaghami et al. (2003). However they range from 26th to 662nd out of 

3868 tagged proteins (apart from the alcohol dehydrogenase Adh1, for which no data 

was available). The half life of pyruvate decarboxylase, Pdc1 was measured by Belle et 

al. (2006) as 29 min and that of phosphoglycerate kinase, Pgk1 as 199 min. Five of the 

proteins (Table 3.5) are highly degraded under control conditions (i.e. mid log-phase 

culture in YPD pH3) but degradation is considerably attenuated in cells, treated with an 

apoptogenic dose of acetic acid. The glyceraldehydes-3-phosphate dehydrogenase 

isozyme, Tdh3 show a slight increase in degradation while the enolase, Eno1 is 

considerably more highly degraded in acetic acid treated than untreated cells.  

 

Table 3.6. Top seven shared proteins. Seven proteins (0.63 %) generated 336 peptides (11.37 %). All are 
components of glycolysis or fermentation.  All are ranked among the top 18 % of proteins detected in 
descending order of abundance out of a list of 3868 (Ghaemmaghami et al., 2003). n/d: no data.    

 

Systematic 
name 

Common 
name 

Protein Peptide 
number 

Rank 
(abundance) 

YLR044c Pdc1 Pyruvate decarboxylase 81 662 

YJR009C Tdh2 Glyceraldehyde-3-phosphate dehydrogenase 65 61 

YGR192C Tdh3 Glyceraldehyde-3-phosphate dehydrogenase 46 45 

YAL038W Pyk1 Pyruvate kinase 40 26 

YGR254W Eno1 Enolase  34 113 

YCR012W Pgk1 Phosphoglycerate kinase 30 221 

YOL086C Adh1 Alcohol dehydrogenase 24 n/d 
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Figure 3.6. Glycolysis and fermentation. Asterisks denote top seven shared peptide-yielding proteins 
(table 3.6).  Pi: inorganic phosphate. NAD: nicotinamide adenine dinucleotide.    
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We therefore investigated the degradation of other enzymes, involved in carbohydrate 

metabolism. In total we extracted data from our study for twelve enzymes involved in 

glycolysis and/or gluconeogenesis, nine with roles in alcoholic fermentation or  ethanol 

oxidation, eight which catalyse steps in fatty acid synthesis, two enzymes in the 

pentose phosphate pathway, two in the TCA cycle and  three in the glyoxylate cycle 

(Table 3.7). No peptides, mapping to components of the electron transfer 

chain/mitochondrial oxidative phosphorylation were identified in our data, though 

many electron transport components are as abundant as pyruvate carboxylase or 

pyruvate kinase, with thousands or tens of thousands of proteins per cell 

(Ghaemmaghami et al., 2003).  

Two enzymes, catalysing irreversible steps in glycolysis, Hxk1, Hxk2 and Pfk2, produce 

one, zero and one peptide respectively in control conditions but two, one and two 

respectively in the treated sample (Table 3.7). Human Pfk1 is known to be processed 

by a serine protease (possibly kallikrein) to yield an N-terminal fragment of around 430 

residues, which is not inhibited by ATP or citrate (Smerc et al., 2011). One of the 

peptides detected in both treated and untreated cells is consistent with Pfk2 cleavage 

between the glutamine and glycine residues of the motif ATLQGLEA and this would 

yield an N-terminal fragment of 499 residues. The motif A T L Q G V/L/I A V/I is highly 

conserved in the alpha (Pfk1) and beta (Pfk2) subunits of fungal phosphofructokinase 

(Figure 3.7). 

Three enzymes, catalysing irreversible steps in gluconeogenesis, Pck1, Pyc1 and Pyc2, 

produce one peptide each in the untreated sample and no peptide in the treated 

sample. Pyruvate kinase, Cdc19, also catalyses an irreversible step in glycolysis but is 

highly degraded, producing twenty seven peptides in the untreated and fourteen in 

the treated sample. Pyruvate kinase catalyses the reaction which links glycolysis with 

oxidative phosphorylation or alcoholic fermentation. The isozyme of glyceraldehydes-

3-phosphate dehydrogenase which predominates in stationary phase culture, Tdh1, 

produces six peptides in the untreated and no peptide in the treated sample. The 

predominantly mid log-phase isozymes, Tdh2 and Tdh3, are much more highly 

degraded in the untreated sample, producing forty one and twenty two peptides 
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Systematic 
Systematic 

Common Enzyme Process Peptides 
name name   Control Treated 

YFR053C HXK1 Hexokinase Gly 1 2 
YGL253W HXK2 Hexokinase Gly 0 1 
YMR205C PFK2 Phosphofructokinase Gly 1 2 
YJL052W TDH1 GA3P dehydrogenase Gly/Glu 6 0 
YJR009C TDH2 GA3P dehydrogenase Gly/Glu 41 24 
YGR192C TDH3 GA3P dehydrogenase Gly/Glu 22 24 
YCR012W PGK1 3-phosphoglycerate kinase Gly/Glu 23 7 
YGR254W ENO1 Enolase Gly/Glu 14 20 
YKR097W PCK1 PEP carboxykinase Glu 1 0 
YGL062W PYC1 Pyruvate carboxylase Glu 1 0 
YBR218C PYC2 Pyruvate carboxylase Glu 1 0 
YAL038W CDC19 Pyruvate kinase Gly 27 14 
      
YLR044C PDC1 Pyruvate decarboxylase Alc 67 14 
YLR134W PDC5 Pyruvate decarboxylase Alc 1 1 
YGR087C PGC6 Pyruvate decarboxylase Alc 4 6 
YOL086C ADH1 Alcohol dehydrogenase Alc 20 4 
YMR083W ADH3 Alcohol dehydrogenase Alc 2 0 
YGL256W ADH4 Alcohol dehydrogenase Alc 1 0 
YMR170C ALD2 Acetaldehyde 

dehydrogenase 
Eth Ox 0 2 

YER073W ALD5 Acetaldehyde 
dehydrogenase 

Eth Ox 2 1 
YPL061W ALD6 Acetaldehyde 

dehydrogenase 
Eth Ox 2 0 

      
YBR026C ETR1 2-enoyl thioester reductase FAS 1 1 
YDR036C EHD3 3-hydroxyisobutyryl-CoA 

hydrolase 
FAS 2 0 

YER061C CEM1 Beta ketoacyl synthase FAS 1 0 
YKL182W FAS1 Fatty acid synthase subunit FAS 4 7 
YMR207C HFA1 Acetyl-CoA carboxylase FAS 3 0 
YNR016C ACC1 Acetyl CoA carboxylase FAS 0 4 
YOR221C MCT1 Malonyl CoA ACP 

transferase 
FAS 2 0 

YPL231W FAS2 Fatty acid synthetase 
subunit 

FAS 5 3 
      
YLR354C TAL1 Transaldolase PPP 2 1 
YNL241C ZWF1 G6P dehydrogenase PPP 2 1 
      
YPL262W FUM1 Fumarase TCA 3 0 
YLR304C ACO1 Aconitase TCA 1 1 
YKL085W MDH1 Malate dehydrogenase TCA 2 0 
      
YDL078C MDH3 Malate dehydrogenase GC 1 2 
YOL126C MDH2 Malate dehydrogenase GC 0 1 
 

Table 3.7. Degradation of carbohydrate metabolism enzymes. The LC MS/MS non-Arg/non-Lys 
cleavage data were searched for enzymes involved in glycolysis (Gly), gluconeogenesis (Glu), alcoholic 
fermentation (Alc), ethanol oxidation (Eth Ox), fatty acid synthesis (FAS), the pentose phosphate 
pathway (PPP), TCA cycle (TCA) or glyoxylate cycle (GC). The table shows the number of peptides, 
mapping to each protein detected in the acetic acid treated (Treated) and untreated (Control) extracts. 
GA3P = glyceraldehydes-3-phosphate. PEP = phosphoenol pyruvate. G6P = glucose-6-phosphate. 
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respectively. In the treated sample the number of peptides produced by Tdh2 falls to 

twenty four while that produced by Tdh3 rises slightly to twenty four. The number of 

peptides produced by Pgk1 also falls dramatically from twenty three in untreated to 

only seven in treated cell extract. However Eno1 produced fourteen peptides in 

untreated cells and twenty in treated cells. 

The major isozymes of pyruvate decarboxylase and alcohol dehydrogenase are Pdc1 

and Adh1 respectively (Leskovac et al., 2002). Both of these proteins catalyse 

reversible reactions and are highly degraded in the untreated sample, producing sixty 

seven and twenty peptides respectively (Table 3.7). In the treated sample they 

produce only fourteen and four peptides respectively.  

Ald2 and Ald6 are major cytoplasmic isozymes of acetaldehyde dehydrogenase (Wang 

et al., 1998) and catalyse the oxidation of acetaldehyde to acetyl-CoA during growth 

on non fermentable carbon sources. While Ald2 is induced by ethanol and stress and 

repressed by glucose, Ald 6 is produced constitutively. In untreated cells the glucose-

repressed Ald2 produced no peptides but in treated cells two cleavage peptides were 

produced. However, Ald 6 yielded two peptides in the untreated and none in the 

treated sample.  

With a few exceptions, enzymes involved in fatty acid synthesis were generally less 

degraded in treated than untreated cells (Table 3.7). The pentose phosphate pathway 

enzymes and two out of three TCA cycle enzymes, which were detected in our study 

were also more highly degraded in the untreated sample.  

Overall, enzymes catalysing irreversible steps in glycolysis, gluconeogenesis and 

subsequent steps in fermentation are less highly degraded than those catalysing 

reversible steps. Irreversible step enzymes, with roles in glycolysis (glucose utilisation), 

are more highly degraded in treated than untreated cells while those, involved in 

gluconeogenesis (glucose synthesis), are degraded in untreated but not in treated 

cells. Enzymes involved in fatty acid synthesis are also generally less degraded in 

treated than untreated cells. The stationary phase-specific Tdh1 is degraded in mid log-

phase control cells but not treated cells. Pdc1 and Adh1 are very highly degraded in 

control cells, compared with treated cells. 
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Scer|YGR240C             TILGHVQRGGTAVAHDRWLATLQGVDAVKAVLEFTPETPSPLIG 
Spar|spar290-g38.1       TILGHVQRGGTAVAHDRWLATLQGVDAVKAVLEFTPETPSPLIG 
Smik|smik795-g1.1        TILGHVQRGGTAVAHDRWLATLQGVDAVKAVLEFTPETPSPLIG 
Sbay|sbayc653-g37.1      TILGHVQRGGTAVAHDRWLATLQGVDAVKAVLDFTPETPSPLIG 
Cgla|CAGL0F08041g        TILGHVQRGGTAVAHDRWLATLQGVDAVKAVLEMTPETPSPLIG 
Scas|Scas586.10          TILGHVQRGGTAVAHDRWLATLQGVDAVKAILEMTPETPSPLIG 
Kwal|Kwal33.14890        TTLGHVQRGGTAVAHDRWLATLQGVDAVKAVLEMTPETPSPLIG 
Klac|KLLA0A05544g        TTLGHVQRGGTAVAHDRWLATLQGVDAVKAILNMTPETPSPLIG 
Sklu|SAKL0H02552g        TTLGHVQRGGTAVAHDRLLATLQGVDAVKAVLEMTPETPSPLIG 
Agos|AEL208W             TTLGHVQRGGTAVAHDRWLATMQGVDAVKAVLEMTPDTPSPLIG 
Clus|CLUG01811           TTLGHVQRGGTAVAYDRLLATLQGVEAVHAVLESTPETPSPMIG 
Dhan|DEHA2G20768g        TTLGHVQRGGTAVAYDRLLATLQGVDAVKAVLELTPDDPSPMIG 
Cgui|PGUG03026.1         TILGHVQRGGTAVAYDRMLATLQGVEAIKAVLEASPEIPSPMIG 
Ctro|CTRG06094.3         TILGHVQRGGTAVAYDRRLATLQGVEAIKAVLENTPETPSPMIG 
Calb|orf19.3967          TILGHVQRGGTAVAFDRRLATLQGVEAVKAVLEMTPDTPSPMIG 
Cpar|CPAG01998           TILGHVQRGGTAVATDRRLATLQGVEAVKAVLEMTPDTPSPMIG 
Lelo|LELG04039           TILGHVQRGGTAVAFDRRLATLQGVEAIKAVLEMTPNTPSPMIG 
Cgla|CAGL0I05698g        TVLGHVQRGGAPVAYDRILATLQGVEAVSVILESTPDTPSYLIA 
Scer|YMR205C             TTLGHVQRGGTAVAYDRILATLQGLEAVNAVLESTPDTPSPLIA 
Spar|spar160-g8.1        TTLGHVQRGGTAVAYDRILATLQGLEAVNAVLESTPETPSPLIA 
Smik|smik450-g16.1       TTLGHVQRGGTAVAYDRILATLQGLEAVNAVLESTPDTPSPLIA 
Sbay|sbayc651-g23.1      TTLGHVQRGGTAVAYDRILATLQGLEAVNAVLESSPDTPSPLIA 
Cgla|CAGL0L10758g        TTLGHVQRGGTAVAYDRILATLQGIEAVNAVLESKPDTQSPLIA 
Scas|Scas720.72          TTLGHVQRGGTAVAYDRMLATLQGVEAVNAVLESTPETPSPLIA 
Kwal|Kwal23.6106         TTLGHVQRGGTAVAYDRILATLQGVEAVNAVLESSPETPSPLIA 
Klac|KLLA0F06248g        TTLGHVQRGGTAVAYDRILATLQGVEAVNAVLESTPDTPSPLIA 
Sklu|SAKL0A02266g        TTLGHVQRGGTAVAFDRILSTLQGVEAVNAVLESDPDTPSPLIA 
Agos|AFL185W             TTLGHVQRGGSAVAFDRILATLQGVEAVNAVLESTPDTPSPLIV 
Clus|CLUG00984           TTLGHVQRGGTAVAYDRVLATLQGVEAVKAVLESTPETPSPLIG 
Dhan|DEHA2D10186g        TVLGHVQRGGTAVAYDRIIGTLQGVEAVKAVLDCTPQTPSPLIA 
Cgui|PGUG04679.1         TTLGHVQRGGTAVAYDRILATLQGVEAVKAVLECTPDTPSPLIA 
Ctro|CTRG05115.3         TVLGHVQRGGTAVAYDRILATLQGVEAVKAILELTPDVPSPLIA 
Calb|orf19.6540          TVLGHVQRGGTAVAFDRTLATLQGVEAVKAILELTPDVPSPLIA 
Cpar|CPAG04693           TTLGHVQRGGGAVAYDRLLATLQGVEAVKAVLELDPQTPSPLIA 
Lelo|LELG05055           TTLGHVQRGGSAVSFDRILATLQGVEAVKAVLDLTPDTPSPLIA 
Ylip|YALI0D16357g        STLGHVQRGGPPVAADRVLASLQGVEAIDAILSLTPETPSPMIA 
Anid|AN3223              TILGHTQRGGAACAYDRSLSTLQGVEAVRAVLDMTPDSPSPVIT 
Ncra|NCU00629            TTLGHVQRGGTAVAYDRMLATLQGVEAVKAVLEATPETKTCFIA 
Sjap|SJAG00605           TTLGHVQRGGVPCAYDRMLATLQGVDAVDAALASTPETPSPMIA 
Soct|SOCG03602           TTLGHVQRGGVPCAYDRMLATLQGVDAVDAVLASTPETPSPMIA 
Spom|SPBC16H5.02         TTLGHVQRGGIPCAYDRMLATLQGVDAVDAVLASTPDTPSPMIA 

 

Figure 3.7. Conservation of putative Pfk1/Pfk2 processing site. A tree-assisted CLUSTAL-W multiple 
alignment of fungal Pfk1 and Pfk2 homologues was downloaded from the Candida genome database 
(Arnaud et al. 2005; http://www.candidagenome.org/). The putative cleavage site ATLQ-GVDA was 
located in the S. cerevisiae sequence and the corresponding motifs identified in aligned sequences. 
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3.3.6. Degraded proteins are enriched for regulatory proteins in acetic acid-treated 

cells and metabolic enzymes in untreated cells 

It appears that certain proteins and processes may be targeted for proteolytic 

processing or degradation under particular environmental conditions (3.3.5). We 

filtered our list of non-Arg/non-Lys degraded proteins for those detected in acetic acid 

treated cells and for those detected in untreated cells. There was some overlap 

between the data sets (Figure 3.3). The filtered lists were analysed using the Amigo 

gene ontology term enrichment tool (http://amigo.geneontology.org/cgi-bin/amigo/ 

term enrichment Carbon et al., 2009). The lists were analysed for enrichment of terms 

relating to biological processes, molecular functions and cellular components and the 

results normalised to those of the yeast genome and presented as radar plots (Figure 

3.8). Highly similar terms were removed from the biological process (Figure 3.8.A) and 

molecular function (Figure 3.8.B) to simplify data presentation.  

The treated sample was enriched for peptides from proteins with regulatory processes 

(Figure 3.8.A) and the untreated sample for peptides from metabolic enzymes but also 

from proteins involved in the response to DNA damage. Terms for which both or 

neither data set were enriched are not shown in this analysis. Degraded proteins 

detected in both samples were enriched for those with hydrolase, ATP, nucleotide and 

DNA binding molecular functions (Figure 3.8.B). The untreated sample was also 

enriched for peptides from proteins with cation binding, metal ion binding, ATPase and 

pyrophosphatase activities. Degraded proteins detected in both samples were slightly 

enriched for cellular, intracellular and organellar proteins compared with the yeast 

genome (Figure 3.8.C) and those from the untreated sample for cytoplasmic proteins. 

The percentage of degraded proteins, detected in the untreated sample, which are 

annotated as ‘mitochondrial’ was almost 1.5 times that of the yeast genome.      

During acetic acid-induced cell death there may be increased proteolysis among 

regulatory proteins and reduced proteolysis among metabolic enzymes, proteins 

involved in the DNA damage response, metal/cation binding proteins, those with 

ATPase activity and those which localise to the mitochondria, compared with control 

mid log-phase cells in rich, glucose-containing medium.   
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Figure 3.8. Gene Ontology analysis. The LC MS/MS non-Arg/non-Lys peptide data set was filtered to produce a list 
of non-Arg/non-Lys degraded proteins for the treated sample (red) and one for the untreated sample (blue). These 
lists were analysed for enrichment of biological process (A), molecular function (B) and cellular component (C) gene 
ontology terms using the Amigo gene ontology term enrichment tool (http://amigo. geneontology.org/cgi-
bin/amigo/ term enrichment [Carbon et al., 2009]). Percentages of proteins, annotated with enriched terms, were 
normalised to the background percentage of that term in the yeast proteome (yellow) and the results presented as 
radar plots. 
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3.3.7. Over 60 % of proteins involved in the response to DNA damage are more 

highly degraded in untreated than in treated cells 

GO analysis indicated a significant enrichment in proteins involved in the response to 

DNA damage for untreated but not treated cells (3.3.6). Analysis of the whole data set 

of peptide-producing proteins, detected in the LC MS/MS experiment using the Amigo 

GO slim granular annotation tool (http://amigo.geneontology.org/cgi-bin/amigo/ 

slimmer [Carbon et al., 2009]) to identify proteins, annotated with the GO term 

‘response to DNA damage’ yielded a sub-set of 58 proteins (Table 3.8). The analysis 

was then repeated to reveal annotations with more specific GO biological process 

terms. 

Where there were two or more such terms for a protein, the term relating to the DNA 

damage response was selected. Where there were two or more DNA damage response 

terms, the most appropriate term was selected after reference to the Saccharomyces 

Genome Database (http://www.yeastgenome.org Cherry et al., 1997).   

More peptides were detected per protein for over sixty percent of the DNA damage 

response proteins in the untreated than in the treated sample (Table 3.8). This was the 

case for three out of four damage checkpoint control proteins, six out of seven 

chromosome remodelling proteins, eleven out of nineteen double stranded DNA repair 

proteins, seven out of ten base excision repair proteins, three out of five histone 

modification proteins and a single photoreactive repair protein. However, this was the 

case for only two out of four endonucleases, three out of six mismatch repair proteins 

and none of the two telomere maintenance proteins. In total, 36 out of 58 proteins (62 

%) associated with DNA damage response were apparently more highly degraded in 

the untreated cells than in acetic acid-treated cells.  

3.3.8. There appears to be a significant difference between the degradation of 

proteins involved in positive and negative regulation of biological processes.  

Peptides detected in our study from treated cell extracts were enriched for parent 

proteins with regulatory roles (Figure 3.8). We therefore wondered if there might be 

differences in degradation between proteins involved in positive regulation and those 

involved in negative regulation. Therefore a granular Gene Ontology annotation of our 

entire LC MS/MS data set was undertaken to identify proteins with roles in the  
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Systematic  Common  Process Peptides 

name name  Control Treated 
YDR283C GCN2 Checkpoint protein 6 0 

YBR136W MEC1 Checkpoint protein 2 0 

YLR288C MEC3 Checkpoint protein 0 1 

YDR217C RAD9 Checkpoint protein 4 0 

     
YKL112W ABF1 Chromatin remodelling 1 0 

YGL150C INO80 Chromatin remodelling 1 0 

YGL048C RPT6 Chromatin remodelling 0 2 

YGR056W RSC1 Chromatin remodelling 5 1 

YIL126W STH1 Chromatin remodelling 3 0 

YOR290C SNF2 Chromatin remodelling 2 0 

YJL127C SPT10 Chromatin remodelling 3 2 

     
YDL017W CDC7 ds DNA break repair 1 0 

YLR103C CDC45 ds DNA break repair 4 0 

YPR135W CTF4 ds DNA break repair 2 0 

YOR005C DNL4 ds DNA break repair 1 3 

YOR144C ELG1 ds DNA break repair 0 3 

YOR033C EXO1 ds DNA break repair 0 2 

YGL090W LIF1 ds DNA break repair 1 0 

YBL023C MCM2 ds DNA break repair 2 0 

YGL201C MCM6 ds DNA break repair 0 3 

YNL262W POL2 ds DNA break repair 3 5 

YMR076C PDS5 ds DNA break repair 2 1 

YDR075W PPH3 ds DNA break repair 1 0 

YLR032W RAD5 ds DNA break repair 2 1 

YDR227W SIR4 ds DNA break repair 0 2 

YLR442C SIR3 ds DNA break repair 5 1 

YOL004W SIN3 ds DNA break repair 3 1 

YKR056W TMT2 ds DNA break repair 1 2 

YDR369C XRS2 ds DNA break repair 3 1 

YMR284W YKU70 ds DNA break repair 0 1 

YBL019W APN2 Endonuclease 3 0 

     
YKL114C APN1 Endonuclease 2 2 

YNL085W MKT1 Endonuclease 2 1 

YBR098W MMS4 Endonuclease 1 2 

YIL128W MET18 Excision repair 4 1 
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YDL102W POL3 Excision repair 4 3 

YJR006W POL31 Excision repair 1 1 

YER162C RAD4 Excision repair 1 0 

YGR258C RAD23 Excision repair 3 3 

YJR035W RAD26 Excision repair 1 0 

YJR052W RAD7 Excision repair 1 2 

YOR259C RPT4 Excision repair 1 0 

YDR159W SAC3 Excision repair 1 0 

YLR005W SSL1 Excision repair 3 2 

     
YFL039C ACT1 Histone modification 4 9 

YOL145C CTR9 Histone modification 2 0 

YDR359C EAF1 Histone modification 2 0 

YPL001W HAT1 Histone modification 0 1 

YBL046W PSY4 Histone modification 2 0 

     
YPR175W DPB2 Mismatch repair 1 0 

YMR167W MLH1 Mismatch repair 2 1 

YCR092C MSH3 Mismatch repair 1 4 

YHR120W MSH1 Mismatch repair 0 6 

YOL090W MSH2 Mismatch repair 0 1 

YNL082W PMS1 Mismatch repair 4 1 

     
YOR386W PHR1 Photoreactive repair 1 0 

     
YKR095W MLP1 Telomere maintenance 1 1 

YML061C PIF1 Telomere maintenance 1 1 

 

 

 

 

Table 3.8. Degradation of DNA damage-responsive proteins. The list of non-Arg/non-Lys cleaved 
proteins, detected using LC MS/MS was analysed for granular Gene Ontology annotation using the 
Amigo GO slimmer granular annotation tool (http://amigo. geneontology.org/cgi-bin/amigo/ slimmer 
[Carbon et al., 2009]). Those proteins with roles in the response to DNA damage were selected by 
filtering in Excel. The process was repeated to annotate the list with more specific biological process 
terms.  Then a VLOOKUP function was used to search the table of data and populate the columns next 
to the systematic gene names with common gene names and the number of peptides detected in the 
treated and untreated (Control) samples 
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regulation of biological processes. 294 such proteins were identified. This subset was 

analysed using the Amigo GO slim granular annotation tool. Subsets of proteins, 

mapping to seven GO positive regulation terms and seven corresponding negative 

regulation terms were annotated with the numbers of peptides detected in treated 

and untreated cell extract. 56 proteins were revealed involved in positive regulation 

and 59 involved in negative regulation of nitrogen metabolism; 55 involved in positive 

and 59 in negative regulation of nucleobase-containing compound metabolism; 55 

involved in positive and 51 in negative regulation of RNA metabolism; 52 in positive 

and 51 in negative regulation of DNA-dependent transcription; 55 in positive and 53 in 

negative regulation of gene expression; 60 in positive and 63 in negative regulation of 

macromolecule biosynthesis and 69 involved in positive and 77 in negative regulation 

of metabolic processes.  

For each subset the percentage of proteins for which a greater number of peptides 

was detected in the treated than the untreated sample was determined along with the 

percentage for which the reverse was true and the percentage for which there was no 

difference in peptide number detected per sample. The results were plotted in a 

column graph (Figure 3.9). 

The percentage of proteins, which appear more highly degraded in the treated than 

the untreated sample (red bar) varies between 50 and 61.5 %. The percentage, which 

appear more highly degraded in untreated than treated cells (blue bar) is below 31 % 

for positive regulators and above 35 % for negative regulators (Figure 3.9). A student’s 

t-test indicates a significant difference (P = 3.05 X 10-7). The percentage of proteins for 

which there is no difference in the number of peptides detected (yellow bar) is above 

12.5 % for positive and below 10 % for negative regulators. Again, a student’s t-test 

indicates a significant difference (P = 3.91 X 10-6). When the mean difference in 

peptide number (Table 3.9) is calculated, a student’s t-test indicates a significant 

difference between positive and negative regulators for proteins which were more 

highly degraded in untreated cells (p = 1.43 X10-5) but not those which were more 

highly degraded in treated cells (p = 0.24). Regulatory proteins appear to be more 

highly degraded in treated than untreated cells but a greater percentage of negative 

regulators are more highly degraded in untreated than treated cells.  
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Figure 3.9. Degradation of regulatory proteins. A list of 294 regulatory proteins producing non-Arg/non-
Lys peptides was annotated using the Amigo GO slimmer granular annotation tool (http://amigo. 
geneontology.org/cgi-bin/amigo/ slimmer [Carbon et al., 2009]). Sets of proteins, mapping to the same 
regulatory GO terms, were identified and the LC MS/MS data set searched using a VLOOKUP function to 
populate the columns next to systematic gene names with the number of peptides detected in treated 
and untreated cells. Proteins involved in positive regulation (+) of a process were compared with those 
involved in negative regulation (-) of the same process. Blue bar: greater number of peptides detected in 
untreated than treated sample. Red bar: greater number of peptides detected in treated than untreated 
sample. Yellow bar: no difference in peptide number detected in treated and untreated sample.  

