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Abstract 

As both a commensal and a pathogen of humans, C. albicans colonises 

diverse anatomical sites, each of which can vary in its concentrations of essential 

trace metals, such as zinc. Moreover, as part of the immune system, these metals 

can be weaponised against pathogens; they may be sequestered from 

pathogens, or employed at high concentrations that render them antimicrobial. 

This is termed ‘nutritional immunity’ and C. albicans’ ability to successfully survive 

and colonise diverse micro-niches indicates the development of effective 

mechanisms to scavenge transition metals (i.e. iron, zinc, manganese and 

copper) from these micro-environments. The C. albicans Pra1-Zrt1 zincophore 

system is a zinc scavenging system unique to the fungal kingdom and it is the 

focus of this work. Orthologous components of zincophore systems were shown 

to have evolved dynamically throughout the evolutionary history of fungal phyla. 

Zinc bioavailability and pH of microenvironments have a significant impact on 

CaPra1 protein expression and C. albicans growth. Indeed, the combination of 

neutral pH and low zinc resulted in a secretome consisting of 75% of Pra1. The 

ability of C. albicans to raise extracellular pH by catabolising exogenous amino 

acids was shown to amplify Pra1 expression and activity. Importantly, the N-

terminal extracellular domain of Zrt1 and the histidine/cysteine-rich C-terminus of 

Pra1 were shown to play important role for functionality of Zincophore system 

and pathogenicity of C. albicans. The dynamic change of the C. albicans 

secretome is an efficient means of adaptation to external stresses and host 

defences. This study also shows, for the first time, a critical role for the zincophore 

system in fungal virulence. 
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Chapter 1: Introduction 

1.1 Candida albicans from commensal to pathogen   

Candida albicans is a common member of the human commensal 

microflora and inhabits 30 - 70% of healthy individuals (Perlroth et al., 2007). 

Under normal circumstances, it colonises diverse anatomical sites, including the 

oral cavity, gastrointestinal and genitourinary tracts without causing any infection. 

However, when the immune system is compromised, this often converts the 

commensal yeast into an opportunistic pathogen (Calderone & Fonzi., 2001). C. 

albicans can cause versatile superficial mucosal infections, such as 

oropharyngeal candidiasis, esophageal candidiasis and vulvovaginal candidiasis 

(VVC) (De Leon et al., 2002; Patel et al., 1996; Taylor et al., 2000; Wingard., 

1994).  

Aside from mucosal infections, C. albicans causes life-threatening 

infections when it successfully traverses epithelial cell barriers of its commonly 

inhabited niches and gains access to the bloodstream, whereby it reaches 

internal organs. Thus, it can establish systemic infection with more than 400 000 

cases annually worldwide with high mortality rates of around 74% (Brown et al., 

2012; Gow et al., 2012). Although several Candida species are known to cause 

bloodstream infections, C. albicans is the most frequently isolated fungus from 

the blood (Trick et al., 2002). Different factors may lead to Candida systemic 

infections, including abdominal surgery, eliminating gastrointestinal microflora by 

broad-spectrum antimicrobial therapy and cancer chemotherapy. These factors 

favour an overgrowth of opportunistic C. albicans and deterioration of epithelial 

tissues of commonly inhibited niches. In turn, yeast cells may disseminate via 

blood vessels and establish systemic candidiasis (Blumberg et al., 2001; 

Degregorio et al., 1984; Karabinis et al., 1988; Pfaller and Diekema., 2007). Also, 
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Blumberg and his colleagues (2001) showed that acute renal failure, receipt of 

parenteral nutrition and the use of a catheter for hospitalised patients are major 

factors for Candida bloodstream infections in surgical intensive care units.    

  

1.2 Candida albicans virulence factors 

The prevalence of C. albicans isolated from a range of human body niches 

indicates that this fungus expresses an array of sophisticated factors that facilitate 

its successful pathogenicity. These include adhesins, invasins, hydrolytic 

enzymes (secreted aspartyl proteinases (SAP) and phospholipases), the 

candidalysin toxin, biofilm formation, morphological adaptation and phenotype 

switching (Brown and Gow., 1999; Calderone and Fonzi., 2001; Moyes et al., 

2016; Odds et al., 2006).   

 

1.2.1 Adhesion  

The colonisation of human tissues by C. albicans is highly dependent on 

its ability to attach to host cells. Although yeasts have been reported to adhere 

well to endothelia (Grubb et al., 2009), hyphae are generally more adherent. C. 

albicans expresses several adhesins that mediate adherence to host cells. These 

adhesins include Agglutinin-like sequence (ALS) family, Hyphal wall protein 1 

(Hwp1), Enhanced adherence to polystyrene 1 (Eap1) and other proteins (Bailey 

et al., 1996; Hoyer., 2001; Li and Palecek, 2003; Staab and Sundstrom., 1998; 

Sundstrom, 2002).  

The (ALS) family is comprised of eight glycosylphosphatidylinositol (GPI)-

linked cell wall proteins, the expression level of Als3 depends on hyphal 

morphology (Green et al., 2005). Heterologous expression of ALS genes from C. 
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albicans in Saccharomyces cerevisiae revealed that Als1, Als3 and Als5 mediate 

adherence to a variety of substrates, including gelatin, fibronectin, laminin and 

epithelial cells. In contrast, Als6 and Als9 mediate adhesion to gelatin and 

laminin, respectively but not to epithelial cells. In stark contrast, Als7 did not show 

adherence to any tested substrate (Sheppard et al., 2004). On the other hand, 

gene deletion assays showed that disruption of ALS1 reduced adherence, while 

deletion of ALS5, ALS6 and ALS7 increased adherence of C. albicans to 

endothelial cells (Zhao et al., 2004; Zhao et al., 2007).  The C. albicans hyphal–

specific cell surface Als3 is required to bind to host cell surface proteins, including 

N-cadherin on endothelial cells and E-cadherin on epithelial cells, thereby, 

inducing endocytosis of C. albicans (Phan et al., 2007)  

Hwp1 is expressed on the surface of hyphae but not in yeast (Staab et al., 

1996). The C-terminus is structurally important; it is covalently attached to β-(1,6) 

glucan within the cell wall via GPI anchor remnant (Daniels et al., 2003; Staab et 

al., 1996). The N-terminus is functionally important, and it acts as a substrate for 

transglutaminases, which catalyse the formation of covalent cross-linkages to 

human epithelial cells (Staab et al., 1999; Sundstrom., 2002). The deletion of 

HWP1 gene reduced the adherence of C. albicans to epithelial cells (Staab et al., 

1999). Indeed, deletion of both copies of HWP1 gene highly reduced the virulence 

of C. albicans in a mouse model study (Sundstrom., 2002). However, the 

attenuated virulence of hwp1∆ strain was due to altered expression of URA3 

(Sharkey et al.,2005; Staab et al., 2013). 

Eap1 is also GPI-anchored at its C-terminus, whereas its N-terminus has 

a substrate-binding domain (Li and Palecek., 2008). Heterologous expression of 

C. albicans’ EAP1 in S. cerevisiae increased adherence to polystyrene surfaces 

while autonomous expression of EAP1 in C. albicans efg1∆ increased attachment 
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to kidney epithelial cells (Li and Palecek., 2003). Eap1 is also essential for biofilm 

formation in an in vitro parallel plate flow chamber model and in an in vivo rat 

central venous catheter model (Li and Palecek., 2007). C. albicans secretes other 

adhesins too (e.g. Csh1, Ywp1), but these are not as well characterised (Granger 

et al., 2005; Singleton and Hazen, 2004). 

Following adherence, C. albicans can invade host cells via two 

mechanisms: induced endocytosis and active penetration. During induced 

endocytosis, hyphal-associated invasins (i.e. Als3 and Ssa1) interact with host 

cell receptors, resulting in fungal endocytosis (Phan et al., 2007; Sun et al., 2010). 

Unlike induced endocytosis, where the C. albicans cell can remain passive during 

internalisation, active penetration relies on physical forces produced by hyphae 

and the secretion of hydrolytic enzymes (i.e. Sap2 and Sap5) to invade host cells 

(Colina et al., 1996; Moyes et al., 2015; Villar et al., 2007).  

 

1.2.2 Hydrolytic enzymes  

Upon invasion of host cells, C. albicans secretes a variety of hydrolytic 

enzymes that aid in the destruction of physical barriers (i.e. cell membrane). Such 

enzymes include SAPs and phospholipases (Hube et al., 1998; Ibrahim et al., 

1995). 

  

1.2.2.1 Secreted aspartyl proteinases 

This family encodes 10 Sap proteins (Sap1-Sap10) and contributes to 

invasion of monolayer epithelial cells (Dalle et al., 2010; Naglik et al., 2003). 

Unlike other Sap proteins, Sap9 and Sap10 are GPI-anchored to the cell wall or 

cell membrane, and the deletion of SAP9 and SAP10 significantly reduced the 



20 
 

ability of C. albicans to invade epithelial cells in an oral infection model (Albrecht 

et al., 2006). The activity of these proteins is affected by pH; Sap1-3 are optimally 

active at pH 3-5, whereas Sap 4-6 show optimum activity at pH 5-7 (Borg‐von 

Zepelin et al., 1998). Indeed, Sap 1-3 are highly expressed in superficial 

infections (Schaller et al., 1998), while Sap 4-6 are highly expressed in systemic 

candidiasis (Hube and Naglik., 2001). Also, Villar et al. (2007) showed that the 

rim101∆ mutant, which is defective in responding to pH, expressed low levels of 

SAP4, SAP5 and SAP6. Importantly, this caused attenuated proteolytic 

degradation of epithelial cell junctions. Work of Naglik and colleagues (2008) 

demonstrated that addition of pepstatin A, a protease inhibitor, reduced the ability 

of C. albicans to damage tissues in reconstituted human epithelium and 

monolayers of oral epithelial cell models. In addition, quantitative expression 

analysis showed that SAP5 and SAP9 were the most highly expressed SAP 

genes in oral candidiasis samples.    

 

1.2.2.2 Phospholipases 

Phospholipases are a heterogeneous group of enzymes that break ester 

linkages in glycerophospholipid molecules, and there are four classes of 

phospholipases identified in C. albicans; phospholipase (PL) A, B, C and D 

(Ghannoum., 2000). Deletion of PLB1 did not reduce the adherence of C. 

albicans to endothelial or epithelial cells, but it significantly impacted cell 

penetration, resulting in attenuated virulence in a murine model of systemic 

infection (Leidich et al., 1998) and gastrointestinal infection (Mukherjee et al., 

2001). In addition, Naglik et al. (2003) showed that expression of PLB1 correlated 

with oral but not vaginal candidiasis. Work of Theiss and colleagues (2006) 

showed that deletion of PLB5 attenuated C. albicans virulence in systemic murine 
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models. In addition to phospholipases, C. albicans secretes several lipases (i.e. 

LIP 1-10) (Hube et al., 2000). The lipase genes LIP5, LIP6 and LIP8 were 

predominantly expressed in systemic candidiasis in murine models (Stehr et al., 

2004). Moreover, deletion of LIP8 reduced C. albicans virulence in murine 

intravenous infection models (Gacser et al., 2007). 

 

1.2.3 Biofilm formation 

Biofilms are organised cellular community attached to an interface and 

embedded within an extracellular polymeric matrix (ECM); they exhibit unique 

phenotypic characteristics (Donlan and Costerton., 2002). Pathogenic fungi may 

form biofilms on a variety of medical devices, such as contact lenses, central 

venous catheters, heart valves, dialysis catheters, urinary catheters and voice 

prostheses (Donlan., 2001; Kojic and Darouiche., 2004). Experimental 

development of Candida biofilms proceeds in three stages: (1) an early phase in 

which planktonic yeast cells adhere to the surface of the substrate; (2) an 

intermediate phase in which yeast cells switch to hyphal form with formation the 

matrix, and (3) a maturation phase in which matrix materials increase and the 

biofilm forms a complex three-dimensional (3D) structure (Chandra et al., 2001a). 

The biofilm delays the diffusion of antifungal drugs into biofilm-grown C. albicans.  

Along with other factors, this resulted in 20 – 30 fold more resistance to 

amphotericin B and 1000-fold resistance to azoles compared with planktonic 

cells. The β-1,3, glucan, a component of ECM, is responsible for sequestering 

azoles, thus conferring drug resistance (Baillie and Douglas., 1998; Chandra et 

al., 2001b; Nett et al., 2010; Ramage et al., 2001; Tobudic et al., 2012).  

 



22 
 

1.2.4 Morphological adaptation 

C. albicans is a polymorphic fungus; it can switch its morphology between 

yeast, pseudohyphae, hyphae, chlamydospores, white and opaque yeast 

phenotype or gastrointestinally-induced transition (GUT) cells (Gow., 2013; 

Sudbery et al., 2004). Several environmental factors contribute to morphogenesis 

of C. albicans. Yeast cells predominate at 30◦C and pH 4, while hyphal form can 

be induced when the temperature is 37◦C & pH 7 (Sudbery et al., 2004). The 

ability of C. albicans to alter its morphology is crucial for virulence: yeast cells are 

thought to contribute to dissemination in the bloodstream while hyphae are 

essential for tissue penetration (Gow et al., 2002; Gow et al., 2012). Moreover, 

non-filamentous C. albicans mutants are avirulent in mouse models (Lo et al., 

1997). Importantly, the expression of several pathogenicity-associated genes is 

coupled to the hyphal form of C. albicans, however, these genes are not involved 

in hyphal formation per se. Deletion of  HGC1 resulted in a mutant that is unable 

to produce hyphae and expresses several hypha-associated genes (i.e. HWP1, 

ECE1, HYR1 and ALS3), however, this mutant showed attenuated virulence in a 

murine model of systemic infection. These findings suggested that hyphal 

formation per se is crucial for C. albicans virulence (Almeida et al., 2008; Zheng 

et al., 2004). Transcriptome analyses and network modelling identified eight 

genes as a core filamentation response (ALS3, ECE1, HGT2, HWP1, IHD1, 

RBT1, DCK1 and open reading frame orf19.2457) (Martin et al., 2013).  

 

1.2.5 Phenotypic switching 

C. albicans can switch reversibly between multiple yeast phenotypes, 

including white and opaque cells. The former are oval in shape and form white, 

shiny, dome-shape colonies. The latter are larger, elongated shape and form 
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grey, flat colonies (Anderson and Soll., 1987; Slutsky et al., 1987). Many 

environmental conditions are involved in phenotypic switching; opaque cells can 

be induced under anaerobic conditions at 37◦C (Huang et al., 2009) and at lower 

temperature in normoxia (Slutsky et al., 1987). The difference between 

characteristics of both white and opaque cells was investigated in several studies; 

opaque cells showed a difference in adhesion to human cells compared with 

other switch phenotypes, i.e. star, irregular wrinkled and revertant smooth 

(Vargas et al., 1994). Moreover, phenotypic switching alters Sap1 expression 

levels and resistance to a variety of antifungal drugs, including voriconazole, 

fluconazole and amphotericin B (Vargas et al., 2000). Nevertheless, white cells 

were more virulent in a systemic murine model, while opaque cells exhibited 

increased colonisation during cutaneous infection with increased expression of 

SAP1 (Kvaal et al., 1997; Kvaal et al., 1999; Lachke et al., 2003).  Collectively, 

pathogenic strains of C. albicans have developed diverse virulence factors that 

allow successful penetration and spread though host tissues during infection.  

 

1.3 Importance of transition metals for humans  

All living cells require trace amounts of certain transition metals, such as 

iron, zinc, manganese and copper, to survive. These micronutrients are essential 

for the functionality of thousands of proteins. Proteins associated with these 

metals are known as metalloproteins and include metalloenzymes, storage 

proteins and transcription factors (Waldron et al., 2009). These micronutrients are 

involved in a variety of vital biological processes such as respiration, nitrogen 

fixation and photosynthesis (Andreini et al., 2008). Besides the importance of 

transition metals for the functionality of human proteins, they are crucial for 
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differentiation, activation and function of immune cells; therefore, any shortage of 

these metals can impair activities of the immune system (Failla., 2003).  

Iron is the most abundant metal in the human body, and two thirds of it are 

found in haem. Iron is associated with four classes of proteins: iron haem proteins 

(haemoglobin, myoglobin and cytochromes); iron-sulphur enzymes (aconitase 

and fumarate reductase); iron storage proteins (ferritin, hemosiderin, lactoferrin 

and transferrin) and iron-containing enzymes (succinate dehydrogenase, NADH 

dehydrogenase) (Fraga and Oteiza., 2002). Importantly, fluctuation of iron levels 

in human body are associated with various diseases, such as anaemia (Prasad 

et al., 1961), heart disease (Rasmussen et al., 2001; Yang et al., 1998), 

leukaemia (Parkkila et al., 2001) and immune system abnormities (Walker and 

Walker., 2000).  

Zinc is another essential micronutrient for human health. Indeed, its 

essentiality has been proven in several studies that have reported zinc deficiency 

around the world (Bhutta et al., 1999; Brown et al., 1998). Indeed, many studies 

correlated zinc deficiency with suppression of the immune system (Ibs and Rink., 

2003; Keen and Gershwin., 1990; Shankar and Prasad., 1998), 

neurodegenerative diseases such as depression and Parkinson’s disease 

(Amani et al., 2010; Yasui et al., 1993), arterial hypertension (Tubek., 2007), type 

2 diabetes (Chausmer., 1998), and delayed wound healing (Andrews and 

Gallagher-Allred., 1999). Furthermore, zinc is an important antioxidant; it protects 

some enzymes from oxidation by stabilising sulfhydryl (thiol) group. Furthermore, 

zinc has an antagonistic effect on free radicals produced from redox-active 

transition metals, e.g. iron and copper (Powell., 2000).  

Another important transition metal is manganese, which is bound by 

different enzymes such as Mn-superoxide dismutase, glutamine synthetase and 
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activates many hydrolases and transferases (Davis and Greger., 1992; Rabin et 

al., 1992). Few studies reported human manganese deficiency, but many reports 

documented manganese intoxication, which affects the central nervous system 

and induces Parkinsonism (Finley and Davis., 1999; Huang et al., 2003; Huang., 

2007).  

Copper is found in many different types of cells but is mostly concentrated 

in liver tissue (Turnlund et al., 1998). It is a constituent of many enzymes, 

including cytochrome C oxidase, superoxide dismutase, tyrosinase and 

ceruloplasmin (Danks, 1988). Copper stimulates proliferation and migration of 

endothelial cells (Hu., 1998). Copper deficiency is associated with anaemia 

(Dunlap et al., 1974), cardiovascular disease (Klevay., 2000) and Menkes 

disease (Yuan et al., 1995). 

 

1.4 Zinc: from chemistry to biology  

As observed from the periodic table, the atomic number and atomic mass 

of zinc are 30 and 65.37 g/cm3, respectively.  It is found in group IIb with cadmium 

and mercury. In solution, it is a divalent cation with no unpaired electrons; 

therefore; it possess no reduction or oxidation activity, and this makes it an 

important transition metal under physiological condition (Vallee and Falchuk., 

1993). Among the tree of life, computational prediction studies estimated that zinc 

is bound to approximately 4 to 10% of proteins (Andreini et al., 2006a), while in 

the human genome, the estimated number of proteins bound to zinc is 2800, 

amounting to 10% of the human proteome with the majority involved in regulation 

of gene expression (Andreini et al., 2006b). However, experimental work of 

Cvetkovic and colleagues (2010) showed that the actual number of proteins 

interacting with zinc greatly exceeds that predicted computationally.  
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Out of the twenty standard amino acids constituting global proteins, 

cysteine, histidine and glutamate/ aspartate are involved in the coordination of 

zinc ions through their sulphur, nitrogen and oxygen ligands, respectively (Maret., 

2006). Indeed, the sulphur ligand of cysteine shows redox-active activity; 

oxidation of sulphur releases zinc ions while reduction of sulphur binds zinc via 

disulphide bonds; therefore, a large number of zinc-binding proteins can be 

impaired under oxidative stress (Maret and Vallee., 1998; Maret., 2006).  

Zinc ions conjugated to enzymes play remarkable roles in the structure or 

activity of these enzymes as follows: (1) zinc ions may be directly involved in 

enzyme catalysis (e.g. thermolysin); (2) zinc ions may play a coactive role (i.e. 

they may enhance or reduce enzyme catalysis with other metal partnerships) 

(e.g. alkaline phosphatase); (3) zinc ions play a role in the stability of protein 

structure (e.g. aspartate transcarbamylase) (Vallee and Auld., 1990). Moreover, 

zinc plays a crucial structural role in zinc-finger proteins which are involved in 

control of gene expression (e.g. Zap transcription factor) (Waldron et al., 2009). 

In addition to the structural and catalytic importance of zinc for proteins, a 

considerable number of zinc-binding proteins are involved in cellular zinc 

homeostasis. These proteins are members of two families of zinc transporters: 

the ZIP (Zrt, Irt-like Protein) family and CDF/ZnT (Cation Diffusion Facilitator) 

family. Members of these families regulate the distribution of zinc throughout the 

cytoplasm and organelles (Eide., 2006). Cellular zinc homeostasis proteins also 

include metal-response-element-binding transcription factor-1 (MTF-1) that 

senses cellular zinc levels (Brugnera et al., 1994) and metallothioneins which 

tightly regulate cellular levels of heavy metals (Hamer., 1986). In addition,  
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1.5 Cellular zinc homeostasis 

Although zinc is an essential micronutrient for living cells, it is potentially 

toxic at concentrations higher than those essential for physiological functions. 

Therefore, all living cells have elaborated sophisticated homeostasis 

mechanisms to control intracellular zinc concentrations. Zinc toxicity is explained 

by the Irving-William series (Zn2+ < Cu2+ > Ni2+ > Co2+ > Fe2+ > Mn2+); in this series 

zinc and copper are most stable in complexes with biomolecules (Irving and 

Williams., 1948). Both copper and zinc are highly preferred over other transition 

metals when binding protein ligands. They can outcompete other ions, such as 

Fe2+ and Mn2+, for binding their protein ligands, impairing the functions of these 

metalloproteins. Therefore, free intracellular zinc ions are tightly regulated to 

avoid nonspecific interaction between zinc ions and metalloproteins (Colvin et al., 

2010). Studies on a variety of eukaryotic cells have estimated that the 

concentration of unbounded (free) zinc is in picomolar range (10 – 100 pM). This 

contrasts sharply with the concentration of total cellular zinc (0.1 to 0.5 mM) 

(Colvin et al., 2010; Eide., 2006; Simons., 1991; Vinkenborg et al., 2009).  

Several factors influence the selection which transition metals bind to 

which protein ligands. These include characteristics of binding residues (nature, 

number and geometry), the size and charge of metal-binding pockets and 

competition between transition metals as described by Irving-William. Tottey et 

al. (2008) showed that newly synthesised MncA (Mn2+ cupinA) is folded in the 

cytoplasm, which contains scarce amount of Zn2+ and Cu2+ but micromolar 

concentration of Mn2+, this mechanism ensures acquisition of manganese ions 

by newly synthesised MncA protein and avoids competition between Mn2+ and 

Zn2+. Importantly, eukaryotic cells maintain a very low concentration of 

cytoplasmic free zinc, this is crucial to cover cellular demand for physiological 
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functions and to prevent unspecific binding. More specifically, this process is 

termed ‘zinc buffering’, and is regulated by (a) zinc transporters, (b) zinc-binding 

proteins and (c) compartmentalisation of zinc (Colvin et al., 2010).  

 

1.5.1 Zinc transporters 

1.5.1.1 Zinc transporters in the human host 

Zinc is positively charged, it cannot cross the plasma membrane by 

passive diffusion and has to be actively transported (Guerinot and Eide., 1999). 

Two families of zinc transporters controlling cellular zinc distribution are found in 

eukaryotic cells: the ZIP (Zrt, Irt-like Protein) family imports zinc into the 

cytoplasm from the extracellular environment or from intracellular organelles, 

while the CDF/ZnT (Cation Diffusion Facilitator) family exports zinc from the 

cytoplasm (Eide., 2006). The number and localisation of zinc transporters vary 

between living organisms. The human genome, for instance, encodes 14 ZIP and 

10 ZnT transporters. Most ZIP transporters have eight transmembrane domains 

connected via small loops with the exception of a large histidine-rich loop 

connecting transmembrane domains III and IV. In contrast, ZnT transporters 

typically have six transmembrane domains with a large histidine-rich loop 

between transmembrane domains IV and V (Eide, 2004; Eide, 2006; Palmiter and 

Huang., 2004). 

  In humans, subcellular localisation of most ZIP transporters is not well 

documented; however, Zip1 is found on plasma membrane, on intracellular 

vesicles, and on the endoplasmic reticulum (Gaither and Eide., 2001; Milon et al., 

2001). Zip2 is expressed on the plasma membrane (Gaither and Eide., 2000). On 

the other hand, the distribution of ZnT(s) is limited to several organelles: ZnT1 
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localises to the plasma membrane (Palmiter and Findley., 1995), ZnT2 localises 

to endosomes (Kobayashi et al., 1999) and ZnT 3-7 vary in their distribution 

between cytoplasmic vesicular compartments and the Golgi apparatus (Huang et 

al., 2002; Kambe et al., 2002; Kirschke et al., 2003; Murgia et al., 1999; Wenzel 

et al., 1997).  

The expression of zinc transporters is regulated at transcriptional and 

post-transcriptional levels. Langmade et al., (2000) showed that expression of 

ZnT1 is regulated by metal-response-element-binding transcription factor-1 

(MTF-1). On the other hand, (MTF-1) represses the expression of Zip10 in 

hepatocytes and neuronal A2 cells (Lichten et al., 2011). Indeed, Zip4 and Zip5 

have complex regulatory molecular mechanisms; their expression is regulated by 

several post-transcriptional, translational and post-translational mechanisms 

(Weaver et al., 2007).  

 

1.5.1.2 Zinc transporters in model yeast 

In the model organism S. cerevisiae, the transcription factor Zap1 (zinc-

responsive activator protein) is the primary regulator of cellular zinc homeostasis. 

In zinc poor microenvironments, Zap1 senses scarcity of intracellular zinc status 

and then induces its own transcription through a positive autoregulatory 

mechanism; it also binds to zinc-responsive elements (ZRE) located in the 

promoters of more than 80 targeted genes (Wu et al., 2011; Zhao and Eide., 

1997; Zhao et al., 1998). Structurally, Zap1 consists of 880 amino acids and 

consists of two regions crucial to activate transcription: AD1 and AD2 (Bird et al., 

2000a; Bird et al., 2000b).  
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Under condition of zinc limitation, four cell surface transporters mediate 

zinc uptake: the zinc transporters Zrt1 (Zhao and Eide., 1996a) and Zrt2 (Zhao 

and Eide., 1996b), an inorganic phosphate transporter, Pho84 (Jensen et al., 

2003) and the iron transporter, Fet4 (Waters and Eide., 2002). The expression of 

ZRT1 and ZRT2 is controlled by Zap1, which binds to the ZRE region in their 

promoters (Zhao et al., 1998). Zrt1 is a high-affinity zinc transporting system in S. 

cerevisiae that is induced more than 100-fold under zinc-limited conditions. On 

the other hand, Zrt2 is a low-affinity zinc transporting system induced under 

moderate zinc restriction (Zhao and Eide., 1996a; Zhao and Eide., 1996b).  

Studies have also highlighted the role of intracellular zinc transporters in 

the maintenance of cellular zinc homeostasis. MacDiarmid et al. (2000) showed 

that under zinc-limited conditions, Zap1 controls the expression of Zrt3, which 

exports stored zinc from the vacuole to supply yeast with zinc. Following 

intracellular accumulation of zinc facilitated by cell surface transporters, excess 

cytoplasmic zinc ions are imported into the vacuole via Zrc1 and Cot1 (Conklin et 

al., 1994; Kamizono et al., 1984). Indeed, when the zinc levels are elevated (i.e. 

zinc shock), both Zrc1 and Cot1 play an essential role for detoxification of yeast 

cells from toxic excess zinc (Conklin et al., 1994; MacDiarmid et al., 2003). 

Moreover, Ellis et al. (2004) showed that both Zrc1 and Cot1 contributed to 

endoplasmic reticulum zinc acquisition. Nonetheless, under zinc-limited 

conditions, Msc2 and Zrg17 have been implicated in the assimilation of zinc into 

endoplasmic reticulum (Ellis et al., 2004; Wu et al., 2008; Wu et al., 2011). Co-

immunoprecipitation analysis showed that both Msc2 and Zrg17 physically 

interact forming a heteromeric complex that mediates zinc transport into the 

endoplasmic reticulum (Ellis et al., 2005). Furthermore, Yke4 is another ZIP 
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transporter vital for detoxifying excess cytosolic zinc into the endoplasmic 

reticulum under conditions of elevated zinc (Kumánovics et al., 2006).  

In total, S. cerevisiae encodes five ZIP transporters, of which only Atx2 is 

not implicated in cellular zinc homeostasis, but is rather involved in the import 

manganese into the Golgi apparatus (Lin and Culotta., 1996). Out of the six ZnT 

transporters encoded in the genome of this model organism, four are involved in 

intracellular zinc distribution: Zrc1, Cot1, Msc2 and Zrg17. The remaining two 

(Mmt1 and Mmt2) are localised to mitochondria, and deletion of both has been 

reported to reduce cytoplasmic iron concentrations, thereby indicating their role 

in iron homeostasis (Li et al., 2014).  

 

1.5.2 Zinc binding proteins 

Metal-binding proteins such as metallothioneins are crucial for controlling 

intracellular zinc homeostasis and are found in diverse eukaryotic cells (Hamer., 

1986). Metallothioneins play a dynamic role in buffering at least 18 metals (Haq 

et al., 2003; Nielson et al., 1985). Generally, metallothioneins are low molecular 

weight molecules (less than 10 kDa) consisting of up to 33% cysteine residues. 

Indeed, a single metallothionein molecule can bind seven zinc or cadmium or 12 

copper ions via thiolate bonds (Ejnik et al., 2002; Haq et al., 2003). Moreover, 

based on sequence similarities, metallothioneins are classified into; Class I, 

Class II and Class III (Hamer., 1986). Mammalian metallothioneins belong to 

Class I and are composed of approximately of 60 amino acid residues. 

Interestingly, they contain 20 cysteine residues but lack histidine (Li and Maret., 

2008). Structurally, metallothioneins are composed of two metal-binding 

domains: 11 cysteine residues are located at the C-terminal α domain whilst nine 

other cysteine residues are located at the N-terminal β domain (Haq et al., 2003). 
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This class of proteins is thought to have evolved mainly as a mechanism to 

regulate intracellular zinc homeostasis.  It also shields cells from toxic metals and 

oxidative stress (Andrews., 2000). 

The human genome, encodes several metallothioneins; however, only ten 

genes are functional and are classified into four isoforms: MT1, MT2, MT3 and 

MT4 (Haq et al., 2003; Li and Maret., 2008). Both transition metals and stress-

inducing redox-active species induce expression of these metallothioneins 

(Andrews., 2000). Human metallothionein isoforms are found in different tissues, 

for example, MT1 isoforms are expressed predominantly in blood cells (Chang et 

al., 2006; Rahman and De Ley., 2001), while MT2 found in adipose tissue (Kim 

et al., 2006). However, the highest expression of MT1 and MT2 is in liver cells, 

which hold up to 10% of total zinc in the human body (Haq et al., 2003). On the 

other hand, MT3 and MT4 are predominantly expressed in brain and epithelial 

cells, respectively (Ebadi et al., 1995; Quaife et al., 1994). Interestingly, the metal 

content of metallothioneins varies according to the source tissue. 

Metallothioneins purified from kidney contained 5.9% cadmium, 2.6% zinc, 0.5% 

mercury and 0.3% copper, while metal content from liver metallothioneins was 

6.3% zinc, 0.1% cadmium and 0.1% copper (Hunziker and Kägi., 1985; Pulido et 

al., 1966).  