 

 

Regulation of Untreated > treated Treated > untreated 
 Positive Negative Positive  Negative 
Nitrogen metabolism 2.06 1.59 1.97 2.41 

Nucleobase compound metabolism 2.06 1.59 2.00 2.41 

RNA metabolism 2.06 1.39 2.00 2.35 

DNA-dependent transcription 2.13 1.39 2.00 2.35 

Gene expression 1.67 1.54 2.80 2.21 

Macromolecule biosynthesis 2.00 1.46 2.00 2.36 

Metabolic process 2.00 1.20 2.30 2.13 

 p = 1.43 X 10-5 p = 0.24 
 

Table 3.9. Differences in peptide number for regulatory proteins. Seven positive and seven negative 
regulation subsets were identified for non-Arg/non-Lys peptides. The mean difference in peptide 
number detected was calculated for proteins, which were more highly degraded in untreated than 
treated cells (untreated > treated). A student’s t-test indicated a significant difference between positive 
and negative regulators (p = 1.43 X 10-5). The mean difference was also calculated for proteins, which 
were more highly degraded in treated than untreated cells (treated > untreated) However a student’s t-
test indicated there was no significant difference between positive and negative regulators (p = 0.24).   
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3.3.9. Treatment with 20 mM acetic acid induces expression of transcription 

effectors and regulators while treatment with 160 mM acetic acid induces expression 

of proteases. 

Our LC MS/MS study produced data which suggested that proteolysis might mediate 

changes in carbohydrate metabolism, biosynthesis and DNA damage repair in response 

to environmental changes. However, Belle et al. (2006) point out that protein 

abundance is a product of expression and degradation and that proteins may be 

carefully regulated, with short half lives and low rates of protein expression or 

efficiently produced, with long half lives and high rates of protein expression. We 

therefore decided to investigate the expression of proteases, metabolic enzymes and 

regulatory proteins in S. cerevisiae during acetic acid-induced cell death to compare 

them with our degradation data. Stress proteins and proteins implicated in the cell 

death response were included in the study. 

Wild-type S. cerevisiae (strain BY4741 MATa), and a set of derivative mutant strains, 

expressing GFP-fusion proteins, were treated with 0, 20 or 160 mM acetic acid (in SC 

pH3) in 96-well microtitre plates. An automatic fluorescence plate reader was used to 

measure GFP fluorescence over a four hour period.  

20 mM acetic acid (stress conditions) strongly induced the expression of 6 proteins 

These were mitochondrial malate dehydrogenase Mdh1, the plasma membrane 

proton pump Pma1, the RNA pol transcription factor subunit Ssl2, the ribosomal stalk 

protein Rpp1A, the zinc finger-containing transcriptional regulator Rsf2 and Ids2 which 

indirectly regulates growth mediator Ime2 (Figure 3.10.A). Three other proteins were 

strongly induced before protein concentration fell. These were the mitochondrial porin 

Por1, the mitochondrial chaperone/AAA ATPase Bcs1 and a GTPase activating protein 

(GAP) for RAB family proteins Gyp7. At 160 mM acetic acid, these proteins were 

expressed at a very low rate. However, at 160 mM acetic acid (cell death conditions) 

eight proteases were strongly induced (Figure 3.10.B). These were the leucyl 

aminopeptidase Ape2, the ubiquitin- specific protease Ubp15, the rhomboid protease 

Rbd2, the Lon protease Pim1, the GPI-anchored aspartic proteases Yps3 and Yps7, the 

vacuolar aspartyl protease Pep4 and the putative metalloprotease Ecm14. The first 
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 Figure 3.10. Change in protein expression during acetic acid-induced cell death. Yeast cells producing 
GFP-tagged proteins were treated with 20 mM (stress-) or 160 mM (death-) inducing doses of acetic acid 
and changes in protein expression over 4 h observed using a Tecan fluorescence plate reader. Panel (A) 
indicates levels of potential substrates and panel (B) levels of proteases and death related proteins 
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three of these were expressed at extremely high levels. Conversely, these eight 

proteins were expressed at lower rates in stress conditions.  

20 mM acetic acid appears to upregulate mediators of protein biosynthesis, 

membrane trafficking, transport, protein folding/refolding and the TCA cycle while 160 

mM acetic acid upregulates proteases with roles in protein processing, degradation 

and amino acid salvage.  

3.3.10. Confocal microscopy also indicates that proteases are induced by 160 mM 

acetic acid while metabolic enzymes are not 

Fluorescence spectroscopy suggested that proteases are induced by 160 mM acetic 

acid while the expression of metabolic enzymes is depressed by a cell-killing dose of 

acetic acid (3.3.10). Confocal microscopy was employed to confirm these data. Four 

metabolic enzymes, Tdh3, Ald6, Pfk2 and Mdh1 and five proteases which were induced 

strongly (Rbd2), mildly (Pim1, Yps7 and Mca1) or weakly (Lap2) by 160 mM acetic acid 

in the spectroscopy study were chosen for further study. It was not feasible to include 

regulatory proteins in this experiment due to the low signal resulting from their 

relatively low cellular abundances.    

Wild-type (BY4741 MATa) and GFP-fusion protein mutant cells were treated with 160 

mM acetic acid (or an equal volume of water) in SC pH3 for one hour. Cells were 

treated with the mitochondrial dye, mitotracker orange for 30 min and then washed in 

PBS and examined using a confocal microscope. GFP fluorescence, mitotracker orange 

fluorescence and differential interference contrast (DIC) images were processed 

together (Figure 3.11). The same data acquisition settings were used for each sample. 

The signals from GFP-tagged glyceraldehydes-3-phosphate dehydrogenase isozyme 

Tdh3 and the rhomboid protease Rbd2 appear higher in the treated than the 

untreated samples. The same is true of GFP-tagged phosphofructokinase subunit beta 

Pfk2. However the signals from GFP-tagged aldehyde dehydrogenase Ald6, Lon 

protease Pim1 and malate dehydrogenase Mdh1 appear lower in the treated than 

untreated cells. There also appear to be slight increases in the signal intensities from 

GFP-tagged metacaspase Mca1 and leucyl aminopeptidase Lap2. No signal was 

detected (at the settings used) for GFP-tagged yapsin Yps7 or for the (untagged) wild- 
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type. The mitotracker orange signal remains relatively constant for all cells apart from 

the GFP-tagged Lap2 and Rbd2 mutant strains. In these cells the MO signal is 

considerably stronger in the treated cells than in the untreated cells. GFP-tagged Pfk2 

and Lap2 cells are heterogeneous, emitting varying intensities and the same is true of 

acetic acid-treated Mca1-GFP mutant cells. Mdh1-GFP clearly co-localises with the MO, 

suggesting that the fusion protein localises to the mitochondria. The Rbd2-GFP signal 

appears somewhat punctuate in untreated cells but generally cytoplasmic in treated 

cells.    

A second batch of GFP-tagged proteins (Figure 3.11) included the ER to Golgi transport 

mediator Emp47, the heat shock protein Hsp104, the translation elongation factor 

Yef3, the methionine biosynthesis enzymes Met6 and Met10, the leucine biosynthesis 

enzyme Leu2 and glutathione synthetase Gsh2. All showed reduced GFP signals in 

treated cells, compared with untreated. The signals from GFP-tagged Rpp1A (a 

ribosomal stalk protein) showed no apparent change in intensity while that of GFP-

tagged Fis1 (a mitochondrial fission protein) appeared to be slightly higher in treated, 

compared with untreated cells. GFP-tagged Emp47 appeared to be excluded from the 

vacuoles. Confocal microscopy suggests that the expression of two glycolytic enzymes, 

the phosphofructokinase beta subunit (Pfk2) and glyceraldehyde-3-phosphate 

dehydro-genase (Tdh3) and the mitochondrial fission protein (Fis1) are induced by 

acetic acid-induced cell death while that of mitochondrial malate dehydrogenase 

(Mdh1) and the aldehyde dehydrogenase (Ald6) are depressed. Expression of several 

biosynthesis enzymes, a heat shock protein (Hsp104) and a translation elongation 

factor component (Yef3) also appear to be depressed by acetic acid-induced PCD.  

3.3.11. Protein cleavage preference resembles that of the proteasome but acetic acid 

treatment appears to modify P1 specificity.  

The proteasome is the major cellular mediator of turnover of misfolded proteins and 

proteins with short half lives (Enenkel et al., 1998) and possesses three catalytic 

subunits (Kisselev et al., 1999). The β2/Pup1 subunit has trypsin-like catalytic activity, 

cleaving after basic residues. The β5/Pre2 subunit has chymotrypsin-like activity and 

cleaves after hydrophobic residues. The β1/Pre3 subunit has peptidyl-glutamyl 

hydrolysing activity and cleaves after acidic residues. Shen et al. (2008) carried out 
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                                      Untreated                                                                          Treated 

 

Figure 3.11. Protein expression during cell death: confocal microscopy. Yeast cells producing GFP-
tagged proteases or metabolic proteins were treated for 1 h with 160 mM acetic acid while control cells  
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were treated with an equal volume of water. Cells were examined by fluorescence microscopy. Scale 
bar: 10 µm. GFP: green fluorescent protein. MO: mitotracker orange. DIC: differential interference 
contrast microscopy. 
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global sequence-based mass spectrometry to identify proteins degraded in S. 

cerevisiae. They found that the P1 preference of in vivo proteolytic activity largely 

resembled the P1 preference of the proteasome. However, it is known that the 

specificities and rates of catalysis of mammalian proteasomes may be modified by 

substitution with homologues of the catalytic subunits, substitution of the 19S 

regulatory particle with an 11S homologue, or regulation by variations in subunit 

expression, inhibition or activation (Harris et al., 2001). We compared proteolytic 

specificity in acetic acid-treated and untreated cells. 

The lists of peptides detected in treated and untreated cells (see section 3.3.1) and the 

sequences of the parent proteins were used to identify putative P4-P4' cleavage motifs 

for both samples. Residue frequencies were calculated for each of the P4-P4' sites and 

divided by the corresponding proteomic frequencies of the amino acids to calculate 

relevant frequencies. These were plotted in the form of column graphs for each 

position and for each sample (Figures 3.12 and 3.13). The relative frequencies in 

untreated cells were subtracted from those in the treated sample to calculate the 

increase in relative frequency attributable to acetic acid treatment. These values were 

also plotted as column graphs (Figure 3.14).  

There was a pronounced preference (equal to or exceeding twice the background 

frequency) for Asp, Ala and Glu at the P1 position and just under two-fold enrichment 

of Phe in the acetic acid-treated sample. In the untreated sample there was a very 

pronounced enrichment (over 3-fold) of Asp and Ala at P1, and a pronounced 

preference for tyrosine, tryptophan and glycine. Acetic acid treatment (Figure 3.14) 

appears to result in a considerable increase in preference for Glu, Phe and Pro and a 

considerable decrease in preference for Trp, Tyr, Gly and Ala at the P1 position. There 

is also a smaller decrease in preference for Asp at the P1 position. The PGPH-like 

catalytic subunit of the proteasome, β1/Pre3 has been shown to cleave after aspartate 

and glutamate while the chymotrypsin-like β5/Pre2 has been shown to cleave after 

alanine, aspartate and tyrosine (Kisselev et al., 2003; Seemuller et al., 2004; De 

Martino, 2004). Thus, while P1 preference identified in this study resembles that of the 

proteasome, acetic acid treatment alters P1 preference to some extent.  
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Figure 3.12. Enrichment of specific residues at the P1 and P1’ positions in peptides from treated cells. 
We took the list of putative cleavage motifs for non-Arg/non-Lys cleavages, detected in treated cells and 
counted the frequency of each amino acid residue at each of the P4 to P4’ positions. We normalised the 
frequencies to that of the relevant residue in the S. cerevisiae proteome. N.B. It should be noted that 
arginine and lysine could not be detected at P1 because of the experimental methodology.  
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Figure 3.13. Enrichment of specific residues at the P1 and P1’ positions in peptides from untreated 
cells. We took the list of putative cleavage motifs for non-Arg/non-Lys cleavages, detected in untreated 
cells and counted the frequency of each amino acid residue at each of the P4 to P4’ positions. We 
normalised the frequencies to that of the relevant residue in the S. cerevisiae proteome. N.B. It should 
be noted that arginine and lysine could not be detected at P1 because of the experimental 
methodology. 

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

0

0.5

1

1.5

2

2.5

3

3.5

A C D E F G H I K L M N P Q R S T V W Y

P4 

P1 

P2’ P2 

P3 P3’ 

P4’ 

P1’ 

Fr
eq

ue
nc

y 
of

 re
si

du
e 

at
 p

os
iti

on
 

re
la

tiv
e 

to
 th

at
 in

 th
e 

pr
ot

eo
m

e 
Fr

eq
ue

nc
y 

of
 re

si
du

e 
at

 p
os

iti
on

 
re

la
tiv

e 
to

 th
at

 in
 th

e 
pr

ot
eo

m
e 

Fr
eq

ue
nc

y 
of

 re
si

du
e 

at
 p

os
iti

on
 

re
la

tiv
e 

to
 th

at
 in

 th
e 

pr
ot

eo
m

e 
Fr

eq
ue

nc
y 

of
 re

si
du

e 
at

 p
os

iti
on

 
re

la
tiv

e 
to

 th
at

 in
 th

e 
pr

ot
eo

m
e 

          Amino acid residue 

          Amino acid residue           Amino acid residue 

          Amino acid residue           Amino acid residue 

          Amino acid residue           Amino acid residue 

          Amino acid residue 

Fr
eq

ue
nc

y 
of

 re
si

du
e 

at
 p

os
iti

on
 

re
la

tiv
e 

to
 th

at
 in

 th
e 

pr
ot

eo
m

e 
Fr

eq
ue

nc
y 

of
 re

si
du

e 
at

 p
os

iti
on

 
re

la
tiv

e 
to

 th
at

 in
 th

e 
pr

ot
eo

m
e 

Fr
eq

ue
nc

y 
of

 re
si

du
e 

at
 p

os
iti

on
 

re
la

tiv
e 

to
 th

at
 in

 th
e 

pr
ot

eo
m

e 
Fr

eq
ue

nc
y 

of
 re

si
du

e 
at

 p
os

iti
on

 
re

la
tiv

e 
to

 th
at

 in
 th

e 
pr

ot
eo

m
e 



                                            Chapter 3. Experimental determination of the destructome 
 

Proteases and programmed cell death in fungi Page 149 
 

 

 

 

 

 

 

Figure 3.14. Differences in relative frequencies of amino acid residues at the P4-P4’ positions in 
treated, compared with untreated cells. The relative frequency of each amino acid residue at a 
particular position in cleavage motifs for peptides detected in the untreated sample was subtracted 
from that of the same residue at the same position in cleavage motifs for peptides detected in the 
treated sample. 
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3.3.12. Western blotting appears to confirm that the acetaldehyde dehydrogenase 

Ald6 is cleaved in untreated cells at a motif, detected by LC MS/MS and is rapidly 

degraded in acetic acid-treated cells.  

Our LC MS/MS study detected two peptides derived from Ald6 in untreated cell extract 

(Table 3.7) but none in extract from acetic acid-treated cells. We decided to verify a 

MS-detected cleavage by western blot and chose Ald6 as fluorescence spectroscopy 

and confocal microscopy both indicate a rapid loss of signal following acetic acid 

treatment (Figures 3.10 and 3.11) and the GFP fusion protein produces a strong signal 

in the mutant yeast strain.  

We treated mid log-phase cells of S. cerevisiae strain BY4741 and a mutant strain 

expressing GFP-fused Ald6, with 160 mM acetic acid or an equal volume of water in 

YPD pH3 at 30 °C with shaking (200 rpm). 50 mL cell suspension was harvested at 0, 5, 

15, 30, 60 and 90 min after treatment. Cells were washed, resuspended in PBS with a 

cocktail of protease inhibitors, disrupted by bead beating, centrifuged and the 

supernatant pipetted into an Eppendorf tube.  50 mg each protein was separated by 

SDS PAGE, transferred to a PVF membrane by electroblot and hybridised with an anti-

GFP antibody, raised in mice. After hybridisation with a HRP-conjugated anti mouse 

IgG antibody raised in goat, the blot was treated with lumiglo and hybridised protein 

bands visualised with a gel illuminator (Figure 3.15). 

Treated and untreated cells yielded strong protein bands at around 81 kDa and weak 

bands at 56, 40 and 27 kDa. Untreated cells continued to yield these four bands. In 

treated cell extracts, however, the lowest band was absent by 5 min after treatment 

and the middle two by 15 min after treatment. The strong upper-most band was 

absent by 60 min after treatment. Extract from wild-type cells yielded no bands. The 

experiment was carried out three times on separate occasions with similar results.  

Western blotting appears to confirm that Ald6 is cleaved at the motif VGAALTND but 

that degradation removes the resulting peptides within 5 min and the parent fusion 

protein within 60 min of treatment.  
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A. Western blot                                                                      C. Fragment detected and sequence 

 

 

 

B. Ponceau’s stain                                                                     D. Predicted cleavage of Ald6-GFP  

 

 

 

Figure 3.15. Validation of LC MS/MS-determined cleavage. A yeast strain expressing GFP-tagged 
aldehyde dehydrogenase protein Ald6 was treated with 160 mM acetic acid and cells harvested at time 
zero and after 5, 15, 30, 60 and 90 min. Untreated cells were harvested at 0 and 90 min. Extracted 
proteins were analysed by SDS-PAGE and western blot (A) with wild-type yeast as a control (lane 10). 
Protein appears to be degraded over time in acetic acid- treated but not untreated cells. Ponceau 
staining was carried out to ensure equal loading (B). A LC MS-detected Ald6 peptide fragment (in red) is 
indicative of proteolysis between Ala234 and Leu235 (C). Four bands were detected (A) corresponding with 
the full length GFP-tagged protein, the predicted GFP-tagged C-terminal peptide, the GFP protein alone 
and a GFP-tagged ca. 13 kDa peptide (D).  
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3.3.13. Some proteases appear to mediate caspase-like proteolytic activity 

Several proteases have been implicated in fungal cell death (Uhlmann et al., 2000; 

Madeo et al., 2002; Lehle, 2008; Valenti et al., 2008; Pereira et al., 2010; Finkelshtein 

et al., 2011). PCD-associated fungal proteases include those with caspase-like activity, 

particularly those which cleave caspase 6 and 8 substrates (Thrane et al., 2004; 

Watanabe & Lam; 2005; Hauptmann et al., 2006; Gonzalez et al., 2007). Plant PCD 

appears to be associated with caspase 1-like proteolytic activity (Bosch & Franklin-

Tong, 2007). The major effector caspase in metazoan apoptosis is caspase 3 (Dix et al., 

2008; Mahrus et al., 2008). Therefore, in order to identify death-associated proteases 

with caspase-like specificities in S. cerevisiae we tested a panel of protease-null mutant 

strains for elevated or depressed rates of activity against synthetic caspase substrates. 

The chromogenic tetrapeptide p-nitroanilides Ac-YVAD-pNA, Ac-DEVD-pNA, Ac-VEID-

pNA and Ac-IETD-pNA were selected as they are substrates for caspases 1, 3, 6 and 8 

respectively.  

A list of S. cerevisiae proteases and non-peptidase homologues of proteases was 

down-loaded from the MEROPS database (http://merops.sanger.ac.uk). A set of 

Euroscarf haploid yeast mutants (Winzeler et al., 1999), each lacking a non-essential 

gene and derived from strain BY4741 MATa (Brachmann et al., 1998) was searched for 

strains lacking the gene for one of the MEROPS proteases or non-peptidase 

homologues. Mid log-phase cultures of wild-type and mutant strains were treated with 

160 mM acetic acid or an equal volume of sterile water for 200 min. Proteins were 

extracted by bead beating, quantified by Bradford assay and separate aliquots 

incubated with each of the tetrapeptide p-nitroanilides. The change in absorbance at 

415 nm was measured and normalized to the protein concentration. The experiment 

was carried out in triplicate. Strains with two or more replicates displaying rates of 

substrate hydrolysis exceeding the mean by at least two standard deviations were 

regarded as having significantly enhanced activity against the relevant caspase 

substrate. Strains with two or more replicates displaying rates of hydrolysis at least 

two standard deviations below the mean rate for the replicate series were regarded as 

having significantly reduced activity against the relevant caspase substrate.  
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During acetic acid-induced cell death altered activity was seen mainly against caspase 6 

and 8 substrates. In untreated cells however, the hydrolysis of the caspase 1 substrate 

(Ac-YVAD-pNA) was most affected. Relatively few strains displayed altered activity 

against the caspase 3 substrate (Ac-DEVD-pNA). Deletion of four protease genes 

appeared to result in decreased activity against one of the caspase substrates tested 

(Figure 3.16). These were UBP11 and DUG2 (caspase 3), CPS1 (caspase 6) and YPS3 

(caspase 8). Deletion of either RRT12 or MAP2 appeared to enhance all four types of 

caspase-like activity tested but only in untreated cells. In acetic acid-treated cells there 

was no significant difference from the mean rate of proteolysis for these two strains.  

During acetic acid-induced cell death, deletion of YPS6 or UBP12 resulted in enhanced 

activity against caspase 6 and/or 8 substrate in acetic acid-treated cells and caspase 1 

substrate in untreated cells. This was reversed in the ubp3-null mutant while deletion 

of YOL153C resulted in enhanced caspase 1-like activity in untreated cells and caspase 

8-like activity in treated and untreated cells. Some mutant strains showed altered 

activity only during acetic acid-induced cell death. The imp1-null mutant displayed 

strongly enhanced activity against caspase 1, 6 and 8 substrates but not against the 

caspase 3 substrate during PCD and no significant difference in activity from the 

replicate mean in untreated cells. Deletion of MAP1 enhanced caspase 6-like activity in 

acetic acid-treated cells but enhanced caspase 3-like activity in untreated cells.  

The individual deletion of several protease genes in S. cerevisiae appears to result in 

enhanced rates of hydrolysis of caspase 6 and/or 8 substrates in cells treated with an 

apoptogenic dose of acetic acid but enhanced activity against a caspase 1 substrate in 

untreated cells. However some protease deletions reverse this trend and others 

appear to alter different caspase-like proteolysis in treated or untreated cells. 15 

protease mutants displayed significantly increased caspase-like protease activity and 3 

significantly decreased caspase-like activity against caspase 1, 3, 6 or 8 substrates, 

compared with the mean. 

3.3.14. Few yeast protease-null mutants display altered sensitivity to acetic acid-

induced PCD 

Having shown that the deletion of some protease genes alters caspase-like proteolytic 

activity in yeast cells undergoing PCD, we tested the 110 mutant strains for altered 
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Figure 3.16. Altered rates of caspase substrate cleavage in S. cerevisiae protease deletion mutants. Mid log-phase cultures of wild-type S. cerevisiae (strain BY4741) 
and 110 individual protease deletion mutants (derived from BY4741) were treated with 160 mM acetic acid or an equal volume of sterile water for 200 min. Proteins 
were extracted by bead beating, quantified by Bradford assay and incubated with chromogenic synthetic caspase substrates (tetrapeptide p-nitroanilides) for 1 h. 
The change in absorbance at 415 nm (due to release of p-nitroanilide) was normalised to protein concentration. The experiment was carried out in triplicate and the 
mean absorbance change for the replicate series subtracted from sample absorbance changes. The difference was divided by the standard deviation for that series.     
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Red asterisk: significantly increased activity; exceeding mean absorbance change by at least 2SD in two or more replicates. Green asterisk: significantly decreased 
activity; at least 2SD below mean absorbance change in two or more replicates. Red broken line: 2SD above mean absorbance change. Green broken line: 2SD below 
mean absorbance change. SD: standard deviation. Δ Abs415: change in absorbance at 415 nm. Blue bar: replicate 1. Yellow bar: replicate 2. Purple bar: replicate 3. 
WT: wild-type. N.B. Some values exceed +3 or -3 but y-axis limited for sake of clarity. + HAc: treated with 160 mM acetic acid. – Hac: treated with sterile water. Only 
those strains displaying significantly altered activity against one of the 4 caspase substrates in either treated or untreated cells are shown.
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sensitivity to acetic acid-induced cell death. We did this by spreading wild-type or 

mutant cells, suspended in sterile water, on YPD-pH3 culture plates, drying the plates 

and placing a 5 mm filter paper discs, impregnated with 5 µL 12 M acetic acid, in the 

centre of each plate. After incubating for 24 h the diameter of the zone of inhibition 

(halo) was measured for each plate. The experiment was carried out in triplicate and a 

strain was deemed to have a significantly altered sensitivity when the halo diameter 

was at least two standard deviations above or below the mean for the replicate series 

in at least two replicates. The APE2- and ASN2-null mutant strains appeared to display 

significantly reduced sensitivity to acetic acid-induced cell death (Figure 3.17) while the 

YCL075W-null mutant appeared to display significantly increased sensitivity. 

3.3.15. Proteolytic activity against caspase substrates correlates with reactive oxygen 

species generation but not with necrosis or with acetic acid-induced cell death, as 

measured by the halo assay 

There is evidence that reactive oxygen species (ROS) are mediators of fungal 

programmed cell death (Madeo et al., 2002). There is also evidence that fungal PCD 

leads eventually to secondary necrosis (Phillips et al., 2003). Therefore we investigated 

the correlation between specific activity against caspase substrates and ROS 

production, necrosis and sensitivity to acetic acid-induced cell death. We also studied 

the correlation between specific and general aspartase activity.  

Cells from mid log-phase cultures of wild-type and protease-null mutant strains were 

resuspended in fresh SC—pH3 in 96-well microtitre plates and treated with 160 mM 

acetic acid or an equal volume of water for 1 h. Cells were then incubated with the 

fluorescent ROS probe dihydrorhodamine 123 (DHR), the fluorescent dye propidium 

iodide (which can only enter necrotic cells) or the general fluorescent-labelled inhibitor 

of caspases (FLICA) which binds to active aspartases (Bedner et al., 2000). After the 

appropriate period of incubation cells were washed with PBS, resuspended in PBS and 

fluorescence measured using a fluorescence plate reader.   

 For rhodamine 123 (formed by oxidation of DHR) the excitation wavelength was 511 

nm and the emission wavelength 534 nm. For propidium iodide the excitation and 

emission wavelengths were 536 and 617 nm respectively. For FLICA (FAM-VAD-FMK) 

the excitation and emission wavelengths were 490 and 520 nm respectively. All  
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Figure 3.17. Protease-null mutants with altered sensitivity to acetic acid-induced cell death. Cells from 
mid log-phase cultures of S. cerevisiae strain BY4741 (WT) and 110 mutant strains, lacking a gene for a 
protease or non-peptidase protease homologue, were spread on YPD pH3 agar plates and dried. A filter 
paper disc impregnated with 5 µL 12 M acetic acid was placed in the centre of each plate and the plates 
were incubated at 30 °C for 24 h. The diameter of the zone of inhibition (halo) was measured. The 
experiment was carried out in triplicate. Two strains produced zones of inhibition with diameters at 
least two standard deviations below that of the mean in at least two replicates. One strain produced 
zones of inhibition with diameters at least two standard deviations above the mean in at least two 
replicates. SD: standard deviation. Blue bar: replicate 1. Yellow bar: replicate 2. Purple bar: replicate 3. 
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fluorescence readings were normalised to absorbance at 595 nm (i.e. to cell density) 

and experiments were carried out in triplicate. 

Activity against specific caspase substrates in (3.3.13) was plotted against fluorescence 

from FLICA bound to active proteases with aspartase activity (Figure 3.18). A trend line 

was added to each plot and the correlation coefficient calculated in Excel. Aspartase 

activity correlated most closely with YVADase (caspase 1-like) activity in acetic acid 

treated cells and with VEIDase (caspase 6-like) activity in untreated cells (Figure 3.18; 

Table 3.10). Aspartase activity in both treated and untreated cells correlated least with 

DEVDase (caspase 3-like) activity.  

Activity against caspase substrates was also plotted against ROS activity, as measured 

with DHR 123. The concentration of reactive oxygen species correlated best with 

YVADase and VEIDase activity in acetic acid-treated cells and with VEIDase activity in 

untreated cells (Table 3.10). ROS concentration also correlated most poorly with 

DEVDase activity. When activity against caspase substrates was plotted against 

necrosis, measured by propidium iodide fluorescence, and halo diameter (3.3.14) 

there was zero or negligible correlation (Table 3.10). 

The major aspartase activity in S. cerevisiae cells undergoing acetic acid-induced cell 

death appears to be caspase 1-like while in mid log-phase, growing cells on rich 

medium the major aspartase activity appears to be caspase 6-like. Caspase 1 and 6-like 

activity correlate well with ROS production in cells undergoing acetic acid-induced PCD 

and caspase 6-like activity with ROS production in growing cells. Caspase 3-like 

proteolytic activity appears to be less important in S. cerevisiae than the other 

caspase-like activities studied.  It should be noted that no positive control was included 

in the caspase activity experiment as there was no suitable yeast model to serve as 

such. Therefore results should be viewed cautiously. On the other hand, correlation of 

caspase-like proteolytic activity with both ROS concentration and FLICA activity offers 

some confirmation of PCD-related proteolysis. 
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Figure 3.18. Correlation between specific and non-specific caspase-like protease activity. The mean 
activity of each strain against each caspase substrate was plotted against mean caspase activity, 
measured by fluorescence from FLICA bound to active caspase-like proteases. A trend line was added to 
each plot and the correlation coefficient (R2) calculated in Excel.  + HAc: treated with 160 mM acetic 
acid. – Hac: treated with sterile water. SD: standard deviation. AU: arbitrary units.    
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  Correlation coefficient  

  DHR FLICA PI Halo 

+ Acetic acid Caspase 1 0.42 0.50 0.01 0.01 

 Caspase 3 0.23 0.16 0.00 0.01 

 Caspase 6 0.42 0.37 0.01 0.00 

 Caspase 8 0.34 0.34 0.00 0.00 

- Acetic acid Caspase 1 0.44 0.39 0.00 0.03 

 Caspase 3 0.36 0.32 0.00 0.03 

 Caspase 6 0.54 0.56 0.00 0.00 

 Caspase 8 0.45 0.40 0.00 0.01 

 

 

 

 

 

Table 3.10. Correlation between caspase acitivity, ROS production, necrosis and acetic acid sensitivity. 
Following treatment with 160 mM acetic acid or water in 96-well microtitre plates for 1 h, cells were 
washed incubated with the fluorescent probes dihydrorhodamine 123 (for reactive oxygen species), 
fluorescent-labelled inhibitor of caspases (FLICA: for caspase activity) or propidium iodide (for necrosis). 
The mean rate of caspase substrate hydrolysis for each strain (normalised to protein concentration) was 
plotted against the corresponding mean halo diameter 3.3.14), dihydrorhodamine (DHR), FLICA or 
propidium iodide (PI) signal intensity (normalised to absorbance at 595 nm) and the correlation 
coefficient of the trend line calculated in Excel. + Acetic acid: cells treated with 160 mM acetic acid for 1 
h min. – Acetic acid: cells treated with an equal volume of water for 200 min. Italics: caspase substrate 
hydrolysis rate in untreated cells were plotted against halo diameter but the zones of inhibition resulted 
from acetic acid treatment.  
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3.4. Discussion 

3.4.1. Sensitivity in this study compares well with that of other studies 

 Overall sensitivity compares well with that of other studies. However, relative 

sensitivity in our study, compared to that of Ghaemmaghami et al. (2003), was 0.02 for 

proteins below 100 residues long and 0.8 for proteins over 1800 residues long (Figure 

3.2). The Ghaemmaghami study employed a fusion protein library and western 

blotting. The use of fusion proteins would be expected to reduce under-sampling of 

shorter proteins. Furthermore, we filtered out all peptides with two termini resulting 

from arginine and/or lysine specific cleavages. This could be expected to result in 

reduced detection of smaller proteins, as non-Arg/Lys cleavage fragments from small 

proteins would constitute an extremely low percentage of all peptides in the sample, 

leading to under-sampling. 

3.4.2. Proteins, degraded in both treated and untreated cells may be more highly 

degraded than those cleaved in only treated or untreated cells  

One possible explanation for the difference in peptide to protein ratio (Figure 3.3) is 

that proteins which produce fewer fragments are less likely to be sampled by LC 

MS/MS. An alternative explanation is that while many proteins undergo proteolysis, 

whether treated with acetic acid or not, a smaller number are only targeted for 

cleavage in either treated or untreated cells. In metazoa, pro-apoptosis proteins are 

activated and pro-survival proteins deactivated by proteolysis during apoptosis (Lopez-

Otin & Overall, 2002; Fuentes-Prior & Salvesen, 2004; Timmer & Salvesen, 2007). Our 

data are consistent with the existence of a similar model of selective proteolytic 

processing of cell death regulators in S. cerevisiae.       

3.4.3. Proteolysis appears to be specific 

There is very little correlation between protein cleavage and protein length, or 

abundance (Figure 3.5). This suggests that proteolytic cleavages are not simply random 

events, occurring more frequently in longer or more abundant proteins. There is good 

correlation (Figure 3.5.C) between amino acid frequency and cleavage at that amino 

acid for our entire data set and for putative N-side cleavages but low correlation for 
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putative C-side cleavages. The vast majority of proteases with specificity for a 

particular amino acid residue cleave on the C-terminal side of that residue (Hospital et 

al., 2000). Therefore it is reasonable to suppose that most putative N-side cleavages in 

our data set are false positives and that most of the purported P1 residues are really 

P1' residues in C-terminal cleavages. The low correlation between P1 residue 

frequency and genomic residue frequency for the C-side cleavage data set may 

indicate a high degree of protease specificity. However, the high correlation for N-side 

cleavages led us to exclude the N-side data from further cleavage motif analysis.  

3.4.4. Selective proteolysis of key enzymes may regulate both carbohydrate 

metabolism and PCD in S. cerevisiae 

The top seven peptide-generating proteins, all components of the glycolysis/ alcoholic 

fermentation pathway. Enzymes may be regulated by rapid degradation and the 

control of gene expression, transcription and translation (Belle et al., 2006). However, 

a single proteolytic cleavage may regulate an entire pathway, involving a target 

enzyme catalysing an irreversible step. In this study Hxk1, Hxk2 and Pfk2, irreversible 

step enzymes with roles in glycolysis (glucose utilisation), are more highly degraded in 

treated cells while Pck1, Pyc1 and Pcy2, irreversible step enzymes involved in 

gluconeogenesis (glucose synthesis), are degraded in untreated but not in treated 

cells.  

Phosphofructokinase is a rate-limiting glycolytic enzyme (Wilson, 1995) and associates 

with the pro-apoptosis protein, Bad in mammalian cells (Deng et al., 2008). 

Phosphorylation (and therefore inactivation) of Bad by Jnk1 is necessary for Pfk1 to 

catalyses the phosphorylation of fructose-6-phosphate to produce fructose-1,6-

bisphosphate. Thus the same signalling pathway may inhibit apoptosis and promote 

glycolysis. Human Pfk1 is processed by a serine protease to yield an N-terminal 

fragment of around 430 residues (Smerc et al., 2011). One of the peptides detected in 

both treated and untreated cells in our study is consistent with Pfk2 cleavage between 

the glutamine and glycine residues of the motif ATLQGLEA and this would yield an N-

terminal fragment of 499 residues. The motif A T L Q G V/L/I EA is highly conserved in 

both the alpha (Pfk1) and beta (Pfk2) subunits of fungal phosphofructokinase (Figure 

3.7). It seems likely therefore that proteolytic processing of phosphofructokinase 
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subunits has been conserved between humans and yeast as a way of positively 

regulating Pfk1/2 (and glycolysis). The second cleavage, detected in treated cell extract 

(Table 3.7), may reflect a proteolytic means of negatively regulating the enzyme (and 

glycolysis) in cell death conditions.  

Almeida et al. (2009) showed that the expression of Pfk2 is downregulated in yeast 

cells during acetic acid treatment. Using fluorescence spectroscopy we saw increased 

expression of Pfk1 and Hxk2 during acetic acid-induced stress but not during acetic 

acid-induced PCD. The combination of reduced protein expression and increased 

proteolytic cleavage may ensure rapid removal of the enzyme following the cell’s 

commitment to PCD. Mira et al. (2010) identified S. cerevisiae mutant strains (from a 

Euroscarf collection) with increased sensitivity to acetic acid. Susceptible strains 

included those lacking the HXK2 or PFK1 genes. Hexokinase is involved in glucose 

repression (Ahuatzi et al., 2007) and also associates closely with mitochondrial voltage-

dependent anion channels, receiving ATP directly from the mitochondria (for glucose 

phosphorylation) and inhibiting PCD by preventing cytochrome c release (Magnani et 

al., 1994; Pastorino et al., 2005). Phosphorlyation of the voltage-dependent anion 

channel by glycogen synthase kinase-3 β releases Hxk2 which may then be targeted for 

ubiquitination and degradation by the proteasome. In this way, glycolysis is coupled 

with oxidative phosphorylation, mitochondrial permeability and apoptosis. In our LC 

MS/MS study there appeared to be increased cleavage of both Hxk1 and Hxk2 upon 

induction of acetic acid-induced PCD. Using fluorescence spectroscopy we showed that 

Hxk2 protein expression increases during acetic acid-induced stress but not during 

acetic acid-induced PCD. Reduced expression and increased cleavage would serve to 

rapidly exhaust cellular Hxk2 stocks. 

Several glycolytic enzymes, including aldolase, GAPDH and enolase are caspase 

substrates in mammals (Shoo et al., 2007). GAPDH is cleaved by caspase 1 (an 

inflammatory caspase) at the motif KTVDGPSG where the P1 residue is aspartate (D). 

In our study the GAPDH isozyme Tdh3 appeared to produce two aspartate cleavage 

peptides in untreated cells and four in acetic acid-treated cells. The motif KTVDGPS is 

conserved between humans and yeast but we detected no peptides resulting from 

cleavage at the aspartate residue within or close to the motif. There are three 



                                Chapter 3. Experimental determination of the destructome 
 

Proteases and programmed cell death in fungi Page 164 
 

isozymes of GAPDH in yeast: Th1, Tdh2 and Tdh3. Tdh1 is specific to stationary phase 

cells and Tdh2 and Tdh3 to log-phase cells (McAlister & Holland, 1985). It has been 

shown that the nitrosylation and subsequent nuclear translocation of GAPDH plays a 

role in mediating age-, oxidative- and TNF-induced apoptosis in mammalian cells 

(Ishitani et al., 1996; 1998; Kragten et al., 1998; Dastoor & Dreyer, 2001). Silva et al. 

(2011) showed that cell extract from apoptotic, hydrogen peroxide-treated Mca1-

overexpressing S. cerevisiae cells cleaved GAPDH isozymes Tdh2 and 3 in SDS-PAGE-

separated cellular protein extract. However, cleavage was not observed when cell 

extract was derived from untreated Mca1-overexpressing cells or from peroxide-

treated mca1-null mutant cells. They also showed that recombinant Mca1 could cleave 

recombinant GAPDH, though at different sites from those targeted by a recombinant 

caspase. 

In our LC MS/MS study we detected 6 peptides derived from Tdh1 in untreated cell 

extract but none in the extract from acetic acid-treated cells. Acetic acid treatment 

altered the numbers of Tdh2 peptides detected from 41 to 24 and the number of Tdh3 

peptides from 22 to 24. It is likely that Tdh1 is degraded in mid log-phase cells when 

not required. Tdh2 and Tdh3 are both inactivated by treatment with high 

concentrations of hydrogen peroxide (Grant et al., 1999). Using fluorescence 

spectroscopy we observed a pronounced reduction in Tdh3 concentration during 

acetic acid-induced PCD but little change during acetic acid-induced stress. Tdh3 

expression is downregulated and its high degree of degradation maintained during 

acetic acid-induced PCD. Unfortunately Tdh1 protein expression was not investigated 

in our study.    

These data indicate that the ‘choice’ between glycolysis and gluconeogenesis in S. 

cerevisiae may depend partly upon proteolytic activation or deactivation of key 

enzymes and that some of these control mechanisms have been conserved between 

humans and yeast. Several components of the glycolytic pathway, including 

glyceraldehyde-3-phosphate dehydrogenase, glucokinase and hexokinase also play 

roles in the mediation of metazoan apoptosis (Danial et al., 2003; Kim & Dang, 2005; 

Colell et al., 2007a; 2007b). Therefore it is possible that the differential cleavage of 

yeast carbohydrate metabolism enzymes may also contribute to the regulation of PCD.  
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Ramsdale et al. (2008) used microarrays to study gene expression in Candida albicans 

during acetic acid treatment. 120 min treatment with 20 mM acetic acid induced a 

four-fold increase in the expression of MDH1 while 120 mM acetic acid induced a two-

fold increase over the same time period. In this study, using fluorescence 

spectroscopy, we observed a strong upregulation in Mdh1 protein expression in S. 

cerevisiae under stress conditions (20 mM acetic acid) but weaker upregulation under 

PCD conditions (160 mM acetic acid). Using confocal microscopy we saw reduced 

Mdh1 protein expression on treatment with 160 mM acetic acid and slightly increased 

Pfk2 expression. 

Mitochondrial malate dehydrogenase (Mdh1) is a component of the TCA cycle, 

converting malate to oxaloacetate, and regulates the concentration of reducing 

equivalents in the mitochondria and cytoplasm (McAlister-Henn & Thompson, 1987; 

Reinders et al., 2007). Overexpression of MDH1 extends both replicative and 

chronological lifespan while deletion of MDH1 decreases replicative lifespan, 

respiratory growth and survival in stationary phase (Easlon et al., 2008; Lee & Lee, 

2008). The upregulation of Mdh1 protein expression during acetic acid-mediated stress 

(3.3.9) is consistent with the protein’s role in cell survival. The lack of a strong 

induction after treatment with 160 mM acetic acid (3.3.9 and 3.3.10) may reflect a 

downregulation of survival strategies following the cell’s commitment to PCD.  

3.4.5. Validation of LC MS-detected cleavage 

Western blot analysis detected four distinct bands at around 80, 60, 40 and 30 kDa. 

The first is the clearest band and is likely to correspond to the full size (54.41 kDa) Ald6 

protein. The second band is consistent with the cleavage at Ala235 [based upon the 

detection of peptide fragment (A)LTNDPRIR(K) in the LC MS/MS study], which is 

predicted to yield a 266 residue (29.1 kDa) C-terminal peptide. The fourth band is 

around the size of GFP (27 kDa) which may be cleaved from the fusion protein during 

further degradation. The third band may correspond to a peptide fragment of around 

13 kDa (40 -27) or ca. 110 residues. A peptide fragment, (R)IVKEEIFGPVVTVAK(F), was 

detected in our study, which is consistent with a cleavage between Arg339 and Ile340 or 

between Lys354 and Phe355 but the peptide was removed from the data set as it could 

have been generated by tryptic digestion alone. The full length protein appeared to be 
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degraded by 60 minutes after acetic acid treatment while protein levels appeared to 

remain constant in the untreated cells over 90 minutes. The cleavage fragments had 

completely degraded by 15 minutes after acetic acid treatment and the GFP fragment 

by 5 minutes after treatment. Fluorescence spectroscopy results indicate a rapid loss 

of GFP signal within 30 min of treatment with acetic acid and confocal microscopy 

confirms a rapid loss of GFP signal intensity upon treatment with 160 mM acetic acid. 

Repetition of this experiment in the presence and absence of cyclohexamide, which 

inhibits protein synthesis (Hiraoka et al., 1997; Sanchez et al., 1997), could confirm 

whether proteolysis was primed or involved the production of new protein. Leucine 

and alanine are potential targets for proteasomal hydrolysis. The proteasome has been 

implicated in cell death (Ligr et al., 2001; Valenti et al., 2008; Kim et al., 2003; 

Shinohara et al., 1996; Valenti et al., 2008) and there is evidence that Ald6 is a specific 

target for autophagy in times of nitrogen starvation (Onodera & Ohsumi, 2003).   

3.4.6. Regulatory proteins undergo increased degradation but the degradation of 

negative regulators of biological processes is downregulated during fungal PCD  

During acetic acid-induced cell death there appears to be increased proteolysis of 

regulatory proteins.  Almeida et al. (2009) found that during acetic acid-induced cell 

death in yeast there was reduced expression of proteins involved in transcription, 

translation and protein turnover but increased expression of those involved in amino 

acid biosynthesis.  Reduced protein production may spare ATP for apoptotic processes, 

thus preventing necrosis from occurring (Tsujimoto, 1997; Eguchi et al., 1997; Nicotera 

et al., 1998; Lelli et al., 1998; Grusch et al., 2002).  

There is no apparent bias between the targeting of positive and negative regulatory 

proteins for degradation during PCD (Figure 3.9; Table 3.9). However, significantly 

greater percentages of negative regulators are more highly degraded in untreated than 

treated cells.  This suggests that proteolytic activity, targeting negative regulators, is 

upregulated in control conditions or downregulated during acetic acid-induced cell 

death or that the expression of negative regulators is downregulated during PCD. 

Alternatively it may indicate that protein modification, chaperone activity, re-

localisation or interaction is used as a means of governing the degradation of negative 

regulators. The list of putative yeast homologues of caspase substrates (Chapter 2) 
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includes several proteins which negatively regulate biological processes. Among them 

are the histone modifying/chromatin remodelling proteins Rpd3, Hda1, Hat2, Sin3, 

Swd1, Sif2, Isw2, Rlf2 and Top1 (Rundlett et al., 1996; Gasser et al., 1998; Gelbart et 

al., 2001; Krogan et al., 2002; Zhou et al., 2009) and the mitotic checkpoint 

components Bub1 and Mad3 (Roberts et al., 1994; Farr & Hoyt, 1998; Brady & 

Hardwick, 2000; Hardwick et al., 2000). Checkpoint proteins prevent inappropriate 

mitotic transition and some forms of fungal apoptosis have been shown to involve 

arrest in G2/M phase (Kornitzer et al., 2001; Elder et al., 2001; Yamaki et al., 2001; 

Phillips et al., 2003). 

Bioinformatic identification of yeast orthologues of mammalian caspase substrates 

produced a list of proteins, which was enriched for regulatory proteins (Figure 2.5). 

The increased degradation of regulatory proteins during yeast acetic acid-induced cell 

death and of negative regulators of cell growth, adaptation and division, seen in this 

study, is consistent with the promotion of pro-death processes and the inhibition of 

pro-survival processes, which are characteristic of metazoan apoptosis (Widmann et 

al., 1998; McKay & Morrison, 2007).  

3.4.7. Proteins with dual roles in the cellular response to DNA damage and apoptosis 

are spared degradation during acetic acid-induced PCD in yeast 

It may appear counter-intuitive that DNA repair proteins should be spared degradation 

during cell death but there is evidence that a number of mammalian proteins have 

dual roles in the response to DNA damage and apoptosis and that some have roles in 

tumour pathogenesis (Bernstein et al., 2002). Such proteins include mammalian 

homologues of 36 yeast proteins we found to be more highly degraded in untreated 

than acetic acid-treated cells (Table 3.4). These include the mismatch repair proteins 

Msh2, Pms1 and Mlh1; (Wei et al., 2002; Narayan & Roy, 2003) and the double-strand 

break repair proteins Mcm4 and Mcm6 (Gambichler et al., 2009). The degradation of 

proteins with roles in DNA repair and apoptosis may facilitate the survival of cells with 

damaged or dysfunctional genes (Bernstein et al., 2002).   

3.4.8. Treatment with 20 mM acetic acid induces expression of stress proteins  

Weak acid stress induces transcriptional re-modelling in S. cerevisiae and the 

expression of genes encoding stress response proteins including heat shock proteins, 
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transcription factors and proton efflux pumps (Gasch et al., 2000; de Nobel et al., 

2001; Causton et al., 2001; Schuller et al., 2004). Por1 protein expression is induced by 

treatment with 20 mM acetic acid (Figure 3.10). Por1 mediates mitochondrial 

permeability (Lee et al., 1998; Sanchez et al., 2001) and deletion of POR1 has been 

shown to increase susceptibility to acetic acid-induced cell death (Pereira et al., 2007). 

In our fluorescence spectroscopy study we observed increased Pma1 protein 

expression under stress but not under PCD conditions. We did not test Hsp104 

expression under stress conditions but treatment with an apoptogenic dose of acetic 

acid resulted in reduced protein concentration in about half of the cells and little 

change in the rest.     

3.4.9. Proteases are strongly induced during acetic acid-induced cell death 

Confocal microscopy confirmed there is a rapid increase in Rbd2 concentration 

following treatment with 160 mM acetic acid (Figure 3.11). Rbd2 is believed to be a 

rhomboid protease which mediates membrane structural changes in the mitochondria 

(McQuibban et al., 2003). Mitochondrial membrane permeability plays a major role in 

the release of cytochrome c and apoptosis (Pavlov et al., 2001; Dejean et al., 2005; 

2006).  

Ubp15 is involved in deubiquitination and associates with the anaphase promoting 

complex (Bozza & Zhuang, 2011). Kawahata et al. (2006) showed that the deletion of 

UBP15 increased the sensitivity of S. cerevisiae to acetic acid. In our study we detected 

no significant change in sensitivity but we used a disc diffusion method while 

Kawahata et al. (2011) spotted serial dilutions onto agar containing acetic acid. We 

also used a lower pH but this would be expected to increase acetic acid dissociation 

and therefore the effectiveness of acetate treatment. Our study may be intrinsically 

less sensitive. 

Two other proteases, Lap2 and Mca1 also appear, from confocal microscopy results, to 

increase in concentration during PCD though not as strongly and the signals are 

heterogeneous. Confocal microscopy and fluorescence spectroscopy produce similar 

results for highly abundant GFP-fusion proteins. Many proteases play important roles 

in starvation-induced nutrient salvage and recycling while others help protect against 

stress or promote autophagy or apoptosis. Ape2 and Lap2 are leucyl aminopeptidases 
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and Ape2 obtains leucine from externally-sourced dipeptides (Trumbly & Bradley, 

1983; Hirsch et al., 1988). It is believed that acetic acid treatment induces amino acid 

starvation in yeast (Almeida et al., 2009). In our study, a yeast Ape2-null mutant strain 

possessed increased activity against the caspase 6 substrate Ac-VEID-pNA during acetic 

acid-induced cell death and displayed reduced sensitivity to acetic acid-induced PCD. 

In our confocal microscopy study, Pim1 concentration appears to decrease following 

treatment with 160 mM acetic acid. Pim1 is an ATP-dependent mitochondrial matrix 

protease with roles ranging from re-folding or degradation of misfolded proteins to 

aggregate removal, processing of ribosomal protein and elements of the electron 

transfer pathway and protection of DNA from mutation (Kaser & Langer, 2000).  

The metacaspase, Mca1 and the processor of protein precursors, Kex1 have both been 

shown to be upregulated during acetic acid-induced apoptosis and to play roles in the 

mediation of fungal PCD (Hauptmann et al., 2006; 2008; Pereira et al., 2007). The yeast 

cathepsin D, Pep4 is released from the vacuole during PCD and may be involved in 

degradation of the mitochondria during cell death (Mason et al., 2005). Yps3 and Yps7 

are aspartic proteases which maintain the integrity of the cell wall (Olsen et al., 1999; 

Krysan et al., 2005).  

Several of the proteases, upregulated upon treatment with 160 mM acetic acid have 

been implicated in fungal PCD. The observed induction of proteases may therefore 

represent the activation of the machinery which governs fungal PCD. It should be 

noted that GFP fluorescence in our study was not normalised to cell density but that 

cell numbers were equalised at the beginning of the experiment. If the assay were to 

be repeated it would be advisable to read absorbance at 595-600 nm and to normalise 

fluorescence to absorbance.  

3.4.10. Caspase 1 and 6-like proteolytic activities may mediate acetic acid-induced 

PCD in yeast 

Mahrus et al. (2008) reported that 43 % of proteolytic cleavages in apoptotic jurkat 

cells target aspartate residues while less than 1 % do so in non-apoptotic cells. We 

observed a moderate decrease in preference for aspartate at the P1 position of 

peptides detected during acetic acid-induced PCD compared with that in untreated 
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control cells (Figures 3.12-3.14). This might indicate that aspartase activity is less 

important in the mediation of fungal PCD than in metazoan apoptosis. Indeed, none of 

the 110 protease-null mutant strains we tested displayed both reduced proteolytic 

activity against caspase 1, 3, 6 or 8 substrates and reduced sensitivity to acetic acid-

induced PCD: suggesting either that there is no strong link between caspase-like 

activity and fungal PCD or that the disc diffusion assay lacks sensitivity. Another 

alternative is that many yeast proteases with aspartase activity have pro-survival 

rather than pro-death roles. An APE2 deletion mutant possessed increased activity 

against a caspase 6 substrate during treatment with 160 mM acetic acid and decreased 

sensitivity to acetic acid-induced PCD. This may suggest that Ape2 mediates PCD by 

inhibiting caspase 6-like activity. Ape2 cleaves after arginine, leucine or alanine (Klinke 

et al., 2008) and may, therefore mediate the preference for alanine at the P1 position. 

Alanine is not a favoured proteasomal cleavage target.   

Mira et al. (2010) identified over 600 yeast genes, deletion of which rendered mutant 

strains susceptible to 70, 90 or 110 mM acetic acid. This was achieved by spotting out 

serial dilutions of strains onto agar at pH 4.5, containing different concentrations of 

acetic acid or an equal volume of water.  Among the genes found to mediate acetic 

acid susceptibility were UBP14, UBP3 and RIM13: deletion of which, in our study, 

resulted in significantly increased activity against caspase 6, caspase 1 and caspase 8 

substrates respectively during treatment with 160 mM acetic acid. Mira et al. (2010) 

reported that the UBP14-null mutant and the UBP3-null mutant did not grow on plates 

containing 90 mM acetic acid and had reduced growth compared with the wild-type at 

70 mM acetic acid. The RIM13-null mutant did not grow at all on 70 mM acetic acid.   

We observed increased activity against caspase substrates in a number of protease-

null mutant yeast strains (Figure 3.16) and reduced activity in some. The altered 

activities were mainly against caspase 1, 6 and 8 substrates. These altered activities 

correlated well with ROS generation and with general caspase-like protolytic activity 

(Figure 3.18). It appears that YVADase (caspase 1-like) activity may be important in 

cells undergoing acetic acid-induced PCD while VEIDase (caspase 6-like) activity is 

important in growing cells. ROS production correlated best with YVADase and VEIDase 

activities in apoptotic cells and VEIDase activity in untreated control cells. This is again 
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consistent with a role for caspase 1-like activity in the execution of PCD in yeast. 

Caspase 3-like (DEVDase) activity appears to be a minor player in fungal caspase-like 

proteolysis and there was negligible correlation between caspase-like activity and 

necrosis in acetic acid-treated yeast cells. This suggests that, although fungal PCD leads 

to secondary necrosis, the latter may be a relatively stochastic event or that no 

particular caspase-like proteolytic activity (of those tested) is the major mediator of 

secondary necrosis.    

Other studies have shown that aspartase activates mediate some kinds of fungal PCD. 

Hauptmann et al. (2006), Gonzalez et al. (2007) and Guaragnella et al. (2010) used the 

fluorogenic synthetic caspase substrates Ac-YVAD-AMC, Ac-VEID-AMC, Ac-IETD-AMC 

and Ac-DEVD-AMC to study proteolytic activity against caspase 1, 6, 8 and 3 substrates 

respectively. They all found that caspase 6- and 8-like (VEIDase and IETDase) activities 

were induced during fungal PCD. These data are consistent with a much less important 

role for DEVDase (caspase 3-like) activity in yeast PCD. Our data appears to suggest an 

important role for YVADase (caspase1-like) activity in yeast PCD. The other studies 

mentioned did not find this but only Hauptmann et al. (2006) tested for YVADase 

activity and they induced apoptosis by inhibiting N-glycosylation. It may be that 

proteases with differing substrate specificities mediate different forms of PCD.  