Likewise, fungal metallothioneins play a crucial role in detoxifying cells 

from toxic cadmium (Courbot et al., 2004). In one study, Morselt et al., (1986) 

showed that metallothioneins of ectomycorrhizal fungi enhanced metal tolerance 

of plants that grow in regions heavily polluted with heavy metals. Similarly, MT 

expression levels increase to protect the aquatic fungus Heliscuc lugdunensis 

from toxic cadmium (Jaeckel et al., 2005). From a pathogenicity perspective, 

deletion of gene encoding MT1 from the genome of Magnaporthe grisea 
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(causative agent of rice blast disease) abolishes its pathogenicity (Tucker et al., 

2004). Also, during pulmonary Cryptococcus neoformans infection, the 

concentration of copper in serum increases and a mutant strain lacking copper-

detoxifying metallothionein (CMT) exhibits attenuated virulence and reduced 

ability to colonise lung tissue (Ding et al., 2013). In addition, work of Weissman 

et al. (2000) has demonstrated that a metallothionein, CUP1, is involved in C. 

albicans copper tolerance. 

 

1.5.3 Compartmentalisation of zinc 

As outlined above, in the model yeast S. cerevisiae, several cellular 

compartments are involved in zinc trafficking. The vacuolar compartment is 

crucial for a variety of cellular processes, such as pH homeostasis, 

macromolecular degradation, osmoregulation and as storage for a variety of 

metabolites (e.g. amino acids, polyphosphate) (Klionsky., 1990). More so, the 

vacuole is involved in detoxification and storage of excess cytoplasmic zinc via 

Zrc1 and Cot1 (Conklin et al., 1994; MacDiarmid et al., 2003; Ramsay and Gadd., 

1997). In addition, under zinc-limited conditions, the vacuole fuels yeast cell with 

zinc to cover cellular demand via Zrt3 (MacDiarmid et al., 2000).  

Likewise, the endoplasmic reticulum functions in toxic metal homeostasis. 

Kumanovics et al., (2006) showed that Yke4 transports excess cytosolic zinc into 

the endoplasmic reticulum. In contrast, under zinc-limited condition, zinc is 

imported into the endoplasmic reticulum via Msc2 and Zrg17 (Ellis et al., 2004; 

Wu et al., 2008; Wu et al., 2011). Additionally, Zrc1 and Cot1 play a role in 

endoplasmic reticulum zinc acquisition (Ellis et al., 2004). 
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Zincosomes are membrane-bound cytoplasmic vesicles containing zinc 

detected in humans and mice (Nasir et al., 1999; Salazar et al., 2004). These 

compartments have also been found in the model yeast S. cerevisiae and play 

role in zinc storage. Analysis based on the fluorescent probe Zinquin revealed 

that the formation of zincosomes in S. cerevisiae is not dependent on endocytosis 

(Devirgiliis et al., 2004).  

 

1.6 Host nutritional immunity 

The above sections have covered zinc homeostasis in general. However, 

zinc acquisition is especially important for microbial pathogens because of 

nutritional immunity. As part of the innate immune system, transition metals can 

be weaponised against pathogens; they may be sequestered from pathogens, or 

employed at high concentrations that render them antimicrobial. These are both 

mechanisms of what is termed ‘nutritional immunity’ (Hood and Skaar., 2012). 

The human body is a rich pool of transition metals and contains 3 - 4 g iron, and 

1.4 - 2.3 g zinc (Bleackley and MacGillivray., 2011). Aside from being stored in 

human tissues, most of iron and zinc ions in blood serum are bound to transferrin 

and albumin/α-2 macroglobulin, respectively (Cassat and Skaar., 2013; Foote 

and Delves., 1984).  

During infection, nutritional immunity is activated to restrict available 

transition metals at systemic and local levels. Interestingly, acute infection with 

Salmonella typhimurium induces a significant reduction in serum zinc levels 

accompanied with re-localisation of zinc to the liver via hepatic metallothionein 

and Zip14, this phenomenon is termed ‘hypozincemia’ and aims to sequester 

available zinc away from the pathogen (Liuzzi et al., 2006; Sobocinski et al., 

1978). Similarly, work by Burguera and colleagues (1993) showed a decrease in 
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zinc serum levels in murine models of Trypanosoma cruzi infection. Likewise, 

intranasal infection of mice with Gram-negative Klebsiella pneumoniae resulted 

in reduced zinc concentration in serum (Berendt et al., 1977). Moreover, work of 

Falchuk et al., (1977) showed that acute infectious diseases in 87 patients caused 

approximately 55% reduction of serum zinc levels when compared with a non-

infected control group.  

Re-adjustment of metal serum levels was also shown for copper. During 

pulmonary C. neoformans infection, an elevation in copper serum levels was 

detected (Ding et al., 2013). Furthermore, acute infections correlate with 

approximately 30% increase in copper serum (Prentice et al., 2007). Likewise, 

expression of hepcidin is commonly upregulated during infection; hepcidin is a 

master hormonal regulator of iron metabolism, and its upregulation causes 50% 

decrease in iron serum levels. This phenomenon is termed ‘hypoferremia’ 

(Armitage et al., 2011; Prentice et al., 2007). Collectively, re-adjustment of 

transition metal serum concentrations is an important host defence against 

pathogens.    

In addition to systemic readjustment of transition metals, the host imposes 

localised nutritional immunity by expressing S100 proteins. These proteins 

constitute a family of 24 members that are only expressed in vertebrates 

(Donato., 2003; Donato et al., 2013). Members of this family contribute to various 

functions, such as cell proliferation and differentiation, intracellular calcium 

homeostasis, inflammation and protection from oxidative cell damage (Donato., 

1999).   

The best-studied member of this family is a heterodimer S100A8/A9 

protein called ‘calprotectin’, this protein exhibits antimicrobial activity and 

nutritional immunity though sequestration of zinc, manganese, copper and iron 



36 
 

(Besold et al., 2018; Nakashige et al., 2015; Zackular et al., 2015). In a murine 

infection model, tissue abscesses infected with Staphylococcus aureus lacked 

zinc and manganese, which restricted growth of the pathogen. On the other hand, 

in calprotectin-knockout mice, tissue abscesses were rich with transition metals. 

This correlated with proliferation of S. aureus, revealing the importance of 

calprotectin as a metal chelator that functions as part of the innate immune 

system (Corbin et al., 2008). Likewise, the work of Gaddy and colleagues (2014) 

showed a high level of calprotectin associated with neutrophil infiltration into 

stomach tissues infected with Helicobacter pylori.  

Neutrophils are a crucial component of the innate immune system. 

Following NETosis, a distinct form of programmed cell death, dying neutrophils 

release Neutrophil Extracellular Traps (NETs). The latter are fibrous, net-like 

complexes that are composed of chromatin (DNA and histones) decorated with 

antimicrobial proteins including calprotectin. Urban et al., (2009) showed that 

calprotectin is a major antifungal component in NETs and is essential for 

elimination of C. albicans in murine models of skin, lung and systemic infection. 

Moreover, calprotectin knockout mice showed defective NET formation and 

antifungal activity. Similarly, Bianchi et al. (2011) showed that calprotectin is the 

major antifungal component of NETs against Aspergillus nidulans. Together, 

these studies emphasise the integral role of calprotectin-mediated nutritional 

immunity in bacterial and fungal infections.  

Calprotectin is not the only S100 protein with zinc-chelating antimicrobial 

properties. The C-terminus of human S100A12 possesses zinc-dependent 

antimicrobial activity against Escherichia coli, Pseudomonas aeruginosa and C. 

albicans (Cole et al., 2001). Both calprotectin and S100A12 are expressed by 

neutrophils, monocytes and activated macrophages (Robinson and Hogg., 2012). 
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In addition to S100A8/A9, the S100A7 protein (psoriasin) is secreted by 

keratinocytes and plays a crucial role in resisting E. coli infection by zinc 

sequestration (Glaser et al., 2005). Similarly, S100A7 protein (psoriasin) and its 

disulphide-reduced form (redS100A7) have broad-spectrum antifungal activity 

and inhibited the growth of A. fumigatus, Malassezia furfur, Microsporium canis, 

Rhizopus oryzae, S. cerevisiae and Trichophyton mantagrophytes (Hein et al., 

2015).  

Nutritional immunity does not only restrict access to transition metals 

through re-adjustment of their levels in serum and production of antimicrobial 

proteins; it also acts in phagosomal compartment (Hood and Skaar., 2012). 

Macrophages employ various defence strategies to eliminate microbes; these 

include fusion of microbe-laden phagosomes with lysosomes, production of 

antimicrobial peptides and production of reactive oxygen species (ROS) 

(Pluddemann et al., 2011). Work of Botella and colleagues (2011) documented 

bursts of free zinc inside macrophages and accumulation of free zinc inside 

phagosomes containing Mycobacterium tuberculosis and E. coli. Therefore, 

macrophages can intoxicate phagocytosed microbes with excess metals.  

However, subcellular nutritional immunity is more commonly associated 

with micronutrient restriction. Natural resistance-associated macrophage protein 

1 (Nramp1) is an intracellular divalent transporter localised to phagosomal 

membranes that mediates transition metals sequestration inside macrophages; 

this aims to prevent access of phagocytosed pathogens to transition metals 

(Cellier et al., 2007). Furthermore, Nramp1 facilitates macrophage resistance to 

intracellular pathogens, such as Salmonella enterica, through upregulation of 

lipocalin-2. The latter scavenge iron from iron-loaded bacterial siderophores, 
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thereby effecting iron efflux from macrophages, thus limiting bacterial access to 

iron ions (Fritsche et al., 2012). 

Similarly, a decrease in zinc and iron levels in granulocyte macrophage 

colony-stimulating (GM-CS)-activated macrophages that had engulfed 

Histoplasma capsulatum was documented. Metals chelation is controlled by 

binding to metallothioneins in a STAT3 and STAT5 transcription factor-dependent 

manner. This metal deprivation is a host defence mechanism to restrict growth of 

the pathogen (Vignesh et al., 2013; Winters et al., 2010). Moreover, macrophages 

activated with IFN-ᵞ expressed increased levels of the plasma membrane high-

affinity copper importer (CTR1) and the copper exporter (ATP7A) that localises 

copper from Golgi, via vesicles, to the phagosomal compartment. Silencing the 

expression of ATP7A abolished the ability of macrophages to killing bacteria 

(White et al., 2009). In contrast, polymorphonuclear leukocytes inhibit conidial 

germination of Aspergillus fumigatus through lactoferrin-mediated sequestration 

of iron ions (Zarember et al., 2007).  

 Therefore, nutritional immunity represents a complex range of activities 

utilising multiple trace metals.   

 

1.7 C. albicans zinc homeostasis and transporters 

During commensal and pathogenic phases of C. albicans in the human 

body, it colonises diverse anatomical sites, each of which can vary in its 

concentrations of transition metals. The ability of this fungus to successfully 

survive and colonise diverse micro-niches indicates the development of effective 

mechanisms to scavenge transition metals from these micro-environments. Still, 

little work has been done so far to investigate how C. albicans regulates zinc 
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homeostasis. Similar to the model yeast S. cerevisiae, the Zap1 transcription 

factor (also called Csr1) is the central regulator of cellular zinc homeostasis in C. 

albicans. Work of Kim and colleagues (2008) showed 49% sequence similarity 

between Zap1 homologues of S. cerevisiae and C. albicans. Moreover, ZAP1 

mutants exhibited growth defects under zinc-limited conditions and the inability 

to form hyphae; however, overexpression of cell surface zinc transporters ZRT1 

and ZRT2 restored the C. albicans wild-type phenotype. In addition, Zap1 also 

controls the expression of zinc-uptake genes PRA1, ZRT1 and ZRT2 (Nobile et 

al., 2009) 

In C. albicans Zap1 also controls genes important for biofilm matrix 

production and cell-cell signalling (Ganguly et al., 2011; Nobile et al., 2009). 

Interestingly, Xu et al. (2015) documented that during early stages of infection in 

mouse models, expression of ZAP1 and its target genes ZRT1, ZRT2 and PRA1, 

was elevated 10-fold. In contrast, unlike C. albicans, the ZAP1 ortholog in C. 

dubliniensis is essential for growth under zinc-limited conditions, but is not a 

major regulator of dimorphism. Moreover, deletion of ZAP1 attenuated virulence 

of C. dubliniensis, revealing its importance for this organism’s virulence (Bottcher 

et al., 2015).  

Bioinformatics analysis has shown that the genome of C. albicans 

encodes four ZIP transporters (ZRT1, ZRT2, ZRT3 and orf19.5428) and five ZnT 

transporters (orf19.1536/ZRC1, orf19.3874, orf19.3769, orf19.3132 and 

orf19.52). However, only Zrt1 and Zrt2 are predicted to be cell-surface 

transporters (Crawford et al., 2018). Furthermore, transcription profiling in C. 

albicans revealed that expression of ZRT1 and ZRT2 is pH-dependent, whereas 

expression of ZRT1 increases 10-fold at pH 8, ZRT2 is elevated 10-fold at pH 4 

(Bensen et al., 2004). Deletion of ZRT2 reduced fungal burden in mouse kidneys. 



40 
 

Moreover, the zrc1∆ mutant exhibited a defect in fungal burden in mouse liver. 

Therefore, different zinc transporters are important for colonisation of different 

organs (Crawford et al., 2018). Similarly, in A. fumigatus, expression of the cell 

surface transporters ZrfA and ZrfB was induced under acidic zinc-limited 

conditions. In contrast, ZrfC was induced under alkaline zinc-limited conditions 

(Amich et al., 2010; Vicentefranqueira et al., 2005). More recently, Crawford et 

al., (2018) showed an important role for C. albicans Zrc1 transporter for 

detoxification of excess zinc into zincosomes.  

 

1.8 Metal scavenging proteins 

To successfully colonise host tissues, pathogens have developed several 

mechanisms to counteract host nutritional immunity. In addition to transporter 

mediated zinc uptake described above, some pathogens secrete metal-chelating 

proteins such as siderophores and zincophore to sequester metals from the 

surrounding microenvironment.  

 

1.8.1 Siderophores 

Siderophores are small molecules (500 to 1500 Da) that have a high 

affinity for iron. Intriguingly, more than 500 siderophores have been identified, 

which are produced during iron-limitation in both prokaryotic and eukaryotic cells 

(Hider & Kong., 2010). Siderophores are synthesized by several bacteria 

including E. coli, Vibrio cholera, Pseudomonas aeruginosa, S. aureus, 

Salmonella enterica, Klebsiella spp., Yersinia spp., Shigella spp., and 

Mycobacterium tuberculosis (Crosa et al., 2002). In addition, many fungi produce 

extracellular and intracellular siderophores, including Aspergillus spp., 
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Neurospora spp., Penicillium spp., and Ustilago maydis (Nilius et al., 1990; 

Voisard et al., 1993; Winkelmann and Drechsel., 1997). Interestingly, C. albicans 

is unable to synthesize its own siderophores but it can uptake siderophores 

produced by other microbes via Sit1, a cell-surface transporter (Almeida et al., 

2009; Bernier et al., 2005; Lesuisse et al., 2002). Work of Taguchi and colleagues 

(2010) showed that the siderophore, pyoverdine, is a crucial virulence factor for 

Pseudomonas syringae during host tobacco infection. Moreover, in murine 

survival model, both intracellular and extracellular forms of siderophore were 

essential for virulence of A. fumigatus (Schrettl et al., 2007). Additionally, 

yersiniabactin, a siderophore produced by E. coli, plays a role in copper 

detoxification, derived by nutritional immunity, during urinary tract infection 

(Chaturvedi et al., 2012). 

 

1.8.2 PH Regulated Antigen1 -Pra1 

1.8.2.1 Expression of Pra1 

Pra1 was first described by Casanova et al. (1992) as a 58 kDa cell surface 

fibrinogen-binding mannoprotein found in both yeast and hyphal form of C. 

albicans. It was therefore named originally “fibrinogen-binding protein” (FBP, also 

called “mp58”). Immunohistochemical analysis of tissues with superficial 

candidiasis showed expression of this protein on the surface of invasive C. 

albicans (Lopez-ribot et al., 1996). Work of Sepulveda and colleagues (1998) 

documented differences in expression of this protein between a laboratory strain 

(ATCC 26555) and clinical strains. Moreover, antibodies against FBP/mp58 were 

detected in the serum of patients with systemic candidiasis, but not in the serum 

of those with superficial infections.  
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Sentandreu et al. (1998) then cloned and characterised a novel pH-

regulated antigen in C. albicans. The previously identified Fbp was therefore 

renamed pH-regulated antigen1 (Pra1). Moreover, the expression of PRA1 was 

highly dependent on the pH of culture media, the highest expression detected at 

neutral pH and no expression detected below pH 6. Deletion of PRA1 altered 

chitin distribution in the cell wall of C. albicans. Interestingly, the deletion of 

RIM101, a pH-responsive transcription factor, caused the following under alkaline 

condition: (1) no expression of PRA1 and PHR1; (2) expression of PHR2 (an acid 

response gene); and (3) filamentation defect (Davis et al., 2000). Both Pra1 and 

Phr1 were exclusively expressed in hyphae-inducing media at pH 8 and 37ºC, 

but not in yeast cells (Urban et al., 2003). RT-PCR analysis showed that the 

expression of PRA1 in C. albicans increased two-fold in Rim101-expressing cells 

compared with non-Rim101-expressing cells, indicating that PRA1 is a target of 

the Rim101 transcription factor with two binding sites at position -230 and -413 

(Davis., 2003; Ramon and Fonzi., 2003). Likewise, Bensen et al. (2004) reported 

upregulation of PRA1 as both in alkaline response gene and Rim101-dependent 

response gene.  

Additionally, In Vivo Induced Antigen Technology (IVIAT) analysis of 

gene(s) expressed during interaction between pathogenic C. albicans and host 

cells revealed expression of PRA1 in patients with oropharyngeal candidiasis 

(Nguyen et al., 2004). Based on immunohistochemistry analysis, Pra1 was 

expressed on C. albicans hyphae invading tissues in non-acidic mucosal 

surfaces. In non-acidic internal organs of systemic candidiasis patients, C. 

albicans was found in yeast, pseudohyphal and hyphal forms. Only yeast and 

hyphae strongly expressed Pra1. Acidic tissues were predominated with only 

yeast cells, and these showed no detectable expression of Pra1. In contrast, in 
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tissues located adjacent to acidic tissues, pseudohyphal and hyphal forms were 

detected, both of which strongly expressed Pra1. Taken together, expression of 

Pra1 is considerably enhanced during tissue invasion (Monteagudo et al., 2004). 

The secretion of Pra1 is also observed in biofilm-grown C. albicans. 34 secreted 

proteins (including Pra1) were identified in the supernatant of planktonic and 

biofilm cultures (Thomas et al., 2006).  

Many studies have described pH-dependent regulation of PRA1. 

Interestingly, however, RT-PCR analysis showed rapid decease of PRA1 

expression after transferring C. albicans cells to blood (Fradin et al., 2003). 

Furthermore, deletion of vacuolar protein sorting gene (VPS4) correlated with 

reduced secretion of several proteins in supernatant, such as Pra1, Mp65, Sun41 

and Cht3 (Thomas et al., 2009). Indeed, transcription profile analysis showed 10-

fold upregulation of zincophore system genes (ZRT1 and PRA1) eight h after 

incubation of C. albicans with perforin, a fungicide produced by natural killer cells 

(Hellwig et al., 2016). 

Another crucial factor regulating the expression of zincophore system 

gene is the availability of zinc ions in the surrounding environments, PRA1 and 

ZRT1 are expressed in response to low environmental zinc (Citiulo et al.,2012; 

Crawford et al., 2018). The zinc availability regulation is likely mediated by Zap1. 

Studies by Xu et al. (2015) documented up to 10-fold elevation of expression in 

Zap1-target genes (ZRT1, ZRT2 and PRA1), during early stages of infection in 

murine infection models.  

Immunisation of mice with C. albicans cell wall extract confers protection 

from lethal disseminated candidiasis. Specifically, vaccination of mice with C. 

albicans’ cell wall extract, containing Pra1 and 24 other identified proteins, 

significantly improved their survival compared with unvaccinated controls. 
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Moreover, vaccination reduced fungal burden in the kidney four-fold (Thomas et 

al., 2006b). Analysing whole protein extract from C. albicans yeast cells and 

hyphae using two-dimensional electrophoresis showed three-fold increase of 11 

spots in hyphae compared with yeast forms, and peptide mass fingerprints 

analysis identified three spots as Pra1 and two as Phr1. Interestingly, deletion of 

PHR1 downregulates the expression of PRA1 (Choi et al., 2003). Moreover, the 

expression of PRA1 shown an adhesion-dependent upregulation pattern; after 

four h of inoculating C. albicans onto tested surfaces. Northern blot analysis 

showed higher transcription of PRA1 during adhesion on monolayer of human 

cells compared with plastic surfaces. In contrast, there was no induction of PRA1 

transcription in cells grown in liquid culture under these conditions (Sohn et al., 

2006).  

 

1.8.2.2 Interaction of CaPra1 and host immunity  

In C. albicans, the expression of PRA1 plays crucial role in immune 

evasion. A PRA1 mutant strain was more resistant to phagocytosis in a 

neutrophil-mediated fungal killing assay, and this was dependent on the integrin 

αMβ2. Moreover, Pra1 was essential for the adhesion and migration of leukocytes 

cells (Soloviev et al., 2007). Indeed, Forsyth et al. (1998) showed that αMβ2 (also 

known as CR3 and CD11b/CD18) is a major receptor for recognition of hyphal C. 

albicans. Together, these studies indicate that Pra1 is major ligand for αMβ2 

integrin (Soloviev et al., 2007).  

Furthermore, neutrophils from αMβ2 -knockout mice showed reduced ability 

to kill C. albicans; therefore, ablation of αMβ2 increases the susceptibility of mice 

to C. albicans infection (Soloviev et al., 2011). Likewise, αMβ2 -knockout mice 

were more susceptible to systemic infection; the mortality of αMβ2-deficient mice 
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was 100% after nine days of establishing C. albicans infection, whereas 60% of 

control mice died after 14 days. In addition, when analysed at 16 h post-

inoculation, the fungal burden of αMβ2-deficient mice was 10-fold higher in brain 

and two-fold higher in liver compared with wild-type (Jawhara et al., 2012). 

Interestingly, Pra1 plays additional roles in evasion of complement system, 

a main component of host innate defence; C. albicans Pra1 binds two 

complement regulators, factor H and Factor H like protein-1 (FHL-1), and 

plasminogen. Pra1 also blocks cleavage of C3 into C3a and C3b, therefore 

prevents activation of host complement system; thus, formally identified Pra1 

protein was named Complement Regulator-Acquiring Surface Protein-2 

(CRASP2) (Luo et al., 2009; Luo et al., 2010). 

  In addition, Pra1 binds to C4b-binding protein and inhibits complement-

mediated attack (Luo et al., 2011). Pra1 also plays a role in neutrophil-mediated 

antifungal responses. Overexpression of PRA1 in C. albicans resulted in 

enhanced migration and adhesion of neutrophils to pathogenic fungi. Also, 

thimerosal-treated C. albicans cells (which are unable to release Pra1 but 

maintain surface Pra1) induced the expression and production of lactoferrin, 

myeloperoxidase and IL-8 by neutrophils. In contrast, reconstitution of PRA1 

mutants with soluble Pra1 taken from actively secreting hyphae correlated with 

reduced neutrophils activation and production of lactoferrin, myeloperoxidase 

and IL-8. In this context, Losse et al. (2011) elucidated a dual function of Pra1 in 

neutrophils-mediated immunity, whereas cell surface Pra1 is involved in 

neutrophil antifungal responses, secreted Pra1 inhibits neutrophil activation, 

thereby, contributing to immune evasion. 

C. albicans globally alters its gene expression profile as it adapts to diverse 

microenvironments within the human body. Microarray analysis showed a ~10-
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fold increase in the expression of PRA1 after 24 h of oral candidiasis infection 

(Wilson et al., 2009). Citiulo et al. (2012) showed that recombinant Pra1 binds 

zinc ions, and PRA1 expression is regulated by zinc availability. Deletion of PRA1 

prevents zinc sequestration from host tissues when zinc is scare. More so, it was 

modelled that the reassociation of recombinant soluble Pra1 to the C. albicans 

cell surface is mediated by Zrt1. Both PRA1 and ZRT1 are syntenic genes that 

share the same promoter and are transcriptionally co-expressed; therefore, Pra1 

and Zrt1 are essential for micronutrient acquisition during host invasion and 

counteracting nutritional immunity (Figure 1.1) (Citiulo et al. 2012). Furthermore, 

transcript profiling showed high expression of 16 cell surface-related genes, 

including PRA1, during the invasion phase of C. albicans in zebrafish infection 

models (Chen et al., 2013).  

 

 

Figure 1.1 Schematic representation of the zincophore system in C. 

albicans. Under alkaline zinc-limited conditions, C. albicans secretes Pra1, a zinc 

scavenging protein, which binds zinc ions and then re-associates with the fungal 

cell surface via the Zrt1 receptor (Citiulo et al., 2012). 

  

Likewise, RNA transcript profiling showed upregulation of zinc limitation 

genes, including PRA1, ZRT1 and ZRT2, in invasive C. albicans hyphae during 

the early phase of mammalian infection models (Xu et al., 2015).  In a separate 
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study by Besold et al. (2018), it was shown that calprotectin, comprising nearly 

60% of cytoplasmic protein content in neutrophils, mediated zinc sequestration 

during NETosis. Importantly, this strongly correlated with upregulated expression 

of zincophore genes ZRT1 and PRA1. 

The virulence of clinical C. albicans isolates is associated with sequence 

variation and differing expression of Pra1. Sequence polymorphism analysis 

showed 16 nucleotides variations between PRA1 genes from 13 C. albicans 

clinical isolates; the isolates with the highest PRA1 expression showed 44% 

higher binding to factor H, 51% to C4bp, and 23% to plasminogen. Further, 

adhesion to human endothelial cells increased 60%, (Luo et al., 2015).  

All in all, it is evident that C. albicans encounters various microenvironment 

stresses and host defences during invasion. It is therefore not surprising that, 

across an evolutionary timescale, this opportunistic pathogen has developed a 

sophisticated array of mechanisms to counteract these stressful conditions. More 

so, the dynamic change of the C. albicans secretome is an efficient means of 

adaptation to external stresses and host defences. Several studies have 

elucidated the important roles of Pra1 in evasion of both complement and 

nutritional immunity. However, more in-depth understanding of this protein is 

crucial to improve treatment strategies against C. albicans superficial and 

systemic infections.  
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1.9 Aim of this Study 

The micronutrient zinc is essential for the growth of C. albicans. During 

infection, using many different strategies, the host’s immune system sequesters 

zinc and other important micronutrients to restrict growth and dissemination of C. 

albicans. Additionally, the immune system induces excessive concentrations of 

these metals such that the invading pathogen is effectively poisoned. To 

counteract nutritional immunity mechanisms, C. albicans must have developed 

an arsenal of sophisticated weaponry and evasive strategies. An important 

element of this weaponry is the Pra1/Zrt1 zincophore system. This contributes to 

the scavenging of zinc under zinc-limited conditions. Therefore, the aim of this 

thesis is to deepen our understanding of the phylogenetic relationship and 

evolution, expression and interaction between zincophore elements (Pra1 and 

Zrt1) and their role in the virulence of C. albicans. 

To address these aims, the following tasks have been covered: 

1. To investigate the evolution of zincophore genes over the tree of life. 

Online sequence databases and bioinformatics tools were used to 

characterise the dynamic evolution of Pra1 orthologues, analysis for amino 

acids and domain conservation. 

2. To explore the effect of pH and zinc, and other environmental cues on the 

expression of C. albicans zincophore system. A combination of molecular 

methods, including protein tagging, generation of knock-out and 

complementation strains, were employed. In addition, growth phenotypic 

analysis and alkalinisation were assessed. 
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3. To examine Zrt1-Pra1 interaction, and link it to virulence of C. albicans.  

Therefore, growth assays and infection model were established. 

4. To assess the growth and secretome of C. albicans and C. parapsilosis in 

response to different pH and zinc conditions. Secretomes were analysed 

using liquid chromatography- Mass spectrometry (LC-MS).   
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Chapter 2: Materials and Methods 

2.1 Bioinformatics protocols 

2.1.1 Identification of orthologous sequences for Pra1 and Zrt1 proteins 

Orthologous proteins of Zrt1 and Pra1 were identified as following: the 

amino acid sequences for Zrt1 and Pra1 in C. albicans was retrieved from 

Candida Genome Database (CGD) then retrieved sequences were blasted 

against the protein database BLASTp (Basic Local Alignment Search Tool) of the 

National Center for Biotechnology Information (NCBI). Searches were performed 

using the following settings: Algorithm was BLASTp (protein-protein Blast), the 

database was Non-redundant protein sequence (nr) while BLOSUM62 method 

was used to generated the matrix scoring, with increasing the max target 

sequence up to a thousand to find hits of more distantly related orthologues. To 

search for Pra1 protein orthologues in certain phylogenetic classes or families, 

the BLAST search was narrowed down to specific phylogenetic family or class.  

 

2.1.2 Phylogenetic tree analysis 

Phylogenetic and molecular evolutionary analyses were conducted using–

Molecular Evolution Genetic Analysis software (MEGA version X) (Kumar et al., 

2018). The translated protein of coding sequence for Zrt1 and Pra1 orthologues 

were identified and then analysed using (MEGA X) as the following :  (Do BLAST 

search) option within the (align menu) to blast C. albicans Pra1 and Zrt1 against 

the (NCBI) protein database via the MEGA X browser, search settings were 

adjusted as mentioned in section 2.1. Orthologue sequences were added to the 
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search (Alignment Explorer) using (Add to Alignment bottom) option. Next, 

orthologous sequences were aligned using Multiple Sequence Comparison by 

Log-Expectation (MUSCLE) using default settings followed by exporting the file 

in MEGA format. To construct phylogenetic tree of Pra1 protein orthologues, 

phylogeny reconstruction analysis was used with Maximum likelihood as 

statistical method with the following settings: WAG model for substitution Model, 

Gamma Distributed with Invariant sites (G+I) for rate among sites while partial 

deletion for Gaps/Missing Data Treatment. To estimate the reliability of the 

generated phylogenetic tree was tested by bootstrap methods with 1000 

replication. 

 

2.1.3 Determination of PRA1 loss in Debaryomycetaceae family 

 Orthologous sequences of mitochondrial Cytochrome C oxidase subunit 

1, for the Debaryomycetaceae family were retrieved from NCBI database by 

nucleotide blast search (BLASTn). Next, retrieved orthologues were used to 

construct a Maximum likelihood phylogeny tree using (MEGA X) software. The 

Pra1 loss events were determined by the presence of PRA1 using nucleotide 

blast search (BLASTn). 

  

2.1.4 Investigating the synteny between PRA1 and ZRT1 orthologues 

Gene synteny between PRA1 and ZRT1 orthologues was explored using 

Genome data browser in the (NCBI) website.  
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2.1.5 Amino acid conservation for Pra1 protein  

  The conservation of amino acid residues for CaPra1 protein and its 

orthologues were viewed in NCBI website using the Constraint-based Multiple 

Protein Alignment Tool (COBALT), which combines information from pairwise 

constraint, CDD and Motif databases alignment. 

 

2.1.6 Comparative analysis of conserved domain 

The conservation of the amino acids within HRXXH domain were 

investigated using Hidden Markov Model (HMM) and test was performed using 

MATLAB software. Twenty-two sequences for distantly related Pra1 orthologues 

were analysed (Table 2.1). Protein database (http://pfam.xfam.org/) was used to 

get sequences of PF13933 domain family. 