The deletion of IMP2 resulted in increased proteolysis of caspase 1, 6 and 8 substrates 

in cells treated with an apoptogenic dose of acetic acid but no change in activity 

against a caspase 3 substrate (and no change in activity against any of the 4 substrates 

in untreated cells). Imp2 is located in the mitochondrial inner membrane and 

processes cytochrome c1 which, in turn, reduces cytochrome c (Nunnari et al., 1993). 

Imp2 also mediates expression of Imp1, another inner mitochondrial membrane 

protease which processes other components of the electron transfer chain upon 

import into the mitochondrial intermembrane space. Deletion of another 

mitochondrial inner membrane protease, AFG3 resulted in increased activity against a 

caspase 1 substrate in cells undergoing acetic acid-induced PCD. Afg3 and Yta12 form 

the m-AAA protease which degrades respiratory complex components which have 

failed to fold and complex correctly (Arlt et al., 1996). The mitochondria are major 

generators of ROS and mediators of cell death, through the release of cytochrome c 
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and other pro-apoptosis proteins (reviewed by Matsuyama & Reed, 2000; Pereira et 

al., 2008; Eisenberg et al., 2008). Therefore the results of this study are consistent with 

mitochondrial mediation of PCD in yeast.   

The yapsins Yps3 and Yps6 are yeast aspartic proteases which are anchored to the cell 

wall, cleave after arginine or lysine and process cell wall proteins such as glycans and 

mannan (Crawley et al., 1995; Olsen et al., 1999; Krysan et al., 2005). During acetic 

acid-induced PCD caspase 6- and 8-like proteolytic activities were upregulated in a 

YPS6-null mutant while caspase 8-like activity was downregulated in a strain lacking 

YPS3. Given the preference of these proteases for basic residues at the P1 position it is 

unlikely that they possess caspase-like activity themselves. However, they may 

mediate the activation of other proteases either directly or indirectly.  

In apoptotic yeast cells Ubp3, Ubp14 and Ubp12 are components of the ubiquitin-

proteasome system which mediates the degradation of proteins in the cell. Deletion of 

UBP3, UBP14 or UBP12 resulted in increased hydrolytic activity against caspase 1, 6 

and 8 substrates respectively.  Ubp3 regulates Golgi-ER transport by cleaving ubiquitin 

from COPII (Cohen et al., 2003a; b). Ubp14 regulates proteasome activity and the 

degradation of fructose-1,6,-bisphosphatase, a key enzyme in gluconeogenesis (Amerik 

et al., 1997; Regelmann et al., 2003). Ubp12 deubiquitinates proteins, rescuing them 

from proteasomal degradation (Amerik et al., 2000). These proteases are ubiquitin 

specific and so are also unlikely to cleave caspase susbtrates. However, in regulating 

proteasomal degradation they influence the activity of the β1/Pre3 subunit of the 

proteasome, which cleaves proteins after acidic residues, with a strong preference for 

aspartate (Jager et al., 1999). They also govern the degradation of many proteins 

including, presumably, other proteases. 

3.4.11. The major proteolytic specificities in yeast cells may be proteasomal but 

other proteases are also important and some activities change markedly during PCD    

In their study of post translational degradation of yeast proteins in mid log-phase cells 

Shen et al. (2008) found that a relatively high percentage of proteins were cleaved at 

methionine and suggested that this represented removal of N-terminal methionine 

residues. An apparent four-fold reduction in methionine-specific cleavage following 

acetic acid treatment in our study may indicate a reduced rate of translation or of 
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post-translational modification, deactivation of methionine-specific proteases or an 

increased rate of non-methionine-specific proteolysis. Protein synthesis is 

downregulated in apoptotic metazoan cells (Deckwerth & Johnson, 1993; ; Scott & 

Adebodun, 1999) and one of the earliest events in such apoptotic cells is the cleavage 

of translation initiation factors, particularly those required for cap-dependent 

translation (Pyronnet et al., 1999). Interestingly, several pro-apoptotic mRNAs undergo 

cap-independent translation (Coldwell et al., 2000; Henis-Korenblit et al., 2000). There 

appears to be no general increase in proteolysis at other residues in our study. In fact, 

acetic acid treatment reduces the number of peptides and the number of cleaved 

proteins detected (Figure 3.3).  

In our study acetic acid treatment appeared to result in increased cleavage after 

glutamate, phenylalanine and proline (150 % increase); valine and isoleucine (50 % 

increase) and asparagine and histidine (slight increase). There was also a reduced 

preference for tryptophan, glycine, tyrosine and alanine (100 % decrease); aspartate 

and threonine (50 % decrease) and other residues at the P1 position in cells 

undergoing acetic acid-induced PCD.  These effects may be due to changes in the 

activities of proteasomal chymotrypsin-like and peptidyl-glutamyl peptide-hydrolysing 

catalytic subunits; vacuolar or cytoplasmic proteases and/or the AAA-proteases which 

remove translocation signalling domains and degrade unfolded and damaged proteins 

(Achsteter & Wolf, 1985; Ciechanover, 2005; Freeman, 2008). The catalytic 

components of the proteasome in higher eukaryotes may be substituted with 

alternative components with differing activities (De Martino & Slaughter, 1999; Harris 

et al., 2001). However, there is no report in the literature of such a mechanism in 

fungi. The ubiquitin pathway and other regulators play important roles in mediating 

proteasomal activity (De Martino & Slaughter, 1999).  Alternatively these effects may 

be due to changes in localisation, chaperone activity or the modification of amino acid 

residues (Ciechanover, 1998).  

Kadlcikova et al. (2005) compared proteolysis in rat skeletal muscle in the presence 

and absence of the proteasome inhibitor AdaAhx3L3V5 and reported very significant 

reductions in cleavage after His, Val, Met, Ile, Leu, Phe and Thr when the proteasome 

was inhibited. Nussbaum et al. (1998) identified the preferences of the three catalytic 
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subunits of the proteasome. The chymotrypsin-like β5/Pre2 subunit favours leucine 

followed by tyrosine then phenylalanine then tryptophan while glycine at this position 

is disfavoured. The trypsin-like β2/Pup1 subunit favours arginine or lysine at the P1 

position while the peptidyl-glutamyl peptide-hydrolysing (PGPH) β1/Pre3 subunit 

prefers aspartate over glutamate at the P1 position but also cleaves the branched 

chain residues, leucine, isoleucine and valine. Kisselev et al. (2003) showed that the 

β5/Pre2 subunit also cleaves after alanine. Proteasomal activity could therefore 

account for the observed high frequency of cleavage after glutamate, aspartate, and 

alanine residues.  

Unfortunately this study yielded no data concerning cleavage at lysine or arginine due 

to the use of trypsin digestion prior to LC MS/MS. Future experiments could use 

alternative proteases or could involve protecting existing N-termini by acetylation 

before carrying out proteolysis in the presence of deuterated or 18O-labelled water. In 

this way it would be possible to distinguish, by LC MS/MS, between synthetic trypsin-

generated termini and those which were created in vivo.  

The enrichment for acidic residues at the P1 position may indicate cleavage by 

caspase-like proteases. In plants subtilisin-like serine proteases with caspase-like 

activities have been identified (Chichkova et al., 2008; 2010). Vacuolar processing 

enzymes have also been implicated in plant caspase-like activity (Hatsugai et al., 2004). 

Alternatively acidic residues might be targeted by the β1/Pre3 (peptidyl-glutamyl 

peptide-hydrolysing) subunit of the proteasome (Heinemeyer et al., 1997) although 

acetic acid treatment reduces preference for aspartate and increases preference for 

glutamate at the P1 position while the β1/Pre3 subunit prefers aspartate over 

glutamate. Escherichia coli possesses a protease, DegP in its cell envelope which 

degrades misfolded proteins in a processive manner (Krojer et al., 2008). The P1 

preferences of DegP are valine, alanine, threonine and isoleucine. There is no close 

homologue of this protease in yeast but there are several housekeeping proteases 

which degrade misfolded proteins. The higher frequency of proline at the P1 position 

in peptides from acetic acid-treated cells, compared with untreated cells may be due 

to the upregulation of prolyl peptidase activity in acetic acid-treated cells. Several 

prolyl peptidases play important roles in the activation and degradation of mammalian 
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peptide messengers (Rosenblum & Kozarich, 1998), processing of antigens for 

presentation to immune cells (Pitman et al., 2009; Lone et al., 2010). Many 

chemokines have proline or alanine as their penultimate residue (Rosenblum & 

Kosarich, 1998) and may be cleaved by dipeptidyl peptidase IV. In S. cerevisiae 

dipeptidyl aminopeptidase A, Ste13 and dipeptidyl aminopeptidase B (fungus), Dap2 

cleave after proline or alanine and the former processes both alpha factor and kexin 

(Fuller et al., 2004; Misumi & Ikehara, 2004). These two proteases may be involved in 

the increased rate of cleavage after proline and alanine residues, observed in this 

study. 

Non-enzymatic hydrolysis of prolyl peptide bonds may occur at low pH (Piszkiewicz et 

al., 1970; Breci et al., 2003) but this is on the N-terminal side of the proline residue. It 

is likely that cleavage at proline (and perhaps alanine) represents further proteolysis of 

a previously cleaved protein and this raises an important point: that many of the 

peptides detected in this study may have been cleaved by multiple proteases. 

The increased preference for glutamate at the P1 position during acetic acid-induced 

PCD may be due to altered β1/Pre3 specificity or the activation of other proteases. If 

Mca1 has caspase activity it may be more promiscuous in its P1 preferences than 

mammalian caspases. The Drosophila melanogaster caspase DRONC cleaves after 

glutamate (Hawkins et al., 2000).  

There was a high degree of preference for leucine or isoleucine at the P1’ position. 

Shen et al. (2008) found a higher preference for the short side chain amino acids 

glycine, alanine, serine and threonine at this position and suggested that the short 

chains reduced steric hindrance. Kisselov et al. (2003) showed that the presence of 

hydrophobic residues stimulates all three proteasomal proteolytic activities. It is 

unclear why, in our study there appeared to be a higher preference for P1’ residues 

with slightly longer, branched chains.  

3.5. Conclusion 

We found that targeted cleavage of key enzymes with dual roles in carbohydrate 

metabolism and PCD is used to regulate both processes in yeast, thus coupling 

nutritional status and apoptosis. The degradation of proteins which regulate biological 
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processes was induced by an apoptogenic dose of acetic acid but there is also evidence 

that negative regulatory proteins are degraded in untreated control cells: perhaps as a 

means of inactivating proteins which block cell growth and development. DNA repair 

proteins, with dual roles in the mediation of PCD are spared degradation during cell 

death. Proteases are strongly induced by a killing dose of acetic acid but not by a stress 

dose. Yeast proteases possess caspase1-, 6- and 8-like like activity which is enhanced 

or reduced by the deletion of some proteases. Many of these proteases have roles in 

the maintenance of mitochondrial or cell wall integrity or protein degradation. ROS 

production correlates well with caspase-like activity but acetic acid sensitivity and 

necrosis do not. Unlike metazoan apoptosis, fungal PCD-related proteolysis is not 

chiefly of the aspartase type but appears to involve a range of proteases with wide-

ranging specificities.    

Creating a fusion protein of one or more substrates in a protease mutant background 

and also in the wild-type might be the best way to identify protease substrates. Future 

LC MS/MS work could involve trypsin digestion in heavy water so that newly created in 

vitro termini may be distinguished from termini created by in vivo proteolysis. 

Cleavage at arginine or lysine could then be studied despite the trypsin digestion. 

Alternatively N termini or side groups may be chemically altered to change the 

separation characteristics of some peptide fragments during chromatography and 

reduce complexity. 
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Chapter 4. Functional Analysis of Metacaspases in Fungal Cell Death 

4.1. Chapter Introduction 

Caspases, the major programmed cell death proteases of metazoa, cleave proteins 

after aspartate (or occasionally glutamate) residues (Hawkins et al., 2000; Timmer & 

Salvesen, 2007). They activate pro-death proteins and inactivate pro-survival proteins 

(Lopez-Otin & Overall, 2002) to effect apoptosis. It is the nature of the residues around 

the active site that determines substrate specificity (Vercammen et al., 2007). Initially, 

caspase substrate specificities were investigated using a range of synthetic peptides 

(Thornberry et al., 1997; Talanian et al., 1997) and the use of similar synthetic peptides 

has revealed that proteolytic activity against caspases-3, -6 and -8 substrates play 

important roles in regulating fungal PCD (Madeo et al., 2002; Thrane et al., 2004; 

Watanabe & Lam, 2005; Hauptmann et al., 2006; Gonzalez et al., 2007). There is 

evidence that some caspase 6- and 8-like activities are mediated by metacaspases 

(Madeo et al., 2002) but also that some caspase 3-, 6- and 8-like activities are 

independent of metacaspases (Gonzalez et al., 2007). Some metacaspases have been 

shown to cleave after arginine or lysine (Bozhkov et al., 2004; Watanabe & Lam, 2005). 

Therefore it is not clear that the metacaspase-dependent caspase-like activities, 

observed during fungal PCD are directly attributable to metacaspases rather than to 

other, downstream proteases. However, at least two caspase substrates are also 

metacaspase substrates, despite cleaving at different residues (Sundstrom et al., 2009; 

Silva et al., 2011). 

The yeast metacaspase Mca1 has been shown to interact with several proteins, 

including chaperones; translation initiation and elongation factors; proteins involved in 

ER-Golgi and Golgi-ER trafficking and ERAD, ribosomal proteins; components of the 

citrate and glyoxylate cycles and protein kinases and phosphatases (Lee et al., 2010). 

Mca1 is believed to play a role in the clearance of protein aggregates, resulting from 

oxidation and other forms of protein damage (Lee et al., 2010). Thus metacaspases 

may perform a dual function as both a chaperone and protease, much like the ClpX 

protease of E. coli (Wawrzynow et al., 1995).  
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Very little is known about the mechanisms by which metacaspases influence cell death 

or cell survival. Identifying proteolytic targets of Mca1 would facilitate a better 

understanding of the protein’s role in fungal PCD. Comparing the roles of plant, fungal 

and protist metacaspases with those of paracaspases and caspases might help to build 

a clearer picture of how these proteins evolved and how their functions changed 

across the tree of life. In this section our goal is to identify those proteins which are 

degraded in a metacaspase-dependent manner in response to acetic acid-induced cell 

death.  

To do this, peptides detected in wild-type and MCA1-null mutant cell extracts following 

treatment with 160 mM acetic acid or with an equal volume of water were analysed 

using the LC-MS based destructomics approach outlined in the preceding chapter. By 

identifying those proteins which are cleaved only in acetic acid-treated wild-type cells, 

proteins were identified that may be degraded in an acetic acid-induced and 

metacaspase-dependent manner. 

4.2. Materials and Methods 

Materials and methods are set out in Section 3.2.1 of the preceding chapter. The 

strains used were Saccharomyces cerevisiae WT control, BY4741 and the mca1 null 

mutant BY4741 mca1::kanMX422 obtained from the Euroscarf collection. 

4.3. Results 

4.3.1. Deletion of MCA1 may promote proteolysis and only 6 % of cleaved proteins 

appear to be degraded in an Mca1-dependent manner.  

In chapter three a variety of experimental techniques were used to identify proteases 

which may mediate acetic acid-induced programmed cell death in S. cerevisiae. We 

then used LC MS/MS data to investigate the role, if any, of the metacaspase Mca1 in 

acetic acid-induced yeast PCD.  

Protein cleavage patterns observed in acetic acid-treated and untreated wild-type cells 

were compared with those detected in treated and untreated mca1-null mutant cells. 

The data was first filtered to produce four lists of cleaved proteins: those detected in 

treated wild-type, untreated wild-type, treated MCA1-null and untreated MCA1-null 

cells. The lists of cleaved proteins were then pasted into the four data input panels of a 
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4-way Venn diagram generator (http://www.pangloss.com/seidel/Protocols/ 

venn4.cgi) to create a Venn diagram with overlapping and unique data sets of 

substrates (Figure 4.1).  

61 % of all proteins detected in this study were detected in protein extracts from 

untreated mca1-null cells (Figure 4.1) and 53 % in untreated wild-type cell extract. 42 

% were detected in acetic acid-treated mca1-null mutant cells and 36 % in treated 

wild-type cells. Of 1558 proteins (Figure 4.2), around 20 % were detected only in acetic 

acid treated cells, 42 % only in untreated cells, 30 % only in mca1-null mutant cells and 

19 % only in wild-type cells. 268 proteins (17 %) were identified only in untreated 

mca1-null mutant cells, 167 (11 %) only in untreated wild-type cells and 142 (9 %) only 

in treated mca1-null mutant cells. Only 89 proteins (6 % of all cleaved proteins 

detected in this study) were detected only in acetic acid-treated wild-type cells.  

4.4.2. The majority of proteins, degraded in a Mca1-dependent manner during yeast 

acetic acid-induced PCD are integral membrane proteins or may localise to 

membrane-bound organelles  

Only 89 proteins were identified as being degraded in an Mca1-dependent manner in 

response to treatment with 160 mM acetic acid. After the removal of retrotransposons 

and dubious ORFs from the list, this figure was reduced to 66. Performing a Gene 

Ontology analysis established what the 66 proteins had in common and thus gave a 

better understanding of the mechanisms by which metacaspases mediate PCD in fungi. 

When the Bonferroni correction was applied, no GO term was found to be significantly 

enriched among the 66 proteins, the biological processes, molecular functions and 

cellular components of each protein were therefore considered individually (Table 

4.1). Eleven of the proteins are involved in DNA replication, DNA repair or chromatin 

remodelling; eleven are ribosomal proteins or translation factors; ten have roles in cell 

signalling pathways; nine mediate transport and translocation; six are involved in 

mitochondrial respiration and oxidative phosphorylation; four are transcription factors 

and three are components of the ubiquitin/proteasome system.  

Although the proteins may be sorted into a small number of categories, they have 

varied functions. Fifty three may also be localised to within membranes or within 

membrane-bound organelles (Figure 4.3).  
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Figure 4.1. Peptide detection in different samples.  The table of non-Arg/non-Lys cleaved proteins, 
detected using LC MS/MS, was filtered to produce 4 lists: those detected in protein extract from acetic 
acid-treated wild-type, untreated wild-type, acetic acid-treated mca1-null mutant and untreated mca1-
null mutant cells. MHAc: acetic acid-treated mca1-null mutant sample. MCon: untreated mca1-null 
mutant sample). WTHAc: treated wild-type sample. WTCon: untreated wild-type sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.Comparing proteolysis in the data sets.  The four lists of non-Arg/non-Lys cleaved peptides 
detected in the four different cell extracts were pasted into the four data input panels of an on-line 4-
way Venn diagram generating tool (http:// www.pangloss.com/seidel/ Protocols/venn4.cgi.). The 
resulting Venn diagram identifies the numbers of cleaved proteins detected in one, two, three or all four 
cell extracts. MHAc: acetic acid-treated MCA1-null mutant sample. MCon: untreated (control) MCA1-null 
mutant sample.     WTHAc: acetic acid-treated wild-type sample. WTCon: untreated (control) wild-type 

(control) sample. 
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Syst Gene Role Syst Gene Role 
name name 

 
name name  

YLL048C YBT1 ABC transporter YGL071W AFT1 Transcription factor 

YBR092C PHO3 Thiamine uptake YBL066C SEF1 Transcription factor 

YNL101W AVT4 Amino acid tpt YJR127C RSF2 Transcription factor 

YNR013C PHO91 Phosphate tpt YJR042W NUP85 Transcriptional elong 

YJL012C VTC4 Vacuolar tpt  YDL234C GYP7 RAB family GAP 

YJR095W SFC1 Succinate tpt YNL093W YPT53 RAB family GAP 

YHR094C HXT1 Glucose tpt YIL124W AYR1 Hormone metabolism 

YOL103W ITR2 Myo-inositol tpt YNR052C POP2 Glucose signalling 

YJL143W TIM17 IMM translocase YKL168C KKQ8 Protein kinase 

YKL114C APN1 DNA repair  YPL268W PIC1 Nutrient sensing 

YKR038C KAE1 Telomere mnt  YBR170C NPL4 Ub binding 

YGL194C HOS2 Histone deAc YOL112W MSB4 GAP 

YOL148C SPT20 Nucleo Ac YNL180c RHO5 PKC signalling 

YOR351C MEK1 Meiotic chkpt  YPL219W PLC8 Cyclin 

YBL032W HEK2 Telomere reg YPR075C OPY2 HOG signalling 

YCR097W HMRA1 Gene expression YDR375C BCS1 Chaperone 

YEL072W RMD6 Meiotic division YOL126C MDH2 Malate dehyd 

YGR280C PXR1 Telomerase reg YLR203C MSS51 COX1 translation 

YOR038C HIR2 Histone gene tpn YNR033W ABZ1 Folate synthesis 

YOR144C ELG1 DNA damage sup YDL107W MSS2 Insertion of COX2 

YGL048C RPT6 19s subunit YHL038C CBP2 COB splicing 

YDR069C DOA4 Ub endopep YBR044C TCM62 Succ dehyd assembly 

YIL148W RPL40A Ribo protein YBR177C EHT1 FA ethyl ester synth 

YAL035W FUN12 Tln initiator YKL020C SPT23 Reg FA desaturase  

YMR287C DSS1 mRNA turnover YIR004W DJP1 Perox protein imp  

YGR147C NAT2 Ac N-ter Met YGL067W NPY1 Perox NADH ppase 

YKR057W RPS21A Ribo subunit YDR300C PRO1 Proline biosynthesis  

YCL017C NFS1 tRNA mod YIL046W MET30 Methionine synthesis 

YBL014C RRN6 Ribo TF YML018C YML018C Possibly autophagic 

YGR084C MRP13 Ribo protein  YMR220W ERG8 Ergosterol synthesis 

YPL090C RPS6A Ribo subunit YDR367W KEI1 Lipid raft synthesis 

YKR056W TRM2 tRNA stability  YKR036C CAF4 Mitoch dynamics 

YMR269W TMA23 Ribo biogenesis YKL129C MYO3 Actin patch local 

 

 

Table 4.1. Peptides resulting from acetic acid-induced, metacaspase-mediated proteolysis at non-
Arg/non-Lys residues. S. cerevisaie strain BY4741 (wild-type) and mca1-null mutant cells were treated 
with 160 mM acetic acid or an equal volume of sterile water for 3h at 30 °C and 200 rpm. Protein 
extracts in PBS and protease inhibitor cocktail were analysed by LC MS/MS using Spectrum Mill 
software. Non-Arg/non-Lys peptides from sixty six S. cerevisiae proteins were detected only in extract 
from acetic acid treated mca1-null mutant. The role of each protein was identified by reference to the 
Saccharomyces genome database. 
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Figure 4.3. Cellular component annotations of proteins degraded during metacaspase-dependent, 
acetic acid-induced cell death. The list of yeast proteins degraded at residues, other than Arg and Lys, 
only in wild-type S. cerevisiae cells, treated with 160 mM acetic acid was analysed using the Gene 
ontology granular annotation tool (http://amigo. geneontology.org/cgi-bin/amigo/slimmer [Carbon et 
al., 2009]). Of 66 proteins, 51 were annotated as components of the cytoplasm. However, 53 were also 
annotated as components of membranes and/or membrane-bound organelles. Only 10 proteins were 
annotated uniquely as cytoplasmic and three were not annotated.  
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4.4.3. Yeast metacaspase may mediate greatly increased cleavage after histidine 

residues during acetic acid-induced yeast cell death 

Only two substrates have been shown to be bona fide substrates of metacaspases: 

Tudor staphylococcal nuclease (TSN) in plants and the glyceraldehyde phosphate 

dehydrogenase (GAPDH) isozyme Tdh3 in yeast (Sundstrom et al., 2009; Silva et al., 

2011). There is evidence that metacaspases cleave after arginine or lysine rather than 

after aspartate (Watanabe & Lam, 2005; Sundstrom et al., 2009). However, Mca1 may 

mediate death-related proteolysis indirectly. In Chapter 3 it was suggested that at least 

23 yeast proteases mediate caspase-like activity. We therefore analysed the cleavage 

motifs of proteins which were degraded during acetic acid-induced PCD in an Mca1-

dependent manner (Figure 4.4). 

There are minor alterations in the frequencies of valine, isoleucine, glutamate and 

phenylalanine but the column graph for the mca1- null mutant closely resembles that 

for wild-type cells, treated with 160 mM acetic acid. This is not surprising as these 

proteins are a subset of the larger acetic acid- treated wild-type data set from Chapter 

3. However, there was a very substantial increase in the preference for histidine at the 

P1 position and for cysteine at the P4, P3 and P2 positions. As in the larger data sets, 

there is a very pronounced preference for leucine or isoleucine at P1’.  

4.4. Discussion 

4.4.1. Mca1 may mediate proteolysis associated with late-stage apoptosis 

It appears that Mca1 may play a part in late-stage PCD by degrading ribosomal 

proteins and proteins involved in membrane trafficking, transcription, stress signalling 

and gene expression. Two of the features, which distinguish apoptosis from necrosis in 

metazoa are the requirement for protein synthesis and the presence of intact 

membranes and organelles until end-stage cell death (Gorczyca et al., 1993). It has 

been shown that many early to mid apoptotic processes require the involvement of 

membrane trafficking and a dynamic microtubular system and that the fragmentation 

of organelles and loss of membrane trafficking are late-stage cell death events (Sesso 

et al., 1999; Lane et al., 2002; Lowe et al., 2004). The degradation of proteins involved 

in membrane trafficking and of Caf4 and Myo3, with roles in mitochondrial dynamics 

and actin localisation (Geli & Riesman, 1996) may reflect the  
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Figure 4.4 Relative frequencies of amino acid residues at the P4-P4’ positions of putative 
metacaspase-dependent cleavage motifs. The list of proteins and cleavage motifs was filtered to 
remove any proteins detected in wild-type samples or in untreated samples. The frequencies of amino 
acid residues at the P4-P4’ positions were normalised to the genomic frequencies of those residues.  
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demolition of the cell death machinery and cell structure, which help regulate earlier 

stages in cell death.  

RAB family GAPs, such as Gyp7 and Ypt53 control membrane trafficking (Eitzen et al., 

2000; 2001; Grosshans et al., 2006) while Npl4 participates in both mitochondria and 

ER-associated degradation (Bays et al., 2001; Bays & Hampton, 2002; Heo et al., 2010). 

Prolonged ER-associated degradation (ERAD), induced by the unfolded protein 

response, may lead to apoptosis. The degradation of the rate-limiting cap-dependent 

translation initiation factor eIF4E (Fortes et al., 2000) is an early event in apoptotic 

mammalian cells  and is also induced by the unfolded protein response as a means of 

halting new protein biosynthesis until the stress response has been activated. The 

degradation of ribosomal proteins and general translation factors may represent a 

more extensive and terminal translational shut-off. Rho5 is involved in protein kinase C 

signalling and helps maintain cell integrity (Schmitz et al., 2002). 

Telomeres play an important role in safeguarding the structural integrity of the 

chromosomes. In mammals, damaged and shortened telomeres may be attacked by 

the machinery which repairs DNA damage (reviewed by Maser & De Pinho, 2004; 

Stewart & Weinberg, 2006) leading to chromosomal instability, DNA checkpoint 

signalling, cell cycle arrest and apoptosis. The destruction of DNA and telomere 

maintenance proteins and regulators may represent the true endpoint of PCD: loss of 

the genome itself. All but thirteen of the proteins, undergoing acetic acid-induced PCD 

were annotated with cellular component GO terms relating to membranes or 

membrane-bound organelles. Therefore the apparent dependence upon Mca1 for 

degradation may be related to their cellular locations.  

Three proteins which mediate the degradation of other proteins by regulating 

ubiquitination appear to undergo metacaspase-mediated degradation during acetic 

acid-induced cell death. These are Npl4, Rpt6 and Doa4. Npl4 mediates ER- and 

mitochondria-associated degradation (Heo et al., 2010). Rpt6 is one of the ATPases of 

the 19S regulatory particle of the proteasome and so plays a part in the control of 

proteasomal protein degradation (Glickman et al., 1999). Doa4 recovers ubiquitin from 

membrane proteins which are being transported to the vacuole for degradation 

(Amerik et al., 2000). These proteins may be effectors of apoptosis and their own 
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degradation may be another indication that the cells have reached the final stages of 

apoptosis.  