Table 2.1 Accession numbers for Pra1 orthologues used in Hidden Markov 
Model.  

No Protein accession Fungal name 

1 C4R4T0 Komagataella phaffii GS115 

2 Q6BVW4 Debaryomyces hansenii CBS767 

3 A5DNU0 Meyerozyma guilliermondii ATCC 6260 

4 A3LZN3 Scheffersomyces stipitis CBS 6054 

5 PRA1_CANAL Candida albicans 

6 C5MDK1 Candida tropicalis MYA-3404 

7 C7ZGH1 Nectria haematococca mpVI 77-13-4 

8 J5JS32 Beauveria bassiana ARSEF 2860 

9 Q2GQB8 Chaetomium globosum CBS 148.51 

10 B2AFK4 Podospora anserina S mat+ 

11 A7ET73 Sclerotinia sclerotiorum 1980 UF-70 

12 Q0UZ18 Parastagonospora nodorum SN15 

13 B2VUC4 Pyrenophora tritici-repentis Pt-1C-BFP 

14 ANG1_EMENI Aspergillus nidulans 

15 B6HBQ3 Penicillium chrysogenum Wisconsin  

16 A1CHQ9 Aspergillus clavatus NRRL 1 
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17 B8MYQ2 Aspergillus flavus NRRL3357 

18 Q6CQ42 Kluyveromyces lactis 

19 ZPS1 Saccharomyces cerevisiae 

20 C5DDE7 Lachancea thermotolerans CBS 6340 

21 C4JGA4 Uncinocarpus reesii 1704 

22 C5GRH5 Blastomyces dermatitidis 

 

Next, the following commands used to test Pra1 orthologues are listed below: 

1) To access the Pfam database and retrieve built-in HMM of the HRXXH 

protein domain from Sanger Institute database and Pre-aligned 

sequences from Pfam database, which has Pfam key number 13933 

hmm_HRXXH = gethmmprof(13933); 

seed_seqs = gethmmalignment(13933,'type','seed'); 

 

2) To pre-aligned sequences, downloaded in previous step, were unaligned 

and sorted in header and sequence format 

seqs = strrep({seed_seqs.Sequence},'.',''); 

   names = {seed_seqs.Header}; 

 

3) All retrieved sequences were aligned to HMM profile 

  fprintf('Aligning sequences ') 

  scores = zeros(numel(seqs),1); 

  aligned_seqs = cell(numel(seqs),1); 

  for sn=1:numel(seqs) 

      fprintf('.') 

      [scores(sn),aligned_seqs{sn}]=hmmprofalign(hmm_HRXXH,seqs{sn}); 

  end 

  fprintf('\n') 

 

4) The sequence of Candida albicans Pra1 was retrieved from the NCBI 
database 

    candida = getgenpept('XP_715420'); 

    Pra1 = candida.Sequence; 
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5) The Pra1 sequence of Candida albicans were aligned to HRXXH family. 

       [sc_aa_hmm,align,ptrs] = hmmprofalign(hmm_HRXXH,Pra1); 

        Pra1_hmmaligned_region = Pra1(min(ptrs):max(ptrs)); 

       hmmprofalign(hmm_HRXXH,Pra1_hmmaligned_region,'showscore',true); 

       title('log-odds score for best path: Pra1 aligned globally'); 

  

6) the alignment of HMM profile can be visualised by scoring space  

    hmmprofalign(hmm_HRXXH,Pra1,'showscore',true); 

    title('log-odds score for best path:Pra1'); 

 

7) the HMM profile can be visualised by symbol emission probabilities in the 
Match states  

    showhmmprof(hmm_HRXXH,'scale','logodds'); 

  

2.1.7 In-silico protein interaction prediction 

To model Pra1-Zrt1 interactions, amino acid sequence of both Pra1 and 

Zrt1 were retrieved from Candida Genome Database, followed by detecting 

signal peptide using signal peptide detection webserver 

(http://www.cbs.dtu.dk/services/SignalP). Next, each Pra1 and Zrt1 were 

modelled independently using Protein Homology/analogY Recognition Engine V 

2.0 (Phyre2) web server with intensive modelling model (Kelley et al., 2015). 

Next, Protein Data bank (PDB) files for protein modelling were used to model 

Zrt1-Pra1 docking using Molecular Docking Algorithm Based on Shape 

Complementarity Principles (PatchDock) with default settings. Result file was 

viewed using Swiss-Pdb Viewer (Guex and Peitsch., 1997)  
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2.2 Lab protocols  

2.2.1 Strains of the study 

Table 2.2 Strains used in this study  

Strain Genotype  Reference 
SC5314 Wild-type Fonzi & Irwin, 

1993 
BWP17 ura3::imm434/ura3::imm434   his1::hisG/his1::hisG 

arg4::hisG/arg4::hisG 

Wilson et al, 
1999 

BWP17+CIP30 ura3::imm434/ura3::imm434   his1::hisG/his1::hisG 
arg4::hisG/arg4::hisG+CIp30 

Mayer et al, 
2012 

zrt1Δ zrt1::HIS/zrt1::ARG+CIp10 Citiulo et al 2012 

zrt1Δ+ZRT1 zrt1::HIS/zrt1::ARG+CIp10-ZRT1 Citiulo et al 2012 

pra1Δ pra1::HIS/pra1::ARG+CIp10 Citiulo et al 2012 

pra1Δ+PRA1 pra1::HIS/pra1::ARG+CIp10-PRA1 Citiulo et al 2012 

CAI4+CIp10 

ura3::imm434/ura3::imm434 iro1/iro1::imm434+CIp10 Fonzi & Irwin, 
1993 

CAI4+PACT1-GFP ura3::imm434/ura3::imm434+CIp10-PACT1-GFP Citiulo et al 2012 

CAI4+PPRA1-GFP ura3::imm434/ura3::imm434+CIp10-PPRA1-GFP Citiulo et al 2012 

stp2Δ 
stp2::FTR/stp2::FTR RPS10/rps10+Clp10 

Vylkova & 
Lorenz, 2014 

stp2Δ+STP2 

stp2::FTR/stp2::FTR  RPS10/rps10+CIp10-STP2-
SAT1 

Vylkova & 
Lorenz, 2014 

ssy1Δ ssy1::FTR/ssy1::FTR  RPS10/rps10+CIp10-SAT1 

Miramon & 
Lorenz, 2016 

ssy1Δ+SSY1 
ssy1::FTR/ssy1::FTR  RPS10/rps10+CIp10-SSY1-
SAT1 

Miramon & 
Lorenz, 2016 

pra1∆+mCherry-Pra1 ura3:: imm434/ura3::imm434 his1::hisG/his1::hisG 
pra1::HIS1/pra1::ARG4+CIp10-mCherryPRA1 

This study 

zrt1∆/pra1∆  ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG  
zrt1pra1::ARG4/ zrt1pra1::HIS1+CIp10 

This study 

zrt1∆/pra1∆ +ZRT1 +PRA1 ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG  
zrt1pra1::ARG4/ zrt1pra1::HIS1+CIp10-ZRT1-PRA1 

This study 

zrt1∆/pra1∆ + mCherry-Pra1 Ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG  
zrt1pra1::ARG4/ zrt1pra1::HIS1+CIp10-
mCherryPRA1 

This study 

pra1∆+mCherry-Pra1∆ctermius ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG 
pra1::HIS1/pra1::ARG4+CIp10-mCherryPRA1 
truncated C-terminus (249Dto299F) 

This study 

zrt1∆/pra1∆+mCherry-Pra1∆C-

termius 

ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG  
zrt1pra1::ARG4/ zrt1pra1::HIS1+CIp10-
mCherryPRA1 truncated C-trerminus (249Dto299F) 

This study 

zrt1∆/pra1∆+ZRT1+mCherry-
Pra1 

ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG 
zrt1/pra1::HIS1/pra1::ARG4+CIp10-ZRT1-
mCherryPRA1 

This study 

zrt1∆/pra1∆+ZRT1∆N+mCherry-
Pra1 

ura3:: imm434/ura3:: imm434   his1::hisG/his1::hisG 
pra1::HIS1/zrt1/pra1::ARG4+CIp10-ZRT1(truncated 
N-terminus)-mCherryPRA1 

This study 
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2.2.2 Vectors 

Table 2.3 Vectors used in this study 

Plasmid Reference 
Candida integrated plasmid CIp10 Murad et al., 2000 

CIp10-mCherryPRA1 This study 

CIp10-mCherryPRA1 truncated C-terminus 

(249Dto300F) 

This study 

 CIp10-ZRT1 mCherryPRA1 This study 

CIp10-ZRT1(truncated N-terminus) _ mCherryPRA1 This study 

CIp10-mCherryPRA1 (removed HRXXH) This study 

 

2.2.3 Primers 

Table 2.4 Primers used during experiment  

Primers Sequences used to  

zincophore-FG Ggtggtcagaggcattggtcgccaaacttcaaaccaataagttggtaatttaca
gctgcatatattagtatgttctgtagtaatgtatatatgtatacggaaatgaagcttc
gtacgctgcaggtc 

Generate disruption 

cassette  

zincophore-RG Tactcttctgtctacatacgattttgcaattattcttattaattcaagctataaaagat
gtccatgaaacaccttaaaaattgtttggtgcctgaacttaacaatctgatatcatc
gatgaattcgag 

Generate disruption 

cassette 

HIS-F2 Ggacgaattgaagaaagctggtgcaaccg Confirmation integration 

of disruption cassette 

HIS-R2 Caacgaaatggcctcccctaccacag Confirmation integration 

of disruption cassette 

ARG-F2 Ggatatgttggctactgatttagc Confirmation integration 

of disruption cassette 

ARG-R2 Aatggatcagtggcaccggtg Confirmation integration 

of disruption cassette 

URA-F2 Ggagttggattagatgataaaggtgatgg Confirmation integration 

of disruption cassette 

RPF-1 Gagcagtgtacacacacacatcttg Confirmation integration 

of disruption cassette 

ZRT1_confirm Ccattgagaaagaatacgagacccatta Confirmation integration 

of disruption cassette 

PRA1_confirm Attgtaggcgcaatagtcaatttattagacta Confirmation integration 

of disruption cassette 

Prom_confirm_F Gtatcttcatggatcagtattccgaacaattc Confirmation integration 

of disruption cassette 

Prom_confirm_R Gaattgttcggaatactgatccatgaagatac Confirmation integration 

of disruption cassette 

Zinco_compleF Attcgatatcaagctttttacagctgcatatattagtatgt Generate zincophore loci 

Zinco_compleR Cggtatcgataagcttgtcaagtcaaagatagtaatgggca Generate zincophore loci 
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2.2.4 Culture media  

All media in this study were prepared using ultrapure water (MilliQ water) and 

purified by Milli-Q advantage A10 water purification system (Merckmillipore). All 

media were autoclaved using a 2100 Classic Autoclave (Prestige Medical, 

Blackburn). Media were cooled down to ~60ºC before adding heat sensitive 

chemicals (e.g. antibiotics) then poured in 90 mm petri-dishes. Heat sensitive 

reagents and media were filter-sterilised using Nalgene disposable filter units with 

0.45 µm PES membrane (Thermo Scientific) or syringe filters with 0.45 µm 

membrane (Thermo Scientific). The following media were used in this study:  

- YPD broth: (1% w/v) yeast extract, (2% w/v) mycological peptone, (2% 

w/v) glucose in ultrapure water. 

- YPD agar: Same composition of YPD broth with addition of 2% w/v agar. 

- Synthetic Defined (SD):  2% w/v glucose, 0.5% w/v ammonium sulphate 

(NH4SO)4, 1X Yeast Nitrogen Base without amino acids and ammonium 

sulphate (YNB). 

- Luria-Bertani (LB): 1 % w/v peptone, 5 % w/v yeast extract, 5 % w/v 

sodium chloride. 

- Rosewell Park Memorial Institute (RPMI): Supplemented with 2 mM L-

alanyl L-glutamine and 25 mM HEPES (Gibco). 

 

To prepare zinc depleted media, all plastic measuring cylinders and beakers were 

rinsed with 0.1 M Hydrochloric acid (HCl), then three times with Ultrapure water. 

After mixing all components, media were filter-sterilised. 
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- SD0 - zinc depleted: 1X Yeast Nitrogen Base without amino acids and without 

zinc (YNB w/o Zn) (formedium), 2% w/v glucose. 

- (RPMI0) - zinc depleted: Add the following to RPMI media to end with the 

following final concentrations: 1 mM EDTA, FeCl3 6.17 µM, MnSO4 13.24 µM 

and CuSO4 0.3 µM. 

- Limited Metal Media (LXM): 500 ml of this medium prepared by mixing the 

following amount from stock solutions listed in table 2.5. 

Table 2.5 composition of Limited Metal Media (LXM)  

Stock 

no 

Composition Notes Conc (M) Add 

(ml) 

Final 

Conc 

1 Na2EDTA.2H2O pH = 8 5.0x10-1 1 1.0x10-3 

2 
MgSO4.7H2O 
NaCl 

 5.0x10-1 

1.0x10-1 
5 5.0x10-3 

1.0x10-3 

3 CaCl2.2H2O  1.0x10-1 5 1.0x10-3 

4 

Uridine 
L-Histidine 
L-Leucine 
L-Lysine 

 4.0x10-2 

5.0x10-2 

7.6x10-2 

7.0x10-2 

5 4.0x10-4 

5.0x10-4 

7.6x10-4 

7.0x10-4 

5 (NH4)2SO4  1.9 10 3.8x10-2 

6 KH2PO4  1.0x10-1 5 1.0x10-3 

7 Na3Citrate.2H2O pH = 4.2 1.0 10 2.0x10-2 

8 D-glucose  2.2x10-1 25 1.1x10-2 

9 

d-Biotin 
Ca 
Pantothenate 
myo-Inositol 
Pyridoxin 
Thiamin.HCl 

 1.6x10-5 

1.7x10-3 

1.0x10-2 

2.0x10-3 

1.0x10-3 

0.5 1.6x10-8 

1.7x10-6 

1.0x10-5 

2.0x10-6 

1.0x10-6 

10 
H3BO3 

KI 
Na2MoO4.2H2O 

Prepared 
in 0.1 HCL 

1.0x10-1 

5.0x10-3 

1.0x10-2 

0.05 1.0x10-5 

5.0x10-7 

1.0x10-6 

 

After mixing all above components, the final volume was completed to 500 

ml with ultrapure water. To make LXM pH 7.4, medium was buffered with 50 mM 

of N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) pH 7.4 then 

alkalinised with NaOH to pH 7.4. Metals were added to final concentrations: FeCl 

6.17 µM, MnSO4 13.24 µM, CuSO4 0.3 µM, ZnSO4 25 µM, for each of the limited 
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media, the relevant metal was omitted. Finally, medium was filter sterilised 

through 0.45 µm PES membrane. 

 

 

2.2.5 Phenotypic analysis 

2.2.5.1 Cell zinc starvation  

For all assays in this project, cells were first zinc starved unless stated in 

the beginning of the protocol. Cells were zinc starved by growing them in 4 ml 

standard SD medium overnight at 30°C, then washed twice with 1 mM EDTA to 

remove residual zinc ions, then twice with MilliQ water. The optical density 

(OD600) were adjusted to 0.1 in 4 ml SD without zinc (SD0). Next day, cells were 

washed twice with 1 mM EDTA, then twice with MilliQ water, before being used 

in the experiments.  

 

2.2.5.2 Metal depletion assay 

Zinc starved cells were counted, and then 105 cells were inoculated into 1 

ml of limited metal media: LZM, LIM, LCM and LMM using 12-well plates. Cultures 

were incubated at 37ºC for two days. The surface-associated hyphal growth was 

quantified using XTT assay as follows: hyphae were washed twice with sterile 

PBS, then the following were added 395 µl PBS, 100 µl of 1 mg/ml XTT and 5 µl 

of freshly prepared Menadione solution (0.4 mM), then incubated at 37ºC for 3 h. 

Next, colorimetric change for 100 µl of supernatant was measured at 492 nm 

using VERSAMax microplate reader (Molecular Devices Company). 
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2.2.5.3 Metal toxicity assay 

Zinc starved strains were tested against toxicity of different metals such as 

iron, manganese, copper, zinc, nickel in 96-wells plate by adding 40 µl of 

increasing concentrations of the tested metal i.e. 0.05, 0.5, 5, 50 up to 500 mM 

(10-fold increasing), 40 µl of sterile MilliQ water and then aliquots of 100 µl 2X of 

SD0 were added to each well. Finally, aliquots of 20 µl of washed cell (OD600 = 

0.5) were added to the wells. The final volume in each well was 200 µl with final 

OD600 = 0.05, while the final concentrations of the metals were 0.01, 0.1, 1, 10, 

and 10 up to 100 mM. Moreover, contamination controls without cells were 

included. After incubating the 96-well plate at 30ºC for 48 h, optical density was 

measured using VERSAMax microplate reader at 600 nm (Molecular Devices).  

 

2.2.5.4 Effect of metals on PRA1 expression 

C. albicans CAI4+PPRA1-GFP and CAI4+CIp10 were zinc starved. Cells 

were grown in SD0 media (pH 4.8) without addition of zinc, with 100 µM zinc and 

various concentrations of copper (i.e. 10, 50, 70 and 100 µM). After two days of 

incubation at 30°C, OD600 was adjusted to 5 and green fluorescence was 

measured. Background was removed by subtracting the auto-fluorescence of 

CAI4+CIp10 lacking fluorescent protein.  

 

2.2.5.5 Minimal repressive zinc concentration for PRA1 expression 

C. albicans pra1Δ + mCherry-Pra1 was zinc-starved. Cells were counted 

and adjusted to 106 in 200 µl of LZM buffered with 50 mM HEPES pH at 7.4 with 

no added zinc or with a gradient of zinc concentrations ranging from 0.078125 to 

5 µM zinc in black 96-well plates with transparent bottom (Thermo Scientific). 
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Following 6 days of incubation, fluorescence and OD600 were measured using 

Sparke Multimode microplate reader (Tecan). 

 

 

2.2.5.6 Total mCherry-Pra1 expression under different pH 

Aliquots of 200µl of LZM buffered to various pH (i.e. 5, 6, 6.5, 7, 7.5 and 

8) were added to 96-well plates. Zinc-starved cells were counted and adjusted to 

106 to each well in black 96-well plates with transparent bottom (Thermo 

Scientific). Cultures were incubated at 30ºC in Fluostar microplate reader, and 

fluorescence reading was measured every 10 h for 5 days using wavelength 540 

for emission and 610 for excitation (USA). Background fluorescence was 

subtracted.  

 

2.2.5.7 Dynamics of Pra1 expression 

Zinc starved cells were adjusted to 106 in 200 µl of LZM media in black 96-

well plates with transparent bottom (thermo Scientific). For some experiments 

LZM media were supplemented with different concentrations of zinc. Cultures 

were incubated at 37ºC for six days to allow expression of Pra1. To determine 

the quantity of secreted mCherry-Pra1 tagged, supernatant from different wells 

was pipetted carefully into new clear well wells then fluorescence was measured. 

The surface-associated hyphae were then carefully washed twice with sterile 

PBS, and then 200 µl PBS was added to each tested well. Fluorescence of 

secreted and cell-associated mCherry-Pra1 were then measured with excitation 

587 emission 610 nm using Spark Multimode microplate reader (Tecan). 
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2.2.5.8 Neutralisation assay  

C. albicans strains were precultured in YPD medium then in 4 ml SD media 

overnight, then washed twice with 1 mM EDTA, then twice with MilliQ water to 

remove residual zinc ions, OD600 were adjusted to 0.5 in LZM. After two days of 

incubation, cells were washed twice with 1 mM EDTA, then twice with MilliQ 

water, then optical density in LZM (glucose adjusted to 0.1%) to 0.1 in black 96-

well plates with transparent bottom, OD600 and fluorescence were measured 

regularly (every 12 or 24 h). For some experiments glucose, zinc or amino acid 

were added, these modifications were recorded in Figure Legends. To monitor 

pH, the previous steps were performed then cells were finally inoculated into 3 

ml LZM (glucose adjusted to 0.1%) in 12-well plates. To measure pH, supernatant 

was drawn from well, filter-steriled using syringe, then pH measured. For some 

experiments, following zinc-starvation, cells were inoculated with OD600 into 10 

ml LZM (glucose adjusted to 0.1%) in 20 ml tube.    

 

2.2.5.9 Pra1 C-terminus peptide interacting with Zrt1 receptor 

In 96-wells plate, aliquots of 178 µl LZM buffered to pH 7.4 was added to 

each well. Next, 20 µl of 1 mg/ml C-terminus peptide of Pra1 (KareBay Biochem, 

USA), giving a final concertation of 100 µg/ml. Aliquots of 2 µl zinc-starved cells 

of C. albicans strains (OD600 = 5) were added to each well, to yield 200 µl with 

OD600 = 0.05. Cultures were incubated at 37ºC, then optical density at 600 nm 

was measured after 2 and 4 days. 
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2.2.5.10 Secreted Pra1 enhancing growth  

Zinc starved cells of C. albicans wild type, pra1∆ and pra1∆ + mCherry-

Pra1 were inoculated at OD600 = 0.05 into 20 ml LZM buffered to pH 7.4 and 

incubated at 30ºC for 10 days. Next, cultures were filter-sterilised using 0.45 µm 

PES membrane (Nalgene) to remove fungal cells. The total secreted protein in 

the supernatant was concentrated using Pierce Protein Concentrator PES, 10K 

MWCO (Thermo fisher), which were centrifuged for 30 min at 4000 rpm 4ºC. To 

remove EDTA, concentrated protein samples were washed with cold water in 

protein concentrator column twice. Next, protein concentration was determined 

using Pierce Coomassie plus Protein Assay (Thermo fisher). In a 96-well plate, 

aliquots of 178 µl LZM pH 7.4 were added to wells, 20 µl of concentrated 

supernatant  then 2 µl of zinc starved C. albicans strain at OD600 = 5 was added 

to each well resulting in 200 µl with OD600 = 0.05 of tested strains. Cultures were 

incubated at 37ºC, then optical density at 600 nm was measured after 4 and 7 

days. 

 

2.2.5.11 Competition assay 

C. albicans and C. parapsilosis were grown in SD broth overnight, then for 

each species, cells were washed twice with 1 mM EDTA followed by two washes 

of water (for subsequent culture at acidic culture). Alternatively, cells were 

washed twice with PBS then twice with water (for subsequent culture at 

neutral/alkaline pH). Cells were adjusted to OD600 = 0.5, and then inoculated in 

SD0 and SD0 supplemented with 25 µM zinc with adjusted glucose to 0.1% 

instead of 2%, either acidic (pH 4.8) or alkaline (pH 7.4). Cultures were incubated 

for 4 days at 30ºC. Cells were washed twice with PBS. Cells were then counted, 

adjusted to 105 and 104, and then 50 µl spread out onto Candida Ident Agar 
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(Sigma-aldrich). After two days of incubation at 30ºC, colonies were counted and 

the number of C. albicans and C. parapsilosis colonies determined by their colour.  

 

 

2.2.5.12 Galleria infection model 

C. albicans cells were precultured overnight in SD media at 30°C, washed 

twice in 1 mM EDTA, twice with H2O, then inoculated into fresh SD0 media with 

or without 25 µM zinc to a final OD600 = 0.1 and incubated overnight at 30°C. Cells 

were washed twice in 1 mM EDTA, twice with H2O, cell count were adjusted to 

5x106 cells/ml in PBS and then 1x105 cells/ml injected to the abdominal pro-leg 

of the larvae. Survival of larvae was monitored every 24 h. 

 

2.2.6 Nucleic acid protocols  

2.2.6.1 Escherichia coli transformation of Synthetic genes 

 Synthetic sequences were constructed by GeneArt (Thermofisher). 

Plasmids with the synthetic genes were transformed into Subcloning Efficiency 

DH5α Competent Cells (Invitrogen) following manufacturer’s protocol. Briefly, 

competent cells were thawed on ice in 1.5 ml microcentrifuge tube, then 10 ng of 

desired plasmid (or 250 pg of pUC19 as a control) were added to 50 µl of 

competent cells and mixed gently by tapping the tube gently. After incubating on 

ice for 30 min, cells were heat-shocked at 42ºC for 30 sec then chilled on ice for 

5 min. An aliquot of 950 µl of Pre-heated LB broth at 37ºC was added to cells. 

Transformation tubes were incubated at 37ºC for 1 h at 200 rpm, then 150 µl of 

cells were plated on LB agar containing 100 µg/ml ampicillin and incubated at 

37ºC overnight.  
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2.2.6.2 Purification of synthetic genes 

Resultant colonies of transformation E. coli strains with desired plasmid 

with synthetic genes were cultured overnight in LB with ampicillin, and plasmids 

were extracted using QlAprep spin miniprep kit following manufacturer’s protocol 

(Qiagen). Synthetic genes were double digested using FastDigest restriction 

enzymes for 20 min at 37ºC (Thermo Scientific), then purified by running on 1% 

agarose gel followed by gel extraction with QIAquick Gel Extraction Kit (Qiagen). 

 

2.2.6.3 Transformation, linearization and dephosphorylation of CIp10 

plasmid 

 Vector CIp10 was transformed into Subcloning Efficiency DH5α 

Competent Cells (Invitrogen). Purified colonies were grown overnight at 37ºC and 

200 rpm, and then plasmids were extracted using QlAprep spin miniprep kit 

following manufacturer’s protocol (Qiagen). Aliquots of 10 µg of CIp10 was 

digested with appropriate restriction enzyme for 20 min at 37ºC (Thermo 

Scientific,), then digestion reaction was heat deactivated at 80ºC for 20 min. 

Digested CIp10 vector was dephosphorylated using FastAP Thermosensitive 

Alkaline Phosphatase 1 U/µL for 30 min at 37ºC (Thermo Scientific). Finally, 

CIp10 vector was purified using QIAquick PCR purification kit (Qiagen). 
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2.2.6.4 Inserts ligation into CIp10 vector and E. coli transformation  

 Ligation of inserts into vector CIp10 was performed using either T4 DNA 

Ligase 5 U/µl (Invitrogen) or Rapid DNA Ligation Kit (Thermo Scientific). Ligation 

ratio between inserts and vector was 3:1. Ligation reaction was incubated 

overnight at 16ºC. An aliquot of 5 µl of ligation reaction was transformed into One 

Shot TOP10 Chemically Competent E. coli following manufacturer’s protocol 

(Invitrogen) and as described above. Cultures were incubated overnight at 37ºC. 

 

2.2.6.5 Diagnostic digestion for correct ligation 

 Resultant transformant colonies cultured overnight in LB broth containing 

100 µg/ml ampicillin and incubated at 37ºC for overnight. Plasmids were 

extracted using QlAprep spin miniprep kit following manufacturer’s protocol 

(Qiagen), then double digested with appropriate FastDigest restriction enzymes 

to ensure presence of correct insert. Digestion reaction were visualised on 1% 

agarose gel. 

 

2.2.6.6 Construction C. albicans mutants by gene deletion 

2.2.6.6.1 Primer designing to generate disruption Cassette 

 Auxotrophic markers (HIS1, histidine and ARG4, arginine) were amplified 

from their respective template plasmids (pFA-HIS1 and pFA-ARG4) with long 

primers. The forward primer consists of 104 bp upstream of ZRT1 followed by 22 

base pairs homologous to the pFA plasmids (“S1” site 

gaagcttcgtacgctgcaggtc). While the reverse primer consists of 104 base pairs 

of downstream PRA1 and 24 base pair homologous to the pFA plasmids (“S2” 

site tctgatatcatcgatgaattcgag).   
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2.2.6.6.2 Generation of disruption cassette  

 Plasmids with auxotrophic markers (pFA-HIS1 and pFA-ARG4) were used 

as DNA template during generation of disruption cassette, PCR product consists 

of auxotrophic markers with homologous recombinant region, were amplified in 

200 µl reaction using the following Table 2.6.  

 

Table 2.6 PCR mixture for generation disruption cassette. 

Component 50 µl reaction (µl) X4 reaction Final concentration/amount 

10X PCR buffer, - Mg 5 20 1X 

50 mM MgCl2 8 32 8 mM 

10 mM dNTP mix 1.25 5 0.25 mM each 

10 µM forward primer 2.5 10 0.5 µM 

10 µM reverse primer 2.5 10 0.5 µM 

pFA-HIS or pFA-ARG 1 4 1 ng 

Taq DNA polymerase 0.25 1 1.25 U 

Nuclease free H2O Up to 50 µl Up to 200 µl - 

 

After brief mixing, amplification process of the disruption cassette was performed 

using 3 prime thermal cycler, with the following programme: 5 min at 95ºC 

followed by 10 cycles 1 min at 93ºC, 1 min at 45ºC, 3 min at 72ºC, then 30 cycles 

of 1 min at 93ºC, 1 min at 60ºC, 3 min at 72 ºC followed by 10 min at 72ºC. 

 

2.2.6.6.3 Ethanol precipitation 
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 PCR products were sterilised and purified by ethanol precipitation by 

adding 500 µl (2.5 volume) of 100% ethanol and 20 µl (1/10 volume) of cold 3M 

sodium acetate pH 5.2, then stored at -20ºC overnight. PCR products were 

centrifuged at 4ºC for 40 min at 15000 rpm. Ethanol was removed, and sample 

was dried for 15 min. Finally, dry pellet was resuspended in 30 µl of sterile water 

and stored in -20ºC. 

2.2.6.6.4 Generation of heterozygote mutant 

 C. albicans BWP17 strain, uridine, histidine and arginine auxotroph, was 

grown at 30ºC, 200 rpm in 5 ml YPD broth supplemented with 20 µg/ml of each 

histidine, arginine and uridine. Next day, aliquot of 0.5 ml was diluted in 50 ml of 

YPD, supplemented with 20 µg/ml of each histidine, arginine and uridine, and 

incubated at 30ºC, 200 rpm for 4 h 30 min. Next, cells from a half volume (25 ml) 

of the YPD culture were harvest by centrifugation at 3500 rpm for 4 min, and then 

cells were washed with 25 ml sterile water and centrifuged at 3500 rpm for 4 min. 

Cells were resuspended in 1 ml 0.1 M lithium acetate (Sigma) and centrifuged at 

5000 rpm for 1 min and supernatant was discarded. Pellet was resuspended in 

150 µl of 0.1 M lithium acetate. The transformation mixture was prepared in 1.5 

ml microcentrifuge tube by adding: 50 µl of cell suspension, 240 µl of 50% 

polyethylene glycol 4000 (Sigma), 36 µl of 1 M lithium acetate, 10 µl of carrier 

DNA i.e. Herring sperm DNA (Invitrogen), denatured by heating at 95ºC for 10 

min then chilled on ice for 5 min, and 30 µl of arginine disruption cassette (or 30 

µl of sterile water as negative control). Samples were mixed by inverting and 

incubated at 30ºC for overnight.  

 

2.2.6.6.5 Heat shock transformation of C. albicans 
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Next day, Candida cells were heat shocked at 44ºC for 15 min, then 

centrifuged at 4000 rpm for 5 min. pellet was resuspended in 100 µl sterile water 

and plated on Synthetic Defined (SD) agar supplemented with 20 µg/ml of each 

uridine and histidine. Cultures were incubated at 30ºC for 4 days. Colonies were 

streaked on YPD and SD agar supplemented with 20 µg/ml of uridine and 

histidine. 

2.2.6.6.6 Confirmation of heterozygote by Colony PCR 

To confirm the integration of the ARG4 disruption cassette correctly, 

colony PCR was performed with three pairs of primers: (1) upstream and 

downstream confirmation primers, both anneal outside the region of homologous 

recombination; (2) upstream confirmation with ZRT1 flanking and HIS-R2 primer 

pair and (3) HIS-F2 with downstream (PRA1 flanking) confirmation primer pair 

(Table 2.4, see also below and Chapter 4). Colony PCR reactions were prepared 

in PCR tube as follows: 10.5 µl Nuclease free H2O, 1 µl of forward primer (10 

pM/µL) and 1 µl of forward primer, then a pinhead’s worth of cells from a colony 

were suspended in the reaction mixture. Tubes were then placed in the 

thermocycler, held in room temperature at (21 ºC) for 5 min and heated up to 

95ºC for 15 min. After chilling on ice, 12.5 µl of dreamtaq master mix (Invitrogen) 

were added to reaction tube, then PCR was run with the following programme: 3 

min at 95ºC followed by 30 cycles 30 s at 95ºC, 30 s at 53ºC, 1 min at 72ºC 

followed by 10 min at 72ºC. PCR products were run on a 1% agarose gel and 

visualised by ethidium bromide staining. 

 

2.2.6.6.7 Generation of homozygote mutant 
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 The second allele of the gene was disrupted and replaced with a (HIS1) 

histidine marker by repeating protocol in (Generation of heterozygote, Heat shock 

transformation of C. albicans) but with histidine disruption cassette. 

 

 

 

2.2.6.6.8 Confirmation of heterozygote by Colony PCR 

   Correct integration of both auxotrophic markers was confirmed by colony 

PCR using the following sets of primer confirmation: (1) upstream and 

downstream confirmation primers (UCP & DCP); (2) upstream confirmation with 

HIS-R2 primer; (3) HIS-F2 with downstream confirmation primer; (4) upstream 

confirmation with ARG-R2 primer and (5) ARG-F2 with downstream confirmation 

primer (Figure 2.1) 

 

Figure 2.1 Schematic diagram of primer pairs and amplified targeted 

regions. Six pairs of primer were used to investigate the correct integration of the 

disruption cassette into deleted gene locus. 

 

2.2.6.6.9 URA3 autotrophy complementation.  

 To create a fully prototrophic strain of C. albicans BWP17, the 

homozygous mutant – uridine auxotrophic - was complemented uridine marker 
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into RP10 locus. Candida Integrated Plasmid CIp10 was transformed to 

Subcloning Efficiency™ DH5α™ Competent Cells as described previously. 

Purified colonies were used to grow in 10 ml LB broth containing 100 µg/ml 

ampicillin for overnight at 200 rpm 37ºC. Cultures were used to plasmid DNA 

extraction using QlAprep spin miniprep kit following manufacturer’s protocol 

(Qiagen), then 5 µg of CIp10 were linearised with FastDigest Eco147I following 

the manufacturer’s protocol (Thermo Scientific). Digested plasmids were 

precipitated with ethanol, then transformed into C. albicans homozygous mutant. 

 

2.2.6.6.10 Confirmation of CIp10 integration by colony PCR 

Integration of CIp10 into RP10 locus at Candida genome was confirmed 

using specific primer (URA-F2) and RP10 flanking primer RPF-1, and colony PCR 

was performed as described in (Conformation of heterozygote by Colony PCR). 

 

2.2.6.6.11 Extraction of genomic DNA from C. albicans  

 Genomic DNA was extracted as described previously by Muller et al 

(1998) with some modifications. C. albicans were grown in 10 ml SD overnight at 

30ºC. Cells were harvested at 4000 rpm for 4 min. Supernatant was discarded 

while cells were resuspended in 200 µl lysis buffer (2% (v/v) Trixon X-100, 1% 

(w/v) SDS, 100 mM NaCl, 10 mM Tris-HCl pH 7.4, Na2EDTA pH  8). Suspension 

was transferred to 1.5 ml screw cap tube, next, 300 mg of acid washed glass 

bead and 200 µl of phenol (25): chloroform (24): isomylalchohol (1) were added 

to cell suspension. Cells were broken by vortexing for 3 min, then 200 µl TE buffer 

was added (10 mM Tris-HCl pH 7.4, 1 mM Na2EDTA pH 8). Sample was 

centrifuged at 13000 rpm for 5 min at 4ºC, then supernatant was transferred into 



73 
 

clean 1.5 ml tube and 1 ml of 100% ethanol was added to the tube and mixed by 

inverting tube then incubated overnight at -20ºC. Sample was centrifuged at 

15,000 rpm for 40 min, then supernatant was discarded and pellet was 

resuspended in 400 µl TE buffer and incubated with 3 µl of 10 mg/ml RNase at 

37ºC for 30 min. After incubation, 40 µl of 3 M sodium acetate and 880 µl of 100% 

ethanol were added to sample and incubated overnight at -20ºC. Sample was 

centrifuged for 15,000 rpm for 40 min then supernatant was discarded and pellet 

was air-died for 15 min. Final pellet was resuspended in 50 µl TE buffer. 

 

2.2.6.6.12 Gene complementation  

To complement the double mutant strain with the deleted genes, both 

upstream and downstream integrated regions were determined at CGD. The 

entire region including both ZRT1 and PRA1 was amplified using primers (listed 

in Table 2.3) using high fidelity Phusion taq polymerase (Thermofisher Scientific) 

with the following PCR programme: 30 sec at 98ºC followed by 35 cycles of 10 

sec at 98ºC, 30 sec at pre-calculated annealing temperature, 30 sec/kb at 72ºC 

with final extension at 72ºC for 10 min. PCR product was purified using QIAquick 

PCR purification kit (Qiagen, Germany), then ligated to linearised CIp10 vector 

for 15 min using  Rapid DNA Ligation Kit (Thermo Scientific). After transformation 

into One Shot TOP10 Chemically Competent E. coli following manufacturer’s 

protocol (Invitrogen). CIp10 vector with the desired genetic region was linearised 

and complemented into uridine auxotroph homozygote mutant strain to create 

triple auxotrophic strain of BWP17 complemented with desired gene(s) at the 

RP10 locus. Alternatively, the zrt1∆/pra1∆ was transformed with gene variants 

(see Chapter 4).   
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2.2.7 Protein analysis protocols 

2.2.7.1 Proteomic analysis of supernatants 

 C. albicans wild-type, pra1∆ and C. parapsilosis were zinc-starved then 

inoculated to OD600 = 0.05 in 100 ml of LZM buffered with 50 mM HEPES to pH 

7.4 or LZM buffered with 50 mM MES to pH 4.8 and incubated 10 days at 30ºC. 

Following incubation, cells were centrifuged at 4000 rpm for 5 min at 4ºC, 

supernatant was filter-sterilised with 0.2 µm PES membrane then concentrated 

using Pierce protein concentrator PES, 10K MWCO by centrifuging for 4000 rpm 

for 30 min at 4°C. Concentrated proteins were washed twice with water. Total 

protein in the concentrated supernatant was quantified using Pierce Coomassie 

Plus (Bradford) assay reagent with bovine serum albumen (BSA) as a standard 

(Thermofisher Scientific). Protein concentration was normalised to the biomass. 

Next, samples were digested with trypsin then analysed with Liquid 

Chromatography-Mass Spectrometry (LC-MS) using UltiMate 300 RSLCnano 

(Dionne, Thermo Scientific) coupled to Q Exactive Plus quadrapole-equipped 

Orbitrap MS/MS system.  
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2.2.7.2 Bioinformatics analysis of supernatant  

Protein identified in secretome of both C. albicans and C. parapsilosis 

were filtered using the protocol described by (Lee et al., 2003; Sorgo et al., 2010). 

The presence of N-terminal signal peptide was investigate using webserver 

software SignalP 5.0. Next, transmembrane regions were detected using 

Candida Genome Database. The function and localisation of identified protein 

was analysed using Candida Genome Database. 

 

2.2.7.3 Western blot 

After concentrating proteins in the supernatant as described in previous 

section. Protein concentration was determined using Pierce Coomassie Plus 

(Bradford) assay (Thermo scientific). 20 µg of total proteins was treated with 2.5 

µl of NuPAGE LDS sample buffer (4X) and 2 µl of 1 M Dithiothreitol (ddt) and 

heated for 10 min at 70ºC. After cooling sample(s) in ice, samples were separated 

on 4-12% NuPAGE Novex Bis-Tris pre-cast gel (Invitrogen) using MOPS-SDS 

running buffer for 1 h at 200 V with addition of 500 µl of NuPAGE Antioxidant 

(Invitrogen). Next, separated proteins were transferred to polyvinyl difluoride 

membrane (PVDF) using NuPAGE transfer buffer (Invitrogen) for 2 h at 30 V. The 

membrane was blocked in Tris Buffered Saline (TBS) with 0.01 v/v Tween 20 

(TBS-T) containing 5% w/v non-fat dry milk for 1 h, followed by incubation with 

1:1000 dilution of primary antibody, anti-mCherry antibody (Cell Signalling 

Technology) in TBS-T containing 5% w/v non-fat dry milk overnight at 4ºC. The 

membrane was washed three times with TBS-T for 5 min each then incubated 

with 1:1000 diluted secondary antibody, anti-rabbit IgG, conjugated to 

Horseradish Peroxidase (HRP) (Cell Signalling Technology) in TBS-T containing 

5% w/v non-fat dry milk for 1 h at room temperature. Following washing the 
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membrane three times with TBS-T for 5 min each, Chemoiluminescent detection 

was performed with SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Scientific) then membrane was visualised using Bright CL1000 Image 

System (Invitrogen).  

 

 

2.2.7.4 Determination of Pra1 zinc-binding  

 After concentrating Secreted proteins in the supernatant, protein 

concentration was determined using Pierce Coomassie Plus (Bradford) assay 

(Thermo scientific). In 96-well plate, a matrix was generated by addition of 

gradual increasing concentrations of concentrated proteins, 10 µM zinc and 5 µM 

of Fluozin-3 (Thermofisher) in 0.5 M MOPS-tris buffer pH 7 containing 0.2 M KCl 

to end up with 200 µl as a final volume in each well. 96-well plate was incubated 

in dark for 15 min, then fluorescence was measured with excitation 485 emission 

535 nm using Sparke Multimode microplate reader (Tecan). The zinc-binding 

affinity of Pra1 was estimated by determination the equilibrium point (50% of 

fluorescence reduction) between Pra1 and Fluozinc-3. Given that the dissociation 

constant of Fluozin-3 is [Kd] = 15 nM, and concentrations of Fluozin-3 and Pra1 

are known at equilibrium point, so the Pra1 zinc-binding affinity was estimated.  

 

2.3 Statistical analysis 

 Data generated in this project were analysed using GraphPad Prism 

version 8. The level of statistical significance was set at P < 0.05. Student t-test 

used to compare two sets, while AVOVA was used to compare more than two 

sets with Tukey test to determine the difference between data sets. Data 
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presented as a mean ± standard derivation (SD). Asterisks considered as the 

following **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.   For Galleria 

infection model the difference between mortality was compared using Log-rank 

(Mantel-Cox) test.  
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  Chapter 3: Evolutionary and structural analysis of Candida albicans 

zincophore system   

3.1 Introduction 

C. albicans Pra1 is a multifunctional protein. It contributes to scavenging 

extracellular zinc and evasion of the human immune system, specifically by 

preventing activation of the complement system (Citiulo et al., 2012; Luo et al., 

2009; Luo et al., 2010); it also serves to recruit neutrophils via recognition of M2 

(Mac-1) (Soloviev et al., 2007). PRA1 is present in the genome of several fungi; 

orthologues exist in several Candida species i.e. C. dubliniensis, C. tropicalis, C 

guilliermondii, as well as other fungal species, including Aspergillus nidulans and 

Blastomyces dermatitidis (Calera et al., 1997; Citiulo et al., 2012; Kujoth et al., 

2018). Most studies on Pra1 have focused on immunological perspectives; 

previous work of Soloviev et al., 2007 showed that CaPra1 is major ligand for 

αMβ2 integrin. Also, CaPra1 binds two complement regulators, Factor H and 

Factor H like protein-1 (FHL-1), in addition to plasminogen. This was similarly 

shown for Aspf2 (Pra1 orthologue in Aspergillus fumigatus) (Dasari et al., 2018; 

Luo et al., 2009; Luo et al., 2010). Interestingly, in A. fumigatus and C. albicans, 

PRA1 and ZRT1 orthologues are syntenically encoded, and this is likely to 

facilitate the co-expression (Amich et al., 2010; Citiulo et al., 2012). However, the 
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evolution and structure of Pra1 orthologues throughout the tree of life have not 

yet been investigated. 

Compared to the original analysis to Pra1 orthologues (Citiulo et al., 2012), 

the enormous increase in the number sequenced genomes provides an 

unparalleled opportunity to understand the evolution of Pra1. Because 

orthologues maintain high sequence similarity in both active sites and core 

domains (Chothia and lesk., 1986; Hubbard and Blundell., 1987). Local alignment 

strategies such as BLAST can be used to investigate orthologous protein 

sequence (Pearson., 2014). Also, multiple sequence alignment (MSA) of 

homologs is a powerful tool to identify conserved regions and phylogenetic 

reconstruction (Morgenstern ., 2004).  

Phylogenetics can be used to analyse the evolution of protein sequences; 

phylogenic trees are crucial for estimating molecular evolution rates, exploring 

how nature and selective pressure interfere with genome/proteins, and 

reconstructing evolutionary history (Ryan et al., 2013).  

Hidden Markov Model (HMM) is a progressive algorithm for probabilistic 

multiple sequence alignment (Loytynoja and Milinkovitch., 2003). Implementation 

of (HMM) for studying protein sequence reveals the functional/conserved regions 

in more diverged sequences; however, it ignores the evolutionary history (Karplus 

et al., 1998).  

The aim of this chapter is to explore the dynamic evolution of zincophore 

system orthologues and its genetic locus using various bioinformatics tools.  
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3.2 Results 

3.2.1 Distribution of Pra1 and Zrt1 orthologues in the tree of life 

To understand the evolutionary relationship of zincophore system 

orthologues, the first step was to identify protein orthologues of Pra1 and Zrt1 by 

BLASTp search against C. albicans Pra1 and Zrt1 sequences in NCBI. Next, 

identified orthologous sequences were used to construct phylogenetic tree using 

Molecular Evolutionary Genetic Analysis (MEGA X) software (Kumar et al., 2018).  

The BLASTp search revealed that all Pra1 orthologues were confined to 

the Kingdom ‘’Mycotina’’ or fungi, and they were completely absent from all other 

eukaryotic kingdoms, and other superkingdom/domains (i.e. Archaea and 

Bacteria). On the other hand, the BLASTp search for Zrt1 orthologues revealed 

BLAST hits were found inside and outside the fungal Kingdom, however, all 

BLAST hits outside fungal kingdom were lacking N-terminus regions (i.e. ~180 

amino acid residues, which were found in Zrt1 sequence but not Zrt2) and 

showed low sequence similarity (i.e. sequence percent identity ~30% or less).     

Maximum likelihood phylogeny tree showed that Pra1 orthologues were 

encoded in the genomes of three taxonomical phyla:  Ascomycota, 

Basidiomycota and Chytridiomycota (Figure 3.1a). In contrast, no Pra1 
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orthologues were detected in other fungal phyla, including: Blastocladiomycota, 

Cryptomycota, Microsporidia, Mucoromycota, Olpidiomycota, and 

Zoopagomycota. Maximum likelihood phylogeny tree for Zrt1 orthologues 

revealed that Zrt1 sequences were present in five fungal phyla: Ascomycota, 

Basidiomycota, Chytridiomycota, Mucoromycota and Zoopagomycota (Figure 

3.1b), and absent from other fungal taxonomical phyla: Blastocladiomycota, 

Cryptomycota, Microsporidia and Olpidiomycota. 

 Interestingly, these analyses revealed that a Pra1 orthologue is encoded 

in Spizellomyces punctatus, representing the most basal zincophore orthologues. 

Together, these findings showed that PRA1 is confined to the fungal 

kingdom and it is likely that PRA1 had arisen and originated in a basal fungal 

ancestor – that is, prior to the divergence of the Chytrids. 
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(a) 
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(b) 

Figure 3.1 Maximum likelihood phylogeny C. albicans zincophore system 

orthologues. The phylogenetic trees for (a) Pra1 orthologues and (b) Zrt1 

orthologues were constructed using (MEGA X) software. Best hits sequences 

were retrieved from BLASTp search against CaPra1 and CaZrt1 in NCBI 

database, and then aligned using MUSCLE. Construct Maximum likelihood 

option was used with the following parameter: WAG model, Gamma Distributed 

with Invariant sites (G+I) for rate among sites while partial deletion for 

Gaps/Missing Data Treatment. The Mucoromycota phylum is shown in purple, 

Zoopagomycota in green, Chytridiomycota in red, Basidiomycota in orange, and 

Ascomycota in blue. 
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Next, the distribution of Pra1 orthologues within the fungal kingdom was 

explored in more depth. NCBI Data Base was used to perform this analysis, this 

database contains 2586 fungal genomes. Table 3.1 summarises numbers of 

fungi encoding Pra1 orthologues in various taxonomical phyla identified via 

BLASTp C. albicans Pra1 in NCBI database. Ascomycota encompasses the 

largest number of encoded Pra1 orthologues (435 equalling to 88%) distributed 

over the following taxonomical classes: 303 (69.6%) in Pezizomycotina, 130 

(29.8%) in Saccharomycetes and 2 (0.45%) in Taphrinomycotina. Furthermore, 

only 55 (11.2%) of Pra1 orthologues are found in members of Basidiomycota and 

are distributed across four taxonomical classes: 23 (41.81%) in 

Ustilaginomycotina, 22 (40%) in Agaricomycotica, 8 (14.54%) in 

Pucciniomycotina and 2 (3.63%) in Wallemiomycotina. In contrast, only one 

member of Chytridiomycota encodes a Pra1 orthologue, taking in consideration 

that only 19 species of Chytridiomycota have been sequenced and found in the 

NCBI database compared with 1688 species in Ascomycota and 465 in 

Basidiomycota.   

 

        Table 3.1 Numbers of fungi encoding Pra1 orthologues.  

Fungal lineage Number of 
organisms 

    Ascomycota 435 (88%) 
         Pezizomycotina 303 (69.6 %) 
         Taphrinomycotina 2 (0.45 %)  
         Saccharomycetes 130 (29.8 %) 
    Basidiomycota 55 (11.2%) 
         Agaricomycotica 22 (40 %) 
         Pucciniomycotina 8 (14.54 %) 
         Ustilaginomycotina 23 (41.81 %) 
         Wallemiomycotina 2 (3.63 %) 
   Chytridiomycota 1 (0.8%) 

Total 491 
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BLASTp search for orthologous sequences of C. albicans Zrt1 transporter 

in NCBI database identified 713 hits within Kingdom Fungi (Table 3.2). Zrt1 

orthologues were distributed over diverse phyla: Chytridiomycota, Mucoromycota 

and Zoopagomycota, as well as Dikarya subkingdom (i.e. Ascomycota and 

Basidiomycota). Table 3.2 shows that 501 (70. 6%) of Zrt1 orthologues are found 

in Ascomycota, and distributed across the following taxonomical classes: 414 

(82.63%) in Pezizomycotina class, 82 (16.36%) in Saccharomycetes and 5 

(0.99%) in Taphrinomycotina. Moreover, out of the 713 identified Zrt1 

orthologues, only 180 (25.21%) orthologues were encoded in the Basidiomycota, 

and these orthologues were found in several taxonomical classes: 133 (73.88%) 

in Agaricomycotica, 31 (17.22%) in Ustilaginomycotina, 14 (7.44%) in 

Pucciniomycotina and 2 (1.11%) in Wallemiomycotina. In addition, 27 (3.78%) of 

identified Zrt1 orthologues are encoded in Mucoromycota phyla. Other fungal 

phyla encoding for Zrt1 orthologues in their genome are shown in the Table 3.2.  

 

        Table 3.2 Numbers of fungi encoding Zrt1 orthologues.  

Fungal lineage Number of 
organisms 

    Ascomycota 501 
         Peziziomycotina 414 (82.63 %) 
         Taphrinomycotina 5 (0.99 %) 
         Saccharomycetes 82 (16.36 %) 
    Basidiomycota 180 
         Agaricomycotica 133 (73.88 %) 
         Pucciniomycotina 14 (7.44) 
         Ustilaginomycotina 31 (17.22) 
         Wallemiomycotina 2 (1.11) 
   Chytridiomycota 4 
   Mucoromycota 
   Zoopagomycota 

27 
1 
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3.2.2 Evolutionary history of PRA1 in Debaryomycetaceae family 

 Despite being distributed throughout the Dikarya, clearly, many closely 

related fungal species did not possess PRA1 in their genome. This is because 

the gene has been lost multiple times, Citiulo et al., (2012) described the absence 

of PRA1 orthologues from six fungal species. Notably five of these are important 

pathogens for human, indicating that PRA1 gene loss may be related to 

pathogenicity. However, the scale of PRA1 gene loss in fungal kingdom, and the 

mechanism(s) by which it may occur were unknown. 

 The Debaryomycetaceae family encompass several pathogenic Candida 

species, including C. albicans. To investigate the PRA1 loss events that occurred 

over the course of Debaryomycetaceae family evolution, orthologous sequences 

of mitochondrial Cytochrome C oxidase subunit 1, a highly conserved gene, for 

the Debaryomycetaceae family were retrieved from NCBI database by nucleotide 

blast search (BLASTn), and were then used to construct a Maximum likelihood 

phylogeny tree using (MEGA X) software (Figure 3.2). Next, numbers of PRA1 

gene losses were determined via BLASTn. The species relationship in the tree 

indicates seven independent losses of PRA1 in the Debaryomycetaceae family, 

resulting in the absence of PRA1 in 23 (76.66%) out of 30 members included in 

the phylogeny tree. More so, the data show that PRA1 has likely been lost 

independently several times during Debaryomycetaceae family evolution. 
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Figure 3.2 PRA1 loss events in the Debaryomycetaceae family. The 

Maximum likelihood tree of Debaryomycetaceae was constructed using MEGA X 

software by orthologues of Cytochrome C subunit 1. The phylogenetic tree shows 

seven PRA1 loss events indicated by red stars. Bar, 0.1 substitutions per 

nucleotide position. Reliability of phylogeny trees was tested by 1000 bootstraps. 
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Next, I investigated the phylogenic relationship amongst Pra1 orthologues 

within the Debaryomycetaceae family. Pra1 orthologues for Debaryomycetaceae 

were retrieved from NCBI database by protein blast against CaPra1, and then 

phylogenetic tree was constructed using (MEGA X) software. In addition, a 

heatmap was constructed to show similarity percentages between Pra1 

orthologues (Figure 3.3).   

Data revealed that the taxonomically closely related species of Candida 

(C. albicans and C. dubliniensis) shared 87.29% sequence similarity between 

Pra1 orthologues, while Candida species from other taxonomical lineages (C. 

viswanathii and C. tropicalis) showed less sequence similarity for Pra1 

orthologues (i.e. 60.55% and 63.21%, respectively). Furthermore, even more 

other distantly related species within the Debaryomycetaceae family, including 

Schefferomyces stipites, Meyerozyma guilliermondii, Debaromyces fabryi, 

Ddebaryomyces hansenii and Hyphopichia burtonii share 50.84%, 50.3%, 

56.7%, 54.1% and 54.33% Pra1 orthologue sequence similarity, respectively,   

with that of C. albicans. 

Comparing the species relationship and Pra1 relationship (Figure 3.1a and 

Butler et al., 2009), these data suggest that where present, Pra1 orthologues in 

Debaryomycetaceae are congruent. It has been proposed that PRA1 loss events 

may have been shaped by environmental pH and PRA1 loss may restrict species 

to acidic niches (Wilson. 2015). It is likely that PRA1 gene loss events across 

Debaryomycetaceae observed are also shaped by environmental pH. This 

possibility is addressed experimentally in Chapter 7. 
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Figure 3.3 Phylogenetic tree of Pra1 orthologues within Debaryomycetaceae. Phylogenetic tree of Debaryomycetaceae 

built with Pra1 orthologues using (MEGA X). The similarity between tested orthologues summarised is in the heatmap matrix. 

Reliability of phylogeny trees was tested by 1000 bootstraps. 
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3.2.3 The ZRT1-PRA1 locus  

  The C. albicans zincophore zinc acquisition system is comprised of two 

genetically syntenic genes i.e. PRA1 and ZRT1, which are encoded at the same 

locus and share the same promotor (Citiulo et al., 2012). However, Citiulo group 

only reported the arrangement of 16, six of which exhibited syntenic ZRT1-PRA1 

relationship; in the other 10, one or more genes had been lost, or the respective 

genes were unpaired. To investigate the conservation of synteny between PRA1 

and ZRT1 orthologues within the fungal kingdom, orthologue of PRA1 and ZRT1 

were determined by BLASTn search in NCBI against C. albicans PRA1 and 

ZRT1. Next, for each fungus, the synteny between PRA1 and ZRT1 was 

characterised manually using Genome data browser and the genomic context 

option in NCBI database. 

Data are summarised in (Table 3.1S) and show that 70.6% of species 

which encode both PRA1 and ZRT1 orthologue genes maintained the syntenic 

structural arrangement.  

These data demonstrated that majority of fungi, which encode Pra1 

orthologue genes, maintained a syntenic relationship with its receptor gene. This 

data suggest that the PRA1-ZRT1 locus is adaptive. 
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3.2.4 Conservation of PRA1 and ZRT1 in the Candida genus. 

The genus Candida consists of various species, which are polyphyletic 

and taxonomically lack a close evolutionary relationship. For example, the 

common pathogenic C. glabrata is more phylogenetically closer to 

Saccharomyces cerevisiae than it is to C. albicans.  However, many Candida 

species belong to the families Debaryomycetaceae and Metschnikowiaceae, 

which both are taxonomically placed under Order Saccharomycetales. Together 

these families make up the CTG-Ser clade of fungi which decode CTG codon as 

serine instead of leucine.   

To explore the dynamics of how the Candida genus has maintained/lost 

PRA1 and ZRT1 on an evolutionary timescale, Pra1 and Zrt1 orthologues from 

Candida species, belonging to both families Debaryomycetaceae and 

Metschnikowiaceae, were retrieved from NCBI database by protein blast search 

using CaPra1 and CaZrt1, and then sequences were used to construct phylogeny 

trees using (MEGA X) (Figure 3.4a & 3.4b). 

C. orthopsilosis and C. parapsilosis, which belong to members of 

Debaryomycetaceae family, encoded ZRT1, the zincophore system receptor, but 

lacked PRA1 orthologues. Data from the previous section (Table 3.1S) revealed 

that all members in the Debaryomycetaceae which encoded PRA1 and ZRT1 

were found in syntenic arrangement. In contrast, both C. auris and C. intermedia, 

which belong to the Metschnikowiaceae family, encoded both ZRT1 and PRA1 

genes but in non-syntenic arrangement.  

In summary, genes for the zincophore system in the Order 

Saccharomycetales have experienced a dynamic evolution that resulted in PRA1 

gene loss from some members of the Debaryomycetaceae family. Broken 
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syntenic arrangement between ZRT1 and PRA1 in the Metschnikowiaceae family 

has also occurred.  
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(b) 

Figure 3.4 Dynamic evolution of zincophore system components within 

Order Saccharomycetales (Debaryomycetaceae and Metschnikowiaceae 

families). Orthologues of zincophore system components for selected Candida 

species were retrieved by BLASTp in NCBI using CaPra1 and CaZrt1. Then 

Maximum likelihood phylogeny was generated using (MEGA X) for Pra1 

orthologues (a) and Zrt1 orthologues (b). Both C. orthopsilosis and C. 

parapsilosis, members of Debaryomycetaceae, lacked Pra1 orthologues but 

maintained Zrt1 orthologues. In contrast, members of the Metschnikowiaceae 

family, C. auris and C. intermedia, have broken synteny of zincophore system 

components. 

 

 

 



94 
 

3.2.5 Structural analysis of zincophore system 

3.2.5.1 Amino acid conserved motifs 

Identification of the conserved protein domain is critical to understand the 

cellular function of proteins (Marchler-Bauer et al., 2005). Citiulo et al., (2012) 

highlighted the number of histidine residues in the amino acid sequence of C. 

albicans Pra1. However, it was not known if these residues are conserved in other 

species. In an attempt to determine the conserved motif(s) of amino acids within 

Pra1 orthologues, tested sequences were investigated using the Constraint-

based Multiple Alignment Tool for multiple protein sequence (COBALT) with 

BlOSUM62 (Papadopoulos and Agarwala., 2007).  

Data revealed two major areas with conserved amino acid residues. One 

of these, termed the HRXXH domain, located to the middle of the aligned 

sequences and consisted of 230 amino acid residues. The other conserved motif 

was identified at the C-terminus and consisted of 12 amino acid residues; the 

HCHXH[X]5CH (Figure 3.5a).  

Furthermore, a closer look at the amino acid composition of both areas in 

C. albicans Pra1 showed that the so-called CHED amino acids (cysteine, 

histidine, glutamic and aspartic acid), known to play a role in zinc chelation, are 

located in both conserved motifs as follows: 11 out of 12 histidine (84.61%), 12 

of glutamic acid (100%), 8 out of 9 cysteine (88.88%) and 21 out of 26 aspartic 

acid residues (80.76%) (Figure 3.5b). In conclusion, these findings suggest that 

both conserved motifs may play a fundamental role in the functionality of the Pra1 

protein orthologues. 
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(a) 

 

(b) 

Figure 3.5 Multiple sequence alignment for Pra1 orthologues. (a) Pra1 

orthologues alignment using COBALT shows two conserved areas in the aligned 

Pra1 orthologues. (b) C. albicans Pra1 sequence residues with large block of 

conserved amino acids in the middle of the alignments (HRXXH domain) are 

highlighted in red, while the C-terminal (HCHXH[X]5HC) conserved amino acid 

motif is highlighted in blue. 
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3.2.5.2 Comparative analysis of conserved domain 

 HMM is a powerful tool based on multi-sequence alignment comparison. 

MALTAB software was used to perform HMM analysis by generating a profile of 

probabilistic descriptions for models of Pra1 protein orthologues, and then 

comparing C. albicans Pra1 with the profile.  

To investigate the conservation of amino acids within the HRXXH domain 

at greater depth, 22 Pra1 orthologue sequences from distantly related fungal 

Families (i.e. Phaffomycetaceae, Debaryomycetaceae, Nectriaceae, 

Cordycipitaceae, Chaetomiaceae, Sclerotiniaceae, Phaeosphaeriaceae, 

Aspergillaceae, Saccharomyceteaceae, Onygenaceae and Ajellomyceteaceae) 

were analysed using (HMM) profiling, based on a position-specific scoring matrix 

that was computed from PSI-blast. Log-odd score (scoring space) for Pra1 

orthologues revealed a clear amino acid residue conservation for tested domain 

of Pra1 orthologues; starting at approximately residue 40 up to the end of the 

HRXXH domain, with a high degree of conservation amongst tested sequences 

between the residues 170 and the end of the tested domain (Figure 3.6.a). 

HMM profiling for the tested HRXXH domain in Pra1 orthologues yielded 

an emission ratio, which was then used to test the conservation for each single 

amino acid within the examined sequences. Interestingly, the analysis showed 

conservation of nine histidine (H) residues and a novel highly conserved six 

cysteine residues, both of which are known to chelate metals (Figure 3.6.b). In 

addition, analysis showed that the defining residues of the HRXXH domain (i.e. 

the two histidine and single arginine residues) are highly conserved in the tested 

sequences. Additional amino acids that warrant consideration while examining 

the single amino acid conservation include hydrophobic amino acids (i.e. 

tryptophan (W) and tyrosine (Y)); the analysis showed that these two hydrophobic 
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amino acids are highly conserved (Figure 3.6.b), they are believed to play a role 

in stabilising the interior core of proteins (Yutani et al., 1987).  
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(a) 

 

(b) 

Figure 3.6 Hidden Markov Model (HMM) profiling for HRXXH domain 

orthologues. (a) Scoring space for the aligned HRXXH domain orthologues, the 

areas shown in red reflect high conservation of amino acids. (b) Heat map shows 

the conservation of each amino acid for tested domain sequences. (HRXXH) 

conserved residues are indicated within blue circles, six cysteine and nine 

histidine residues are highly conserved are indicated by a red and purple arrow 

on the left of heat map. Also, tryptophan (W) and tyrosine (Y) residues are highly 

conserved. 
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3.3 Discussion  

A major challenge that faces many microbes is the ability to acquire and 

utilise essential metal ions. Particularly at neutral/alkaline pH, metal ions 

(including zinc) tend to form insoluble metal complexes, thereby, limiting growth 

of microbes (Martınez and Motto, 2001). To overcome the impact of metal 

bioavailability on their growth, some microbes have evolved mechanisms to cover 

cellular metal demand.  