The proteasome is able to degrade integral membrane proteins but only with the 

assistance of other proteins such as E3 ubiquitin ligases stretching across the 

membrane and AAA ATPase cdc48/p97/VCP which extracts proteins and acts as a 

chaperone, delivering proteins to the proteasome (Neutzner et al., 2007; Karbowski & 

Youle, 2011). There is some evidence that vacuolar proteases may be released into the 

cytosol and facilitate mitochondrial degradation (Pereira et al., 2010; Sousa et al., 

2011). It is known that in yeast the binding of telomerase to the telomeres and the 

length of the telomeres are dependent upon the Hsp90 family heat shock proteins 

Hsp82 and Hsc82 (Toogun et al., 2008). This process is dynamic and requires the 

translocation of heat shock proteins between the mitochondria and cytoplasm. Many 

HSPs cooperate with proteases to mediate the refolding or degradation of damaged or 

misfolded proteins: particularly in the mitochondria (Bota & Davies, 2002; Janowsky et 

al., 2006; Voos, 2009). In the absence of the HSP, the partner proteases presumably 

degrade a greater percentage of mildy oxidised or misfolded proteins. 

Mca1 has been shown to associate with a number of heat shock proteins and may 

mediate the degradation of lightly damaged protein aggregates by the proteasome 

and heavily damaged proteins in the vacuole (Lee et al., 2010). It has also been shown 

that Mca1-dependent acetic acid-induced PCD in yeast requires a brief activation of 

the proteasome (Valenti et al., 2008). It was shown in Chapter 3 that expression of a 

variety of proteases is strongly induced by an apoptogenic dose of acetic acid.  Taken 

together, these data suggest a possible pro-death role for Mca1 in late stage fungal 

PCD by degrading or inducing the degradation of chaperones, allowing partner 

proteases to target even slightly damaged or misfolded proteins. Alternatively Mca1 

may degrade proteins directly as they become heavily damaged by oxidation, 

carboxylation, and other modifications.  

Peptides uniquely detected in acetic acid-treated wild-type cells were enriched for 

those cleaved at histidine residues. Forty seven of the proteins (71 %) were cleaved 

after an acidic residue, or a residue with a branched side chain compared with a joint 
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proteomic frequency of 34 %. The β1/Pre3 subunit of the proteasome is known to 

cleave acidic and branched-chain residues. The MEROPS database lists no histidinyl 

proteases in Saccharomyces cerevisiae (http://merops.sanger.ac.uk). However, it may 

be relevant that there is a high level of cleavage between charged residues (His, Glu 

and Asp) and either leucine or isoleucine. This may be due to the specificity of 

metacaspase (or another death-associated protease). Alternatively, leucine and 

isoleucine may be located in hydrophobic regions and so may be localised within 

membranes while charged residues may be more likely to be found in cytoplasmic 

domains of proteins. The simple detection of unfolded membrane proteins can lead to 

proteolysis by mitochondrial membrane proteases (Tatsuta & Langer, 2009). 

As damaged proteins form large aggregates, more metacaspase would become 

associated with the aggregates and it has been shown in metazoa that initiator 

caspases are activated by proximity with one-another and dimerisation when 

associated with the DISC (extrinsic apoptosis), apoptosome (intrinsic apoptosis) or 

other activation scaffolds (Boatright & Salvesen, 2003; Jiang & Wang, 2004; Pop et al., 

2006). There is only one structural homologue of metazoan caspases in yeast: the 

metacaspase Mca1. Therefore there can be no cascade of initiator and executioner 

caspases and, if Mca1 is a death-associated protease, it must act as both initiator and 

executioner or act with other proteases. It is tempting to speculate that the ancestral 

metacaspase, from which caspases, metacaspases and paracaspases derive, was 

activated by association with protein aggregates and that specialised activation 

scaffolds evolved as the caspase family of proteases evolved in metazoan.  

Metacaspases appear to cleave after arginine and lysine rather than aspartate 

(Vercammen et al., 2004; 2006; Moss et al., 2007; Sundstrom et al., 2009; Ojha et al., 

2010; Bozhkov et al., 2010; Watanabe & Lam, 2005). We were not able to reliably 

detect cleavages after arginine or lysine due to the methodology of our LC MS/MS 

study. Any future study should employ alternative enzymes for digestion of proteins 

prior to LC MS/MS or use isopotically labelled water during digestion in order to obtain 

vital data regarding cleavage at Arg and Lys in wild-type and mca1-null mutant yeast. 
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4.5. Conclusions 

Mca1 may cleave, or mediate the cleavage of, late-stage targets of the PCD machinery. 

These include transporters, signalling proteins, transcription and translation factors, 

ribosomal proteins and proteins which maintain the integrity of the cell membrane, 

mitochondrial, other organelles and chromatin. Many of the proteins may be localised 

within membranes or within organelles. Mca1-dependent, acetic acid-induced 

proteolysis resembles non-metacaspase-dependent acetic acid-induced proteolysis 

except that there is increased cleavage at histidine residues. There is evidence from 

other studies that metacaspases cleave after arginine or lysine but it is unclear if 

metacaspases also cleave after histidine, a third basic amino acid residue. Further 

research will be needed to establish the specificity of Mca1 in dying yeast cells.
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Chapter 5. Characterising Mca1 in Candida albicans 

5.1. Chapter Introduction 

Candida albicans is an opportunistic human pathogen and can cause life-threatening 

systemic infections (Blumberg et al., 2001), particularly in people with compromised 

immune systems (Odds, 1987; Lin et al., 2001). The ability of C. albicans cells to change 

morphology in response to environmental factors has been shown to be a major 

virulence factor (Cutler, 1991). With increasing incidence of resistance to anti-fungal 

drugs in Candida species (Pfaller, 1996; Mah & O’Toole, 2001; Vasquez et al., 2001; 

Arendrup et al., 2010; Bueid et al., 2010; Pfaller et al., 2011) a new generation of anti-

fungal therapeutics may soon be needed (Phillips et al., 2003). The identification of 

programmed cell death in fungi raises the prospect of targeting the machinery of 

apoptosis and triggering cell suicide among infecting fungal cells. 

Candida albicans has been shown to undergo programmed cell death, with hallmarks 

of apoptosis, in response to a range of stimuli, including hydrogen peroxide, acetic acid 

and amphotericin B (Phillips et al., 2003). Apoptosis is accompanied by G2/M arrest 

and higher doses of these PCD-inducing agents initiate necrotic cell death. The 

Ras/cAMP/PKA signalling pathway mediates accelerated onset of cell death and 

apoptosis progresses eventually to secondary necrosis (Phillips et al., 2005). Other 

stimuli, inducing apoptosis in C. albicans, include the quorum-sensing messenger, 

farnesol (Shirtliff et al., 2009) and mating pheromone (Alby et al., 2010).  

Cao et al. (2009) showed that deletion of the C. albicans metacaspase gene, MCA1 

leads to increased trehalose production and a reduction in mitochondrial membrane 

potential, ATP production, ROS accumulation and PCD in response to oxidative stress. 

Metacaspases have been shown to mediate programmed cell death in response to a 

range of  stimuli in other fungi (Madeo et al., 2002; Hamann et al., 2007; Guerin et al., 

2009), plants (Hoeberichts et al., 2003; Suarez et al., 2004; Van Baarlen et al., 2007) 

and protists (Lee et al., 2007; Zalila et al., 2011).   

Metacaspases also appear to play roles in cell survival, cell proliferation, cell cycle 

progression and the clearance of protein aggregates in protists (Gonzales et al., 2007; 
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Ambit et al., 2008), fungi (Richie et al., 2007; Lee et al., 2008; 2010) and plants (Coll et 

al., 2010). Two of the Arabidopsis thaliana type I metacaspases display opposing 

effects in plant cell death. AtMC1 promotes programmed cell death while AtMC2 

inhibits PCD (Coll et al., 2010). Two of the five Trypanosoma brucei metacaspases 

appear to lack protease activity (Szallies et al., 2002) and there is evidence that 

Plasmodium falciparum and Leishmania major metacaspases mediate cell death via a 

clan CA cysteine protease: possibly a cathepsin or calpain (Ch’ng et al., 2010; El-Fadili 

et al., 2010; Meslin et al., 2011). The pro-death function of AtMC1 is dependent on 

protease function while the pro-survival function of AtMC2 is independent of protease 

activity (Coll et al., 2010) and aggregate-targeting of S. cerevisiae Mca1 is dependent 

upon the prodomain of the metacaspase (Lee et al., 2010).  

If the metacaspase has both pro-survival and pro-death functions this would 

complicate attempts to gain a better understanding of fungal programmed cell death 

and the role of metacaspases in PCD. It would also complicate the identification of 

potential targets for anti-fungal drugs. Relatively little is known about the roles played 

by metacaspases in fungi and even less about their molecular functions and 

mechanisms of action. We set out to investigate the function of Mca1 by deleting both 

copies of the MCA1 gene and characterising the mutant. In this chapter we consider 

the effect of metacaspase gene deletion on programmed cell death filamentation, 

growth rate, stress sensitivity and virulence. We were particularly interested in 

whether Mca1 mediates cell death but, because C. albicans is a human pathogen, any 

role played by Mca1 in virulence would also be important.  

5.2. Materials and methods 

5.2.1. C. albicans growth conditions 

For long-term storage, C. albicans broth culture was mixed with equal volumes of 50 % 

autoclaved aqueous glycerol and placed in a –80 C freezer. C. albicans was streaked 

onto YPD agar (1 % yeast extract, 2 % mycological peptone, 2 % D-glucose, 2 % agar No 

2), incubated at 30 C for 2 days and stored at room temperature. Fresh plates were 

streaked each 2-3 weeks. Overnight cultures were prepared by inoculating 10 mL YPD 

broth (1 % yeast extract, 2 % mycological peptone, 2 % D-glucose) with a single colony 

taken from an agar plate. For selective culture, 200µL of cell suspension was spread 
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onto selective agar (6.9 g yeast nitrogen base with ammonium sulphate without amino 

acids; 2 % D-glucose; 2 % agar No 2; 0.72 g amino acid dropout mix without leucine, 

histidine or uridine; 50 mg/L leucine, histidine and/or uridine as appropriate). For 

acetic acid treatment, broth was adjusted to pH3 with hydrochloric acid before 

autoclaving. For YPD or SC agar at pH3, double strength broth was adjusted to pH3 

with hydrochloric acid before autoclaving separately from double strength agar. Broth 

and agar were mixed aseptically after cooling to 55 ˚C. 

5.2.2. E. coli growth conditions 

For long-term storage, E. coli broth cultures were mixed with an equal volume of 50 % 

autoclaved aqueous glycerol and placed in a –80 C freezer. E. coli was streaked onto 

lysogeny broth (LB) agar (1 % tryptone, 0.5 % yeast extract, 1 % sodium chloride, 2 % 

agar No 2), incubated at 37 C for 24 h and then stored at 4 C. Overnight cultures 

were prepared by inoculating 10 mL LB broth (1 % tryptone, 0.5 % yeast extract, 1 % 

sodium chloride) with a single colony taken from an agar plate. Where appropriate, 50 

µg/mL kanamycin or 100 µg/mL ampicillin, from 1000X aseptically prepared stock in 

sterile water, was added to the sterilised broth or agar after cooling to 55 ˚C.  

5.2.3. Plasmid extraction 

Plasmids were extracted and purified from E. coli cultures using a miniprep kit (Qiagen, 

Crawley, UK) in accordance with the manufacturer’s instructions.  Briefly, 1 mL 

overnight culture was centrifuged at 12000 rpm for 1 min, the supernatant was 

removed using a pipette and cells resuspended in 100 μL resuspension buffer (50 mM 

Tris-HCl pH 8.0, 10 mM EDTA, 100 mg/mL RNase A). Cells were lysed by the addition of 

200 μL lysis buffer (200 mM sodium hydroxide, 1 % SDS) and mixed by gentle inversion 

of the Eppendorf tube. The suspension was neutralised by addition of 350 μL 

neutralization buffer (4.2 M guanidine hydrochloride, 0.9 M potassium acetate, pH 4.8) 

and immediate mixing by inversion of the tube 6 times. After centrifugation for 5 min 

at 10000 rpm the supernatant was pipetted into a spin column and centrifuged for 2 

min at 10000 rpm. The flow-through was discarded, 500 μL wash buffer (10 mM Tris-

HCl pH 7.5, 80 % ethanol) was added to the column and centrifuged again for 2 min at 

10000 rpm. This step was repeated once more, the flow-through poured out and the 

column centrifuged for 1 min at 10000 rpm. The column was removed from the 
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collection tube and placed in a clean Eppendorf tube. Finally 50 μL elution buffer was 

added to the column. After 2 min incubation, the column was centrifuged for 1 min at 

10000 rpm to collect the purified plasmid. 

5.2.4. Agarose gel electrophoresis 

A 0.7 % gel was prepared by adding 0.7 g agarose powder (Sigma) to 100 mL TAE 

buffer (40 mM Tris acetate, 1 mM EDTA, pH 8.5) in a conical flask, heating in a 

microwave until boiling and cooling to hand hot temperature under a running water 

tap. 0.5 µg/mL ethidium bromide was added to the gel and mixed by swirling before 

pouring into a clean gel tray with an appropriately sized comb. The gel was placed in 

an electrophoresis tank and covered with TAE. The top was placed over the tank and a 

current run through the gel at 100 V for 20 – 30 min. The gel was examined under a G-

box gel imager (Syngene, Cambridge) to visualise DNA bands.  Images were recorded 

on thermal print paper and saved to file as appropriate. 

5.2.5. Gel extraction 

The agarose gel was examined on a UV light box and the appropriate DNA band was 

excised using a clean scalpel and transferred to a clean Eppendorf tube. Gel 

purification was carried out using a gel extraction kit (Qiagen, Crawley, UK) in 

accordance with the manufacturer’s instructions. Briefly, the excised gel was added to 

an equal volume of chaotropic buffer (5 M guanidinium chloride, 30 % isopropanol) 

and incubated at 50 °C with occasional vortexing until dissolved. The solution was 

pipetted into a spin column, incubated at room temperature for 2 min and centrifuged 

at 10000 rpm for 2 min. The column was washed twice with 500 μL wash buffer (10 

mM Tris-HCl pH 7.5, 80 % ethanol) and centrifuged each time (10000 rpm, 2 min) and 

the flow-through discarded. Then the column was spun at 10000 rpm for a further 1 

min and placed in a sterile Eppendorf tube. 50 μL elution buffer (2 mM Tris-HCl pH 8-

8.5) was added to the column, incubated for 2 min then centrifuged at 10000 rpm for 1 

min. 

5.2.6. Polymerase chain reaction 

PCR amplification was carried out using a Thermal Hybaid thermal cycler. Each PCR 

tube contained the following 50 μL reaction mix: 25 μL PCR Master Mix (Thermo 

Scientific, final concentration: 0.625 units Taq DNA polymerase, 75 mM Tris-HCl [pH 
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8.8], 20 mM ammonium sulphate, 1.5 mM magnesium chloride, 0.01 % Tween ® 20, 

0.2 mM of each dNTP), 22 μL sterile nuclease-free water, 1 μL forward primer (final 

concentration 0.2 µM, 1 μL reverse primer (final concentration 0.2 µM) and 1 μL (0.5 

to 125 ng) DNA template (plasmid suspension from miniprep or freeze-fractured cell 

suspension from a colony PCR). Unless otherwise stated the following amplification 

cycle was used: 

Initial denaturation  95 C  5 min   

Denaturation   95 C  30 s 

Annealing   53 C  1 min  30 cycles        

Extension   72 C  3 min 

Final extension  72 C  5 min 

5.2.7. Colony PCR 

PCR confirmation of colony genotype was carried out using appropriate primers. The 

DNA template was prepared as follows: a fresh colony was picked off its agar plate 

using a sterile pipette tip and resuspended in 15 μL sterile milliQ water. 5 μL of 

suspension was streaked out on a fresh agar plate and incubated for 24 h (E. coli) or 2 

days (C. albicans) to maintain stock. E. coli cell suspensions required no further 

treatment but C. albicans was treated as follows: 10 mg/mL lyticase (Sigma Aldrich) 

was added to the PCR tube and the tube was incubated at 37 C for 10 min before 

being placed in a -80 freezer for 10 min and defrosted at room temperature. 

5.2.8. E. coli transformation 

50 μL frozen competent cell suspension (Strataclone Solo Pack, Agilent Technologies or 

DH5α subcloning efficiency, Invitrogen) was defrosted on ice. Following the 

manufacturer’s instructions, 5 μL chilled DNA suspension was added and mixed gently 

by tapping the tube. After incubation on ice for 30 min, the cells were heat shocked by 

immersion of the tube in a water bath at 42 C for 45 s and incubated on ice for a 

further 2 min. 1 mL LB broth, heated to 42 C in a water bath, was added to the cells 

and the tube placed in a shaking incubator at 37 C, 200 rpm for 1 h. 50 μL to 500 μL 

were spread onto LB agar plates, containing 100 µg/mL ampicillin for CIp series 
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plasmids  or 50 µg/mL kanamycin for pSN40 and pSN50, using a sterile glass spreader. 

Plates were incubated at 37 C overnight. 

5.2.9. C. albicans transformation  

Candida albicans cells were transformed using a protocol adapted from Gietz & 

Woods, 1995. Essentially, after 4 h incubation a 50 mL C. albicans culture was 

centrifuged at 2000 rpm for 2 min washed in 50 mL LATE ( 10 mM Lithium Acetate, 10 

mM Tris, 1mM EDTA pH 8.0 in sterile milliQ water) and centrifuged at 2000 rpm for 2 

min. Cells were resuspended in 1 mL LATE. 5 μL boiled herring sperm (10 mg/mL) was 

added to an Eppendorf tube along with 80 μL PCR reaction (transforming DNA). 100 μL 

cell suspension was added and mixed by gentle stirring. 0.7 mL PLATE mix (40 % 

polyethylene glycol, 10 mM Tris, 1mM EDTA, 10 mM lithium acetate in sterile milliQ 

water pH 7.5) was added, the cells were resuspended by inversion and the tubes were 

incubated at 30 °C overnight. The cells were heat shocked for 1 h at 42 C in a water 

bath, centrifuged for 5 min at 3000 rpm and the PLATE mix removed. After washing in 

1 mL sterile water and resuspension in 400 μL sterile water, 200 μL cell suspension was 

spread on the appropriate selection plates and incubated at 30 C for 2-3 days.  

5.2.10. Construction of MCA1-null mutant 

The technique used for gene disruption was that outlined by Noble and Johnson 

(2005). Two gene disruption cassettes were constructed, KO HIS1 and KO LEU2. The 

former was produced by PCR amplification of the HIS1 gene in plasmid pSN52 using 

primers DW1 and DW2 (Table 5.1). The second cassette was produced by PCR 

amplification of the LEU2 gene in plasmid pSN40 (Noble & Johnson, 2005: Table 5.2). 

The forward primer included a 70 bp region of homology with the DNA just upstream 

of the MCA1 gene. The reverse primer included a 70 bp region of homology with the 

DNA just downstream of MCA1. Both alleles of MCA1 are identical so the same primers 

were used throughout.  Two rounds of gene disruption were carried out to knock out 

each allele in turn. In the first round C. albicans SN78 (Table 5.3) was transformed 

using MCA1 knockout cassette KO HIS1 to create strain DW1 and transformants were 

identified by growth on selective plates lacking histidine and confirmed by colony PCR 

using primers DW3 and DW4. The resultant heterozygous knockout strain SN78  
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Primer Description Sequence Source 

DW1 MCA1 knockout 
forward primer 

GGA CAA CAG TCC AAT TAT AGT AAT 
CAA CAA CAG GGT TAC GAC CAA GGG 
TAT AAC CAA GGT TAC GGC CAA GGC 
TCG GAT CCA CTA GTA ACG 

This study 

DW2 MCA1 knockout 
reverse primer 

CAC CAA GAC CCA GAA GCA TAC GAC 
TTC TAT CAC CTG TTG CAT AAG CCA TGG 
CAG ATT GCA ATA ACC CTG CCC AGT 
GTG ATG GAT ATC TGC 

This study 

DW3 Forward check 
primer upstream of 
MCA1 

GAT AAC TCC GAG CAG AGA AAG This study 

DW4 Reverse check 
primer within HIS1 

CTC GTC TCT TGA TGT ATA TGG This study 

DW5 Reverse check 
primer within LEU2 

TGC TTC AGT GGT GAA TCT ACC This study 

DW6 Forward check 
primer within MCA1 

CAA CAG GGT TAC GAC CAA GG This study 

DW7 Reverse check 
primer within MCA1 

ACA ATG CAT CAT TAG GAC GAG 
 

This study 

DW8 Forward primer 
upstream of MCA1 
with XhoI site  

ACT GAC TCG AGG GAT TGT GGA ATG 
AAT TTG TGA ATT TAC TAG TG  

This Study 

DW9 Reverse primer 
downstream of 
MCA1 with XhoI site 

ACT GAC TCG AGA ATG TAA TGC CAA 
AAG CAT CCA TCC TTT GTT GAG 

This Study 

RPS Forward check 
primer within RPS1 
locus 

GTA CAT TCC TAC TCC GTT CG Gift from 
Dr Steve 
Bates 

CIP Reverse check 
primer within CIp10 
plasmid 

 
GAT ATC GAA TTC ACG CGT TAG 

Gift from 
Dr Steve 
Bates 

 

Table 5.1. Primers used in this study.                                                                              
Underlined: regions of homology with MCA1. Bold: regions of homology with plasmids.     
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Plasmid Auxotrophy gene  Resistant to  Source 

pSN52 HIS1 Kanamycin Noble & Johnson, 2005 

pSN40 LEU2 Kanamycin Noble & Johnson, 2005 

CIp10 URA3 Ampicillin Murad et al., 2000 

CIp30 URA3, HIS1, ARG4 Ampicillin Dennison et al., 2005 

PDW1 URA3, HIS1, ARG4, LEU2 Ampicillin This study 

CIp10-MCA1 URA3  Ampicillin This study  

  

 

 

 

 Table 5.2. Plasmids used in this study  
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Strains Parent 

strain 

Relevant genotype Source 

SN78 RM1000 

#2 

MCA1/MCA1.his1/his1.leu2/leu2.ura3/ura3 

 

Noble & 

Johnson, 

2005 

CaI4 CAF2-1 MCA1/MCA1.ura3Δ/ura3Δ Fonzi & 

Irwin, 2003 

CaI4.CIp10 CaI4 MCA1/MCA1.ura3Δ/ura3Δ. RPS1/rps1Δ::CIp10.URA3 Brand et 

al., 2004 

DW1 SN78 MCA1/mca1Δ::HIS1. his1/his1.leu2/leu2.ura3/ura3 

 

This study 

DW2 DW1 mca1::LEU2/mca1::HIS1. his1/his1.leu2/leu2. 

ura3/ura3 

 

This study 

DW3 DW2 mca1::LEU2/mca1::HIS1.RPS1/rps1::CIp10-MCA1-URA3. 

his1/his1.leu2/leu2.ura3/ura3 

 

This study 

DW4 DW2 mca1::LEU2/mca1::HIS1. RPS1/rps1Δ::CIp10-URA3. 

his1/his1.leu2/leu2.ura3/ura3 

 

This study 

DW5 SN78 RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3-ARG4. 

his1/his1.leu2/leu2.ura3/ura3 

 

This study 

DW6 DW1 MCA1/mca1Δ::HIS1. RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3-ARG4. 

his1/his1.leu2/leu2.ura3/ura3 

 

This study 

 

Table 5.3. Candida albicans strains used in this study 
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MCA1/mca1Δ::HIS1 was transformed with knockout cassette KO LEU2 to create strain 

DW2, selected on plates lacking both histidine and leucine and confirmed by colony 

PCR using primers DW3 and DW5. The absence of a third copy of MCA1 was confirmed 

by colony PCR using primers DW6 and DW7.  

5.2.11. Construction of reintegration plasmid  

A Candida albicans colony (SN78) was suspended in 10 µL sterile water and incubated 

with 1 µL lyticase solution at 37 °C for 10 min. After freezing at – 80 °C for 10 min the 

cells were thawed at room temperature and 1 µL of the resulting suspension used in 

the PCR amplification of MCA1 using primer DW8 and DW9. Each primer included an 

XhoI restriction site. Amplified MCA1 was digested using XhoI. CIp10 was XhoI-digested 

in the presence of Antarctic phosphatase (New England Biolabs) to dephosphorylate 

the 5’ and 3’ hydroxyl groups of the linearised plasmid and prevent self ligation. After 

incubation for 2 h at 37 °C the digested DNA was purified by agarose gel 

electrophoresis and gel extraction. DNA concentration was assayed by measuring 

absorbance ratios A260/A230 and A260/A280 with a NanoDrop 1000 (Thermo Scientific, 

Epsom, UK). The MCA1 ORF was ligated into CIp10 using T4 DNA ligase (Promega) in 

accordance with the manufacturer’s instructions. Two reaction mixtures were set up 

containing CIp10:MCA1 molar ratios of 1:3 and 1:5 respectively. After 1 h incubation at 

room temperature, the ligation mixtures were incubated at 4 °C overnight and then 

used to transform E. coli DH5α competent cells (Invitrogen). Successful construction of 

plasmid pDW1 and transformation was confirmed by restriction digestion using XhoI. 

5.2.12. Construction of pDW1 plasmid 

The C. maltosa 3-isopropylamate dehydrogenase (LEU2) gene from the disruption 

marker cassette pSN40 (Noble & Johnson, 2005) was PCR amplified using primers DW1 

and DW2 (Table 5.1). DNA from 50 µL PCR mix was precipitated by adding an equal 

volume of isopropanol, cooling for 30 min in a -80 ˚C freezer and spinning in an 

unltracentrifuge at 12000 rpm for 10 min. The liquid was removed with a pipette, the 

pellet washed with ethanol and the ethanol removed by pipetting. The pellet was dried 

and resuspended in 20 µL sterile MQ water. The PCR product was digested with 

endonuclease BsaBI (New England Biolabs, Ipswich, MA, USA) according to the 

manufacturer’s instructions, A-tailed by mixing with PCR master Mix and incubating at 
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72 ˚C for 15 min and purified using a gel extraction kit (NBS Biologicals, Huntingdon, 

UK) according to the manufacturer’s instructions. Then the gene was cloned into 

Strataclone vector pSC-A amp/kan and transformed into Strataclone SoloPack 

competent cells. Successful incorporation of the LEU2 gene and orientation of the gene 

were confirmed by restriction digestion with SpeI. A strain was selected carrying 

plasmids in which the LEU2 gene was sandwiched between two SpeI restriction sites: 

one at the 5’ end of the original pSN40 LEU2 sequence and the other, original to the 

pSC-A amp/kan product insertion site The SpeI fragment was cloned into XbaI-digested 

C. albicans integrating vector CIp30 (Dennison et al., 2005). It should be noted that 

restriction digestion with BsaBI removed primer DW2, which would not have been 

removed by subsequent SpeI digestion. DW2 includes regions of homology with both 

MCA1 and the flanking regions of the LEU2 and HIS1 genes, used to disrupt copies of 

MCA1. Thus, there would be a risk of homologous recombination and insertion at 

incorrect sites if the primer were not removed. 

5.2.13. Construction of MCA1 reintegrant 

The reintegration plasmid CIp10-MCA1 was linearised by digestion with StuI at 37 °C 

for 2 hours and transformed into the MCA1-null mutant to produce an MCA1 

reintegrant strain (DW3: Table 5.3). Successful transformants were selected on agar 

plates lacking uridine, histidine and leucine and confirmed by colony PCR using primers 

RPS and DW9.     