Studies have shown that the model yeast Saccharomyces cerevisiae 

upregulates expression of various genes to overcome phosphate- and iron-

limiting conditions, including phosphate starvation genes (e.g. PHO84, PHO89 

and PHO12) or siderophore-iron transporter genes (e.g. ARN4/ENB1 and FRE1) 

(Lamb et al., 2001; Serrano et al., 2002). Indeed, under zinc-limiting conditions, 

zinc is imported from the extracellular environment to S. cerevisiae cells, and this 

is mediated by four cell surface transporters: Zrt1 and Zrt2 (zinc transporters), 

Pho84 (inorganic phosphate transporter) and Fet4 (iron transporter) (Jensen et 

al., 2003; Waters and Eide., 2002; Zhao and Eide., 1996a; Zhao and Eide., 

1996b). Beside assimilation of extracellular zinc, S. cerevisiae can mobilise zinc 

ions into organelles; Msc2 and Zrg17 zinc transporters contribute to transporting 

zinc ions into the endoplasmic reticulum (Ellis et al., 2004; Wu et al., 2008; Wu et 

al., 2011).  

In response to zinc deficiency and alkaline conditions, S. cerevisiae 

upregulates the expression of various genes including Zps1 (C. albicans Pra1 

orthologue) (Mira et al., 2009; Wu et al., 2008). Notably, despite being similarly 

regulated by zinc and pH (zinc- and pH-regulated surface protein), Zps1 has not 

been functionally characterised and a role of it in S. cerevisiae zinc scavenging 

has not been reported. Several other pathogenic fungi encode Pra1 orthologues, 
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including A. fumigatus, A. nidulans and Blastomyces dermatitidis; however, 

unlike Zps1 of S. cerevisiae which is GPI-anchored, these Pra1 orthologues lack 

GPI anchors and are encoded in genes which share the same promoter with 

ZRT1, a cell surface zinc transporter and zincophore receptor (Citiulo et al., 2012; 

Banerjee et al., 1998; Calera et al., 1997; Kujoth et al., 2018). It is likely that these 

systems operate via Zrt1-mediated cell attachment of Pra1 orthologues. It is 

possible that these various pathogenic fungi use zincophore system to overcome 

zinc-limitation derived by human innate immunity (Wilson, 2015).   

Although putative zincophore orthologues exist throughout the Dikarya 

(Figure 3.1a), zincophore activity has, as-yet, only been described once (in C. 

albicans) and the evolution of PRA1 and ZRT1 is not yet understood. Therefore, 

in this chapter, the evolution of the zincophore system was investigated. It was 

shown that orthologues of Pra1 are confined to the fungal kingdom, and most are 

encoded in the Ascomycota (Figure 3.1a). In addition, it was also shown that 

PRA1 orthologue exits in the genome of Spizellomyces punctatus, which belongs 

to Chytrids, thereby, suggesting that this gene has evolved in an ancestral fungal 

lineage. However, unlike Pra1 orthologues in Ascomycota and Basidiomycota, 

the single Chytrid Pra1 orthologue lacks the CHXH[X]5HC motif, which, as 

described in Chapter 6, is crucial for zincophore function. 

Zrt1 on the other hand is a member of the ZIP (Zrt, Irt-like Protein) family 

of zinc transporters. The major structural difference between ZrfC1 (Zrt1 

orthologue) and ZrfA1 (Zrt2 orthologues) of A. fumigatus is that the former 

possesses a large N-terminus extracellular domain (Amich et al., 2014), similar 

to what observed in C. albicans. It looks like that ZRT1 arose from duplication of 

ZRT2 in the ancestral Dikarya (Ascomycota and Basidiomycota) (Wilson., 2015). 

Then, it gained its large N-terminus extracellular domain, which is important for 
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zinc scavenging (via its CHXHX4HCX5H motif and two CHXHX5H motifs) and 

joined PRA1 at the same genetic locus forming the syntenic zincophore genes 

locus. This is likely an adaptation to facilitate the co-expression of zincophore 

system genes under zinc-limiting alkaline environments (Citiulo et al., 2012). 

New genes arise by various evolutionary mechanisms, including gene 

duplication followed by diversification, domain shuffling, fusion of mobile 

elements, gene fission and fusion, and de novo acquisition (Long et al., 2003). 

Although the data in this chapter suggest that PRA1 arose in a basal fungal 

lineage, more investigation should be conducted to understand the evolutionary 

mechanism(s) behind the rise of this gene.  

Taxonomically C. albicans belongs to the Debaryomycetaceae family. 

Deep analysis of PRA1 evolution uncovered seven independent loss events 

during the evolution of this family (Figure 3.2). Moreover, Pra1 orthologues 

identified in Debaryomycetaceae shared 50.3 to 87.29% amino acid sequence 

similarity with CaPra1 (Figure 3.3). Work of Wilson, (2015) proposed that 

environmental pH may play a role in losing PRA1 from fungal genomes; therefore, 

it is likely that PRA1 gene loss events throughout the Debaryomycetaceae family 

are also shaped by environmental pH. 

Data in this chapter showed that 70% of fungi encoding PRA1 maintained 

the syntenic arrangement between PRA1 and ZRT1 genes (Table 3.1S). Work of 

Pellegrini et al, (1999) revealed that functionally-linked proteins appear to be 

retained in the genomes of newly arising species, again supporting the model 

that Pra1 and Zrt1 work together. 

Exploring the taxonomy of Candida genus is complicated by its 

polyphyletic nature and lack of a close evolutionary relationship. Therefore, here 
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the mono-phyletic CTG clade was analysed. The analyses of Pra1 and Zrt1 

orthologues in these Candida species revealed that all members of 

Debaryomycetaceae, which encoded PRA1 and ZRT1 in their genomes, did so 

with syntenic gene arrangement. However, C. orthopsilosis and C. parapsilosis, 

only encoded ZRT1, but not PRA1. Data showed that PRA1 loss events 

happened within the Debaryomycetaceae clade, while members of the 

Metschnikowiaceae family (i.e. C. auris and C. intermedia), encoded both ZRT1 

and PRA1 genes but in non-syntenic arrangement. Therefore, it appears that the 

breaking of ZRT1-PRA1 synteny in the Metschnikowiaceae family likely occurred 

after Metschnikowiaceae and Debaryomycetaceae diverged. 

The identification of the conserved protein domain is critical to understand 

the cellular function of any protein (Marchler-Bauer et al.,2005). The alignment of 

sequences is a preliminary step to identify the conservation of amino acids; 

therefore CaPra1 and its orthologues were investigated using COBALT, a 

Multiple Alignment Tool. This step showed two conserved motifs (i.e. HRXXH 

domain and C-terminus motif). The conserved domain is likely to be a biologically 

functional unit of a protein (Janin and Chothia, 1985). It is likely that these 

conserved motifs play a role in Pra1 functionality, and this was directly 

investigated in the following chapters. Previous findings of Loboda and 

Rowińska-Żyrek (2017) showed that a synthetic C-terminal fragment of C. 

albicans Pra1 can bind zinc under physiological pH (7.4), and 85% of zinc ions 

bind to it.  

HMM profiling is an accurate and sensitive method that can be used to 

investigate the conservation between distantly related proteins based on a 

position-specific scoring system (Loytynoja and Milinkovitch., 2003). Investigating 

Pra1 orthologues with this tool showed a high degree of amino acid conservation 
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in the HRXXH domain with six cysteine (C) and nine histidine (H) residues that 

are highly conserved. The metal binding ability of its sulphur side chain (i.e. 

thiolate ligand) to each Fe2+/3+, Cu+, Zn2+ makes cysteine a fundamental 

component of an intracellular metal-binding proteins e.g. metallothionein, where  

20 out of 60 constituents amino acids are cysteine residues (Kagi et al., 1980). 

Furthermore, the diverse oxidative status of sulphur in cysteine residues monitors 

and regulates the activity of many proteins, where the hydrolysis activity of 

cysteine-peptidases depends on reduced cysteine (Claiborne et al., 2001; Giles 

et al., 2003). In summary, the thiol group of cysteine confers unique biochemical 

characteristics upon proteins. 

In addition to the importance of cysteine residues for the structure and 

function of proteins, histidine, a basic amino acid residue, has considerable 

chelation activity and coordinates to ions such as Fe2+ and Zn2+  via its imidazole 

side chain (Vallee & Auld., 1990). Emission ratio of HMM profiling analysis 

showed that two histidine residues, the heart of the HRXXH domain, are highly 

conserved (Figure 3.6b). As described in the following chapters, the pH 

dependant regulation and functionality of Pra1 zincophore system may be due to 

pH-sensitivity of these histidine residues.  

  Additional amino acids that should be considered while examining single 

amino acid conservation are hydrophobic amino acids i.e. tryptophan (W) and 

tyrosine (Y), where data (Figure 3.6b) revealed a high degree of conservation 

over these two residues, both of which are believed to play a role in constituting 

the interior core of  proteins (Rose et al., 1985).  

All in all, orthologous components of zincophore systems have evolved 

dynamically throughout the evolutionary history of fungal phyla. In turn, this has 
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likely resulted in the successful adaptation of fungi under zinc-limiting alkaline 

environments.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



105 
 

 

 

 

 

 

 

 

Chapter 4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 
 

Chapter 4: Tagging pH regulated antigen 1 (PRA1) and strains 

construction 

4.1 Introduction 

 Previous research has shown that Pra1 is a multi-functional protein. It is 

secreted outside Candida cells, modulates the immune system, and binds zinc 

and re-associates to its receptor (Zrt1) (Citiulo et al., 2012; Soloviev et al., 2007; 

Soloviev et al., 2011). However, much still remains to be investigated. To better 

understand the genetic aspects of C. albicans virulence, powerful genetic 

approaches, such as gene deletion, can be applied (Fonzi and Irwin., 1993). In 

addition, tagging proteins of interest with fluorescent proteins (FP) is a powerful 

tool to understand cellular localisation and expression of tested proteins. Over 

the years a diverse library of FPs has been developed, which has in turn 

revolutionised our understanding of cellular protein functions (Snapp, 2009).  

FP tagging facilitates the monitoring of subcellular protein trafficking and 

localisation; however, tagging proteins of interest with fluorescent fusion proteins 

can have disruptive side-effects and can even lead to non-functionality of the 

tagged protein (Sample et al., 2009). The successful tagging of any protein 

requires knowledge of its amino acids, as well as a good understanding of FP 

properties. This is crucial for deciding which FP is more appropriate for tagging 

the protein of interest (Snapp, 2009). The first step in tagging Pra1 is selecting 

an appropriate FP from a wider array of available FPs. In this work, the mCherry 

FP was chosen for tagging the Pra1 scavenging protein.  

The computational analyses in this chapter and chapter 6 provide the basis 

for the hypothesis that it is the N-terminus of Zrt1 and C-terminus of Pra1 which 

mediate Pra1-Zrt1 interaction during reassociation of Zn2+-Pra1 to the C. albicans 

cell surface. In this chapter, I describe the design and construction of FP-fusion 
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proteins. Also, I describe the generation of mutant strains included in this study, 

which lack either the N-terminus of Zrt1, C-terminus of Pra1 or both zincophore 

components (i.e. PRA1 and ZRT1).  
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4.2 Results 

4.2.1 Detection of the presence of a signal peptide 

 To successfully tag Pra1 to a FP, Pra1 sequence features were considered 

to avoid abrogating the functionality of the fused protein. Knowing that Pra1 

protein is a secreted protein, the SignalP 5.0 server was used to investigate the 

presence of a signal peptide. The software showed that the signal peptide 

extended from amino acid residues 1 to 15 (Figure 4.1).  

 

 

Figure 4.1 Schematic representation of signal peptide prediction for Pra1 

sequence. Pra1 sequence was examined for presence of signal peptide using 

SignalP 5.0 server. Signal peptide was detected until amino acid residue 15. 

 

 

4.2.2 Codon optimisation for mCherry sequence 

 Commercially available mCherry sequences are not designed to be 

expressed in C. albicans, which translates CUG codons to serine instead of 

leucine. Therefore, the mCherry sequence was codon-optimised to ensure 

successful heterologous expression. To codon-optimise the mCherry sequence 

for C. albicans expression, the amino acid sequence was retrieved from the NCBI 

database, and then the [AST15061.1] sequence was codon-optimised using 

codon optimization tool available at Integrated DNA Technologies (IDT) website 
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(https://www.idtdna.com/CodonOpt) with the following settings:  amino acids for 

sequence type, gene for product type and Candida albicans for organism.  

 

4.2.3 Designing and construction Pra1 fused protein 

 Having located the Pra1 signal peptide at its N-terminus and optimised the 

mCherry sequence for heterogeneous expression in C. albicans, the next step 

was to design the mCherry fusion. This was done in a modular fashion to permit 

subsequent modification. The DNA sequence of PRA1, including the downstream 

and upstream intergenic regions, was retrieved from the Candida Genome 

Database. The 51 nucleotides encoding the signal peptide were determined 

(Signal P), and then the optimised mCherry sequence was integrated between 

signal peptide and the rest of PRA1 sequence to ensure fusion of mCherry to 

Pra1 protein after signal peptide cleavage during protein expression (Figure 4.2). 

In addition, the entire upstream and downstream intergenic regions were included 

in the PRA1 fusion construct. The following elements were then synthesised and 

sequentially cloned into CIp10: PRA1 promoter (flanked with SalI and Pstl); Pra1 

signal peptide and mCherry encoding DNA (flanked with Pstl and Hindlll); rest of 

PRA1 and downstream intergenic region (flanked with Hindlll and Mlul) (Figure 

4.3). The full details can be found in the Material and Methods. Diagnostic 

restriction digestion revealed that screened colonies were positive for the 

presence of zincophore promoter, signal peptide-mCherry and PRA1 sequence 

(Figure 4.4). After constructing mCherry-fused PRA1 cloned into the CIp10, this 

vector with desired inserts was transformed, separately, into pra1∆ and 

pra1∆/zrt1∆ homozygous C. albicans strains (Figure 4.4b). 
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Figure 4.2 Schematic representation of PRA1 fusion construct. The optimised mCherry sequence was integrated between 

the signal peptide encoding DNA and the rest PRA1. Upstream and downstream regulatory elements were also included in the 

construct. 
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Figure 4.3 Map of CIp10 with inserted mCherry-tagged PRA1. CIp10 plasmid 

with Codon optimised mCherry sequence for C. albicans expression attached to 

N-termini of PRA1 under regulation of zincophore promoter. 
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(a) 

 

(b) 

Figure 4.4 Confirmation of construction of mCherry-fused Pra1 vector and 

its transformation into C. albicans strains. (a) After ligating sequences into 

vectors and transformation into competent cells, cultures were incubated for 

overnight. The next day, CIp10 vectors were extracted then digested with SalI, 

PstI, HindIII and MluI, to confirm ligation of zincophore promoter (indicated by 

green arrow), [signal peptide-mCherry] (red arrow), respectively, and PRA1 

sequence (blue arrow) into CIp10. (b) Integration of CIp10 carrying [zincophore 

promoter-signal peptide-mCherry-PRA1] into pra1∆ and pra1∆/zrt1∆ 

homozygous C. albicans strains (lane 1 and 2, respectively) was confirmed by 

PCR products with 1400 bp (indicated by the blue arrow). 
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4.2.4 Constructing manipulated version of mCherry fused Pra1  

 Bioinformatics analysis of Pra1 sequence revealed that C-terminus is 

highly conserved, and that it is a disordered region which may play a role for 

interaction with other cellular protein(s). To test this hypothesis, Pra1 with a 

truncated C-terminus was generated; by removing the 49 C-terminal amino acids, 

and keeping the KKXX motif (ER retrieval motif) (Figure 4.5).  

 Following the generation of mCherry tagged version of full sequence 

PRA1 (i.e. zincophore promoter-signal peptide-mCherry-Pra1) (described in the 

previous section), next, PRA1 with a truncated C-terminus sequence was ligated 

into the previously constructed CIp10 vector carrying [zincophore promoter- 

signal peptide - mCherry sequence]. Diagnostic restriction digestion revealed that 

screened colonies were positive (Figure 4.6a). Next, CIp10 plasmid carrying 

PRA1 with a truncated C-terminus sequence constructs was transformed, 

separately, into RP10 locus of C. albicans homozygous pra1∆ and pra1∆/zrt1∆ 

strains. Next, colony PCR was performed using URA-F2 and RPF-1 primers to 

confirm the integration of CIp10 vector into RP10 locus of C. albicans 

homozygote pra1∆ and pra1∆/zrt1∆ strains (Figure 4.6b).  
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Figure 4.5 Schematic representation of PRA1 (truncated C-terminus) fusion construct. Understanding the role of Pra1 C-

terminus requires deletion of this motif. Manipulated versions of mCherry fused Pra1 was generated truncation (147 bp) from 

the C-terminus sequence. The optimised mCherry sequence was integrated between the detected signal peptide and PRA1. 

Upstream and downstream regulatory elements were also included in the construct. 
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(a) 

 

(b) 

Figure 4.6 Modified version of PRA1 fused into mCherry. (a) Diagnostic 

digestion of CIp10 carrying [zincophore promoter-mCherry-truncated PRA1] with 

HindIII and MluI released truncated PRA1 (804 bp band indicated by the red 

arrow). (b) Gel for colony PCR products with 1400 bp (indicated by the blue arrow) 

confirming successful integration of linearised CIp0 into RP10 locus of C. albicans 

homozygous pra1∆ and pra1∆/zrt1∆ strains (lane 1 and 2, respectively). 
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4.2.5 Generating zrt1∆/pra1∆ double mutant 

 The study by Citiulo (2012) generated individual pra1∆ and zrt1∆ mutants. 

To dissect in more detail how individual components of the zincophore system 

interact, a double mutant for ZRT1 and PRA1 was constructed. Fortunately, the 

syntenic nature of the zincophore locus simplified the deletion of strategy as both 

genes could be deleted simultaneously. Arginine and histidine disruption 

cassettes were generated using zincophore FG and zincophore RG primers 

(Table 2.4), to obtain 2017 bp and 1474 bp bands on gel, respectively. Generation 

of zrt1∆/pra1∆ double mutant is based on sequential homologous recombination 

of the [ZRT1-PRA1] zincophore locus with the ARG4 and HIS1 disruption 

cassettes (Figure 4.7). 

The first allele of the targeted genes was disrupted using recombinant 

homology based C. albicans transformation. Integration of the arginine disruption 

cassette into the desired site was confirmed using ZRT1_confirm and 

PRA1_confirm primers (Figure 4.8a). These flanking primers amplified the wild-

type ZRT1-PRA1 locus (3107 bp, Figure 4.8a) in the parental control strain (lane 

1) and heterozygotes (Figure 4.8; lane 3 and 7, blue arrows) and also the ::ARG4 

deleted locus in the heterozygotes (Figure 4.8, red arrows). The integration of 

ARG4 deletion cassette at both 3’ and 5’ ends was then confirmed using two pairs 

of primers ZRT_ confirm with ARG-R2 (Figure 4.8b; lane 1 and 2) and 

PRA1_confirm with ARG-F2 (Figure 4.8b; lane 3 and 4) , which resulted in 

amplicons of expected size.  

Having confirmed the generation of the heterozygous zrt1∆/pra1∆ mutant, 

a homozygote mutant was generated. To do this, homologous recombination was 

again employed to disrupt of the second allele of ZRT1 and PRA1 using the HIS1 

disruption cassette. Flanking primers were used to confirm the presence of 
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::ARG4 and ::HIS1 deleted allele (2273 bp and 1730 bp; Figure 4.8c, lane 5; red 

and green arrows, respectively) and the absence of ZRT1-PRA1 locus (found in 

the wild-type and heterozygote). The integration of both disruption cassettes was 

confirmed using ZRT_ confirm with HIS-R2, PRA1_confirm with HIS-F2, ZRT_ 

confirm with ARG-R2, PRA1_confirm with ARG-F2, (Figure 4.8d). Finally, to 

generate a uridine prototrophic strain, the homozygous mutant was 

complemented with linearised CIp10, and integration at the RP10 locus 

confirmed using URA-F2 and RPF-1 primers. 

 

 

Figure 4.7 Schematic representation of deletion zincophore locus from C. 

albicans genome. (a) The zincophore locus is comprised of genetically syntenic 

ZRT1 and PRA1 controlled by the same upstream intergenic region (promoter). 

(b) An allele of both ZRT1 and PRA1 is replaced by arginine disruption cassette, 

and then the replacement is confirmed by several pairs of primer. Next, (c) 

second allele of both ZRT1 and PRA1 is replaced by histidine disruption cassette, 

and the disruption is confirmed using several pairs of primer. 
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Figure 4.8 Confirmation of constructing zrt1∆/pra1∆ double mutant. Both 

PRA1 and ZRT1 are found in syntenic arrangement; therefore, each disruption 

cassette was used to delete an allele of both ZRT1 and PRA1. (a) The disruption 

of the first zincophore allele was investigated in several C. albicans colonies by 

colony-PCR (lane 1 wild-type control; lane 2-7 screened colonies),  amplification 

of loci with flacking primers, ZRT1_confirm and PRA1_confirm, showed 

successful integration of ARG4 disruption cassette, indicated with red arrow 

(2273 bp; lane 3 and 7). While remaining copy of ZRT1 and PRA1 genes, is 

indicated by blue arrows (3107 bp). (b) Successful Integration of ARG4 disruption 

cassette properly into 5’ and 3’ ends was detected by PCR products with size 720 

bp and 570 bp, respectively. (c) The disruption of both copies of zincophore locus 

was investigated in several C. albicans colonies by colony-PCR (lane 1 wild-type 

control; lane 2-7 screened colonies) and both copies were successfully disrupted 

by ARG4 (2273 bp) and HIS1 (1730 bp) disruption cassettes, indicated by green 

and red arrows, respectively (lane 5). (d) Integration of both disruption cassettes 

properly into 5’ and 3’ was detected by presence of 410 bp and 300 bp bands for 

histidine disruption cassette, and 720 bp and 570 bp bands for arginine disruption 

cassette (from left to right, respectively).  
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4.2.6 Constructing Zrt1 with a truncated N-terminus 

Bioinformatics analysis revealed that Zrt1 sequence has two disordered 

regions in its large extracellular N-terminus. These regions were hypothesised to 

interact with Pra1. To test this hypothesis, the two disordered regions, located at 

extracellular N-terminus, were truncated (The full details can be found in the 

Material and Methods 2.2.6.1 and 2.2.6.2). Next, the construct was ligated into 

CIp10 vector carrying [zincophore promoter- mCherry- PRA1] (previously 

described in section 4.2.3) (Figure 4.9a). Moreover, a strain complemented with 

complete zincophore locus was generated to be used as an isogenic control (that 

is, the wild-type zincophore locus, with mCherry fused between signal peptide 

and Pra1 sequence). To construct this, the complete ZRT1 sequence was cloned 

into the CIp10 vector carrying [zincophore promoter- mCherry- PRA1] (Figure 

4.9b), The ligation of the ZRT1 sequence to the CIp10 vector was confirmed by 

digestion with SalI and KpnI (Figure 4.10a). Next, both constructs were 

transformed, separately, into C. albicans homozygous [uridine auxotrophic] 

zrt1∆/pra1∆ strain. The integration of CIp10 plasmid into the RP10 locus 

confirmed using URA-F2 and RPF-1 primers (Figure 4.10b). 
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(a) 

 

(b) 

 

Figure 4.9 Schematic representation of C. albicans zincophore locus construct. (a) ZRT1, with truncated disordered 

regions, ligated to zincophore promoter, mCherry and PRA1. Also (b) complete zincophore locus [ZRT1-zincophore promoter- 

mCherry- PRA1] construct was generated. Both constructs were transformed into C. albicans homozygous zrt1∆ / pra1∆ strain  
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(a) 

 

(b) 

Figure 4.10 Confirmation of generation of zincophore locus construct and 

its transformation into C. albicans strains. (a) After ligating sequences into 

CIp10 vectors and transformation into competent cells, cultures were incubated 

overnight. The next day, CIp10 vectors were extracted from several colonies then 

digested with SalI and KpnI to confirm ligation of ZRT1 (1475 bp band indicated 

by the red arrow) into CIp10 carrying [zincophore promoter-signal peptide-

mCherryPRA1] (lane 1-4). (b) Gel for colony PCR products with 1400 bp size 

(indicated by the blue arrow) confirming successful integration of linearised CIp10 

carrying [ZRT1-zincophore promoter- mCherry- PRA1] (lane 1) and [ZRT1 

truncated N-terminus -zincophore promoter- mCherry- PRA1] (lane 2) into RP10 

locus of C. albicans homozygous zrt1∆/pra1∆ strain. 
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4.2.7 Tagging Zrt1 receptor  

To investigate localisation and expression of the zincophore receptor 

under different conditions, tagging this receptor with fluorescent protein was 

established. SignalP 5.0 server was used to explore the presence of signal 

peptide. It was found that a signal peptide extended from amino acid residues 1 

to 17 with a cleavage site between amino acid residues 17 and 18 (Figure 4.11). 

 

Figure 4.11 Signal peptide prediction for Zrt1 sequence. Exploration of Zrt1 

sequence using SignalP 5.0 server showed high probability (P= 0.6361) for 

presence of cleavage site between amino acid residues 1 and 18. 

 

Following determination of the signal peptide, it was decided to tag Zrt1 at 

the C-terminus. A codon optimised mCherry sequence for expression in CTG 

clade fungi (i.e. C. albicans) was ligated to C-terminus of ZRT1 directly before 

stop codon in a CIp10 plasmid (Figure 4.12). After several transformation 

attempts in E. coli, all attempts failed to obtain/grow any colony on the LB 

medium.  
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Figure 4.12 Schematic representation of ZRT1 tagging. Codon-optimised mCherry for CTG expression was fused to ZRT1 

sequence at C-terminus; however, all attempts at transforming this construct into E. coli proved unsuccessful. 
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4.3 Discussion  

C. albicans can adapt to the changes in the surrounding environment by 

synthesis of multiple proteins; however, some proteins are involved in fungal 

pathogenicity (Sorgo et al., 2010; Sorgo et al., 2011). Molecular Koch’s postulates 

allow isolation of pathogenicity-associated genes. To test whether a gene/protein 

is involved in the pathogenicity of C. albicans, deletion of the gene should result 

in the reduction in pathogenicity in animal models, while complementation of 

deleted alleles leads to restoration of pathogenicity (Haynes, 2001; Falkow, 

2004). Modification of this approach is adopted to characterise and understand 

function of zincophore components. Therefore, here mutant strains were 

constructed by deleting the entire zincophore system locus and complementing 

this genetic background with variants lacking different motif(s) of interest. 

Moreover, mCherry tag was inserted between Pra1 and its signal peptide in order 

to monitor protein localisation and expression.  

C. albicans is a diploid organism, therefore, both copies of a gene must be 

disrupted to generate a deletion mutant strain. Several transformation methods 

have been used over the last the three decades, to generate mutant strains, with 

most using the URA3 auxotrophic marker. However, C. albicans virulence can be 

severely affected by URA3 integration site. Therefore, integration of URA3 into 

high-expression RP10 locus restore virulence changes (Brand et al., 2004). 

Therefore, this strategy was used during the construction of all mutants described 

in this thesis. 

  Fluorescent tagging of a protein allows precise trafficking of its localisation 

and characterisation of its expression. Although plenty of commercial FPs are 

available to purchase, these were avoided due to the fact that C. albicans is a 

member of the CTG phylogenetic clade. Importantly, members of this clade 
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translate (CUG) to serine, instead of leucine. Consequently, this may adversely 

affect FP fluorescence and brightness (Snapp, 2009). Moreover, codon 

optimisation improves the level of protein expression (Yadava et al., 2003). 

Therefore, codon optimisation is a necessary step before any heterologous 

expression of FP in C. albicans.  

Several points were considered additionally when deciding which FP to 

use. One crucial point is that the microenvironment of that Pra1 operates within 

is poorly described. Fluorescence of commonly-used Green Fluorescent Protein 

(GFP) is sensitive to the oxidation status of the microenvironment (Feilmeier et 

al., 2000); therefore this class of FP was not used to tag Pra1. In addition, 

oligomeric state of a FP affects the functionality of fused protein; therefore, 

monomeric FPs are preferred over oligomeric FP (i.e. EGFP).   

Two properties that are especially important for consideration include 

maturation time and photostability. Many FPs have more brightness than 

mCherry FP; however, mCherry has demonstrated the highest photostability and 

shortest maturation time amounting to 15 min (Shaner et al., 2005). Moreover, 

the fusion of a protein to either the N-terminus or C-terminus of mCherry has 

limited effects on its fluorescence (Shaner et al., 2004). Indeed, mCherry is a pH-

stable fluorescence protein (Zhao et al., 2019). Taking all the characteristics into 

consideration, it is thus clear why mCherry FP was chosen for tagging Pra1.  

To further characterise zincophore system expression and component 

interaction, several C. albicans molecular constructs were designed and 

generated.  These includes modified version of mCherry fused Pra1, generating 

zrt1 ∆/ pra1∆ double mutants, and constructing Zrt1 with a truncated N-terminus. 

Several attempts were made to investigate the localisation and expression 

of Zrt1 receptor, none of which succeeded. Surprisingly, even when I used 
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competent cells with a transformation efficiency of 1X109 cfu/µg plasmid DNA, no 

positive colonies were detected. Similarly, during construction of the 

complemented strain +ZRT1/+PRA1 and [ZRT1-zincophore promoter- mCherry- 

PRA1], I faced technical difficulties in growing competent cells after 

transformation of genomic constructs. This negatively impacted the prospects of 

obtaining colonies that could have been transformed with correct constructs. 

Together, these results suggest that transforming mCherry fused ZRT1 into E. 

coli may have resulted in a protein product that was lethal to bacterial cells.   

 In summary, this technical chapter describes the construction of a series 

of molecular tools to dissect Pra1 zincophore function and the nature of its 

interaction with its Zrt1 receptor. 
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Chapter 5: The regulation of Candida albicans Pra1 expression 

5.1 Introduction 

Zinc is an essential micronutrient that functions as structural and catalytic 

cofactor, it is documented that 2% of the model yeast S. cerevisiae proteins 

contain zinc-dependent DNA binding domains (Lyons et al., 2000). Bioinformatics 

analysis estimated that 9% of eukaryotic proteins are bound to zinc (Andreini et 

al., 2009). More so, the minimum estimated zinc requirement for optimal growth 

is about 107 zinc atoms per cell (MacDiarmid et al., 2000). Importantly, meeting 

the demand of yeast cells for zinc requires a number of sophisticated zinc 

assimilation and trafficking mechanisms. In S. cerevisiae, this is achieved with 

the ZIP and CDF family transporters (Eide., 2006). 

The opportunistic pathogen C. albicans can also sequester zinc using 

transporter families similar to those used by S. cerevisiae (Crawford et al., 2018). 