5.2.14. Restoration of auxotrophic status 

In order to restore prototrophy, CIp10 was digested with StuI and transformed into the 

mutant strain (DW2) to yield a prototrophic version, strain DW4. Plasmid pDW1 was 

digested with StuI and transformed into SN78 to yield a prototrophic wild-type strain, 

DW5. This was carried out so that the wild-type, MCA1-knockout and reintegrant 

strains (DW5, DW4 and DW3 respectively) all had the genotype URA3+, HIS1+, LEU2+, 

ARG4+. The heterozygous MCA1-deletion mutant DW1 was also transformed with 

linearised plasmid pDW1 to generate protoauxotrophic strain DW6. Successful 

transformants were identified by growth on selective agar (SC minus uridine, SC minus 

histidine, SC minus leucine and SC minus arginine) and by colony PCR using primers   

CIP and RPS.  
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5.2.15. Resistance to salt, oxidative, osmotic, heavy metal and cell wall stress 

The prototrophic wild-type (DW5), MCA1-deletion mutant (DW4) and reintegrant 

(DW3) were subjected to a number of stresses to ascertain if disrupting the MCA1 

gene had affected stress sensitivity. Exponentially growing cells were centrifuged at 

2000 rpm for 2 min, washed with sterile water and resuspended in sterile water at 1 X 

106 cells per mL. Ten-fold dilution series were prepared in a 96-well plate using sterile 

water. A multipronged replicator was sterilized and then used to transfer ca. 5 μL from 

each suspension well to an agar plate. The plates contained YPD agar (1 % yeast 

extract, 2 % peptone, 2 % glucose, 2 % agar) or YPD with added stress agents. The 

stress agents were sodium chloride (0.5, 1, 1.5 and 2 M), menadione (1.2 mM), sorbitol 

(1.2 M), cadmium chloride (0.75 mM) and calcofluor white (20 µg/mL). The plates were 

incubated at 30 °C for 24 h, and viewed under visible light using a gel illuminator. 

Images were saved to disc. The tests were carried out three times on separate 

occasions and in triplicate each time.   

5.2.16. Hydrogen peroxide, acetic acid and amphotericin B resistance  

Cell cultures of wild-type (DW5), MCA1-deletion mutant (DW4) and reintegrant (DW3) 

strains of C. albicans were centrifuged at 2000 rpm for 2 min, washed in sterile water 

and resuspended at 1 X 105 cells per mL. 1 mL was spread on a YPD agar plate, the 

plate dried and a 5 mm filter paper disc placed in the centre. 5 μL 7.5 M acetic acid, 2.5 

M hydrogen peroxide or 2 mg/mL amphotericin B was pipetted onto the disc. The 

plates were then incubated at 30 °C for 24 h and the diameter of the zone of inhibition 

(halo) measured. The tests were carried out three times on separate occasions and in 

triplicate each time.   

5.2.17. Growth rate and the effect of acetic acid stress  

Cells from exponentially growing wild-type, MCA1-deletion mutant and reintegrant 

strains (DW5, DW4 and DW3 respectively) were centrifuged at 2000 rpm for 2 min, 

washed in sterile water, and resuspended in synthetic complete medium (pH3) at with 

an absorbance (at 650 nm) of 0.2. A 96-well microtitre plate was prepared by pipetting 

100 µL of SC pH3 into each well (except rows 1 and 12, which were not used. The 

concentrations of acetic acid in columns A to H were 480 mM, 360 mM, 240 mM, 120 

mM, 60 mM, 30 mM, 15 mM and 0 mM respectively. 100 µL of cell suspension was 
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added to each well (except those in rows 1, 2 and 12). Final acetic acid concentrations 

were 240, 180, 120, 60, 30, 15, 7.5 and 0 mM (columns A-H). Each strain was tested in 

triplicate, using independent cultures, derived from independent colonies on separate 

culture plates. Strain DW5 was added to rows 3, 4 and 5. Strain DW4 was added to 

rows 6, 7 and 8. Strain DW3 was added to rows 9, 10 and 11. A further 100 µL SC pH3 

(0 mM acetic acid) was pipetted into each well of row 2.  The microtitre plate was 

placed in a VersaMax automatic plate reader equipped with Softmax Pro 5.4.1 

software (Molecular Devices, Sunnyvale, CA, USA) and incubated at 30 ˚C. The 

absorbance of each well at 650 nm was read every 3 min for 24 h. Raw data was 

exported to an Excel file and saved to disc. Rows were numbered 1 to 8 to facilitate 

filtering of data for differing acetic acid concentrations. Columns, representing empty 

wells were deleted, leaving three columns (representing three duplicates) for each 

strain. Mean absorbances were calculated for each set of triplicate wells and were 

normalised to the mean absorbance, at time zero, for that strain and acetic acid 

concentration. Absorbances were plotted against time after treatment and natural logs 

of absorbances were also plotted against time. As only the first 250-300 min of growth 

was exponential, the linear portion of the first 250 min of each semi logarithmic curves 

was used to calculate the generation (doubling) time G.   

G = Δt/n where Δt = time interval and n = number of generations. Where growth is 

exponential, N’ = N X 2n where N’ = final number and N = starting number of 

organisms. Using absorbances instead, this may be expressed as A’ = A X 2n therefore                              

logn A’ = logn A + nlogn2  so n = logn A’ – logn A = logn A’ – logn A =   1     (logn A’ - logn A)                   

.                                                          logn2                     0.693                        0.693   

G = Δt/n =                Δt                 =         Δt             Where ΔLnAb = change in Lnabsorbance                                                                                   

.                1.443(logn A’ – logn A)   1.443 X ΔLnAb            

5.2.18. Virulence testing 

C. albicans strains DW5, DW4 and DW3 were cultured overnight or for 48 h in YPD at 

30 °C with shaking (200 rpm) and 1 mL of each overnight culture used to inoculate a 

fresh 50 mL of YPD culture medium. The cultures (three mid log-phase and three 

stationary phase) were incubated with shaking (30 °C, 200 rpm) for 4 h and then 

washed twice with sterile PBS and resuspended in PBS at a density of 3 x 107 cells per 
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mL. 10 µL cell suspension was injected into the front left pro-leg of a Galleria 

mellonella (waxmoth) larva. Ten larvae were treated with each cell suspension and ten 

with PBS. A Hamilton syringe was used and washed three times with ethanol and three 

times with PBS between cell suspensions. Each group of ten larvae was placed in a 

petri dish lined with filter paper and incubated at 37 °C. Live and dead larvae were 

counted every six hours. The assay was carried out three times on separate occasions. 

5.2.19. Hyphal induction 

48 h static cultures of strains DW5, DW4 and DW3 were centrifuged at 2000 rpm for 2 

min, washed in sterile water, counted with a haemocytometer and resuspended in YPD 

with 10 % foetal calf serum at 1 x 107 cell per mL. The cultures were incubated with 

shaking (37 °C, 200 rpm) and samples taken at 15-30 min intervals for examination 

under a light microscope. Yeast and hyphae were counted in at least four fields of 

vision and 400 cells were counted for each strain. 

5.2.20. Acetic acid-induced cell death in yeast and hyphae 

48 h static cultures of C. albicans strains DW5, DW4 and DW3 were centrifuged at 2000 

rpm for 2 min, washed with sterile water, counted with a haemocytometer and 

resuspended at 1 x 107 cell per mL in YPD pH3 with 10 % foetal calf serum and either 

80 mM acetic acid or an equal volume of sterile water. The cultures were incubated 

with shaking (37 °C, 200 rpm) for 3 h. Cells were centrifuged at 2000 rpm, for 2 min, 

resuspended in propidium iodide solution (10 µg/mL in PBS) and incubated for 30 min 

at 37 °C. After washing with PBS the cells were resuspended in PBS and examined 

under a fluorescent microscope (Leica, DMLB) using an excitation energy of 488 nm 

and a band pass filter of 562-588 nm. Stained and unstained yeast and hyphae were 

counted. The assay was carried out three times on separate occasions. 

5.2.21. Hyphal induction: spider medium and Lee’s medium 

48 h static cultures of strains DW5, DW4 and DW3 were centrifuged at 2000 rpm for 2 

min, washed with sterile water, counted with a haemocytometer and resuspended at 1 

x 105 cells per mL in sterile water. 5 μL was pipetted onto Lees or spider agar. Plates 

were then incubated at 30 °C (spider medium) or 37 °C (Lee’s medium) for 5 days and 

examined using a dissecting microscope. The experiment was carried out three times 

on separate occasions and in triplicate each time.   
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5.3. Results 

5.3.1. Construction of plasmids and strains 

5.3.1.1. Construction of MCA1-null mutant 

Some stimuli induce fungal programmed cell death in a metacaspase-dependent 

manner (Madeo et al., 2002; Hamann et al., 2007; Guerin et al., 2009; Cao et al., 2009). 

Metacaspases also appear to have various cell survival and proliferation roles (Richie et 

al., 2007; Lee et al., 2008; 2010). Cao et al. (2009) showed that oxidative stress-

induced programmed cell death in C. albicans is enhanced by deletion of MCA1. We 

were interested in how a cell death or cell survival role might affect the virulence of 

this opportunistic pathogen but were unable to obtain samples of the previously-

created MCA1-null mutants (Cao et al., 2009). Therefore we constructed our own 

deletion mutant and reintegrant strains for use in cell death and virulence testing.  

Many C. albicans deletion protocols rely upon recycling of the URA3 selectable marker 

(Wilson et al., 2000). However, URA3 gene expression is dependent upon its position in 

the genome and the URA3 gene product, orotidine 5-phosphate decarboxylase, has a 

significant effect on virulence (Lay et al., 1998; Sundstrom et al., 2002; Cheng et al., 

2003; Staab & Sundstrom, 2003; Brand et al., 2004). Therefore we decided to use an 

alternative gene disruption protocol, developed by Noble & Johnson (2005). This 

protocol employed a Candida albicans strain (SN78) which is deficient in three 

selectable markers. One of these markers was the URA3 gene and the others were the 

HIS1 and LEU2 selectable markers (Noble & Johnson, 2005), which do not significantly 

influence C. albicans virulence.  

Gene disruption cassettes were created by amplifying the C. maltosa LEU2 gene of 

plasmid pSN40 and the C. dubliniensis HIS1 gene of plasmid pSN52 (Table 5.2) by PCR 

using primers DW1 and DW2 (Table 5.1). The forward and reverse primer each have a 

70 bp region of homology to the region upstream or downstream of the MCA1 ORF 

respectively (Figure 5.1A). Two rounds of transformation with disruption cassettes and 

selection on selective media were carried out to disrupt each MCA1 allele in turn. 

Disruption of MCA1 by integration of a HIS1 or LEU2 marker was confirmed by colony 

PCR, using primers DW3 and DW4 or DW3 and DW5 (Figure 5.1.B). Absence of  
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. 

 

 

Figure 5.1. Construction of strains. The LEU2 gene of plasmid pSN40 and the HIS1 gene of plasmid 
pSN52 were PCR amplified using primers DW1 and DW2, each of which has a 70 bp region with 
homology to the regions upstream and downstream, respectively, of the MCA1 ORF. The resulting MCA1 
gene disruption cassettes each replace one of the MCA1 alleles by homologous recombination. In the 
first round of gene disruption the HIS1 cassette was transformed into C. albicans strain SN78 (A) and the 
heterozygous MCA1 deletion mutant (strain DW1) selected by growth on SC medium lacking histidine 
and confirmed by colony PCR using primers DW3 and DW4, yielding a product of 563 bp (B). In the 
second round the LEU2 cassette was transformed into strain DW1 (A) and the homozygous deletion 
mutant (strain DW2) selected by growth on SC medium lacking histidine and leucine and confirmed by 
colony PCR using primers DW3 and DW5, yielding a product of 666 bp (B). Trisomy was ruled out in 
strain DW3 by colony PCR using primers DW6 and DW7. Where a MCA1 ORF was present, a PCR product 
of 613 bp was produced (B). Gel electrophoresis of the colony PCR products (C) confirmed the 
replacement of one MCA1 allele by a HIS1 gene (detected in strains DW1 and DW2), replacement of 
another allele by the LEU2 gene (detected in strain DW2 only) and the absence of an extra copy of MCA1 
in the homozygous MCA1 deletion mutant (no ORF was detected in strain DW2).  
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an undisrupted MCA1 ORF was confirmed by colony PCR using primers DW6 and DW7. 

Gel electrophoresis of the wild-type, heterozygous deletion mutant and homozygous 

deletion mutant (strains SN78, DW1 and DW2) indicated the production of PCR 

products of the expected sizes and that HIS1 was present in strains DW1 and DW2 but 

not SN78, LEU2 in strain DW2 only and MCA1 in strains SN78 and DW1 but not strain 

DW2 (Figure 5.1.C). These results are consistent with the disruption of one copy of 

MCA1 during the first round and disruption of the second copy during the second 

round of transformation and selection.  

One allele of MCA1 has been disrupted in strain DW1 and both alleles disrupted in 

strain DW2.  

5.3.1.2. Reintegration of the MCA1 gene in strain DW2 

We were interested in how deletion of the MCA1 gene would affect virulence and 

other characteristics in C. albicans. However, molecular Koch’s postulates (Falkow, 

1988) require that, as well as showing that deletion or inactivation of a gene results in 

a change in virulence, it should also be shown that restoration of the original genotype 

or gene activity restores wild-type virulence. The Candida integrating plasmid, CIp10 

(Murad et al., 2000) is a commonly used vector. CIp10 includes the URA3 auxotrophic 

marker and integrates into the RPS1 locus, thus circumventing virulence defects due to 

URA3 localisation (Brand et al., 2004). We decided to clone MCA1 into CIp10 and use 

the CIp10-MCA1 plasmid to restore MCA1 to strain DW2. 

The MCA1 gene was amplified, along with around 500 bp upstream and 500 bp 

downstream of the ORF, cloned into CIp10 and integrated it into the RPS1 locus of 

DW2 to produce a reintegrant strain. There were apparent phenotypic differences 

between the wild-type and MCA1-deletion mutant, but reintegration of the MCA1 

gene failed to restore the original phenotype. This called into the question the link 

between gene-deletion and observed phenotypic change. We therefore decided to 

increase the length of the upstream region to around 1 kB to ensure that the entire 

promoter was included.   

A region from 917 bp upstream to 442 bp downstream of the MCA1 ORF was amplified 

by PCR (Figure 5.2), using primers DW8 and DW9, each of which included the XhoI 
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Figure 5.2. Construction of plasmid CIp10-MCA1 and confirmation of MCA1 reintegration. A. The 

MCA1 ORF plus 917 base pairs upstream and 442 bp downstream, was PCR amplified using primers DW8 
and DW9. Each primer has an XhoI restriction site at its 5’ end (labelled ‘X’). The length of the PCR 
product was confirmed by gel electrophoresis and then the product was digested with XhoI while the 
Candida integration plasmid CIp10 was digested with XhoI in the presence of Antarctic phosphatase (Ant 
Phos). The PCR product and plasmid were both gel purified and ligated, using T4 DNA ligase to construct 
MCA1 reintegration plasmid CIp10-MCA1. The latter was transformed into E. coli strain DH5α and 
successful transformation confirmed by selection on LB agar containing ampicillin and digestion with 
XhoI followed by gel electrophoresis. A confirmed transformant was cultured and plasmids harvested by 
miniprep, linearised by StuI digestion and used to transform C. albicans MCA1 null strain DW2 to 
produce MCA1 reintegrant strain DW3. B. Gel electrophoresis using primers DW6 and DW7 confirmed 
the presence of an MCA1 gene in the wild-type SN78, the heterozygous MCA1-deletion mutant DW1, 
the MCA1 reintegration mutant DW3 (A, above) and the positive control, CaI4. The absence of an MCA1 
gene was confirmed in the MCA1 null mutant DW2. 
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restriction site (CTCGAG) towards the 5’ end. Next the PCR product was digested with  

XhoI and ligated into XhoI-digested CIp10. The resulting CIp10-MCA1 plasmids were 

transformed into E. coli strain DH5α, transformants selected by growth on LB agar 

containing ampicillin and successful transformation confirmed by colony PCR, using 

primers CIP and DW6. Sequencing confirmed the region from 895 bp up- to 358 bp 

downstream of the ORF. Gel electrophoresis confirmed the presence of a 613 bp PCR 

product, indicating that the CIp10 plasmid contained the MCA1 insert. CIp10-MCA1 

plasmids were harvested, linearised with StuI and transformed into C. albicans strain 

DW2. Transformants were selected by growth on SC medium lacking uridine and the 

integration of the plasmid confirmed by colony PCR, using primers CIP and RPS. Gel 

electrophoresis confirmed the presence of an integrating vector in the RPS1 locus. 

The plasmid CIp10-MCA1 was integrated into the RPS1 locus of MCA1-null strain DW2 

to produce the MCA1-reintegrant strain DW3. 

5.3.1.3. Restoration of prototrophy 

Strains of C. albicans, auxotrophic for leucine and histidine, show normal virulence in a 

mouse model (Manning et al., 1984; Kirsch & Whitney, 1991; Noble & Johnson, 2005). 

However, leucine starvation in S. cerevisiae results in an increased oxidative stress 

response and changes in mitochondrial function (Petti et al., 2001). We therefore 

decided to restore prototrophy to all of the strains. Strain DW3 was already 

prototrophic but strain DW2 lacked a URA3 gene and so required integration of CIp10 

into the RPS1 locus. Strain SN78 was auxotrophic for histidine, leucine and uridine. 

Candida integrating plasmid CIp30 carries URA3, HIS1 and ARG4 but no LEU2 gene 

(Dennison et al., 2005). Plasmid pDW1 was therefore created by cloning LEU2 into 

CIp30. 

Strain DW2 was transformed with StuI-linearised CIp10 (Figure 5.3) to produce 

prototrophic strain DW3. The C. maltosa LEU2 gene from plasmid pSN40 was amplified 

by PCR using primers DW1 and DW2. The LEU2 gene was cloned into plasmid pSC-A 

and strains selected where LEU2 was sandwiched between SpeI sites. The SpeI 

fragment was cloned into XbaI-digested CIp30 to produce plasmid pDW1. StuI-

linearised pDW1 was transformed into strain SN78 to produce the prototrophic strain 

DW5 and into strain DW1 to yield the prototrophic strain DW6. Integration of  
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Figure 5.3. Construction of pDW1 and restoration of prototrophy. A. The LEU2 gene from plasmid 
pSN40 was amplified using primers DW1 and DW2. The MCA1-homology region of primer DW2 was 
removed by BsaB1 digestion. The truncated PCR product was then purified, A-tailed, cloned into plasmid 
pSC-A, transformed into super-competent Strataclone Solopack E. coli , transformants selected by 
growth on LB agar containing ampilcillin and by SpeI digestion and gel electrophoresis. Strains were 
selected, in which LEU2 was sandwiched between SpeI sites (one at the 5’ end of the LEU2 gene and 
another in the pSC-A multi-cloning site). Plasmid pSC-A-LEU2 was digested with SpeI and plasmid CIp30 
with XbaI in the presence of Antarctic phosphatase (Ant Phos). The SpeI fragment of pSC-A-LEU2 was 
ligated into the XbaI-digested CIp30 to produce plasmid pDW1. The latter was transformed into E. coli 
DH5α cells. Plasmids were harvested by miniprep, linearised with StuI and transformed into SN78 and 
DW1 to produce protoauxotrophic strains DW5 and DW6 respectively. Plasmid CIp10 was linearised and 
transformed into DW2 to produce protoauxotrophic strain DW4. B. The integration of a CIp10, pDW1 or 
CIP10-MCA1 plasmid into the RPS1 locus was confirmed by colony PCR, using primers CIP and RPS. C. 
albicans strain CaI4 was used as a negative control and CaI4.CIp10 as a positive control.   
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plasmids into the RPS1 locus (Figure 5.3) was confirmed by colony PCR, using primers 

CIP and RPS. Restoration of prototrophy by integration of plasmids CIp10, CIp10-MCA1 

and pDW1 was confirmed by growth on selective media (Figure 5.4). DW5, DW4 and 

DW3 are prototrophic wild-type, MCA1-deletion mutant and MCA1-reintegrant strains.  

5.3.2. Cell death and stress sensitivity 

5.3.2.1. Mca1 appears not to mediate sensitivity to sodium chloride, menadione, 

sorbitol, cadmium chloride or calcofluor white at the concentrations tested 

Many fungi, produce and retain glycerol and, to a lesser extent, sorbitol and other 

polyols, to maintain intracellular osmolarity in response to hyperosmotic stress (Luyten 

et al., 1995; Hohmann, 2002; Karlgren et al., 2005). Defects in glycerol production, 

osmolarity signalling and polyol transport may be identified by growth in hyperosmolar 

media containing high concentrations of sorbitol, sodium chloride or other osmolites 

(Hohmann, 2002).  

Mutations in stress signalling pathways, such as the HOG1 pathway, lead to increased 

sensitivity to oxidative stress in Candida albicans (Alonso-Monge et al., 2003) and may 

be detected by growing strains on media containing high concentrations of oxidative 

agents, such as hydrogen peroxide or menadione (Jamieson, 1992). High concen-

trations of metal ions, such as copper or cadmium, lead to heavy metal stress as a 

result of incorrect incorporation of metal ions into proteins and resulting oxidative 

stress (Avery, 2001; Sharma & Dietz, 2009). 

Calcofluor white is a fluorescent stain which binds to fungal chitin and is used to 

visualise the cell wall, septa and other chitinous structures (Duran & Cabib, 1978; 

Roncero & Duran, 1985). However, the binding of calcofluor white weakens the cell 

wall, particularly in strains with defective cell wall integrity pathways (De Groot et al., 

2001; Imai et al., 2005) therefore growth on media containing calcofluor white may be 

used to identify such strains.  

We decided to test sensitivity to hyperosmotic, oxidative, heavy metal and cell wall 

stresses in order to identify any role played by metacaspases in these processes and to 

test for the possibility of secondary mutations, which might be the true source of any 

phenotypic differences.  
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Figure 5.4. Auxotrophic status of strains. Strains were streaked onto synthetic complete and selective 
media and incubated at 30 °C for 48 h. SN78 is auxotrophic for histidine, leucine and uridine but the 
protoauxotrophic DW5 grows on all three selective media. DW1 is auxotrophic for leucine and uridine 
but the protoauxotrophic DW6 grows on all three selective media. DW2 is auxotrophic for uridine but 
the protoauxotrophic DW4 grows on on all three selective media. DW3 is protoauxotrophic and grows 
on all three selective media. The assay was conducted in triplicate and a replicative sample is shown 
above. 

DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3  

DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  
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observed. We prepared serial dilutions of strains DW5, DW4 and DW3 from 106 to 103  

cells/mL in a 96-well microtitre plate. A multipronged replicator was used to transfer 

around 5 µL of cell suspension from each well to culture plates containing YPD agar or 

YPD agar impregnated with the following stress agents: 0.5, 1, 1.5 and 2 M sodium 

chloride; 1.2 M sorbitol; 1.2 mM menadione; 0.75 mM cadmium chloride; 20 µg/mL 

calcofluor white. The plates were incubated for 24 h at 30 ˚C and growth compared 

(Figure 5.5). 

There appeared to be no difference in sensitivity among the strains to the stress 

agents tested at the concentrations used. All three strains showed increasing evidence 

of sodium chloride sensitivity as the salt concentration increased from 0 M to 2 M 

(Figure 5.5) and all showed significantly reduced colony growth rates in the presence 

of 2 M sodium chloride. The strains appeared to grow at similar rates and produce 

colonies at similar cell concentrations for all of the agents tested, whether the stress 

was oxidative, osmotic, salt, heavy metal or cell wall stress.  

Deletion of the metacaspase Mca1 does not appear to increase sensitivity to certain 

agents of hyperosmotic, oxidative, heavy metal and cell wall stress.  

5.3.2.2. Mca1 appears to mediate hydrogen peroxide-, acetic acid- and amphotericin 

B-induced PCD in Candida albicans 

The S. cerevisaie metacaspase mediates oxidative stress-induced PCD (Madeo et al., 

2002) and one of two or more pathways involved in acetic acid-induced PCD 

(Guaragnella et al., 2006). Phillips et al. (2003; 2006) showed that hydrogen peroxide, 

acetic acid and amphotericin B induce programmed cell death in Candida albicans. Cao 

et al. (2009) showed that Mca1 mediates hydrogen peroxide-induced PCD in C. 

albicans.  

We were interested in whether other forms of PCD in C. albicans were mediated by 

Mca1. Therefore we decided to investigate whether deletion of the metacaspase gene 

MCA1 led to a change in sensitivity to acetic acid- or amphotericin B-induced cell 

death. It was useful also to examine the response of our strains to hydrogen peroxide-

induced cell death since we used a different method of gene deletion and a different 

reintegration plasmid.  
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Figure 5.5. Stress tests. Exponentially growing cultures of strains DW5, DW4 and DW3 were centrifuged 
at 2000 rpm for 5 min, washed in sterile water, counted using a haemocytometer, centrifuged again and 
re-suspended in sterile water at a concentration of 106 cells/mL. A ten-fold dilution series in sterile 
water was prepared in a 96-well microtitre plate. A multiprong replicator was used to transfer around 5 
μL of cell suspension from each well to the surface of YPD agar (YPD), or YPD agar containing stress 
agents, in a petri dish. The stress agents were sodium chloride (NaCl) from 0.5 to 2 M; 1.2 mM 
menadione (Mnd); 0.75 mM cadmium chloride (CdCl2); 20 μg/mL calcofluor white (CFW) and 1.2 M 
sorbitol. Plates were incubated at 30 ˚C for 24 h and growth on stress plates compared with that on YPD 
agar. The triangle represents decreasing concentration of cell suspension from 106 to 103 cells per mL. 
The assay was carried out three times on separate occasions and in triplicate each time. The results 
shown are a representative sample. 

DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3  

DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  
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We centrifuged exponentially growing cultures of strains DW5, DW4 and DW3, washed 

them, counted them and re-suspended them at 105 cells per mL. The cultures were 

spread over YPD agar plates (or YPD agar at pH3 for acetic acid assays) and dried. A 5 

mm filter disc, impregnated with 5μL of 12 M hydrogen peroxide, 16 M acetic acid or 2 

mg/mL amphotericin B, was placed aseptically on the surface of the cell-covered agar 

and the plate was incubated for 24 h at 30 ˚C. The diameter of each zone of inhibition 

was measured (Figure 5.6.A to C).  

Strain DW4 was significantly or highly significantly less sensitive, than strains DW5 and 

DW3, to each of the PCD-inducing agents tested. Ruckenstuhl et al. (2009) suggest that 

mitochondria must be actively respiring in order to mediate cell death. We therefore 

repeated the experiment using cells from stationary (48 h old) culture. There were no 

significant differences between sensitivities of DW5, DW4 and DW3 to any of the three 

cell death stimuli (Figure 5.6.D to F). 

Hydrogen peroxide-, acetic acid- and amphotericin B-induced programmed cell death 

in Candida albicans appear to be at least partially dependent upon Mca1 in cells from 

mid log phase culture.   

5.3.2.3. Deletion of MCA1 does not appear to affect the growth rate during acetic 

acid stress or in control conditions  

Cao et al. (2009) showed that deletion of MCA1 in C. albicans decreases the growth 

rate. There is evidence that metacaspases promote growth under stress conditions in 

fungi, including Aspergillus fumigatus and Podospora anserina (Richie et al., 2006; 

Hamann et al., 2007). The S. cerevisiae metacaspase Mca1 may mediate cell cycle 

progression (Lee et al., 2008). We decided to compare the growth rates of strains 

DW5, DW4 and DW3 and to investigate how deletion of MCA1 affects changes in 

growth in response to acetic acid stress. 