In addition, the work of Citiulo and his colleagues (2012) showed that the Pra1 

zincophore is important for zinc assimilation from surrounding environments in 

tissue culture infection models. Within the C. albicans genome, PRA1 and ZRT1 

are found in syntenic arrangement and are regulated by the same promoter; this 

promoter is controlled by two known transcription activators (i.e. Rim101 and 

Zap1) (Bensen et al., 2004; Citiulo et al., 2012; Nobile et al., 2009). Similarly, in 

A. fumigatus, it was also demonstrated that orthologues of the zincophore system 

genes zrfC (ZRT1)/ aspF2 (PRA1) are regulated by zinc and pH transcription 

factors ZafC and PacC, respectively (Amich et al., 2010). Although Zps1, a Pra1 

orthologue, is encoded in the genome of S. cerevisiae, it lacks the co-expressed 

zincophore receptor, Zrt1 (Citiulo et al., 2012). Although it should be pointed out 

that S. cerevisiae does have a transporter called Zrt1, but it is not an orthologue 

of C. albicans Zrt1.  
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Deletion of RIM101 from the S. cerevisiae genome affected the 

transcription of 22 genes, including Pra1 orthologue: ZPS1 (Mira et al., 2009). 

Moreover, under zinc-limited conditions, Zap1 upregulates expression of ZPS1 

(Wu et al., 2008). Unlike secreted CaPra1, S. cerevisiae Zps1 is a GPI-anchored 

protein (de Groot et al., 2003). In summary, the zincophore system promoter is 

transcriptionally regulated by environmental pH and bioavailable zinc, and this 

regulation appears to be conserved throughout the fungal kingdom, at least within 

the Ascomycota (Citiulo et al., 2012). 

  Pra1 consist of amino acids, characterised by having a high metal-binding 

affinity; these include histidine, glutamic acid, cysteine and aspartic acid. 

Therefore, the role of Pra1 in binding different metals under limited and excess 

conditions was investigated in this chapter. Next, a combinatory effect of ambient 

pH and bioavailable zinc on the expression of PRA1 was tested. Also, the ability 

of C. albicans to alkalinise zinc-limited culture media, and the dynamics of Pra1 

expression and microenvironment alkalinisation were investigated. 
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5.2 Results  

5.2.1 The role of Pra1 under limited metal conditions and the effect of 

metal limitation on C. albicans growth 

 In chapter 3, bioinformatics analysis revealed that the Pra1 sequence is 

rich with amino acids involved in metal chelation. Therefore, the ability of Pra1 to 

scavenge metals under metal-limited conditions was explored. To induce 

expression of Pra1, cells were zinc-starved and then grown under limited metal 

media lacking manganese (LMM), copper (LCM), iron (LIM) and zinc (LZM) 

media. All were buffered with 50 mM HEPES to pH 7.4. Following incubation, 

growth was measured using an XTT assay. 

 Data showed statistically significant reduction in the growth of pra1∆ 

grown in LZM media when compared with the wild-type and complemented 

strains (+PRA1). The mutants strains pra1∆ exhibited 2-fold growth reduction 

compared with the wild-type and complemented strains. On the other hand, there 

was no significant growth difference between tested strains grown under other 

limited metal media (i.e. LIM, LMM and LCM) (Figure 5.1). These data indicate 

that Pra1 is a key player in scavenging zinc but not copper, manganese or iron 

under tested condition.  

Data also illustrated the effect of metal limitation on the growth of C. 

albicans. The limitation of zinc ions in LZM media clearly affected the ability of C. 

albicans to grow. Wild-type C. albicans grown in manganese-, copper- and iron-

limited conditions exhibited 3-fold, 3.26-fold and 4.46-fold increased growth 

respectively, when compared with wild-type growth in zinc-limited conditions. 

These data advocate that zinc limitation exerts a great restriction on growth of C. 

albicans than does limitation of copper, manganese or iron.  Although the fact 
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that cells were precultured under zinc limitation to induce Pra1 expression will 

have contributed to this effect. 

 

 

 

 

Figure 5.1 Role of Pra1 in scavenging micronutrient ions under metal 

limitation. Pre- zinc starved C. albicans cells were grown in limited metals media 

i.e. zinc, iron, copper and manganese. Following incubation in 37ºC for two days, 

growth was measured using an XTT assay. Wild-type cells grown in limited zinc 

media showed a two-fold increase in growth compared with the pra1∆ mutant, 

whereas no significant difference in growth was observed between pra1∆ mutant 

strain and wild-type strain in other metal-limited media. Also, zinc limitation in 

culture media significantly reduced growth of wild type C. albicans when 

compared with manganese, copper and iron limitation, one-way ANOVA test, **** 

p <0.0001, n = 6. 
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5.2.2 The role of Pra1 in detoxification of C. albicans  

After investigating the role of Pra1 under metal-limited conditions, the role 

of Pra1 in detoxification C. albicans cells under high metal conditions was next 

investigated. Wild-type and mutant strains were zinc-starved to induce the 

expression of the zincophore system. Cells were then incubated with various 

concentrations of nickel, zinc, manganese, iron and copper. Assays were 

performed using acidic media to prevent precipitation of ions.  

Figure 5.2 compares the growth of the wild-type strain and pra1∆ mutant 

strain in the presence of 10-fold increase of copper concentrations; it shows a 

statistically significant growth defect for pra1∆. The pra1∆ strain exhibited 2-fold 

reduction in growth when compared with the wild-type strain cultured with 50 - 

100 µM copper. For control purposes, the expression of PRA1 was repressed in 

the wild-type by adding 100 µM zinc to the copper. This resulted in a retarded 

growth pattern similar to that of pra1∆. The complemented strain (+PRA1) did not 

show restoration of growth when compared with wild-type, thereby suggesting 

that expression of only one copy of PRA1 is not sufficient for detoxification C. 

albicans from copper ions (data not shown). Collectively, these data suggest that 

Pra1 plays a role in detoxifying C. albicans from excess copper.  
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Figure 5.2 Pra1-dependent copper detoxification in C. albicans. After 

inducing zincophore expression by preculturing under zinc restriction, cells were 

grown with indicated copper concentrations for 2 days. Growth was measured at 

OD600. The pra1∆ strain exhibited 2-fold reduction in growth compared with the 

wild-type strain grown with copper concentrations ranging between 10 and 100 

µM of copper, one-way ANOVA test, **** p <0.0001, *** p < 0.001. ** p < 0.01, * 

p < 0.05, n = 6.  

 

Next, the role of Pra1 in detoxifying fungal cells from excess zinc, 

manganese, iron and nickel was investigated. The data did not reveal any 

significant difference for growth of strains under all tested metal concentrations. 

The only exception was observed for the pra1∆ strain compared with its wild-type 

in the presence of 1 mM of nickel. In this particular condition, the pra1∆ strain 

showed 28.57% growth reduction of pra1∆ strain compared to wild-type, 

suggesting that Pra1 may play a minor role in detoxification of C. albicans from 

excess nickel (Figure 5.3d). 
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(c) (d) 
  

Figure 5.3 The role of the zincophore system in detoxification of C. albicans 

cells from high metal concentrations. Expression of the zincophore system 

was induced by zinc starvation, followed by incubation with gradually increasing 

concentrations of (a) zinc, (b) manganese, (c) iron and (d) nickel for 48 h at 30ºC. 

Growth measurements (OD600) did not show any significant difference between 

strains incubated with indicated the metal concentrations, except a 28.57% 

reduction in growth of pra1∆ incubated with 1 mM nickel, one-way ANOVA test, 

* p < 0.05, n = 6.    
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5.2.3 Copper and zinc affect PRA1 promoter activity 

To initially assay PRA1 expression, a (CAI4) C. albicans strain harbouring 

a codon-optimised, GFP-tagged under the control of PRA1 promoter was used 

(CAI4+PPRA1-GFP). This strain was zinc-starved and then grown in SD0 media 

(pH 4.8) without addition of zinc or with 100 µM zinc. After two days of incubation, 

OD600 was adjusted to 5 and green fluorescence was measured. Background was 

removed by subtracting the auto-fluorescence of CAI4+CIp10 lacking fluorescent 

protein (Figure 5.4). 

Data revealed that C. albicans cells grown under zinc-limited conditions 

exhibited 5.97-fold increased PRA1 promoter activity compared with cells in 

which zincophore system expression was repressed (i.e. cultured with 100 µM 

zinc – Figure 5.4).  

Because Pra1 appear to protect against copper activity (Figure 5.2), the 

effect of copper on the PRA1 promoter activity was assessed. CAI4+PPRA1-GFP 

and CAI4+CIp10 strains were grown under zinc-limited conditions to induce 

PRA1 expression, and media were supplemented with various copper 

concentrations (i.e. 10, 50, 70 and 100 µM). Fluorescence was measured two 

days post-incubation (Figure 5.4). Normalised GFP-fluorescent profiling revealed 

a correlation between increased copper concentrations and PRA1 promoter 

activity compared with repressed PRA1 promoter. C. albicans cultured with 10, 

50 and 70 µM copper exhibited 1.75, 1.92 and 3.15-fold increased PRA1 

promoter activity, respectively, compared with repressed PRA1 promoter. In 

contrast, the strain grown with 100 µM copper exhibited 3.96-fold increased 

PRA1 promoter activity. Collectively, these findings imply that PRA1 promoter 

activity is regulated by copper under specified conditions. 
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Figure 5.4 PRA1 promoter activity under excess copper conditions and 

limited zinc conditions. CAI4+PPRA1-GFP and CAI4+CIp10 strains were grown 

in SD0 without any addition of zinc (blue bar), with 100 µM zinc (red bar) and 

various concentrations of copper (green bars) for two days. Following adjustment 

of OD600, GFP fluorescence (PRA1 promoter activity) was measured. One-way 

ANOVA test **** p <0.0001, *** p < 0.001. ** p < 0.01, * p < 0.05, n = 6. 
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5.2.4 Determination of the minimal zinc required to repress PRA1 

Following construction of the mCherry-Pra1 protein fusion (chapter 4), this 

was used for assessing expression level. To determine which zinc concentrations 

repress PRA1 expression, C. albicans pra1Δ + mCherry-Pra1 was zinc-starved 

and then grown in LZM buffered with 50 mM HEPES pH at 7.4 with no added zinc 

or with a gradient of zinc concentrations ranging from 0.078125 to 5 µM zinc.  

Fluorescence was measured after four days of incubation. Background 

auto-fluorescent of the isogenic strain (pra1Δ+PRA1) was subtracted, and then 

normalised to OD600 (Figure 5.5). Data revealed that C. albicans grown in 5 µM 

zinc exhibited 2.5-fold decreased Pra1 expression when compared with C. 

albicans grown under zinc-limited conditions with no added zinc. These data 

indicate that 5 µM of zinc is the minimum concentration sufficient to cause a 

statistically significant reduction in Pra1 expression.  
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Figure 5.5 Zinc concentrations regulate Pra1 expression. Zinc pre-starved 

cells were grown for four days in LZM media with gradually increasing 

concentrations of zinc. Normalised mCherry fluorescence measurements 

showed significantly reduced fluorescence for C. albicans grown with 5 µM zinc, 

one-way ANOVA test *** p < 0.001, n = 6. 
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5.2.5 Effect of ambient pH on Pra1 expression  

The Rim101 pathway affects gene expression of C. albicans PRA1 in 

response to pH, it was expressed under pH 8 but not 4 (Davis et al., 2000). To 

explore how pH of the extracellular microenvironment regulates PRA1 

expression, C. albicans pra1Δ + mCherry-Pra1 was zinc-starved and then grown 

in LZM buffered to various pH value (i.e. 5, 5.5, 6, 6.5, 7, 7.5 and 8). Cultures 

were incubated at 37ºC in Fluostar microplate readers, and mCherry 

fluorescence was measured every 10 h for four days using 544/610 nm. 

  Readings were again normalised by subtracting background readings of 

non-fluorescent cell and media and then normalised to OD600 (Figure 5.6a). After 

the first day of incubation, C. albicans cells grown in pH 7.5 exhibited a significant 

two-fold increase in Pra1 expression compared with cells grown at pH 5. After 

four days of incubation C. albicans grown at pH 7.5 exhibited an eight-fold 

increase in Pra1 expression compared with day 1; they also exhibited a four-fold 

increased Pra1 expression compared with cells grown in LZM pH 5.  

By the end of the incubation period, cells grown in LZM under various pH 

showed a pH-dependent pattern of Pra1 expression indicating that Pra1 

expression is regulated by extracellular pH (Figure 5.6b). Notably, the highest 

Pra1 expression was observed for incubation under physiological pH (7.5), 

followed by pH 7, 8, 6.5, 6 and 5 (from highest to lowest). Effectively, ambient pH 

is a major regulatory factor for Pra1 expression.  
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(a) 

 

(b) 

Figure 5.6 Ambient pH regulates expression of Pra1. Cells were pre-starved 

then grown in LZM buffered to the indicated pH. Cells were incubated at 37ºC 

and mCherry fluorescence was measured at 587/610 nm every 24 h for four days. 

(a) Pra1 expression for cells grown at pH 7.5 dramatically increased eight-fold 

compared with initial reading, while cells grown at pH 5 showed 2-fold increase 

in expression. (b) After 96 h of incubation, fluorescence was significantly higher 

at pH 7.5 (equating to about 4-fold increase in Pra1 expression) compared with 

fluorescence measured at pH 5, one-way ANOVA test **** p < 0.0001, n = 6. 
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5.2.6 Combinatory effect of zinc and pH on expression of Pra1 

 In the human body, C. albicans may encounter different ranges of zinc and 

ambient pH. Therefore, the next set of experiment was aimed to investigate the 

combinatory effect of both zinc and pH on C. albicans growth and Pra1 

expression a using zinc/pH matrix. Cells were grown in LZM media buffered to 

different pH and supplemented with various micromolar concentrations. Growth 

and Pra1 expression were then measured. 

Data revealed that growth of C. albicans pra1Δ mCherry+Pra1 increase 

as the pH of LZM media become more acidic. C. albicans grown at pH 5 exhibited 

2.83-fold increased growth compared with cells grown at pH 7.5 (p = 0.0006). 

Furthermore, supplementing LZM pH 5 with 100 µM zinc resulted in increased 

growth (1.56-fold) compared with cells grown under zinc-limited conditions (p = 

0.0083). In contrast, growth of C. albicans cultured in LZM pH 7.5 with 100 µM 

zinc was not significantly differ from growth in LZM pH 7.5 (p = 0.72) (Figure 

5.7a).  

C. albicans grown in LZM pH 7.5 exhibited 4.2-fold increased Pra1 

expression compared C. albicans grown in LZM pH 5 (p = 0.0004), as indicated 

by red fluorescence of the mCherry-Pra1 fusion. However, supplementing LZM 

pH 5 with 100 µM zinc reduced Pra1 expression 2.9-fold (p = 0.0013), while 

addition of 100 µM zinc to LZM pH 7.5 dramatically reduced Pra1 expression 

10.4-fold (p < 0.0001) (Figure 5.7b). Collectively, zincophore system expression 

is tightly orchestrated by ambient pH and zinc bioavailability.    
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                                (a)         (b)  

 

Figure 5.7 Combinatory effect of pH and zinc on C. albicans growth and 

Pra1 expression. The tested strain was grown in a pH/zinc matrix for four days. 

(a) OD600 measurement showed that alkaline pH reduced the growth of the tested 

strain 2.83-fold compared with cells grown in acidic pH, while addition of zinc 

enhanced growth in both acidic and alkaline conditions. On the other hand, 

mCherry fluorescence measurement using excitation emission 578/610 nm (b) 

showed a 4.2-fold increase in mCherry fluorescence with grow tested in alkaline 

conditions when compared with culture grown at pH 5. One-way ANOVA, n = 6.         
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5.2.7 Alkalinisation of ambient pH  

 The ability to alkalinise the surrounding microenvironment interferes with 

fungal virulence (Fernandes et al., 2017). It has been established above that the 

highest expression of Pra1 occurs under physiological pH (7.5). Moreover, it was 

shown that optimal zinc-binding of Pra1 C-terminus is at pH 7.5 (Loboda and 

Rowinska-Zyrek., 2017). Earlier work by our group showed that CaZrt2 is the 

main zinc assimilation transporter under acidic condition (Crawford et al., 2018), 

also we have noticed that preculturing C. albicans in zinc-limited medium and 

then inoculation cells into fresh acidic LZM, the fungus started growing in day four 

and pH measurements showed increase from 4.8 to ~7.5. Here, it was postulated 

that media alkalinisation may trigger zincophore activity, which supported growth. 

Vylkova et al (2011) showed that ability of C. albicans to actively alkalinise culture 

media via catabolism of amino acids and secretion of ammonia. The ability of C. 

albicans to alkalinise the microenvironment under zinc-limited conditions was 

investigated. Wild-type, pra1∆ and complemented (+PRA1) C. albicans strains 

were zinc-starved in LZM media for two days and then grown in LZM at pH 4.8. 

Studies of Vylkova et al (2011) showed that media containing 0.2% glucose 

constrain neutralisation; therefore, glucose content was reduced to 0.1%. 

Additionally, incorporation of the twenty standard amino acids individually to 

culture media revealed that inclusion 1 mM glutamine correlated with an increase 

ability of C. albicans to raise extracellular pH. Therefore, this effect of glutamine 

aspect was also investigated in this study.  

Wild-type, pra1∆ and pra1∆+PRA1 were cultured in LZM and the pH of 

culture media was measured and summarised in Figure 5.8a. After 24 h of 

incubation, there was no detected change in pH. In contrast, after 48 h of 

incubation, both wild-type and the +PRA1 complemented strain showed 
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significant alkalinisation of LZM media to 5.65 and 5.54, respectively, while 

cultures of pra1∆ had an average pH 5.05. On the other hand, addition of 1 mM 

glutamine to LZM media elevated alkalinisation by wild-type to pH 6.19 but not 

pra1∆ which was pH 5.21.  

After 72 h of incubation, pH measurements of both wild-type and the 

+PRA1 complemented strain showed significantly increased alkalinisation of 

media to pH 6.99 and 6.84, respectively. On the other hand, pH of culturing media 

for pra1∆ was 5.36. Moreover, pH measurements for LZM media supplemented 

with 1 mM glutamine were elevated by wild-type and the +PRA1 complemented 

strain to 7.23 and 7.1, respectively, while pra1∆ did not show any significant 

increase in pH (i.e. pH 5.36). Following 96 h of incubation, wild-type and 

complemented strains significantly raised pH to 7.28 and 7.22, respectively, while 

the pH of pra1∆ remained acidic (pH = 5.61).  

Collectively, C. albicans wild-type and +PRA1 complemented strain 

showed an increased ability to alkalinise culture media compared with the mutant 

strain lacking PRA1. Moreover, addition of glutamine to culture media increased 

the ability to alkalinise. These data suggest that C. albicans use exogenous 

amino acids to alkalinise extracellular pH. Furthermore, the data implicate the 

impact of C. albicans Pra1 expression on the ability to alkalinise 

microenvironments.  

Growth measurements were compatible with pH measurements; growing 

wild-type and +PRA1 strains in LZM media showed significantly higher growth 

compared with pra1∆ at days 3 and 4 (Figure 5.8b). Supplementing media with 1 

mM glutamine significantly enhanced the growth of wild-type and +PRA1 strains 

when compared with their growth in LZM media at days 3 and 4. Generally, the 
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growth of C. albicans is significantly associated to alkalinise the extracellular 

environment (R2 = 0.79) (Figure 5.8c). Together, these data suggest that Pra1 

expression is mediated by alkalinisation of extracellular microenvironments, 

which is in turn stimulated by metabolism of exogenous amino acids. Because 

Pra1 expression promoted by media alkalinisation and Pra1 supports growth 

under zinc limitation, it can be postulated that the capacity of PRA1+ strains to 

alkalinise the media promoted fungal growth, leading for further zincophore 

activity, further alkalinisation, in a feedforward mechanism. 
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Figure 5.8 Change of extracellular pH and growth of C. albicans. C. albicans 

wild-type, pra1∆ and +PRA1 complemented strain were pre-cultured in YPD 

media overnight and then zinc-starved by growing in LZM for two days. Next, 

cells were inoculated to fresh LZM media into OD600 = 0.1, growth and pH were 

monitored daily. Both wild-type and +PRA1 grown in LZM and LZM supplemented 

with 1 mM glutamine showed significantly increased alkalinisation at days 2, 3 

and 4 (a) and higher growth at days 3 and 4 (b) when compared with pra1∆. In 

addition, (c) plotting pH measurements against growth (OD600) clearly showed a 

strong correlation between the two parameter (Pearson test R2 = 0.79, p < 0.0001; 

one-way Anova test, **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, n = 6. 
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5.2.8 The role of active alkalinisation and shifting media pH 

To investigate if C. albicans actively alkalinise culture media via the 

mechanism described by Vylkova et al (2011), wild-type and strains lacking the 

transcription factor regulating amino acid permeases (stp2∆) and amino acid 

sensor (ssy1∆) were zinc-starved in LZM media for two days and then grown in 

LZM at pH 4.8. Strains were then assayed for changes of growth and pH. 

The data showed that the growth of stp2∆ and ssy1∆ cultured in LZM was 

significantly reduced (45.03% and 47.98%, respectively) compared with that of 

wild-type. However, complemented strains showed restoration of the wild-type 

phenotype (Figure 5.9a). 

Supplementing LZM with 1 mM glutamine reduced the growth difference 

between stp2∆ and ssy1∆ compared with wild-type controls (38.09% and 

33.02%, respectively), but this was still statistically significant. Interestingly, 

addition of 1 % casamino acids (an acid hydrolysate of casein) into LZM culturing 

media abolished growth differences. Similarly, pre-alkalinisation (buffering) of 

culturing media to pH 7.4 eliminated growth differences between the tested 

strains in all tested media (i.e. LZM, LZM with 1 mM glutamine and LZM with 1 % 

casamino acids). The data indicate that growth defect of these mutants is due to 

a failure to alkalinise the media, and not an inability to grow in LZM-based media 

per se.  

Comparing the growth of strains cultured in LZM and pre-alkalinised LZM 

showed significantly enhanced growth of strains cultured in pre-alkalinised LZM.  

Wild-type, +SSY1 and +STP2 strains cultured in pre-alkalinised LZM exhibited 

55.95%, 62.77% and 55.33% increased growth, respectively, compared with 

growth in LZM. However, the mutant strains ssy1∆ and stp2∆ exhibited higher 



148 
 

growth (i.e. 80.37% and 77.33%, respectively,) when grown in pre-alkalinised 

LZM.  

Similarly, pre-alkalinisation of LZM supplemented with 1 mM glutamine 

resulted in increased growth of all tested strains; the growth of wild type, +SSY1 

and +STP2 strains was increased by 30.25%, 33.69% and 24.04%, respectively, 

whereas that of the mutant strains ssy1∆ and stp2∆ was 55% and 55.47%, 

respectively.  

The increase in media pH for the tested strains correlated with their growth 

pattern (Figure 5.9b). The stp2∆ and ssy1∆ strains grown in both LZM and LZM 

supplemented with 1 mM glutamine exhibited an approximately 20% defect in 

media alkalinisation compared with wild-type and complemented strains. All 

strains grown in LZM supplemented with 1% casamino acids showed a similar 

degree of increase in pH. 

Together, these results implicate a role for the amino acid sensor Ssy1 in 

sensing exogenous amino acids in the context of culture media alkalinisation. 

Exogenous amino acids are in turn are transported using the amino acid 

permeases whose expression relies on the transcription factor Stp2. In 

conclusion, C. albicans alkalinises the culture media in a Ssy1- and Stp2-

dependent manner. 
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(a) 

 

(b) 

Figure 5.9 C. albicans Stp2 and Ssy1 are required for alkalinisation of 

culture media. Tested strains were zinc-starved. OD600 adjusted to 0.1 in the 

indicated culture. Growth was then measured after appropriate incubation. (a) 

Data showed significantly increased growth of wild-type and complemented 

strains, but not mutant strains grown in LZM and LZM supplemented with 1 mM 

glutamine. However, no significant difference was observed for the growth of 

strains cultured in pre-alkalinised culture media. Similarly, strains cultured in LZM 

+ 1 % casamino acids or pre-alkalinised LZM + 1 % casamino acids did not show 

a significant difference in growth. In addition, (b) alkalinisation of culture media 

was assessed. Generally, strains that had shown a significant increase in growth 

were associated with an increase in the pH of culture media. One-way ANOVA 

test, **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, n=6. 
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5.2.9 Dynamics of Pra1 expression and alkalinisation  

The data presented so far suggested a model whereby, C. albicans 

alkalinises the culture media via Ssy1/Stp2-dependent amino acid catabolism 

and that this change in pH triggers PRA1 expression and zincophore activity, 

supporting fungal growth.  Until this phase of the research project, it had already 

been established that wild-type C. albicans is better able to alkalinise culture 

media compared with the pra1∆ strain. This process is controlled by catabolism 

of exogenous amino acids via active alkalinisation. However, the dynamics of 

Pra1 expression and alkalinisation remain unclear. Therefore, in this section 

growth, extracellular pH changes and Pra1 expression were monitored every 12 

h over four days for strains cultured under the conditions described previously. 

The data are summarised in Figure 5.10 a, b and c. 

After 48 h of incubation, C. albicans alkalinised the media from pH 4.8 to 

5.8. After 72 h of incubation C. albicans raised the pH of LZM media further to 

around 7. Indeed, tested strains exhibited a 44-fold increase in Pra1 expression 

and a 5.8-fold increase growth. Furthermore, after 96 h of incubation, C. albicans 

alkalinised culture media to pH 7.25, while Pra1 expression increased 100-fold 

and growth increased 10-fold.  

Collectively, zinc-starved cells showed a significant increase in Pra1 

expression after 72 h of incubation, and this was tightly coupled with media 

alkalinisation. These data demonstrated that active alkalinisation of environments 

is a key inducer of C. albicans Pra1 expression and suggested that this 

alkalinisation-mediated Pra1 expression is driving fungal proliferation.  
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(a) (b) 

 

 
(c) 

 

Figure 5.10 Culture media alkalinisation and Pra1 expression. C. albicans 

complemented with mCherry-Pra1 was precultured in YPD overnight, and then 

cells were zinc-starved by inoculating OD600 = 0.1 in LZM for two days. The next 

day, cells were washed twice with PBS and then inoculated OD600 = 0.1 in 200 

µl of LZM media in black 96-well plates with a transparent bottom. (a) OD600 and 

(b) fluorescence were monitored every 12 h. To measure pH, OD600 0.1 of tested 

strains were grown in 2 ml of LZM media in 12-well plates. (c) pH was measured 

by removing media from three wells and filter-steriling media using a syringe. A 

pH meter was used to make the required measurements. One-way ANOVA test, 

**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, n = 6. 
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5.2.10 Active alkalinisation and Pra1 expression   

Having demonstrated the important role of environmental alkalinisation for 

expression of the zincophore system, the effect of amino acid presence in culture 

media on Pra1 expression was assessed next. C. albicans mCherry tagged-Pra1 

isogenic strains were grown in both LZM media (pH 4.8) and LZM media lacking 

amino acids from recipe. Growth, Pra1 expression and pH were monitored every 

12 h, and the data are summarised in Figure 5.11a, b & c.  

Figure 5.11a shows that C. albicans alkalinised LZM media to pH 7 after 

72 h of incubation, and this increased to pH 7.29 after 96 h of incubation. On the 

other hand, when C. albicans was grown in LZM lacking amino acids, there was 

no observed shift in the pH of culture media for all assayed time points. 

Figure 5.11b shows that after 72 h of incubation C. albicans grown in LZM 

media exhibited 4.8-fold increased growth. This continued to increase 

significantly until the end of the assayed timeframe, where growth at 96 h post-

incubation increased 8-fold. In contrast, C. albicans grown in LZM lacking amino 

acids showed only a 2-fold increase in growth by 96 h post-incubation.  

Interestingly, Figure 5.11c shows that alkalinisation of LZM media strongly 

regulated Pra1 expression. After 96 h of incubation, C. albicans grown in LZM 

exhibited 98.2-fold increased Pra1 expression, whereas when grown in media 

lacking amino acids, Pra1 expression increased only 14.47-fold. In sum, these 

data indicate that amino acid catabolism alkalinises the ambient environment, 

which in turn promotes Pra1 expression.  
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(a) 

 
(b) 

 
(c) 

 
Figure 5.11 C. albicans-mediated alkalinisation of culture media is amino 

acid-dependent. C. albicans complemented with optimised mCherry-Pra1 was 

precultured in YPD overnight. Cells were zinc-starved by incubation in LZM for 

two days. The next day, cells were washed twice in PBS then inoculated OD600 = 

0.1 in 200 µl of LZM media in black 96-well plates with a transparent bottom. 

OD600 and fluorescence were monitored every 12 h. To measure pH, OD600 was 

first adjusted to 0.1 in 2 ml of LZM media in 12-well plates. Growth medium was 

removed from three wells and filter-steriled, after measured using pH meter, one-

way ANOVA test, **** p < 0.0001, *** p < 0.001. ** p < 0.01 * p < 0.05, n = 6. 
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5.2.11 Effect of initial media pH on Pra1 expression  

In previous sections, the data showed that C. albicans catabolises amino 

acids to raise pH (likely via secretion of ammonia into culture media), a process 

termed “active alkalinisation”. More so, data revealed that Pra1 expression 

strongly depends on active alkalinisation. Therefore, in this section, dynamics of 

growth, alkalinisation and Pra1 expression were addressed under pre-alkalised 

and acidic culture media. Following zinc starvation of cells, strains were 

inoculated OD600 = 0.1 in LZM for two days. The next day, cells were inoculated 

at OD600 = 0.1 in LZM (pH 4.8) and LZM pre-buffered to pH 7.4. Measurements 

of growth, pH and mCherry-Pra1 expression are summarised in Figure 5.12a, b 

and c. 

Figure 5.12a shows that after 36 h of incubation, a significant difference in 

growth was observed between C. albicans strains cultured in LZM (initially pH 

4.8) vs pre-alkalinised LZM (pH 7.4). This difference increased at 72 h and 

remained statistically significant until the end of the observation period. Figure 

5.12b again shows that culturing C. albicans in LZM resulted in media 

alkalinisation over time. After 96 h of incubation, C. albicans raised the pH of 

acidic LZM to 7.29, which point there was no longer a difference between LZM 

(initially pH 4.8) and pre-alkalinised LZM (pH 7.4).  

Figure 5.12c describes the effect of pre-alkalinised media on Pra1 

expression as assessed by the red fluorescence of the mCherry-Pra1 fusion. Up 

to 24 h post-incubation, there was no statistically significant difference in Pra1 

expression between cells grown in LZM vs pre-alkalinised LZM. After 48 h of 

incubation, C. albicans grown in pre-alkalinised LZM exhibited 28.15% increased 

Pra1 expression compared with acidic LZM. At 60 h post-incubation, this 

difference increased to 40.85%. By the end of observation period, C. albicans 
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grown in pre-alkalinised LZM exhibited 37.96% higher expression of Pra1 

compared with C. albicans grown in acidic LZM. Therefore, these data suggest 

that an alkaline environment promotes earlier and stronger Pra1 expression and 

facilitating fungal growth.  
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(a) 

 
(b) 

 
(c) 

Figure 5.12 Effect of initial pH on growth and Pra1 expression in C. albicans. 

Tested strains were pre-cultured in YPD, and then zinc-starved in LZM for two 

days. At OD600 = 0.1, cells were inoculated in LZM and pre-alkalinised LZM 

media. Measurement of (a) growth (b) pH and (c) mCherry expression are shown. 

One-way ANOVA test, **** p < 0.0001, *** p < 0.001. ** p < 0.01 * p < 0.05, n=6. 