We washed cells from exponentially growing cultures of DW5, DW4 and DW3 and re-

suspended them in synthetic complete medium at pH3. The cell suspensions were 

pipetted into a 96-well microtitre plate with 0 to 240 mM acetic acid. Each strain was 

tested in triplicate, using independent cultures, derived from independent colonies on 

separate culture plates. The absorbance of each well was read every 3 min. For each 
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Figure 5.6. Sensitivity assays. Cells from mid log-phase (A to C) or stationary phase (D to F) cultures of 
strains DW5 (wild type), DW4 (MCA1-null) and DW3 (MCA1-reintegrant) were washed and re-suspended 
in sterile water at 104 cells/mL. 1 mL was spread on YPD agar (or YPD agar pH3 for acetic acid assays), 
the plate dried and a 5 mm filter paper disc, impregnated with 5 μL 12 M hydrogen peroxide (A & D), 16 
M acetic acid (B & E) or 2 mg/mL amphotericin BC & F), placed in the centre. Plates were incubated at 30 
˚C for 24 h and the diameters of the zones of inhibition measured. The assay was carried out three times 
on separate occasions and in triplicate each time. Data were pooled to generate the resultsshown. 
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  *  Significant difference (p < 0.05)              **  Highly significant difference (p < 0.01)         from DW4 

DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3  

DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  
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strain/acetic acid concentration, the mean absorbance was normalised to that at time 

zero. We produced linear and semi-logarithmic scatter plots for each acetic acid 

concentration (Figure 5.7) and used the exponential growth phase (the first 250 min 

after treatment) to calculate the generation (doubling) time G. 

At 0 mM acetic acid the doubling times for DW5, DW4 and DW3 were 68 ± 1.5, 68 ± 

4.6 and 73 ± 1.2 min respectively. As the acetic acid concentration increased to 60 mM 

the doubling times of the wild type (DW5) and MCA1-null (DW4) strains increased to 

181 ± 1.1 and 188 ±2.7 min respectively (Figure 5.7.E), though the growth rates of both 

strains were higher at 30 mM acetic acid (Figure 5.7.D) than at 15 and 60 mM (Figures 

5.7.C and D). The doubling times of strain DW4 were similar at 30 and 0 mM acetic acid 

while that of strain DW3 increased to 176 min at 15 mM (Figure 5.7.C) and did not 

change as acetic acid concentration increased. A student’s t-test identified no 

significant differences between the growth rates of DW5 and DW4 at acetic acid 

concentrations of 0 to 60 mM (p > 0.05) except for 30 mM (Figure 5.7.D): p = 0.02. At 

acetic acid concentrations of 120 mM and higher, there was no apparent growth.  

Deletion of MCA1 appears to have no significant effect on the growth rate of Candida 

albicans or to result in significant changes in growth rate under conditions of acetic 

acid stress.    

5.3.2.4. C. albicans hyphae appear to be more susceptible than yeast to acetic acid-

induced cell death. 

Another possible explanation for the difference in the rate of killing by strains DW5, 

DW4 and DW3 is that as cells switch to the hyphal form they develop different 

sensitivities to apoptotic stimuli. Filamentous C. albicans is more susceptible to some 

antifungal agents, including terbinafine (Ryder, 1992) and methotrexate (Navarro-

Martinez et al., 2006). However, the latter is due to more effective transport through 

the hyphal cell membrane. The yeast form is more sensitive to amphotericin B after 

germ tube emergence (Nugent et al., 1987). Nitric oxide is more toxic to yeast than 

hyphae (Abaitua et al., 1999). However, in A. fumigatus, the differences in hyphal and 

conidial sensitivities to amphotericin B, itraconazole and voriconazole are not 

significant (Manavuathu et al., 1999; Wetter et al., 2005; van de Sande et al., 2010). 

Phillips et al. (2003) showed that 5-10 % of C. albicans cells treated with apoptogenic
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Figure 5.7. Growth rate and acetic acid treatment. Exponentially growing wild-type (DW5), MCA1 null 
(DW4) and MCA1 reintegrant (DW3) were spun down, washed and resuspended in SC pH3 plus either 
acetic acid (7.5. 15, 30, 60, 120, 180 or 240 mM: B-H) or an equal volume of sterile water (A), at an  
absorbance (650 nm) of 0.1. Each strain was assayed in triplicate, using independent cultures from 
independent colonies. The cell suspensions were pipetted into a 96-well microtitre plate and placed in 
an automatic plate reader Absorbance of each well at 650 nm was read every 3 min for 24 h and saved 
to file. For each replicate set mean absorbance was normalised to that at time zero and plotted against 
time. The natural log of absorbance was also plotted against time and the linear portion of the curve 
over the first 250 min used to calculate generation (doubling) time G for A-E.  

0
2
4
6
8

10
12

0 500 1000 1500

0

0.5

1

1.5

2

2.5

0 500 1000 1500

0
2
4
6
8

10
12

0 500 1000 1500
0

0.5

1

1.5

2

2.5

0 500 1000 1500

0
2
4
6
8

10
12

0 500 1000 1500
0

0.5

1

1.5

2

2.5

0 500 1000 1500

0
2
4
6
8

10
12

0 500 1000 1500

0

0.5

1

1.5

2

2.5

0 500 1000 1500

30 mM HAc 

15 mM HAc 

7.5 mM HAc 

0 mM HAc 

  DW5 G = 156 ± 1.5 min    
DW4 G = 156 ± 4.6 min 
DW3 G = 167 ± 1.2 min        

  DW5 G = 172 ± 2.3 min    
DW4 G = 172 ± 1.5 min 
DW3 G = 172 ± 3.0 min        

  DW5 G = 167 ± 3.4 min    
DW4 G = 156 ± 3.8 min 
DW3 G = 176 ± 4.2 min        

 DW5 G = 172 ± 2.7 min    
DW4 G = 172 ± 1.6 min 
DW3 G = 176 ± 1.0 min        

N
or

m
al

is
ed

 A
65

0 (
AU

) 

L n
 (N

or
m

al
is

ed
 A

65
0)

  

N
or

m
al

is
ed

 A
65

0 (
AU

) 
N

or
m

al
is

ed
 A

65
0 (

AU
) 

N
or

m
al

is
ed

 A
65

0 (
AU

) 

L n
 (N

or
m

al
is

ed
 A

65
0)

  
L n

 (N
or

m
al

is
ed

 A
65

0)
  

L n
 (N

or
m

al
is

ed
 A

65
0)

  

Time/min Time/min 

Time/min 
Time/min 

Time/min 

Time/min Time/min 

Time/min 

A 

D 

C 

B 

Linear Semi logarithmic 



                                Chapter 5: Characterising Mca1 in Candida albicans 
 

Proteases and programmed cell death in fungi Page 218 
 

 

 

 

 

              DW5                                                                Student’s t-test 

              DW4                                                          A, B, C, E: p > 0.05 

              DW3                                                               D: p = 0.02         

DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3  

DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  
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concentrations of acetic acid and 40-60 % of cells treated to apoptogenic 

concentrations of hydrogen peroxide became filamentous but then arrested. These 

percentages were not significantly different in morphogenesis mutants.    

The susceptibilities of hyphae and yeast cells of the wild-type and mca1-null strain to 

acetic acid were compared. Cells from 48 hr old stationary cultures of DW5, DW4 and 

DW3 were washed and resuspended in YPD pH3 with 10 % foetal calf serum or YPD 

pH3 with 10 % FCS and 80 mM acetic acid at 107 cells/mL. The cultures were incubated 

at 37 ˚C with shaking (200 rpm) for 3 h. Cells were stained with propidium iodide and 

examined with a fluorescent microscope.  

Around 80 % of hyphae and 50 % of yeast cells died in acetic acid treated samples 

(Figure 5.8.A-C). Chi square tests were carried out revealing that when cells were 

treated with 80 mM acetic acid for 3 h there was no significant difference between cell 

death in DW5 and DW4 (Figure 5.8.A & B; p = 0.75) but hyphae were significantly more 

sensitive than yeast cells (p < 0.0001). When untreated, a significantly greater 

percentage of cells died in DW5 than in DW4 (Figure 5.8.D & E; p < 0.0001) and a 

significantly greater percentage of mother cells died than hyphae (p < 0.0001). Among 

mother cells and also among hyphae, cell death was significantly greater in treated 

than untreated cells (Figure 5.8.A-F; p < 0.0001). Also among both mother cells (p < 

0.0001) and hyphae (p = 0.000656), cell death was significantly higher in strain DW5 

than in DW4 (Figure 5.8.A, B, D & E). However, when only treated mother cells (p = 

0.34) or treated hyphae (p = 0.48) were considered there was no significant difference 

between the strains (Figure 5.8.A & B). When only untreated mother cells or untreated 

hyphae were considered, a significantly greater percentage of cells died in strain DW5 

than DW4 (Figure 5.8.D & E; p < 0.0001). There was no significant difference between 

the rates of cell death in either mother cells (p = 0.66) or hyphae (p = 0.08) in 

untreated strains DW4 and DW3 (Figure 5.8.E & F; p >0.05) but there were significant 

differences between the death rates of both yeast and hyphal forms of untreated 

strains DW5 and DW3 (Figure 5.8.D & F; p < 0.0001). 

It appears that when cells are treated with lethal doses of acetic acid there is no 

significant difference in the sensitivity of DW5 and DW4. However, DW5 is more 

sensitive to non acid-induced cell death while hyphae are overall more sensitive than  
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                               YPD pH3 + 10 % FCS + 80 mM acetic acid 

 

 

 

Figure 5.8. The effect of MCA1 deletion on sensitivity to acetic acid-induced cell death. Cells from 
stationary (48 h old) cultures of DW5 (A & D), DW4 (B & E) and DW3 (C & F) were washed, resuspended 
in YPD pH3 plus 10 % foetal calf serum and either 80 mM acetic acid (A-C) or an equal volume of water 
(D-F). After incubation at 37 ˚C with shaking (200 rpm) for 3 h the cells were stained with propidium 
iodide (10 mg/mL in PBS) and examined with a fluorescent microscope. The assay was carried out three 
times on separate occasions and in triplicate on each occasion. Data were pooled to generate the results 
represented above. 
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                           YPD pH3 + 10 % FCS + 0 mM acetic acid 
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DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  
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yeast cells to acetic acid-induced cell death. Strain DW3 resembled strain DW4 and not 

DW5 with regard to non acid-induced death. 

5.3.3. Deleting MCA1 increases the rate at which cells from mid-log phase culture kill 

waxmoth larvae but decreases the killing rate of cells from stationary phase cultures  

The Aspergillus fumigatus metacaspases CasA and CasB appear to play no roles in 

virulence (Richie et al., 2007) but neither do they mediate PCD (Richie et al., 2007), 

while the C. albicans metacaspase Mca1 has been implicated in PCD (Cao et al., 2009). 

We decided to investigate how deletion of MCA1 affects virulence in C. albicans. We 

chose an insect model as it in cheap, easy to use and reduces the unnecessary use (and 

harming) of mammals (Kavanagh & Reeves, 2007; Mylonakis, 2008). Moreover, the 

model chosen, Galleria mellonella (the waxmoth), has been shown to be comparable 

to mice when used to study C. albicans virulence (Cotter et al., 2000; Brennan et al., 

2002). 

Cells from mid log-phase cultures of strains DW5, DW4 and DW3 were washed in 

sterile PBS and resuspended in sterile PBS at various cell concentrations. 10 μL of cell 

suspension or PBS was injected into the front left pro-legs of Galleria mellonella 

(waxmoth) larvae. Ten larvae were injected with each cell suspension, and ten with 

PBS and the larvae were incubated at 37 ˚C for up to two days. Live and dead larvae 

were counted every six hours. There was no apparent difference in virulence between 

strains DW5, DW4 and DW3 at lower cell concentrations but, at 3 x 10 7 cells per mL, 

the MCA1 null mutant (DW4) killed significantly more larvae during the first 18 h after 

treatment than the wild-type or MCA1 reintegrant strains (DW5 and DW3 

respectively). Long term virulence was similar, however, and all larvae were dead 

within 36 h of treatment. Overnight cultures produced different results so the 

experiment was repeated using stationary phase (48 h old) cultures. DW4 was found to 

kill more slowly than strains DW5 or DW3. Both experiments were repeated three 

times, using the same batch of larvae for all six cell suspensions.  

When cells from mid log-phase cultures were used, strain DW4 killed 70-85 % of larvae 

within 18 h of treatment, compared with 30-45 % killed by strain DW5 and 30-45 % by 

DW3 (Figure 5.9.A). When cells from stationary phase cultures were used, strain DW4 

killed 20-40 % of larvae within 24 h of treatment while strain DW5 killed between 
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Figure 5.9. Virulence in an insect model. Cells from mid log-phase and stationary phase cultures were 
washed and resuspended in PBS at 3 x 107 cells/mL. 10 μL of cell suspension or 10 μL PBS was injected 
into the front left pro-leg of a Galleria mellonella (waxmoth) larva. A. Ten larvae were injected with each 
stationary phase culture (strains DW5, DW4 and DW3) and ten with PBS. B. Ten larvae were injected 
with each mid log-phase culture (strains DW5, DW4 and DW3) and ten with PBS. C. Larvae were placed 
in petri dishes with filter paper inserts and incubated at 37 ˚C for up to 2 days. Larvae melanised as their 
infections developed. A dead larva was defined as one which did not move when turned onto its back. 
Live and dead larvae were counted every six hours (A and B). Data from three assays on separate 
occasions were pooled to produce the results represented in A and B, above. 

DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  

DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3  
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75 and 95 % and strain DW3 between 65 and 80 % of larvae within 24 h of treatment 

(Figure 5.9.B). All larvae were dead within 36 h of treatment. Applying Fisher’s exact 

test, mortality rates in larvae treated with DW5 (or DW3) and DW4 were found to be 

significantly different at 12, 18, 24 and 30 h post treatment (p < 10-15) where cells were 

taken from mid log-phase cultures and at 12, 18 and 24 h post treatment (p < 10-13) 

where cells were taken from stationary phase cultures.  

The deletion of MCA1 has no effect upon the virulence of C. albicans in Galleria 

mellonella. However, strain DW4 kills significantly more G. mellonella larvae during the 

first 30 h after treatment than strains DW5 and DW3 when cells are from mid log-

phase cultures but significantly fewer larvae during the first 24 h after treatment when 

cells are from stationary phase cultures.  

5.3.4. Filamentation 

5.3.4.1. Mca1 appears not to mediate serum-induced filamentation in C. albicans  

We wondered how Mca1 affected the timing of waxmoth mortality. The ability to form 

hyphae is an important virulence factor in C. albicans as it facilitates the penetration of 

endothelial layers, invasion of host tissue and escape from phagocytes (Scherwitz, 

1982; Staab et al., 1999; Riggle et al., 1999; Lo et al., 1997; Korting et al., 2003). There 

is nothing in the literature to suggest a role for any metacaspase in virulence. 

However, since the S. cerevisiae metacaspase mediates cell cycle progression (Lee et 

al., 2008), it could presumably influence the rate of filamentation.  Among the best 

known inducers of C. albicans hyphal formation are serum and growth at 37 ˚C 

(Mitchell, 1998; Brown & Gow, 1999; Ernst, 2000). Therefore we decided to compare 

hyphal induction of strains DW5, DW4 and DW3 at 37 ˚C in the presence of serum.   

Cells from stationary phase (48 h old) cultures were centrifuged, washed in water and 

resuspended in YPD with 10 % foetal calf serum at a concentration of 107 cells/mL. 

Cultures were incubated at 37 ˚C and samples taken at 15 to 30 min intervals for 

examination under a light microscope. In all cases, germlings began to appear between 

15 and 30 min after treatment, after 60 min treatment over 75 % of cells were hyphal 

and by 120 min almost 100 % of cells were hyphal (Figure 5.10). Deletion of MCA1 

appears not to influence the rate of serum-induced hyphal formation in C. albicans. 
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Figure 5.10. Serum induction of filamentation. , Cells of strains DW5 (A), DW4 (B) and DW3 (C) from 48 
h old stationary phase cultures were washed in sterile water, counted and resuspended at 107 cells/mL 
in YPD with 10 % foetal calf serum then incubated at 37 °C with shaking (200 rpm). At 15-30 min 
intervals a sample of cell suspension was removed and examined under a light microscope. The 
percentages of yeast and hyphal cells were counted (A-C) in at least four fields of vision and a total of 
400 cells counted for each strain. D & G: strain DW5, 60 and 120 min after treatment. E & H: strain DW4, 
60 and 120 min after treatment. F & I: strain DW3, 60 and 120 min after treatment. Scale bar: 10 μm. 

DW3: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3. 

DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3  

DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3  
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5.3.4.2. Deletion of MCA1 does not affect filamentation on spider medium but does 

affect filamentation on Lee’s medium 

The MAP kinase cascade is known to play a role in serum-induced filamentation 

(Biswas et al., 2003). However, nitrogen starvation-induced filamentation is signalled 

via Ras-cAMP-PKA (Biswas et al., 2005) and pH-induced filamentation via at least two 

pathways, including a Rim8, Rim20, Rim101-dependent pathway (Li and Mitchell, 

1997; Futai et al., 1999; Davis et al., 2000; Ramon & Fonzi, 2003). In this study, deleting 

MCA1 made no significant difference to serum-induced filamentation (5.3.8). However, 

there is evidence of nutrient starvation in mammalian phagocytes, leading to severe 

defects in carbon metabolism and virulence (Prigneau et al., 2003; Lorenz et al., 2004; 

Fernandez-Arenas et al., 2007; Ramirez & Lorenz, 2007). It may be that filamentation 

in Galleria mellonella haemocytes is induced by starvation or by changes in 

metabolism. Therefore, non serum-induced filamentation was examined.  

Cells from stationary (48 h old) cultures of DW3, DW4 and DW5 were washed and 

resuspended in sterile water at a concentration of 105 cells/mL. 5 µL of each cell 

suspension was pipetted onto the surface of a spider medium or Lee’s medium culture 

plate. The Lee’s medium plates were incubated at 37 ˚C and the spider medium plates 

at 30 ˚C. After five days the colonies were examined with a dissecting microscope 

(Figure 5.11).  

No apparent difference in hyphal induction was seen between strains DW5, DW4 and 

DW3 on spider medium. However, on Lee’s medium strain DW4 (the mca1 null 

mutant) was hyper-filamentous while strain DW3 (the MCA1 reintegrant) died on Lee’s 

medium.  The experiment was carried out on three separate occasions with fresh 

medium and cultures inoculated from fresh plate cultures. Similar results were 

observed each time.  

Deletion of MCA1 does not affect filamentation on spider medium. However, deletion 

of MCA1 results in a hyper-filamentous phenotype on Lee’s medium. The MCA1 

reintegrant (DW3) has a growth defect on Lee’s medium, not seen in the wild-type 

(DW5).   
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Figure 5.11 . Non serum induction of filamentation. Cells from 48 h old stationary cultures of strains DW5, DW4 and DW3 were washed and resuspended in water at 105 cells/mL. 
5 μL of each cell suspension was pipetted onto spider agar (A to C) or Lee’s medium agar (D to I). The plates were incubated at 30 °C (spider) or 37 °C (Lee’s) and examined with a 
dissecting microscope. The experiment was repeated three times on separate occasions and carried out in triplicate each time. Representative results are shown. Scale bar (A to F) 
5 mm. Scale bar (G to I) 0.2 mm). DW5: MCA1/MCA1.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::pDW1-HIS1-LEU2-URA3. DW3: Mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1                                                                                                                                     
Δ.leu2Δ/leu2Δ.ura3 Δ/ura3Δ.RPS1/rps1Δ::CIp10.URA3.  DW4: mca1Δ::HIS1/mca1Δ::LEU2.his1Δ/his1Δ.leu2Δ/leu2Δ.ura3Δ/ura3Δ.RPS1/rps1Δ::CIp10-MCA1-URA3.                                                                                                         
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5.4. Discussion 

5.4.1. Cell death and stress sensitivity  

5.4.1.1. Deletion of MCA1 appears to have no effect upon sensitivity to sodium 

chloride, menadione, sorbitol, caesium chloride or calcofluor white at the 

concentrations tested 

There were no apparent differences, in this study, among the sensitivities of the wild-

type, MCA1-null and MCA1-reintegrant strains (DW5, DW4 and DW3 respectively) to 

osmotic, salt, heavy metal or cell wall stress (Figure 5.5). Other studies suggest that S. 

cerevisiae and C. albicans metacaspases do not mediate sensitivity to oxidative stress-

induced cell death (Madeo et al., 2002; Wissing et al., 2004; Khan et al., 2005; Cao et 

al., 2009). In those studies hydrogen peroxide was used as the oxidative agent. 

Hydrogen peroxide produces hydroxyl radicals and other reactive oxygen and nitrogen 

species. Menadione in comparison produces far more toxic superoxide anions (Thor et 

al., 1982). However, others have shown that menadione induces PCD in S. cerevisiae 

and in A. fumigatus in a metacaspase-dependent manner (Osorio et al., 2007; Richie et 

al., 2007). In the fission yeast, Schizosaccharomyces pombe, the metacaspase Pca1 is 

up-regulated in response to oxidative and heavy metal stress and abrogates sensitivity 

to some stress agents, especially cadmium chloride (Lim et al., 2007). 

There is limited evidence that PCD due to sorbitol-induced hyperosmotic stress is 

mediated by a metacaspase in S. cerevisiae (Wadskog et al., 2004; Silva et al., 2005). 

However Silva et al. (2005) used 60 % sorbitol (around 3.3 M), approaching three times 

that used in our study. Wadskog et al. (2004), in a study of S. cerevisiae used sodium 

chloride as their osmolyte, exposing cells to a lower concentration of sodium chloride 

(0.7 M), and so a lower osmotic pressure, than that at which significant sensitivity (2 

M) was seen in C. albicans. C. albicans has a relatively high salt tolerance of 2 to 2.2 M, 

depending on pH (Krauke & Sychrova, 2010) whereas S. cerevisiae can tolerate up to 

1.7 M (Onishi, 1963).   

It appears from the literature that the involvement of metacaspases in cell wall stress-

mediated cell death has not been extensively studied. Calcofluor white damages the 

fungal cell wall and so leads to ion/water influx and death but this would presumably 
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be necrotic rather than apoptotic cell death. Therefore it is unclear whether 

metacaspases would play significant roles in CFW-induced cell death.  

It is difficult to compare stress-induced cell death in different organisms due to 

differing tolerance to apoptotic stimuli and differing stress responses. There is 

evidence that metacaspases play different roles even in the same fungus (Richie et al., 

2007; Lee et al., 2008; 2010). Expressing a metacaspase from the protist Trypanosoma 

brucei in S. cerevisiae impairs respiration (Szallies et al., 2002). Alternatively, it may be 

that exposure to stress agents in liquid culture and clonogenic survival assay would be 

a more effective means of testing sensitivity to apoptotic stimuli. There is no evidence, 

from this study, that deleting the MCA1 gene has altered sensitivity to the agents 

tested at the concentrations tested and, therefore, no evidence that other genes have 

been affected by MCA1-deletion. 

5.4.1.2. Mca1 appears to mediate sensitivity to hydrogen peroxide-, acetic acid- and 

amphotericin B-induced PCD in Candida albicans  

The MCA1-null strain DW4 was significantly less sensitive to acetic acid, hydrogen 

peroxide and amphotericin-B than the wild-type DW5 or the MCA1-reintegrant DW3 

(Figure 5.6.A to C). The diameters were compared using a student’s t-test. The zones of 

inhibition around hydrogen peroxide-impregnated discs were significantly larger for 

DW5 (p < 0.01) and DW3 (p < 0.05) than for DW4. Zones around acetic acid-

impregnated discs were significantly larger for DW5 (p < 0.05) and DW3 (p < 0.01) than 

for DW4. Zones around amphotericin B-impregnated discs were significantly larger (p < 

0.05) for both DW5 and DW3 than for DW4. This supports the findings of Phillips et al. 

(2003) that each of these three stimuli induce programmed cell death in C. albicans 

and those of Cao et al. (2009) that deletion of MCA1 decreases sensitivity to hydrogen 

peroxide-induced cell death. Our results also indicate that some acetic acid- and 

amphotericin B-induced cell death in C. albicans may be dependent upon Mca1.  

Sensitivity tests examining susceptibility to acetic acid, hydrogen peroxide and 

amphotericin B using cells from stationary culture were undertaken (Figure 5.6.D to E) 

but there were no significant differences between the strains. This may suggest that 

active growth or respiration is a requirement for MCA1-mediated cell death in 

response to these stimuli. The involvement of mitochondria in some kinds of cell death 
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has been documented (Eisenberg et al., 2007; Pereira et al., 2008) and there is 

evidence that reactive oxygen species arise mainly as a result of mitochondrial electron 

leakage (Danley et al., 1983; Staniek et al., 2002) and that the accumulation of ROS 

mediates cell death (Madeo et al., 1999; Khan et al., 2005; Silva et al., 2005; Marchetti 

et al., 2006; Low et al., 2008; Pereira et al., 2008; Perrone et al., 2008). Ruckenstuhl et 

al. (2009) suggest that mitochondria must be actively respiring in order to mediate cell 

death. Longo et al. (1996) found that the mitochondria generate reactive oxygen 

species and therefore superoxide dismutase is required to remove superoxide anions 

and facilitate cell survival in stationary phase culture. Thus the differences between 

cells from mid log phase and stationary phase cultures (Figure 5.6) may be due to 

differences in mitochondrial activity. 

5.4.1.3. Deletion of MCA1 does not appear to affect the growth rate  

Exponentially growing cells of the wild-type, MCA1-null mutant and MCA1-reintegrant 

(DW5, DW4 and DW3) had doubling times in SC pH3 of 156 ± 1.5, 156 ± 4.6 and 167 ± 

1.2 min respectively (Figure 5.7.A). Strains DW5 and DW4 had identical mean growth 

rates and so there was no indication that either the deletion of MCA1 or the 

subsequent integration of MCA1 and auxotrophic marker genes into the RPS1 locus 

affected the growth rate during exponential growth. Cao et al. (2009) found that the 

doubling time of the MCA1-null strain was 18 % longer in YPD and 13 % longer in SD 

than that of the wild-type (CAF2-1). It is not clear why our results differ so greatly from 

those of Cao et al. (2009). There may be differences in the methods used (e.g. our use 

of a 96-well microtitre plate). Our growth medium was SC pH3 while Jiang’s group used 

YPD and SD. The pH of YPD is between 6 and 6.5, depending on temperature and that 

of SD is 5.6 (Saubraud et al., 1892). It is possible that growth at low pH (necessary for 

acetic acid growth assays) introduced another variable which influenced growth rates. 

Further comparisons of growth rate are therefore desirable in other media. 

5.4.1.4. Mca1 may play a role in acetic acid stress adaptation 

There were no significant differences (p > 0.05 in each student’s t-test) between the 

growth rates of the wild-type strain DW5 and the MCA1-null mutant strain DW4 at any 

of the acetic acid concentrations tested except 30 mM (Figure 5.7). The doubling times 

of both strains were lower at 30 mM acetic acid (Figure 5.7.D) than at 15 or 60 mM 
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(Figure 5.7.C and E) but significantly higher for DW4 than DW5. This may indicate the 

existence of a threshold, between 15 and 30 mM acetic acid, at which stress 

adaptation occurs. Ramsdale et al. (2008) showed that 20 mM acetic acid induces the 

expression of a large number of Mnl1-dependent stress adaptation genes in C. 

albicans. The higher growth rate of strain DW4 at 30 mM may indicate an improved 

stress response and, therefore, a role for Mca1, which resists acetic acid stress 

adaptation. 

5.4.1.5. C. albicans hyphae may be more sensitive than yeast to acetic acid-induced 

cell death and Mca1 may be involved in non acid-induced cell death  

There appears to be no difference in the sensitivities of strains DW5 (the wild-type) 

and DW4 (the MCA1-null mutant) to acetic acid-induced cell death (Figure 5.8.A & B). 