 

 

 



157 
 

5.2.12 The role of SSY1 and STP2 in virulence of C. albicans 

Having shown the role of Stp2 and Ssy1 in alkalinisation of the 

extracellular environment, the goal of this section was to investigate if these 

proteins are required for the virulence of C. albicans. This was performed in a 

Galleria mellonella infection model. Larvae were injected individually with 105 

cells of C. albicans wild-type, stp2∆, +STP2, ssy1∆ or +SSY1 strains, and survival 

rate was monitored daily (Figure 5.13).  

The data showed that STP2 is associated with virulence of C. albicans, 

whereby stp2∆ exhibited a statistically significant 40 % reduction in virulence after 

8 days of incubation at 37°C compared with wild-type controls (p =0.0005). On 

the other hand, infecting G. mellonella with the +STP2 complemented strain 

restored virulence to wild-type levels compared to the mutant (p =0.0023). 

Furthermore, deletion of SSY1 did not affect virulence; as the rate of survival for 

G. mellonella larvae infected with the ssy1∆ strain did not differ significantly 

compared with infection with the wild-type strain (p =0.6468).  

Collectively, data from the Galleria infection model show that STP2, but 

not SSY1, is required for C. albicans virulence. 
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Figure 5.13 The transcription factor Stp2, but not the amino acid sensor 

Ssy1, is required for C. albicans virulence in a G. mellonella killing assay. 

The indicated strains of C. albicans were zinc-starved and injected in to G. 

mellonella larvae at 105 cells/larva. Each tested strain was injected into ten 

different larvae, which were then incubated at 37ºC and monitored every 24 h for 

eight days. At the end of the observation period, all tested strains resulted in 

100%  mortality except for stp2∆ which resulting in only 40 % mortality, indicating 

attenuated virulence compared with wild-type (p = 0.0005) and the 

complemented strain +STP2 (p = 0.0023). Furthermore, larval mortality upon 

injection with the ssy1∆ strain was comparable to that observed for injection with 

the wild-type (p = 0.6468) and complemented strain +SSY1 (p = 0.5335); Log-

rank (Mantel-Cox) test. 
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5.3 Discussion  

Zinc is an essential divalent metal for all life; it is crucial for certain protein 

structure and serves as an important cofactor for various proteins (Vallee & 

Falchuk., 1993). Thus, to combat microbial invasion, the human immune system 

induces nutritional immunity as means of sequestering zinc, thereby limiting its 

accessibility to pathogens. In macrophages infected with H. capsulatum, the zinc 

pool is tightly regulated. Zinc is strongly bound to metallothioneins and the 

expression of Znt4 and Znt7 transporters is strongly induced to help 

compartmentalise zinc into the Golgi apparatus (Vignesh et al., 2013). Other 

reports have shown that upon infection, neutrophils release calprotectin as part 

of Neutrophil Extracellular Traps (NETs); calprotectin chelates Mn and Zn ions, 

thereby inhibiting growth of pathogenic C. albicans and C. neoformans (Urban et 

al., 2009). It has been documented that during infection, zinc level in blood 

plasma was highly reduced by sequestering zinc into hepatic cells via ZIP14 

(Liuzzi et al., 2005). 

To overcome zinc limitation, fungi have developed an arsenal of 

countermeasures. These includes the upregulation of zinc transporters and a 

zincophore system for zinc assimilation from the host environment (Wilson et al., 

2012). Orthologues of the zincophore system in A. fumigatus zrfC (ZRT1)/ aspF2 

(PRA1) are regulated by ZafC and PacC, zinc and pH transcription factors, 

respectively (Amich et al., 2010). Similarly, the zincophore system promoter in C. 

albicans is regulated by the transcription factors Zap1 and Rim101 (Bensen et 

al., 2004; Nobile et al., 2009).  

In this chapter, it was demonstrated that the zincophore system is crucial 

for assimilation of zinc from zinc-limited environments with a neutral/alkaline pH 

(Figure 5.1). Citiulo et al. (2012) showed that the zinc binding capacity is 3 moles 
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of zinc per mole of Pra1. Although zinc scavenging hasn’t been shown for AspF2, 

it has been shown to be pH and zinc regulated and the gene is important for 

growth under zinc limitation and neutral/alkaline environment (i.e. although not 

demonstrated, zincophore function is likely conserved) (Segurado et al., 1999).   

Copper is an essential micronutrient for cells, but it exhibits high toxicity. 

Due to copper redox properties, it is involved in generation of toxic hydroxyl 

radicals and hydroxyl anions, which cause damage to DNA and proteins (Halliwell 

and Gutteridge., 1990).  Data in this project suggest a role for Pra1 in C. albicans 

copper resistance. Deletion of PRA1 from C. albicans genome resulted in a 

significant reduction of growth in acidic media containing toxic copper 

concentrations (Figure 5.2). Interestingly, measurements of zincophore promoter 

activity showed reduced zincophore promoter activity by addition of low levels of 

copper (10 µM), but this increased upon the addition of toxic (Crawford et al., 

2018) copper levels (Figure 5.4). It is currently unclear why PRA1 would follow 

this expression profile, but indicates that Pra1 may be involved in detoxification 

of C. albicans from toxic copper concentrations under acidic growth conditions. 

Work of Weissman et al. (2000) has demonstrated that a metallothionein, CUP1, 

and copper-transporting P-type ATPase, CRP1, are involved in C. albicans 

copper tolerance. In this chapter, however, is a novel evidence that CaPra1 may 

also be implicated in copper detoxification. Following establishment disseminated 

candidiasis in a murine model, serum copper concentrations increased to 50 µM 

over the observation period, whilst the kidney showed a slight increase followed 

by reduction in copper concentrations (Li et al., 2015). Similarly, the work of Ding 

et al., (2013) showed an elevation in serum copper concentrations during 

pulmonary C. neoformans infection. Importantly, deletion of copper-detoxifying 

metallothionein (CMT) reduced the ability to colonise lung tissue by this fungus. 



161 
 

Furthermore, X-ray microprobe analysis demonstrated that copper levels 

increased in the phagosome of interferon-γ treated macrophages with engulfed 

Mycobacterium (Botella et al., 2012; Wagner et al., 2005). Therefore, there is 

emerging evidence that the immune system recruits high copper as an anti-fungal 

weapon, whereas invading fungal pathogens must elaborate various adaptive 

mechanisms (e.g. CaPra1) to tolerate copper stress. The mechanism of inhibit 

copper toxicity by Pra1 is likely via binding to amino acid residues with high metal-

binding affinity, which comprise 20 % of Pra1 sequence (i.e. 13 histidine, 9 

cysteine, 12 glutamic acid and 26 aspartic acid residues). 

Transcript profiling analysis for C. albicans revealed that the zincophore 

system is activated under zinc-limited conditions (Nobile et al., 2009). In contrast, 

the zincophore promoter is repressed by the addition of 100 µM zinc to culture 

media (Citiulo et al., 2012). In this work, it was shown that as little as 5 µM zinc 

significantly repressed the expression of CaPra1 under alkaline conditions 

(Figure 5.5). Work of Segurado et al., (1999) showed that addition of 5 µM Zn2+ 

to culture media abolished production of Aspnd1 (Pra1 orthologue) by A. 

nidulans. Although the average zinc concentration in human serum is 15 µM, the 

estimated concentration of free zinc in serum is 0.08 µM (Foote and Delves., 

1988; Iyengar and Woittiez., 1988). Given that serum bioavailable (free) zinc 

concentration does not cover C. albicans zinc demand during infection, therefore, 

zinc assimilation mechanisms are likely upregulated via zinc-limited conditions 

found in human body (i.e. nutritional immunity).   

Adaptation of C. albicans to pH is crucial for virulence at versatile 

anatomical sites in the human body (Vylkova et al., 2011). In this study, it was 

demonstrated that Pra1 expression was highest under physiological pH (7.5) 

(Figure 5.6). Previous reports have documented an effect for the pH of infected 
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sites, by C. albicans, on the expression of virulence genes, including PRA1 and 

SAP6 (De Bernardis et al., 1998; White et al., 1995). Macrophages use 

phagosomal acidification as a crucial mechanism to combat invading microbes, 

which would reduce Pra1 expression (this study) and function (Loboda and 

Rowinska-Zyrek., 2017). Nonetheless, it has been reported that C. albicans 

within macrophage phagosomes can significantly reverse this acidification via 

active alkalinisation (Fernández‐Arenas et al., 2009; Vylkova and Lorenz., 2014).  

Although the effect of zinc and pH on PRA1 expression has been 

assessed previously, in this chapter, a combinatory effect of various pH and zinc 

concentrations was investigated. It was demonstrated that Pra1 expression is 

tightly regulated by both zinc and pH (Figure 5.7). 

Work of Vylkova et al (2011) demonstrated the ability of C. albicans to 

raise extracellular pH in less than 12 h by catabolising exogenous amino acids 

and releasing ammonia into glucose-poor medium. This phenomenon is known 

as active alkalinisation. In current study, alkalinisation occurred at day three likely 

because strains were grown under zinc-limited conditions, taking them longer to 

undergo metabolism. From the work of Vylkova et al (2011) it is well known that 

supplementing culture media with 1 mM glutamine significantly increased the 

ability of C. albicans to raise extracellular pH. Unlike wild-type, however, the 

pra1∆ mutant did not raise extracellular pH even when media were supplemented 

with amino acids. This is likely because it was unable to scavenge zinc to 

grow/metabolise. Next, it was shown that active alkalinisation is integrally coupled 

to Pra1 expression (Figure 5.10). In addition, from a chemistry perspective, 

Loboda and Rowinska-Zyrek (2017) showed that physiological pH is crucial for 

optimum zinc-Pra1 binding. This is likely because histidine residues are highly 
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affected by surrounding pH, which change protonation status and thus the 

chemical properties of Pra1 and Zrt1 (Wilson, 2015).    

In this work, it was confirmed that the alkalinisation observed for culture 

media is the same active alkalinisation previously described by Vylkova et al. 

(2011), as the stp2∆ and ssy1∆ strains were unable to raise extracellular pH and 

grow. The fact that pre-alkalinisation of the media restored the growth of these 

two mutants suggests that their growth defect is due to their failure to activate 

Pra1 expression and zinc scavenging activity. Also, it was confirmed that active 

alkalinisation is amino acid-dependent. Growing C. albicans in LZM lacking 

amino acids highly constrained Pra1 expression. Following utilisation of amino 

acids and catabolism by C. albicans cells, ten genes of the ATO family, which 

encode putative acetate and ammonia transporters, are activated in a Stp2-

dependent manner. These genes are involved in neutralisation of the surrounding 

acidic environment in vivo and in macrophages (Danhof et al., 2015). 

Concurrently, alkaline pH induces the expression of an array of C. albicans genes 

encoding virulence factors via Rim101, including Pra1 (Davis et al., 2000; De 

Bernardis et al., 1998; Nobile et al., 2008). Figure 5.14 presents a model for the 

alkalinisation-dependent Pra1 expression. In summary, CaPra1 expression is 

promoted by alkalinisation of the ambient environment via catabolism of 

exogenous amino acids and secretion of ammonia.  
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Figure 5.14 Model of pH modulation and C. albicans Pra1 expression. (A) In 

a zinc-limited, glucose-poor acidic environment, where Pra1 is unable to 

scavenge zinc, C. albicans senses external amino acids via Ssy1, which is a 

component of an amino acid sensor complex. Ssy1 actives the Stp2 transcription 

factor Stp2. Next, Stp2 then activates the transcription of amino acids permeases 

(AAPs). (B) Assimilation of amino acids into yeast cell. (C)  Amino acid catabolism 

includes removal of the amine group, which is converted to ammonia via urea 

amidolyase (Dur1,2) and then (D) ammonia is exported outside the cell via 

”ammonia transport outward” proteins (Ato) ending with (E) raising the pH. (F) 

Rim101 promotes PRA1 expression in response to more alkaline pH. Resultant 

Pra1 zincophore activity promotes further metabolic activity and growth, 

culminating in complete media alkalinisation (~7.5) and robust fungal 

proliferation.    

 

Finally, the role of Stp2 and Ssy1 in facilitating C. albicans virulence was 

investigated using the Galleria infection model. Data showed that Stp2, but not 

Ssy1, is required for virulence. Previous work by Vylkova and Lorenz (2014) 

elucidated the crucial role of Stp2 as a virulence factor in macrophage and mouse 

infection models. Deletion of STP2 from the C. albicans genome completely 

abolished its ability to alkalinise macrophage phagosomes, and consequently 

reduced hyphae formation and escape from macrophages. More so, stp2∆ strain 

showed attenuated virulence in a mouse model of disseminated candidiasis. 
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Therefore, the data presented in this chapter are in line with previously published 

data, and underline the utility of Galleria infection model. 

  Several reports have showed that phagocytosed yeasts encounter zinc 

limitation. Winters et al. (2010) showed that GM-CSF caused zinc restriction to 

phagocytosed H. capsulatum. More so, Vignesh et al. (2013) demonstrated a 

compartmentalisation of zinc into the Golgi apparatus. Together, active 

alkalinisation coupled with upregulated Pra1 expression may be an adaptation 

mechanism that allows C. albicans to survive phagosomal acidification and 

nutrient limitation derived by macrophages. 

In summary, this chapter explored various defence mechanisms imparted 

by multiple-functions of CaPra1 under zinc limitation and copper excess, which 

are derived by nutritional immunity. C. albicans encounters various pH and zinc 

concentrations in the human body. Therefore, in this work a combinatory effect 

for pH and zinc on Pra1 expression was demonstrated.  
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Chapter 6: Interaction of Zincophore System Elements 

6.1 Introduction 

Early work of Sentandreu et al., (1998) showed that Pra1 is secreted into 

culture supernatant, and that its expression is pH-dependent. Furthermore, under 

neutral/alkaline conditions, PRA1 expression is regulated via the Rim101 

pathway (Davis et al., 2000). In an endothelial infection model, the zincophore 

system is crucial for zinc assimilation by C. albicans during invasion of endothelial 

tissues. Following secretion of Pra1 into the surrounding microenvironment it 

binds back to the fungal cell surface via the Zrt1 receptor (Citiulo et al., 2012). 

Several studies have also elucidated the interaction of secreted Pra1 with various 

immunological elements, such as αMβ2 integrin (Soloviev et al., 2007), Factor H 

and Factor H like protein-1 (FHL-1) (Luo et al., 2009; Luo et al., 2010). Yet nothing 

is known about the mechanism of interaction between zincophore components. 

The focus of this chapter therefore was to dissect the details of Zrt1-Pra1 

interaction, and linking it to C. albicans virulence using a Galleria mellonella 

larvae infection model. 

  

6.2 Results 

6.2.1 Zincophore system modelling 

The accurate prediction of any protein tertiary structure depends on the 

precise construction/prediction of secondary structure segments i.e. α-helix, β-

strand and coil (Hu et al., 2011). To extend our knowledge about the interaction 

between the zincophore components, tertiary structures of C. albicans 

zincophore system proteins were predicted using Protein homology/analogY 

Recognition Engine V 2.0 (Phyre2), while the 3D Ligand Site tool was used to 

predicted ligand binding sites. To improve protein modelling, prediction of desired 
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proteins was built based on three templates, each of which builds a 3D model 

with 100% confidence.  

Pra1 modelling revealed that all secondary structure segments are located 

in the N-terminal and central part of the protein sequence i.e. HRXXH domain, 

whereas the C-terminus consists of 70 amino acids in a coil form with a small 

helix (Figure 6.1a). Clearly, Zrt1 modelling predicts 8 transmembrane regions α-

helices. Interestingly, Zrt1 also contains a 184 amino acid extracellular coil 

formed at the N-terminus, which contains of two small β-sheets and a small α-

helix (Figure 6.1b). 

Next, to generate a Pra1-Zrt1 docking model, the Patchdock webserver 

was used. Results for the protein docking model are shown in the protein ribbon 

diagrams (Figure 6.1c) and protein backbones (Figure 6.1d). As reported 

previously (Citiulo et al., 2012), the docking model indicated that the N-terminus 

of Zrt1 is the crucial part of Pra1-Zrt1 interaction.  

To explore which amino acid residues from the Pra1 sequence are 

involved in zinc binding, the 3D Ligand webserver was used. Analysis showed 

that residues H178, H182 (which includes HRXXH), as well as E192, H193 and S216 

are all involved in zinc binding (Figure 6.1e).  
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(a) (b) 

  
(c) (d) 

 

 
(e) 

Figure 6.1 Predicted 3D modelling of zincophore system proteins and zinc 

binding site. The tertiary structures of (a) Pra1 and (b) Zrt1 were built using 

Phyre2. The Pra1-Zrt1 interaction model is shown in a (c) ribbon diagram and (d) 

protein backbone. (e) Pra1 residues involved in zinc (purple) binding were 

predicted using 3D Ligand webserver (Wass et al.,2010). 
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6.2.2 Zincophore system disordered region  

Both protein domains and folded proteins play a key role in any protein’s 

functionality, however, some fundamental motifs are found outside protein 

domains and are inherently unfolded or partially folded protein. Such motifs are 

described as being “disordered” (Wright & Dyson, 1999). Gunasekaran et al., 

(2003) have shown that disordered protein regions can provide large 

intermolecular interfaces that are involved in interaction with other partner 

proteins.  

To predict disordered regions within the secondary structures of Pra1 and 

Zrt1, the protein sequences for both zincophore components were submitted to 

metaPrDOS web server. Data analysis revealed a disordered region in the C-

terminus of Pra1, which extends from residues 240 to 299 (Figure 6.2.a).  

Meta-prediction analysis of Zrt1 identified two disordered, regions after the 

signal peptide in the N-terminus, extending from 41-74 and 130-159, and located 

in the extracellular domain. In addition, a third disordered region was detected 

between amino acids 287 and 308 between transmembrane domains 3 and 4 

(Figure 6.2b).  

Thus, it is likely that the disordered C-terminal region of the Pra1 allows 

interaction with other target biomolecules and protein partners, such as the Zrt1 

transporter, via its N-terminus (Figure 6.1c and d).  
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(a) 

 

(b) 

Figure 6.2 Prediction of disordered region in the zincophore system. The 

blue curve represents meta-prediction for disordered regions in the (a) Pra1 

sequence. Clearly, the C-terminus showed a predicted disordered region. Meta-

prediction of disordered regions for the (b) Zrt1 transporter showed two 

disordered regions at the extracellular N-terminus and a third disordered region 

located around amino acid residue 300 in the large cytoplasmic loop. 

 

In conclusion, this computational analysis provides the basis for the below 

described molecular analysis in this chapter. That is, the N-terminus of Zrt1 and 

C-terminus of Pra1 mediate Pra1-Zrt1 interaction during reassociation of Zn-Pra1 

to the C. albicans cell surface. 
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6.2.3 Zrt1 as a zincophore receptor  

In this section, C. albicans mCherry-tagged Pra1 was used for gaining a 

deeper understanding of the interaction between the Pra1 zinc scavenging 

protein with its Zrt1 receptor. To investigate how the complete absence of Zrt1 

affected the association of Pra1 to the C. albicans cell surface, mCherry-PRA1 

construct was transformed into pra1∆ and pra1∆/zrt1∆ backgrounds. This [pra1∆] 

background approach was taken to avoid unlabelled, native Pra1 competing with 

mcherry-Pra1 for Zrt1 binding. Cells were pre-starved for zinc and incubated into 

LZM buffered to pH 7.4 to induce expression of zincophore system components 

for 6 days. Hyphae were then washed three times, followed by measuring cell 

surface fluorescence (Figure 6.3).  

Data revealed that the strain expressing native Zrt1 showed three-fold 

higher cell fluorescence when compared with zrt1∆ strain. However, zrt1∆ still 

showed some level of fluorescence above background, which may indicate Pra1 

associated to C. albicans cell surface in a Zrt1-independent manner. 

As expected, supplementing media with 100 µM Zn reduced cellular 

fluorescence 17-fold for strain with native Zrt1 and five-fold for strain lacking Zrt1. 

There was no significant difference between fluorescence of ZRT1+ and zrt1∆ 

strains in the presence of this excess zinc conditions. To understand the 

localisation of Pra1 within C. albicans cells during excess zinc, cells were 

visualised using microscopy (Figure 6.4). Interestingly, mCherry fluorescence 

was observed in an enlarged yeast vacuole, indicating that Pra1 may play a role 

in vacuolar zinc homeostasis under excess zinc conditions.  
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Collectively, Zrt1 is essential for association of the Pra1 zinc scavenging 

protein with C. albicans cells. Also, under high zinc concentrations, Pra1 may 

localise to vacuole and maintain zinc homeostasis. 
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Figure 6.3 Zrt1 is crucial for Pra1 association to the cell surface. Indicated 

strains of C. albicans were grown in SD O/N, then washed twice with 1 mM EDTA 

and MilliQ water to remove residual zinc ions. Next, OD600 was adjusted to 0.1 in 

SD0 O/N, cells were washed twice as described previously and 106 cells were 

grown in LZM buffered with 50 mM HEPES at pH 7.4. After 6 days of incubation, 

supernatant was removed from culture wells into new clear wells and hyphae 

were washed three times with PBS. Fluorescence was measured using a TECAN 

microplate reader. Background was removed by subtracting readings of non-

fluorescent strains. Fluorescence then was normalised to OD600. mCherry-Pra1 

Fluorescence was significantly 3-fold higher for the strain expressing Zrt1 

compared with the strain that lacks Zrt1 receptor expression. Addition of zinc 

reduced fluorescence to non-significant level. Student t-test (* p < 0.05), n = 6. 

 

 

Figure 6.4 Pra1 is implicated in vacuolar zinc storage. The pra1∆+mCherry-

PRA1 strain was pre-cultured in SD media then zinc starved by growing in SD0 

O/N. Grown cell were counted and then 106 cells were grown for 6 days in LZM 

buffered with 50 HEPES pH 7.4, supplemented with 100 µM zinc. Cultures were 

visualised under a Delta-vision microscope with appropriate filters. Pra1 is 

localised into yeast vacuole under excess zinc conditions. 
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6.2.4 The C-terminus of Pra1 is implicated in Zrt1 receptor-interaction 

The data in the previous section are in agreement with the study of Citiulo 

et al. (2012) which indicated that Pra1 interacts with the C. albicans cell surface 

via Zrt1. Bioinformatics analysis presented earlier in this study (Figure 6.2) 

showed that the C-terminal motif of Pra1 is a disordered region with a highly 

conserved sequence (Figure 3.5). In an attempt to understand the precise 

mechanism of interaction between components of the zincophore system; C. 

albicans mutant with a truncated C-terminal motif of PRA1 was generated. Then, 

mCherry-tagged PRA1, both with and without C-terminal motif (49 amino acids 

were removed) was constructed. Then constructs were separately transformed 

into pra1∆ and zrt1∆ / pra1∆ C. albicans using CIp10 plasmid into the RP10 locus 

within genome (shown in details in Chapter 4).  

To test how truncation of the C-terminus affects Pra1 association with C. 

albicans cell surface, tested strains were zinc-starved then incubated in LZM 

buffered with 50 mM HEPES pH 7.4 for 6 days. Hyphae were then washed and 

mCherry fluorescence was measured. Under these conditions, there was an 

approximately 3.2-fold significantly higher cellular fluorescence between the 

strain expressing the full version mCherry-tagged Pra1 compared with the strain 

expressing truncated the C-terminus Pra1. Similarly, deletion of native Zrt1 from 

C. albicans cells reduced cellular fluorescence approximately three-fold 

compared with strain expressing the full version mCherry-tagged  Pra1. These 

measurements were similar in a strain lacking the Pra1 C-terminus and Zrt1 

(Figure 6.5a). Because zrt1∆ genetic background expresses mCherry-Pra1 at 

levels similar to those observed  for the Zrt1+ strain (and Zrt1 is plasma membrane 

protein), these data suggest that the C-terminus of Pra1 is important for anchoring 

Pra1 to fungal cell surface via Zrt1.  Indeed, C. albicans cultures visualised using 
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fluorescence microscopy supported the quantitative fluorescent measurements 

(Figure 6.5b). 

Together, these data suggest that the C-terminus of Pra1 is an important 

motif for Pra1 functionality and interaction with Zrt1. In addition, the data also 

support that Zrt1 is a main receptor for the zincophore system under tested 

conditions. 

 

 

 

 

(a) 
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(b) 

Figure 6.5 Importance of the C-terminus of Pra1 for functionality of the 

zincophore system. Tested strains were pre-cultured in SD media then zinc-

starved by growing in SD0 O/N. Grown cell were counted and then 106 cells were 

grown in LZM buffered with 50  HEPES to pH 7.4 for 6 days, and then (a) 

fluorescence was measured for washed hyphae. Clearly, truncation of the C-

terminus of Pra1 or deletion of ZRT1 reduced cell-associated fluorescence three-

fold compared with C. albicans pra1∆ + mCherry-Pra1. (b) Hyphae from each 

culture were pictured using a DeltaVision imaging system. One-way ANOVA test, 

* p < 0.05, n = 6.  
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6.2.5 Secreted Pra1 re-associates to the cell surface via Zrt1 

In this section, the importance of the Zrt1 cell surface receptor for re-

association of secreted Pra1 to C. albicans cell surface was investigated further. 

This was next addressed by testing the effect of secreted Pra1, recovered from 

separate culture supernatant, on the growth of wild-type and zrt1∆ cells. 

To start this experiment, supernatants were prepared by growing C. 

albicans wild-type, pra1∆ and pra1∆ + mCherry-Pra1 in LZM buffered with 50 mM 

HEPES pH 7.4 for 10 days. Culture supernatants were filter-sterilised and 

concentrated using protein concentrator and then ran on Bis-Tris gel and probed 

with anti-mCherry antibody. Figure 6.6 shows mCherry-Pra1 bands with a 

molecular weight about 75 kDa.  

Next, wild-type C. albicans and zrt1∆ cells were zinc-starved then OD600 

0.05 were incubated in LZM buffered to 50 mM HEPES pH 7.4. These cultures 

were supplemented with 10 µg of concentrated sterile supernatant from previous 

wild-type, pra1∆ + mCherry-Pra1, or pra1∆ and growth was measured at four and 

seven days post-inoculation (Figure 6.7).  

Following four days of incubation, wild-type (Zrt1+) cultures supplemented 

with sterile supernatants of wild type or mCherry-Pra1 strains showed two-fold 

higher growth when compared with wild-type cultures supplemented with pra1∆ 

supernatant or water, which themselves did not show any statistically significant 

difference. Noticeably, there was a 3.3- and 3.5-fold significant difference 

between the growth of wild-type and zrt1∆ cultures supplemented with wild-type 

or mCherry-Pra1 concentrated supernatant, respectively. While wild-type 

cultures supplemented with pra1∆ supernatant and water exhibited 2- and 2.5-

fold higher growth compared with zrt1∆ cultures, respectively. These data are in 
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an agreement with a model whereby Zrt1+ cells benefit from the addition of Pra1-

containing supernatant.  

After seven days of incubation, there was a 20% non-significant difference 

between the growth of wild-type cultures supplemented with concentrated 

supernatant of wild type or mCherry-Pra1 compared with cultures supplemented 

with supernatant of pra1∆ or water. The enhancement of growth for wild-type 

cultures supplemented with pra1∆ supernatant or water compared with zrt1∆ 

cultures was due to activity of native zincophore system. Wild-type cultures 

supplemented with wild-type and mcherry-Pra1 supernatant exhibited 3- and 4.7-

fold higher growth compared with zrt1∆ cultures respectively. Similarly, there was 

a 3.4- and 4.2-fold significant difference between the growth of wild-type cultures 

and zrt1∆ supplemented with wild-type and mCherry-Pra1 concentrated 

supernatant, respectively. Moreover, in day seven zrt1∆ cultures did not show 

any statistically significant difference in growth, and had not grown compared to 

day four.  
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Figure 6.6 Western blot analysis confirming concentration of Pra1 from 

culture supernatant. C. albicans cells were cultured in LZM buffered to pH 7.4. 

Then, culture supernatant was filter-sterilised using a 0.2 µM filter and 

concentrated using Pierce protein concentrator PES, 10K MWCO by 

centrifugation. Concentrated supernatant was run on 4-12% NuPAGE Novex Bis-

Tris pre-cast gel (Invitrogen) using MOPS-SDS running buffer. mCherry-Pra1 

from culture supernatant was detected using anti-mCherry antibody (lane 1 and 

2). The positions of molecular weight markers are indicated by arrow on the left. 

 

 

 

 

 

 

 



181 
 

 

 

 

 

Figure 6.7 Zrt1 is required for Pra1-mediated increased fitness under zinc-

limitation. C. albicans wild-type and zrt1∆ strains were zinc-starved by growing 

in SD media overnight. Cells were washed twice in 1 mM EDTA, twice in MilliQ 

water, and then grown O/N in SD0. Cells were washed and OD600 0.05 were 

inoculated into 96-well plates containing LZM buffered with 50 mM HEPES pH 

7.4. These cultures were then supplemented with 10 µg/ml of protein which had 

been previously prepared by concentrating the supernatant of 10 days LZM pH 

7.4 cultures of indicated strains. Plates were incubated at 30°C statically, and 

OD600 measured at day 4 and 7. One-way ANOVA test, **** p <0.0001, *** p < 

0.001. ** p < 0.01, * p < 0.05, n = 6.  
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 In order to increase our knowledge about how secreted Pra1 restores 

growth (e.g. Figure 6.7) and interacts with fungal cells, C. albicans  wild-type, 

pra1∆, zrt1∆ and pra1∆/zrt1∆ strains were zinc-starved and incubated into LZM 

buffered to 50 mM HEPES pH 7.4 at 37ºC for 6 days to induce expression of Zrt1 

at the cell surface. Following this incubation, the concentrated, sterile mCherry-

Pra1 supernatant was added to cultures and incubated O/N. Cultures were 

washed and tested under a DeltaVision imaging system (Figure 6.8a and b).  

mCherry-Pra1 was observed on (Zrt1+) wild-type and pra1∆ mutants; 

however, there was no fluorescence observed on cells of mutant strains lacking 

the zincophore receptor Zrt1 (i.e. zrt1∆ and zrt1∆/ pra1∆).  In addition, to control 

for possible background fluorescence, all tested strains were incubated O/N with 

water as a control. There was no detectable fluorescence on these cells, (Figure 

6.8b) demonstrating that the fluorescence observed in (Figure 6.8a) was due to 

the addition of mCherry-Pra1. Collectively, these data support a model whereby 

Pra1 which has been secreted by a cell, binds back to the fungus via Zrt1. It also 

suggests that this is the sole cell surface receptor under this tested condition. 
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(a) 
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(b) 

Figure 6.8 Pra1 re-associates to the C. albicans cell surface via Zrt1. Six day 

old C. albicans cultures grown in LZM buffered with 50 mM HEPES pH 7.4 were 

supplemented with (a) sterile concentrated mCherry-Pra1. Cells were then 

incubated overnight, washed three times in PBS and visualised using a 

DeltaVision microscope. Wild-type and pra1∆ strains encoding native ZRT1 

showed cell surface fluorescence while zrt1 mutants did not show any 

fluorescence. (b)  All tested strains were incubated O/N with water as a control. 
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6.2.6 The Pra1 C-terminus is important for interaction with Zrt1  

 Until this point of research, the computational and experimental data 

support a model whereby the C-terminus of Pra1 is a crucial component for Pra1-

Zrt1 interaction and reassociation. The synthetic C-terminus peptide was 

designed to cover 29 terminal amino acids (Figure 6.9a). To investigate this 

hypothesis in greater detail, zinc-starved C. albicans wild-type and zrt1∆ strains, 

subsequently inoculated at OD600 0.05 into LZM buffered with 50 mM HEPES pH 

7.4. These were supplemented with either 0.1 mg/ml synthetic C-terminus 

peptide or water as a control. Optical density at 600 nm was measured after two 

and four days (Figure 6.9b).  