DW5 appears more sensitive than DW4 to non acid-induced cell death (Figure 5.8.D & 

E) and hyphae may be more sensitive than yeast to acetic acid-induced cell death 

(Figures 5.8.A-C). Strain DW3 (the MCA1-reintegrant strain) resembled strain DW4 and 

not DW5 with regard to non acid-induced death (Figure 5.8.D-F). 

Acetic acid can diffuse through the cell membrane in its undissociated form and 

dissociate in the near neutral cytoplasm (Piper et al., 1998). Cell damage arises largely 

from pH-induced enzyme damage (Krebs et al., 1983); membrane damage by 

undissociated acid (Holyoake et al., 1999) and ATP wastage in pumping out hydrogen 

ions (Lambert & Stratford, 1999). It is not surprising that hyphae should be more 

susceptible to acetic acid-induced cell death than yeast since their larger surface 

area/volume ratio would facilitate diffusion. On the other hand, as daughter cells, they 

would receive a greater proportion than the mother cells of undamaged proteins and 

organelles during mitosis (Aguilaniu et al., 2003; Klinger et al., 2010).  

It is interesting that this assay detected a possible role for Mca1 in non acid-induced 

cell death but not in acetic acid-induced cell death. Metacaspases mediate cell death 

induced by ageing and environmental factors (Madeo et al., 2002). Lee et al. (2010) 

suggest that the S. cerevisiae metacaspase Mca1 plays a part in the aggregation and 

removal of oxidised and damaged proteins, which accumulate during ageing and 

oxidative stress. Khan et al. (2005) showed that deletion of MCA1 increased the 

accumulation of oxidised proteins during oxidative stress. Our data are consistent with 
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a role for Mca1 in the mediation of cell death induced by endogenous or 

environmental factors during stationary phase culture.  

It is worrying that the MCA1-reintegrant strain DW3 resembled the MCA1-null strain 

DW4 rather than the wild-type strain DW5. This may indicate the presence of an 

additional mutation in strain DW4, which was not complemented by the integration of 

plasmid pDW1 into the RPS1 locus. On the other hand, it may be due to differences in 

expression caused by the MCA1 gene’s genomic location.  

5.4.2. Deleting MCA1 increases the rate at which cells from mid-log phase culture kill 

waxmoth larvae but decreases the killing rate of cells from stationary phase cultures  

All larvae were dead within 36 h of treatment but mortality rates in larvae treated with 

DW5 (or DW3) and DW4 were found to be significantly different at 12, 18, 24 and 30 h 

post treatment (Figure 5.8.A; p < 10-15) where C. albicans cells were taken from mid log 

phase cultures. Possible explanations include a role for Mca1 in the mediation of cell 

death in insect haemocytes and Mca1-mediation of filamentation. Insect haemocytes 

are comparable with mammalian macrophages (Ratcliffe et al., 1993) and destroy 

fungal cells by phagocytosing and destroying them with proteases and reactive oxygen 

species (ROS) including superoxide anions and hydrogen peroxide (Slepneva et al., 

1999; Glupov et al., 2001). However, C. albicans is able to change morphology, forming 

hyphae which emerge from and kill the haemocytes, allowing the fungi to escape. The 

increased killing rate of DW4 is consistent with the theory that Mca1 mediates ROS-

induced cell death and that deletion of MCA1 abrogates sensitivity to this apoptotic 

stimulus (Madeo et al., 2002). The delay in killing by strains DW5 and DW3 may 

indicate that cell load is reduced to a greater extent than in strain DW4 but that there 

remain sufficient cell to kill the larvae.  

Where cells were taken from stationary phase cultures, mortality rates at 12, 18 and 

24 h post treatment were significantly higher in larvae treated with strains DW5 (or 

DW3) than with DW4  (Figure 5.9.B; p < 10-13). The cell density used was similar to that 

for the earlier experiment, 3 x 107 cells per mL. The longer delay before substantial 

death occurred suggests either that fewer cells in the inoculum were viable or that the 

growth rate or filamentation rate of viable cells was reduced.  
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The reversal of results when mid log phase cells are replaced with stationary phase 

cells may indicate that two different Mca1-mediated processes are involved. Mca1 

may increase the viability of stationary phase C. albicans cells or enhance their ability 

to grow or form hyphae and Mca1 may also mediate cell death in response to the 

haemocytic oxidative burst. The experiment should be repeated and cell death and 

viability measured by propidium iodide staining and clonogenic survival assay.    

5.4.3. Filamentation 

There was no apparent difference in serum-induced filamentation of strains DW5, 

DW4 and DW3 (Figure 5.10.A-C). Furthermore, there was no apparent difference in 

filamentation of the three strains on spider agar (Figure 5.11.A-C). However, the 

MCA1-null strain DW4 was hyper-filamentous on Lee’s medium agar (Figure 5.11.D & 

G), compared with the wild-type strain DW5 (Figure 5.11.E & H). The MCA1-reintegrant 

strain DW3 died on Lee’s medium agar (Figure 5.11.F & I).  

The absence of any difference in serum-induced filamentation upon MCA1 deletion 

suggests that Mca1 plays no part in mediating the MAP kinase cascade/ Cph1 pathway 

(Biswas et al., 2003). Both spider agar and Lee’s medium agar use high pH to induce 

filamentation. The lack of any filamentation differences on spider agar make it unlikely, 

therefore, that the Rim101 pH pathway (Nobile et al., 2003) is affected by Mca1. The 

proline in Lee’s medium agar induces hypha formation but this is blocked by low pH 

(Holmes & Shepherd, 1987). There may be an effect via the starvation-induced Ras1-

mediated pathway (Smith et al., 2003). Many hyphal induction genes may be regulated 

by two or even all three of the main filamentation transcription factors (Cph1, Efg1 and 

Rim101). 

It is interesting that the reintegrant failed to grow on Lee’s medium. This may be 

caused by a difference in gene expression due to its location in the RPS1 locus. 

Alternatively the cloned version may not be functional or not expressed, though 

sequencing confirmed that a region from 895 bp upstream to 358 bp downstream of 

the ORF was present and was correct. It is possible that a secondary mutation has 

occurred during reintegration of the MCA1 gene and it would be necessary to test 

other transformants to know if this is the case. The nearest gene to MCA1 is RHB1, a 

small G protein of the Ras superfamily with a role in hypha induction under nitrogen 
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starvation conditions (Yamada et al., 2007). The RHB1 ORF is only 427 bp from the 

MCA1 ORF. It should not be affected by the MCA1 deletion process but the MCA1 gene 

from the RPS1 locus may have integrated back into its native locus by homologous 

recombination and this could lead to random mutation. This seems unlikely since it 

would disrupt either the LEU2 or HIS1 auxotrophic marker and there was no sign of 

leucine or histidine auxotrophy but it is not unknown for a trisomy to develop in C. 

albicans when the alternative is the loss of an important gene. Therefore strain DW3 

should be checked by colony PCR using a primer within the RHB1 ORF and another 

within the MCA1 ORF to discount the possibility. Alternatively the RHB1 gene could be 

sequenced.   

5.5. Conclusion 

The deletion of MCA1 resulted in modest but significant reductions in sensitivities to 

hydrogen peroxide-, acetic acid- and amphotericin B-induced cell death. Mca1 may 

play roles in countering or delaying the acetic acid-induced stress response and in 

mediating cell death in stationary phase culture. The deletion of MCA1 may result in 

hyperfilamentation on Lee’s medium and an increased rate of host mortality in an 

insect model. Some differences between wild-type and MCA1 null strains were 

abolished or reversed when cells from stationary phase, rather than mid log-phase 

culture, were used. These assays should be repeated and the viability of the cells used 

established by propidium iodide staining and clonogenic survival assay. In two assays 

the MCA1-reintegrant strain resembled the MCA1 deletion strain, rather than the wild-

type. These were i) filamentation on Lee’s medium agar and ii) acetic acid-induced cell 

death in mother cells and hyphae. Northern blotting or qPCR could be used to 

compare the expression of the cloned MCA1 gene, integrated into the RPS1 locus. 

Integrating the cloned gene into more MCA1 null mutant strains and characterising 

them would help confirm that there is no secondary mutation in the MCA1-null strain. 

It may be necessary to confirm that the RHB1 gene has not been mutated since the 

gene’s proximity to the MCA1 ORF and its involvement in the control of starvation-

induced filamentation raise the possibility that at least some of the MCA1-reintegrant’s 

phenotypic characteristics are due to changes in RHB1.  



                                                                                                    Chapter 6. General Discussion 
 

Proteases and programmed cell death in fungi Page 235 
 

Chapter 6. Final Discussion 

Important elements of the cell death machinery appear to be shared by all eukaryotic 

organisms (Frohlich & Madeo, 2001; Madeo et al., 2002; 2004). Studying the 

mechanisms of cell death in fungi may be useful in identifying new fungicides and 

antifungal drug targets and in the development of new strains of fungi for use in 

industry (Ramsdale, 2008). Since Saccharomyces cerevisiae undergoes a form of 

programmed cell death resembling apoptosis in response to a range of stimuli 

(reviewed by Vachova & Palkova, 2007; Mazzoni & Falcone, 2008) it has become a 

model for understanding fungal PCD 

Apoptosis in metazoa is orchestrated largely by cysteine-dependent aspartate 

proteases (caspases) and there is compelling evidence that proteases also regulate 

PCD in fungi (Madeo et al., 2002; Woltering, 2004; Herker et al., 2004; Thrane et al., 

2004; Watanabe & Lam, 2005; Hauptmann et al., 2006; Gonzalez et al., 2007; 

Chichkova et al., 2008; 2010).  

Changes in abundance of proteins, and both gain-of-function, and loss-of-function 

cleavages of substrates are important for the progression of cell death responses. 

During metazoan PCD, cleavage of the Rho-associated kinase (ROCK1) plays a role in 

cell membrane blebbing (Coleman et al., 2001), cleavage of the nuclear envelope 

lamins leads to lamina disassembly (Rao et al., 1996) and cleavage of the CAD/DFF40 

endonuclease inhibitor (ICAD) frees the active endonuclease to degrade DNA (Liu et 

al., 1997; Enari et al., 1998; Woo et al., 2004).  

Since the apoptotic phenotype is highly conserved in eukaryotes, it is likely that 

conserved protease substrates exist that when cleaved elicit many of the stereotypical 

changes associated with apoptotic cell death.  Some caspase substrates are cleaved in 

a species-specific manner e.g. cyclin A is targeted during apoptosis of Xenopus laevis 

oocytes (Fischer et al., 2003) whilst there is no homologous cleavage site in 

mammalian proteins (Stack & Newport, 1997). Nevertheless it seems unlikely that 

similar death phenotypes arise from proteolysis of completely different complements 

of target substrates in different species (Luthi & Martin, 2007). Indeed, Shao et al. 

(2007) revealed that the P4-P3’ caspase-1 cleavage site in GAPDH (D189) is conserved 
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in organisms as diverse as man, mouse, cow and yeast.  Therefore, studying the fates 

of fungal homologues of known caspase substrates during PCD could yield valuable 

insights into the specificities and modes of action of fungal cell death proteases. 

The CASBAH database (http://bioinf.gen.tcd.ie/casbah/) lists 793 mammalian caspase 

substrates, and identifies cleavage sites for 586 of them (Luthi & Martin, 2007).  In this 

study we identified 241 yeast homologues of caspase substrates.  Since only 16 % of 

human proteins are conserved in S. cerevisiae (Brown & Jurisica, 2005) the 

conservation of 49 % of caspase substrates is higher than would be expected by 

chance.  Furthermore, alignment of caspase cleavage motifs in the mammalian and 

yeast proteins reveals that the motifs are conserved in around 22 % of yeast 

homologues.  

The yeast homologues are enriched for essential proteins, proteins with roles in 

interphase-related processes and translation initiation and proteins found at the site of 

polarised growth and in complexes. In mammalian caspase substrates and essential 

yeast homologues the frequency of the P4-P1 cleavage motif DXXD (where D is 

aspartate and X any residue) and also the frequency of glycine at the P1’ position are 

similar. In this study, we looked at protein differences among ascomycetes and used 

regression analysis to compare co-evolution of metacaspases and caspase substrate 

homologues but there was no significant difference between substrates with and 

those without apparently conserved cleavage motifs.  

Synthetic peptides have been used to investigate the substrate specificities of true 

caspases (Thornberry et al., 1997; Talanian et al., 1997). Similar approaches have 

identified caspase 3-, 6- and 8-like proteolytic activities during PCD in yeast but some 

of these activities have been shown to be independent of the fungal structural 

homologues of metazoan caspases, the metacaspases (Madeo et al., 2002; Gonzalez et 

al., 2007).  

Over-expression of Mca1 in yeast leads to elevated caspase 6 and 8-like activities 

(Madeo et al., 2002), but deletion of Mca1 does not remove all activity.  Some pro-

apoptotic stimuli such as ageing and osmotic stress in yeast elicit strong caspase-like 

proteolytic activities even in the absence of Mca1, indicating the presence of other 



                                                                                                    Chapter 6. General Discussion 
 

Proteases and programmed cell death in fungi Page 237 
 

proteases with caspase-like activity. For example, seventy percent of chronologically 

aged cells display Mca1 independent z-VAD-fmk staining (Herker et al., 2004) and 

caspase 3-, 6- and 8-like activities are apparent in control yeast cultures as well as 

those over-expressing Mca1 (Gonzalez et al., 2007). Several metacaspase-independent 

death associated caspase-like activities have been reported in plants, leading to the 

identification of subtilisin-like serine proteases with caspase-like activity (reviewed by 

Vartapetian et al., 2011) and as yet uncharacterized DEVDase and TATDase activities. 

Other proteases have also been implicated in fungal PCD, including Esp1 (Yang et al., 

2008), Nma111 (Belanger et al., 2009), Kex1 (Hauptmann & Lehle, 2008), vacuolar 

proteases (Pereira et al., 2010) and the proteasome (Ligr et al., 2001; Kim et al., 2003; 

Valenti et al., 2008). 

The MEROPS database (http://merops.sanger.ac.uk) lists 112 proteases and 60 non-

peptidase orthologues of proteases possessed by the yeast S. cerevisiae.  Lineage-

specific expansion has occurred in some protease families, including calpains, 

ubiquitin-specific proteases, pitrilysin-like metalloproteases and subtilisins, making 

them potential antifungal targets.  In this study a screen of 110 S. cerevisiae mutant 

strains, lacking non-essential yeast proteases and non-proteolytic peptidase 

homologues, identified 23 with defects in caspase-1, -3 or -8 substrate cleavage.  We 

found that fifteen mutants show increased proteolytic activity and four reduced 

activity against caspase-1, -3, -6 or -8 substrates during acetic acid-induced cell death. 

Twelve mutants also showed increased activity against caspase -1, -3, -6 or -8 

substrates during control (untreated) conditions in mid log-phase culture. There is little 

overlap between the two data sets, suggesting that different repertoires of proteases 

may mediate pro-death and pro-survival mechanisms in S. cerevisiae. Changes in 

caspase 1- and 6-like activities correlate well with acetic acid-induced ROS 

accumulation, which has been implicated as a key mediator of fungal PCD (Madeo et 

al., 1999). 

The deletion of APE2, which encodes a leucyl aminopeptidase, decreases the 

sensitivity of S. cerevisiae to acetic acid-induced PCD and results in increased 

proteolysis of a caspase-6 substrate. Proteolytic cascades are common and the future 

challenge is to unravel the primary and secondary roles of these proteases with 
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caspase-like activity and their downstream targets.  Whilst many proteases are highly 

specific, others target multiple proteins and many substrates are degraded by more 

than one protease increasing the complexity of this challenge. 

Expression of proteases increased strongly during PCD, but not in stressed cells.  Some 

of these induced proteases are believed to play roles in the mediation of PCD. 

Unravelling the primary and secondary roles of these proteases and identifying their 

downstream targets could add greatly to our understanding of fungal PCD but 

proteolytic networks may be extremely complex and so this will be a challenge 

requiring a systems biology approach.  

Several global proteomic studies have been carried out in apoptotic human cells to 

identify death related proteolytic events (Van Damme et al., 2005; Ju et al., 2007; Dix 

et al., 2008; Mahrus et al., 2008).  Dix et al. (2008) utilized PROTOMAP, a technology 

combining SDS-PAGE with shotgun LC-MS/MS, to compare the degradome in 

staurosporine treated cells with that in untreated control cells, whereas Mahrus et al. 

(2008) captured novel N-terminal peptides from etoposide induced apoptotic cells on 

avidin-resin after labelling of free alpha-amines with biotin. These studies have 

facilitated not only the identification of the protein cleaved, but also the precise site of 

cleavage. In these studies alone a total of 261 (Dix et al., 2008) and 292 (Mahrus et al., 

2008) caspase substrates have been reported. The two data sets display some overlap 

(64 in total), with both data sets overlapping with substrates previously listed in the 

CASBAH database (Johnson & Kornbluth, 2008).   

Sequencing based LC MS/MS has been used to study the yeast degradome (Shen et al., 

2008) and to provide some information about protein processing and degradation 

under varying conditions. To investigate PCD in yeast we applied an LC-MS/MS based 

approach to examine the proteome for death related proteolytic events – an area that 

we have termed destructomics. In the study presented we found that key caspase 

substrates are conserved between humans and the fungi, and that many substrates, 

particularly those which are essential, have retained their caspase cleavage motifs.  

In this study we also found evidence that carbohydrate metabolism in yeast may be 

regulated by the environment-dependent cleavage of key enzymes, catalysing 
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irreversible steps in metabolic pathways such as glycolysis and gluconeogenesis. 

Several key glycolytic enzymes are known to play roles in the mediation of 

programmed cell death in other organisms. We found that enzymes involved in 

biosynthesis were degraded in growing cells but spared in those undergoing PCD, while 

regulatory proteins were more highly degraded during PCD, with a subset of negative 

regulators (which inhibit cell growth and replication) being more highly degraded in 

growing cells.  Moreover, proteins involved in the response to DNA damage, many of 

which have roles in the execution of PCD, were degraded in growing cells rather than 

during cell death.  

Using LC MS/MS, Shen et al. (2008) identified 1,111 peptide fragments, mapping to 

205 parent proteins from mid log-phase yeast cells. Most detected proteins were 

cytoplasmic or mitochondrial and the former showed a strong preference for P1 

cleavages at Lys>Leu>Arg>Ala>Met>Ser>Thr>Phe>Tyr>Asn (residues in bold being 

more prevalent than would be expected from their proteomic frequencies) and the 

latter at Lys>Leu>Ser>Phe>Arg=Ala>Val>Gln.  

In this study, the observed P1 preference in untreated growing cells was 

Asp>Ala>Tyr>Trp>Gly>His>Ile while that in cells undergoing acetic acid-induced PCD 

was Asp>Ala>Glu>Phe>Pro>Ile>Val>His>Tyr. Our findings differed considerably from 

those of Shen et al. (2008), even allowing for the fact that we normalised P1 residue 

frequency to the proteomic frequency. Catalytic subunits of the proteasome are 

known to cleave preferentially after Asp, Tyr, Trp, Ala and Ile as well as after Glu, Phe 

and Val, but Gly, His and Pro are not typical P1 residues (Kisselev et al., 2003; 

Seemuller et al., 2004). 

Acetic acid treatment most strongly increased the relative frequencies of Glu, Phe and 

Pro at the P1 position and decreased those of Trp, Tyr, Gly and Ala. Acetic acid 

treatment also induces a pronounced increase in preference for Glu, a minor decrease 

in preference for Asp and minor increases in preference for Val and Ile at P1.  Asp is 

the most preferred P1 residue for the β1/pre3 subunit while Glu and the branched 

chain residues Leu, Ile and Val are less preferred (Kisselev et al., 2003). It seems 

unlikely therefore that the altered P1 preference, resulting from acetic acid treatment 
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reflects a change in proteasomal activity alone. However, a change in the relative 

abundances or activities of the catalytic subunits cannot be ruled out. In higher 

eukaryotes, changes in the ratios of catalytic subunits and in the make-up of the 

regulatory particle occur in response to inflammatory cytokines (Groettrup et al., 

2001), however altered catalytic subunit ratios have not been documented in yeast.   

The marked increase in preference for proline at P1 is particularly interesting as few 

proteases cleave after a proline residue (Flentke et al., 1991) and many cytokines, 

chemokines and other signalling peptides are cleaved after proline (Chirivuri et al., 

2000). One such protease, dipeptidyl peptidase II (quiescent cell proline dipeptidase) 

inhibits programmed cell death in quiescent human lymphocytes (Chiravuri et al., 

1999). Yeast dipeptidyl aminopeptidases include Ste13/dipeptidyl aminopeptidase A 

(Fuller et al., 2004) and Dap2/dipeptidyl aminopeptidase B (fungi). They cleave after 

proline or alanine (Misumi & Ikehara, 2004). Ste13 is a Golgi protein and cleaves both 

the alpha mating factor precursor and the kexin precursor. Given that kexins have 

been implicated in cell death (Hauptmann & Lehle, 2008) the increase in cleavage after 

proline during acetic acid-induced cell death may suggest a regulatory role for 

dipeptidyl aminopeptidases in fungal PCD. 

Many forms of programmed cell death are caspase-dependent in metazoans (Kuida et 

al., 1996; 1998; Varfolomeev et al., 1998; Earnshaw et al., 1999). True caspases appear 

to be confined to metazoa but distant homologues designated paracaspases and 

metacaspases have been reported (Uren et al., 2000). Paracaspases are found in 

metazoa and slime moulds and metacaspases in plants, fungi and protists.  The fungal 

structural homologues of caspases are metacaspases (Uren et al., 2000) and S. 

cerevisiae possesses one metacaspase-encoding gene MCA1 (Madeo et al., 2002) 

which mediates some forms of PCD. Whilst numerous stimuli (including hydrogen 

peroxide, osmotic stress, sodium chloride, mating pheromone and valproic acid) 

induce metacaspase-dependent cell death in yeast (Madeo et al., 1999; Huh et al., 

2002; Severin & Hayman, 2002; Ludovico et al., 2001; 2002; 2003; Silva et al., 2005; 

Mitsue et al., 2005; Sun et al., 2007), there are many reports of Mca1-independent 

PCD (Madeo et al., 2002; Fannjiang et al., 2004; Silva et al., 2005; Weinberger et al., 

2005; Matsui et al., 2005).  
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Metacaspases, including yeast Mca1, are believed to lack true caspase activity and 

specificity (Bozhkov et al., 2004; Vercammen et al., 2004; Watanabe & Lam, 2005; He 

et al., 2007; Sundstrom et al., 2009) preferring arginine and lysine rather than 

aspartate at the P1 position.  Plants contain both type I and type II metacaspases, 

whereas fungi only possess type I metacaspases, which may explain some of the 

differences in substate specificity.  Most studies have focussed on the substrates of 

type II metacaspases. Yeast Mca1 is a type I metacaspase containing an N-terminal 

proline/glutamine rich prodomain which may mediate protein interactions 

(Vercammen et al., 2004) and could affect its substrate interaction.   

In addition, detailed studies of metacaspase substrate preferences have relied upon 

heterologous expression of tagged Mca1 and in vitro cleavage of synthetic peptides 

(Bozhkov et al., 2004; Vercammen et al., 2004; Watanabe & Lam, 2005; He et al., 2007; 

Sundstrom et al., 2009) which again may affect their specificity.  Recent work by Lee et 

al. (2008) reported that some native Mca1 substrates are probably cleaved at 

aspartate residues, a characteristic of true caspases.  Additionally, metacaspases and 

true caspases may share common death-related substrates, with Tudor staphylococcal 

nuclease cleaved by caspase-3 and mcII-Pa from Picea abies (Sundstrom et al., 2009).  

Glyceraldehyde phosphate dehydrogenase is cleaved during hydrogen peroxide-

induced PCD in S. cerevisiae in a metacaspase-dependent manner (Silva et al., 2011). 

No other proteins have been shown to be metacaspase substrates in fungi. In order to 

determine the substrates targeted by Mca1 in dying yeast cells we identified sixty six 

yeast proteins with LC-MS/MS which appeared to be cleaved in response to acetic 

acid-induced cell death in a metacaspase-dependent manner.  

The majority of these proteins cleaved in a metacaspase-dependent fashion play roles 

in gene expression, transcription, translation, transport, signalling and mitochondrial 

metabolism. Over 80 % localise to membranes or membrane-bound organelles.   71 % 

were cleaved after an acidic residue, or a residue with a branched side chain, 

compared with a combined proteomic frequency of 34 %. The cleavage profile is 

similar to that of the preferred P1 residues of the β1/Pre3 subunit of the proteasome. 

The P1’ residue in most cases was leucine or isoleucine. There was also enrichment of 
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histidine at the P1 position in the data set of 66 cleaved proteins. These data suggest a 

possible mechanism for Mca1 mediation of acetic acid-induced proteolysis during late-

stage apoptosis, which involves cleavage between charged and hydrophobic residues 

and potentially cooperation with the proteasome. The activity of Mca1 may trigger a 

form of unfolded protein response. Mca1 has been shown to mediate the clearance of 

protein aggregates by cooperating with heat shock proteins to stabilise aggregates and 

deliver them to the proteasome for degradation (Lee et al., 2008).   

It is hoped that greater understanding of PCD in fungi may lead to the development of 

novel therapies. A range of pathogenic fungi have been shown to undergo PCD as a 

result of many different stimuli (Phillips et al., 2003; Mousavi & Robson, 2003; 2004; 

Chen & Dickman, 2005; Allen & Deepe, 2005; Kim et al., 2008). In common with S. 

cerevisiae, PCD in the human fungal pathogen Candida albicans is mediated by the 

metacaspase Mca1 in response to some stimuli (Cao et al., 2009; Wu et al., 2010) while 

other stimuli elicit PCD independently of Mca1 (Park & Lee, 2010).  

In this study we have shown that deletion of MCA1 in the human fungal pathogen, 

Candida albicans not only alters the sensitivity of cells to a number of cell death stimuli 

but also enhances virulence in an insect model by accelerating the rate of insect 

mortality. Following MCA1 deletion, C. albicans shows altered colony morphology on 

Lee’s medium. There is evidence that Mca1 action is dependent upon active 

mitochondria. The involvement of mitochondria in some kinds of cell death has also 

been documented (Eisenberg et al., 2007; Pereira et al., 2008). Ruckenstuhl et al. 

(2009) suggest that mitochondria must be actively respiring in order to mediate cell 

death. We found evidence that Mca1 may also play a protective role, facilitating 

growth during acetic acid-induced stress. 

Conclusions  

Proteolysis represents a simple form of post-translational modification that can be an 

important part of regulatory processes (Doucet et al., 2008).  Indeed, by altering 

substrate abundance, proteases can bring about loss-of-function effects that directly 

influence the activation / inactivation state of developmental pathways, resulting in 

the initiation, modulation or termination of the cell cycle, growth, differentiation, 
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morphogenesis, and programmed cell death (Lopez-Otin & Overall, 2002).  

Furthermore, proteolytic cleavage of some substrates can bring about gain-of-function 

changes too, with cryptic neoproteins showing properties not possessed by the parent 

proteins.   

We have shown that caspase substrates are conserved between humans and yeast; 

that many, especially those which are essential, retain their caspase cleavage sites and 

that there are conserved caspase substrates that also appear to be native substrates of 

yeast Mca1. Finally, we have shown that the deletion of MCA1 in the human fungal 

pathogen, Candida albicans results in morphological changes on Lee’s medium, 

decreases sensitivity to acetic acid-induced cell death and alters virulence.  

The identification of protease substrates in yeast may promote an understanding of 

the role of individual proteases in basic biological processes (including the healthy 

versus the diseased state) and may also provide novel targets for drug development.  

Traditional post-genomic screens for antifungal drugs have often focussed on essential 

genes (Roemer et al., 2003) with somewhat limited success to date. An alternative 

strategy might be to identify death-related substrates which, at reduced levels, 

promote the intrinsic fungal PCD response.  The roles that substrate level loss-of-

function and gain-of-function changes have on fungal PCD remain largely unexplored, 

and so should be a significant focus for the future.
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