After two days of incubation, wild-type culture supplemented with C-

terminus showed a significant two-fold higher growth compared with zrt1∆ 

cultures, whilst cultures supplemented with water did not show any enhanced 

growth.  

After four days of incubation, there was no significant growth difference 

between wild-type supplemented with C-terminus or water, presumably due to 

expression of native Pra1 and zincophore activity by wild-type cells. In contrast, 

zrt1∆ cultures grew poorly at 40% lower density than did the wild-type even after 

four days.  

These data clearly show that the C-terminus promotes growth of (Zrt1+) 

wild-type cells, indicating that this region (Figure 6.9a) has the ability to bind zinc 

and interacting with Zrt1 (zincophore receptor), ultimately supporting growth of C. 

albicans under alkaline zinc-limited conditions.    
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(a) 

 

 

(b) 

Figure 6.9 The synthetic C-terminus peptide enhances growth of wild-type 

C. albicans but not zrt1∆. (a) The synthetic C-terminus of Pra1 peptide was 

designed (the black box). Cysteine residues are highlighted in red, while histidine 

residues are highlighted in in blue. (b) Wild-type and zrt1∆ strain cultures grown 

in LZM buffered with 50 mM HEPES pH 7.4 were supplemented with 0.1 mg/ml 

C-terminus peptide. Following two days of incubation, wild type culture showed 

significant higher growth compared with zrt1∆ mutant cultures supplemented with 

C-terminus peptide and control cultures supplemented with water. Moreover, 

after four days of incubation, there was no growth difference between wild type 

cultures supplemented with water and C-terminus peptide, while zrt1∆ mutant 

cultures showed significant lower growth compared with wild-type cultures 

supplemented with C-terminus peptide.  One-way ANOVA test, * p < 0.05, n = 6. 
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6.2.7 The N-terminus of Zrt1 is important for Pra1 cellular association 

Having investigated the role of the C-terminus of Pra1 for the functionality 

of zincophore system, the role of the N-terminus of Zrt1 was next addressed. 

Before starting this task, two genetic constructs were generated. Homozygous C. 

albicans zrt1∆/ pra1∆ was complemented with a single copy of [ZRT1 mCherry 

PRA1]; this construct was used as an isogeneic control strain. In parallel, another 

genetic construct was generated lacking 163 N-terminal amino acid-coding 

region of ZRT1, after the signal peptide. The strains were zinc-starved and 

incubated into LZM buffered with 50 mM HEPES pH 7.4 at 37ºC for 6 days to 

induce expression of zincophore system genes and ensure robust adherence of 

C. albicans hyphae to the wells. Following incubation, the total fluorescence of 

the cultures was measured, and then the supernatants were collected to measure 

secreted Pra1. The hyphae were then washed three times in PBS, and the 

fluorescence of cell-associated mCherry was measured (Figure 6.10).  

Importantly, total normalised mCherry fluorescence was equivalent 

between the two cultures indicating that modification of Zrt1 does not affect Pra1 

expression. Intriguingly, for the strain complemented with the complete 

zincophore locus, 68.94% of the Pra1 pool was cell-associated, while 31.06% 

was released into the supernatant. On the other hand, for strain lacking the N-

terminus of the Zrt1, 33.94% of total Pra1 was cell-associated, while majority of 

mCherry-Pra1 fluorescence (66.05%) was detected in the supernatant. 

Therefore, the deletion of N-terminus from Zrt1 reduced cellular association of 

secreted Pra1. These data strongly suggest that in C. albicans, most of the 

secreted Pra1 to extracellular environment associates with the fungal surface via 

binding to the N-terminus of Zrt1. 
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Figure 6.10 The N-terminus of Zrt1 is important for cellular association of 

Pra1. Indicated strains were zinc-starved, then 106 cells were grown in LZM 

buffered to 50 HEPES pH 7.4 for 6 days. From each well, supernatant was 

transferred to a clean well and hyphae were washed three times in PBS. Next 

fluorescence was measured. 68.94% of mCherry-Pra1 fluorescence of C. 

albicans strain zrt1∆ / pra1∆ + ZRT1 mCherry-PRA1 was cell-associated, while 

majority of mCherry-Pra1 fluorescence (66.05%) was secreted to the surrounding 

environment in strain lacking the N-terminus of Zrt1, n = 6. 

 

 

 

 

 

 

 



189 
 

6.2.8 Zincophore system and C. albicans virulence  

Previous works have shown that C. albicans Pra1 interacts with various 

immune system factors. However, a pra1∆ mutant was shown to be hyper-virulent 

in an animal model (Soloviev et al., 2011). These authors concluded that the 

hyper-virulence of pra1∆ mutant strain was due to reduced recognition and 

clearance of the mutant by host neutrophils. Soloviev pre-cultured the strains in 

YPD which contains 29 µM zinc (Wehmeier et al., 2020). Alamir (in preparation) 

showed that C. albicans can store zinc from the preculture and sequentially utilise 

it to grow.   

To explore the role of Pra1 in C. albicans virulence, wild-type, pra1∆ and 

complemented strains were pre-starved for zinc then injected into G. mellonella 

larvae. Figure 6.11a shows that after 10 days of incubation, 100% mortality was 

observed for larvae infected with wild-type and pra1∆ strains complemented with 

mCherry-tagged Pra1. In contrast, only 30% of larvae infected with pra1∆ strain 

were killed, thereby suggesting an attenuated virulence for pra1∆ mutant strain 

compared with wild-type (p = 0.0008) and mCherry-tagged Pra1 strain (p = 

0.0015), but not PBS control (p = 0.2719).  

On the other hand, pre-culturing strains with 25 µM zinc clearly reduced 

time of killing G. mellonella larvae (i.e. 100% mortality by 5 days instead of 10 

days). Strikingly, all three strains exhibited virtually identical survival curves; both 

pra1∆ and complemented strain (mCherry-tagged Pra1) showed 100% mortality 

with no differences compared with wild-type (p = 0.6126 and p = 0.4463), 

respectively. This important observation suggests that, if C. albicans cells are 

precultured in the presence of zinc, they can store and subsequently utilise this 

reserved zinc to kill their host without the need to acquire zinc from their host. It 



190 
 

also demonstrates that, if C. albicans does not have intracellular zinc reverses, 

that Pra1 is crucial for virulence.    

Given that Pra1 is required for C. albicans virulence, the importance of 

Zrt1 for virulence in Galleria was next addressed by infecting larvae with 105 zinc 

pre-starved cells of wild type, zrt1∆ and zrt1∆+ZRT1. The survival model showed 

that the zrt1∆ strain has significant less ability to kill Galleria larvae compared 

with wild-type (p = 0.0013) and complemented strain (p = 0.0432) (Figure 6.11b). 

Next, I assayed the effect of deleting both elements of the zincophore 

system on C. albicans virulence. Data showed that larvae infected with strain 

lacking both ZRT1 and PRA1 showed significantly reduced mortality compared 

with strain encoding zincophore (p = 0.0071), while complemented strain showed 

non-significant differences in mortality compared with wild-type (p = 0.36) (Figure 

6.11c). There was no significant difference in survival amongst Galleria larvae 

infected with pra1∆, zrt1∆ or zrt1∆/pra1∆ strains, suggesting that the two 

zincophore components function in concert in vivo. 

  Collectively, these findings reveal the importance of Zrt1 and Pra1 for 

scavenging zinc from G. mellonella larval tissue, and thus contributing to 

virulence of C. albicans during infection under zinc-limited conditions. 
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(c) 

Figure 6.11 Components of the zincophore system (Zrt1 and Pra1) are 

important for C. albicans pathogenicity. Indicated strains were zinc-starved, 

then 105 cells were injected into G. mellonella larvae. Each tested strain was 

injected into 10 larvae and then incubated at 37ºC and monitored every 24 h. (a) 

After 10 days of incubation, larvae infected with wild-type and pra1∆ + mCherry-

Pra1 strains showed statistically significant higher mortality reaching (100%) 

while larvae infected with pra1∆ strain showed 30% mortality, indicating 

attenuated virulence compared with wild-type (p = 0.0008) and mCherry-tagged 

Pra1 strain (p = 0.0015), but not PBS control (p = 0.2719). All strains pre-cultured 

in the presence of zinc exhibited greater virulence. Furthermore, (b) larvae 

infected with zrt1∆ strains showed significantly lower mortality of larvae compared 

with wild-type (p = 0.0013) and complemented strain (p = 0.0432). While (c) 

larvae infected with double-mutant strain (zrt1∆/pra1∆) exhibited 40% mortality (p 

= 0.0071) compared with those infected wild-type. Significance of survival curve 

was examined using Log-rank (Mantel-Cox) test. 
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Having established the importance of zincophore system components for 

C. albicans virulence, the role of C-terminus of Pra1 and N-terminus of Zrt1 in the 

functionality of the zincophore system during infection were tested. By the end of 

incubation period, G. mellonella larvae injected with strain encoding the complete 

version of PRA1 showed 100% mortality while larvae infected with strain 

expressing  truncated C-terminus version of PRA1 showed 40% mortality (p =  

0.013), thereby indicating reduced virulence compared with strain expressing 

native Pra1 (Figure 6.12a).  Similarly, truncation of N-terminus of ZRT1 reduced 

C. albicans virulence; larvae infected with this strain showed 40% mortality 

compared with strain expressing native Zrt1 (p = 0.0009) (Figure 6.12b). 

Collectively, truncation of C-terminus of Pra1 or N-terminus of Zrt1 

reduced virulence of C. albicans. These data showed the importance of these 

disordered regions for functionality of the zincophore system during infection of 

G. mellonella tissues. 
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(a) 

 

(b) 

Figure 6.12 Both C-terminus of Pra1 and N-terminus of Zrt1 are important 

for virulence. Indicated strains were zinc starved, then 105 cells were injected 

into G. mellonella larvae. Each tested strain was injected into 10 larvae and then 

incubated at 37ºC and monitored every 24 h. Following incubation, (a) larvae 

infected with pra1∆ + mCherry-Pra1 strains showed statistically higher mortality 

(100%), while larvae infected with strain lacking C-terminus of Pra1 showed 30% 

mortality (p = 0.013). Furthermore, (b) larvae infected with strains  lacking N-

terminus of Zrt1 showed significantly lower mortality of larvae compared with wild-

type (p = 0.0009); Log-rank (Mantel-Cox) test. 
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6.3 Discussion 

In a previous work published by Citiulo and colleagues (2012), a model 

was proposed that Zrt1 is a receptor for the Pra1 zincophore. Using a His-tagged 

Pra1 and anti-His antibody-based protocol, zrt1∆ did not show any fluorescence 

compared with wild-type. Hereby, I took advantage of the short maturation time 

and photostability of the mCherry tag and generated mCherry-fused Pra1. 

Deletion of ZRT1 reduced cell-associated Pra1 pool three-fold when compared 

with control strain (i.e. pra1∆ + mCherry-Pra1) (Figure 6.3). These qualitative data 

revealed the importance of Zrt1 as a receptor for Pra1. 

  It is well known that the fungal vacuole is a major site for storage and 

detoxification of metal ions (Klionsky et al., 1990). The current study indicates 

that Pra1 can become vacuole-localised under excess zinc conditions (Figure 

6.4). In this work, a novel role of Pra1 was demonstrated as part of a zinc 

homeostasis mechanism under excess zinc condition. Similarly, in the model 

yeast S. cerevisiae, global analysis for protein localisation showed that Zps1 (a 

Pra1 orthologue) can be found in the vacuole as well as at the surface (Huh et 

al., 2003). Nonetheless, although data in the previous chapter could not support 

any role of Pra1 under excess zinc conditions (Figure 5.3), there was a non-

significant difference in growth between wild-type and pra1∆ strain. However, the 

incubation period was only two days, which may not allow accumulation of 

sufficient levels of Pra1 to detoxify zinc. It is equally plausible that other zinc 

detoxification mechanisms were activated or overexpressed to tolerate zinc 

toxicity. A more in depth view on amino acids sequence of Pra1 revealed the 

presence of 13 histidine and 9 cysteine residues, these amino acid residues are 

likely involved in metal chelation under both limited and excess metal conditions 
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(Figure 6.13). Thus, Pra1 may play a minor function to protect C. albicans from 

zinc toxicity. 

Bioinformatics analysis (Chapter 3) showed that Pra1 orthologues have 

two highly conserved amino acid motifs i.e. H178RXXH182 and the C-terminus. 

Within this chapter, it was shown that deletion of C-terminus from Pra1 

significantly reduced cellular Pra1 association to Zrt1 (Figure 6.5). Thus, these 

findings suggest that C-terminus of Pra1 is critically needed for Zrt1-Pra1 

interaction. 

Also, it was demonstrated that secreted Pra1 can bind back to the fungal 

cell surface in a Zrt1-dependent manner (Figure 6.3). Indeed, addition of 

exogenous Pra1 to wild-type C. albicans and zrt1∆ cultures resulted in enhancing 

growth of wild-type, but not mutant strain (Figure 6.7), indicating that Zrt1 is the 

sole receptor for Pra1 re-association. Citiulo and colleagues (2012) showed that 

Pra1 can bind to zinc ions. Therefore, it is likely that after addition of exogenous 

Pra1 to culture media, Pra1-zinc complexes formed and were then delivered back 

to the fungal cell via Zrt1 to support growth under zinc-limited condition. 

Moreover, work of Crawford et al (2018) showed that C. albicans encodes two 

plasma membrane zinc transporters: Zrt1 and Zrt2. In contrast, A. fumigatus 

encodes three zinc transporters localised at the plasma membrane (ZrtA-ZrfC), 

and, from a pathological perspective, ZrfC (the CaZrt1 orthologue), is a master 

zinc transporter for scavenging zinc from alkaline zinc-limiting lung tissues (Amich 

et al., 2014; Wilson., 2015).  

In this chapter, computational tools were used to understand Zrt1-Pra1 

interaction in more depth. The interaction model predicted that the N-terminus of 

Zrt1 is an important motif implicated in Pra1-Zrt1 interaction (Figure 6.1). 
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Moreover, disordered region analysis predicted the importance of both the C-

terminus of Pra1 and the N-terminus of Zrt1 for interaction between zincophore 

components (Figure 6.2). Based on these computational analyses, molecular 

constructs were generated to test this hypothesis. As mentioned earlier in this 

section, truncation of the conserved C-terminus of CaPra1 interfered with 

interaction between Zrt1 and Pra1.  

Indeed, it was shown that supplementing zinc-limited culturing media with 

synthetic C-terminus peptide alone enhanced the growth of wild-type C. albicans 

but not zrt1∆ mutant strain (Figure 6.9). This finding suggests that the C-terminus 

can bind zinc and re-associate to the fungal cell surface, even though it is 

comprised of only 29 amino acids, which is around one tenth of the length of the 

full-length Pra1 sequence. Similarly, Work of Moyes et al., (2016) showed that 

Candidalysin peptide segment Ece162-93 has full toxin activity and is responsible 

for epithelial cell damage, noting that Ece1 is 271 amino acids residues long. 

Although Pra1 and Ece1 have different functions, a segment of both proteins was 

able to perform the function of the full protein sequence. This suggest that rest 

residues of Pra1 may play other role, such as preventing undesirable binding of 

Pra1 to intracellular zinc within C. albicans cell during protein translocation.  

  I also tested the importance of N-terminus of the Zrt1 zincophore receptor 

for Pra1-Zrt1 interaction. Deletion of this motif resulted in significant reduction of 

cell-associated Pra1 pool in C. albicans (Figure 6.10). Therefore, these findings 

indicate a crucial role for disordered regions in N-terminus of Zrt1 for re-

association of Pra1-Zn complex to the fungal cell surface.       

One of the most important aspects for pathogenic microorganisms for 

causing a disease is to utilise nutrients from host tissue. Therefore, in this 
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chapter, for the first time, the importance of zincophore components to C. 

albicans virulence was addressed under zinc-limitation. In summary, the deletion 

of either Zrt1, Pra1 or both attenuated C. albicans virulence to the same degree 

(Figure 6.11). This finding indicates a role for Pra1 in scavenging zinc from 

Galleria tissues under zinc-limited conditions. Similarly, work of Kujoth and 

colleagues (2018) showed that disruption of PRA1 and ZRT1 attenuated organ 

colonisation by Blastomyces dermatitiidis in a mouse infection model.  

Next, I investigated whether disordered motifs in zincophore system (i.e. 

C-terminus of Pra1 and N-terminus of Zrt1) play any roles in C. albicans virulence. 

Using Galleria infection model, data revealed attenuated virulence for strains 

lacking these disordered motifs, confirming their role in delivering zinc to fungal 

cells to support growth and consequently affecting the ability of C. albicans to 

cause disease (Figure 6.12).  

A detailed analysis of amino acids sequence in these crucial regions 

elucidated presence a metal chelation motif in C-terminus of Pra1 i.e. 

HCHXHX5HC. Strikingly, the N-terminus of Zrt1 contains three putative metal 

chelation motifs: one CHXHX4HCX5H motif and two CHXHX5H motifs (Figure 

6.13). On the other hand, Zrt1 lacks the metalloprotease-like HRXXH motif. This 

motif is located in a pocket between β-sheet and α-helix structures of Pra1 (Figure 

6.1e). 
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Figure 6.13 Metal chelation motifs in the zincophore system. Amino acid 

sequence for (a) Pra1 with indicated HRXXH and HCHXHX5HC motifs, and (b) 

Zrt1 with three metal binding motifs at the N-terminus i.e. CHXHX4HCX5H and 

CHXHX5H. Note: cysteine residues are highlighted in red, while histidine residues 

are highlighted in blue.  

 

In this work it was shown that the N-terminus of CaZrt1, extends length of 

184 amino acids and is required for C. albicans virulence in a Galleria infection 

model. Work of Amich et al. (2014) documented that in A. fumigatus, the N-

terminus of ZrfC, a CaZrt1 orthologue, is essential for zinc assimilation from lung 

tissues.  In A. fumigatus, unlike ZrfC, both ZrtA and ZrtB, zinc transporters are 

highly expressed under acidic conditions, and these transporters lack N-terminal 

extracellular regions. Similarly, CaZrt2 (the orthologue of AfZrfB) is expressed 

under acidic conditions, and lacks the N-terminus motif. In summary, the N-

terminus of CaZrt1 plays a crucial role in Pra1 cellular association under 

neutral/alkaline zinc-limited condition. The data presented in this chapter 

therefore support a model whereby secreted Pra1 binds zinc (at least partially 

though its C-terminus) and that secreted Pra1 docks with Zrt1 via their respective 

C- and N- termini.  

From the perspective of nutritional immunity, during infection the immune 

system induces metal restriction to inhibit microbial growth, and this leads to the 
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expression of gene(s) associated with metal-limitation. In A. fumigatus, zinc 

deprivation induced by calprotectin is counteracted by expression of ZrfC (Amich 

et al, 2014). Similarly, calprotectin upregulates the expression of PRA1 and ZRT1 

during C. albicans infection of mice kidneys (Besold et al., 2018). Indeed, CaPra1 

was detected at various levels in patients’ serum with systemic candidiasis 

(Sepúlveda et al., 1998). Similarly, antibodies against Aspf2 and Aspnd1, Pra1 

orthologues in A. fumigatus and A. nidulans, respectively, were detected in the 

serum of the majority of aspergillosis patients (Calera et al., 1997; Banerjee et 

al., 1998; Segurado et al., 1999). Therefore, it appears that fungal pathogens 

have evolved zincophore systems to escape zinc-limitation derived by nutritional 

immunity, and these are expressed in human hosts. In summary, this chapter has 

shown a molecular dissection of the role of the zincophore system in zinc 

homeostasis and pathogenicity of C. albicans.  
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Chapter 7: Adaptation of C. albicans and C. parapsilosis secretomes in 

response to different pH and zinc conditions  

7.1 Introduction  

The ability of Candida species to colonise host tissues is highly dependent 

on the secretion of versatile factors such as secreted aspartic proteinases (Saps), 

lipase and phospholipases, all of which may contribute to the degradation of host 

tissues, cell wall integrity maintenance, nutrient acquisition and immune evasion 

(Gil-Bona et al., 2015; Schaller et al., 2005). Previous studies on the C. albicans 

secretome have revealed dynamic changes in the identity and quality of secreted 

proteins as an adaptation to versatile environmental conditions (Sorgo et al., 

2010; Sorgo et al., 2011).  

Saps are well-characterised in C. albicans. They are also secreted by C. 

parapsilosis, (and other fungi) but their role as virulence factors in this fungus 

remains unclear (Kuriyama et al., 2003; Zaugg et al., 2001). pH is a strong 

regulator of Saps secretion. Previous reports have shown optimal expression of 

Sap1-3 in superficial infections (slightly acidic pH), whereas expression of  Sap 

4-6 was optimal in systemic candidiasis (pH 7.2) (Hube and Naglik., 2001; 

Schaller et al., 1998; Zlotogorski., 1987).  

The work of Sentandreu et al. (1998) showed that PRA1 expression was 

highly responsive to the pH of culture media; the highest expression was at 

alkaline pH whilst no expression was detected below pH 6. Moreover, deletion of 

RIM101 from the C. albicans genome reduced the expression of PRA1 under 

alkaline condition (Davis et al., 2000). 

Several important C. albicans proteins, that possess a signal peptide, are 

secreted through the conventional (classical) secretory pathway (CSP), including 
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pathogenicity-associated Saps and phospholipases (Schaller et al., 2005), and 

cell wall synthesis enzymes, such as Xog1 (an exo-1,3-β-glucanase) and Eng1 

(an endoglucanase) (Chamber et al., 1993; Del Mar et al., 1997; Esteban et al., 

2005). Indeed, GPI-anchored proteins (e.g. Ecm33) are secreted through the 

CSP (Martinez-lopez et al., 2004). In contrast, another study showed that three 

known classes of proteins lacking signal peptides were detected in the C. 

albicans secretome. These were secreted through a nonconventional secretory 

pathway, and include: translation elongation factors, heat shock proteins and 

glycolysis enzymes (enolase and aldolase) (Nombela et al., 2006). 

During the invasion of human body tissues, pathogens encounter 

fluctuating pH and zinc levels. Whilst the effect of pH on C. albicans secretome 

has been investigated, the dual effect of pH and zinc remain unclear. This chapter 

aims to better characterise how the variation of pH and zinc levels affects the 

growth of the common pathogens C. albicans and C. parapsilosis. Additionally, 

this chapter explores and models the adaptation of the C. albicans secretome 

against several pH and zinc environmental conditions and compares it with that 

of the C. parapsilosis secretome. Importantly, C. parapsilosis lacks PRA1 in its 

genome. 
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7.2 Results 

7.2.1 Competition assay between C. albicans and C. parapsilosis  

Many Candida species are members of the Debaryomycetaceae family; 

some species like C. albicans, C. tropicalis and C. maltosa encode PRA1, the 

protein product of which plays a crucial role in zinc scavenging under alkaline 

limited-zinc conditions. In contrast, C. parapsilosis, C. orthopsilosis and several 

other Candida spp. lack orthologue of the PRA1 gene. To understand how 

Candida species have developed zinc assimilation mechanisms that facilitate 

their optimal grow under various pH and zinc conditions, C. albicans and C. 

parapsilosis were grown in competition cultures under acidic and alkaline 

conditions either with or without zinc. Next, cells were spread out on differential 

Candida media (CHROMagar). After four days of incubation, colony forming units 

were numbered. Colonies from different Candida species on CHROMagar can 

be discriminated based on their different colour.    

  In mono-culture controls, C. albicans and C. parapsilosis grown under 

zinc-limited (alkaline and acidic) conditions showed similar growth, interestingly 

addition of zinc to the culture increased the growth. In competition cultures with 

alkaline pH supplemented with 25 µM Zn, C. parapsilosis exhibited 3.38-fold 

higher growth compared with to C. albicans. Indicating that, under zinc-replete 

conditions, C. parapsilosis has a fitness advantage in this type of media. Under 

limited zinc condition, however, C. albicans exhibited 1.88-fold higher growth than 

C. parapsilosis (Figure 7.1a). On the other hand, competition cultures for strains 

grown in acidic condition supplemented with 25 µM Zn showed 1.5-fold higher 

growth of C. parapsilosis compared with C. albicans, while in competition cultures 

grown in acidic zinc-limited condition, C. albicans exhibited 1.89-fold enhanced 

growth compared with C. parapsilosis (Figure 7.1b). 
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Therefore, under zinc-limited conditions (both acidic and alkaline pH), C. 

albicans grows better compared with C. parapsilosis. Supplementing cultures 

with 25 µM Zn, on the other hand, enhanced the ability of C. parapsilosis to 

compete and grow compared with C. albicans. These data suggest that C. 

albicans has evolved sophisticated zinc assimilation mechanisms, which allow 

more efficient zinc delivery to C. albicans under zinc-limited conditions compared 

with C. parapsilosis. On the other hand, the latter competes better when zinc is 

available. In (Figure 7.1a), it is likely that Pra1 contributes toward the increased 

fitness of C. albicans at low zinc and neutral/alkaline pH. Interestingly, C. albicans 

also had an increased fitness in low zinc acidic co-culture. This was less expected 

because C. parapsilosis has undergone triplication of the ZRT2 gene (Wilson., 

2015), which is crucial for C. albicans growth under acidic conditions (Crawford 

et al., 2018).  
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(a) 

 

 
(b) 

 

Figure 7.1 Competition assay between C. albicans and C. parapsilosis 

under different pH/ zinc conditions. Tested strains were pre-cultured in SD 

overnight. Cells were then zinc-starved by washing twice in 1 mM EDTA. Cell 

density was adjusted to OD600 = 0.1 in SD0 pH 7.4. Another group was washed in 

water and then grown in SD0 supplemented with 25 µM zinc pH 7.4 (a), the same 

protocol was repeated and cells were incubated in culture media at pH 4.8 (b). 

Both groups were incubated at 30oC for four days. Cells were diluted and spread 

out on CHROMagar. After three days of incubation, in competition cultures 

supplemented with 25 µM zinc, C. parapsilosis exhibited significantly higher 

growth than C. albicans under both alkaline (p < 0. 0001)  and acidic condition (p 

< 0.0001), while under zinc limited condition C. albicans has significant higher 

growth under alkaline (p < 0.0001) and acidic condition (p < 0.0001), Student t-

test, **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, all experiments were 

performed in n = 6. 
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7.2.2 Secretome analysis of C. albicans and C. parapsilosis 

Fungal cells secrete a wide range of proteins to survive different 

environmental niches in the host’s body. This thesis and the previous study of 

Citiulo (2012) indicate that the secreted Pra1 is important for C. albicans fitness 

under zinc-limited, neutral/alkaline conditions. The aim of this section is to dissect 

how C. albicans and C. parapsilosis (a natural pra1∆) adapt their secretome 

against versatile pH and zinc conditions.  

Both yeasts were cultured under four conditions: LZM media buffered with 

50 mM HEPES to pH 7.4 and LZM buffered with 50 mM MES to pH 4.8, both 

either supplemented with 100 µM Zn+2 or without zinc. In Chapter 5, it was shown 

that C. albicans can actively raise the pH of LZM media, therefore to maintain 

acidity, all media were buffered and pH were checked before and after culture. 

Supernatant was filter-sterilised, and proteins were concentrated with 10 K 

MWCO. Next, proteins in the samples were identified using (LC-MS; University 

of Aberdeen Proteomics Facility). The total identified proteins were filtered using 

the pipelines described by (Lee et al., 2003; Sorgo et al., 2010), as the following: 

1) the presence of secretory N-terminal signal peptides was investigated using 

SignalP 5.0 webserver; and then 2) proteins with signal peptide were investigated 

for transmembrane integration using (Candida Genome Database); finally 3) the 

GO annotation/localisation for each protein was examined using (Candida 

genome database).  
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7.2.2.1 The impact of pH and zinc on the C. albicans secretome 

The proteins that were identified in the C. albicans secretome under the 

four tested conditions are summarised in Table 7.1S, and their function 

annotation summarised in Table 7.2S. To understand the properties of the C. 

albicans secretome in comparison between alkaline and acidic conditions, and to 

further understand how availability of zinc alters the secretome, a semi-

quantitative analysis was performed (see Materials and Methods). Moreover, 

proteomics data were analysed using Venny 2.1 (Figure 7.1S and 7.2S). 

Under alkaline zinc-limited condition, 75 proteins were identified in total 

from the C. albicans secretome. Strikingly, Pra1 represented 74.11% of the total 

secretome, whereas Mp65 represented 9.99%, followed by Sun41 and Tos1 

(representing 3.24% and 2.54% respectively). Together, therefore these four cell 

proteins constituted 90% of the total secretome. Similarly, cell wall-related 

proteins accounted for most proteins identified in the C. albicans secretome when 

cells grown in LZM pH 7.4 +100 µM of Zn. In this condition, Mp65 was identified 

as the most abundant protein in the secretome (42.52%), followed by Tos1, 

Sun41 and Pra1, the abundance of which was 10.33%, 10.07% and 8.07%, 

respectively. Notably, addition of zinc to LZM buffered with 50 mM HEPES to pH 

7.4 reduced Pra1 levels by 10–fold.  

On the other hand, when C. albicans cultured in LZM pH 4.8 the most 

abundant protein was Mp65 accounted for 28.74% of the secretome, whereas 

Pra1, Sun41 and Als3 account for 25.86%, 12.85% and 6.45% respectively. 

Furthermore, some of the highly abundant cell wall proteins secreted under 

alkaline condition, including Bgl2, Xog1 and Tos1, were also expressed under 

acidic conditions. More so, the adhesin protein family was highly abundant in the 

secretome of C. albicans grown in acidic media. Als3, Als4 and Als5 constituted 
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6.45%, 4.32% and 2.54% of the C. albicans secretome, respectively. These 

proteins were also identified in LZM pH 7.4 lacking zinc, but at a lower 

abundance.  

Addition of zinc to acidic LZM resulted in a drastic decrease in Pra1 

secretion (0.6651% of total secretome). The most abundant identified proteins 

were: Tos1, Mp65, Ywp1, Sun41 and Utr2, with abundance of 16.06%, 12.31%, 

11.33, 8.1% and 6.65%, respectively. Moreover, addition of zinc to C. albicans 

culture media (to both acidic and alkaline) increased the abundance of Ywp1.  

The proteomics data showed that Pra1 abundancy was highly fluctuated. 

Interestingly, Pra1 abundance increased 39–fold for C. albicans cultured in LZM 

buffered with 50 mM MES to pH 4.8 when compared to cultures supplemented 

with zinc. Moreover, Pra1 levels increased three–fold for C. albicans cultured in 

LZM buffered with 50 mM HEPES to pH 7.4 when compared to C. albicans 

cultured in LZM buffered to pH 4.8.  

Collectively, these data strongly advocate an impact for pH and zinc in the 

surrounding environment on the quantity and quality of the C. albicans 

secretome. 
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7.2.2.2 The impact of pH and zinc on the secretome of C. parapsilosis  

C. parapsilosis is a natural pra1∆ null. Having shown that the high 

abundance of C. albicans Pra1 (Table 7.1S) and its importance for growth under 

zinc limitation at neutral pH, it was important to determine how C. parapsilosis 

responded - i.e. would this fungus express an alternative zinc binding protein? 

The secretome of C. parapsilosis was therefore investigated using the same 

conditions, protocol and pipeline to identify secreted proteins. The full data is 

summarised in Table 7.3S. Proteomics data were analysed using Venny 2.1 

(Figure 7.3S and 7.4S). 

Under alkaline conditions, Mp65 was the most abundantly expressed 

protein, constituting 24.48% and 30.33% of total proteins secreted in media either 

lacking or supplemented with zinc, respectively. Unlike Mp65 in the secretome of 

the C. albicans, which remain very high at acidic pH, the abundance of Mp65 was 

significantly affected by the acidity of LZM. It was reduced to 0.78% of total 

protein in the LZM pH 4.8; addition of zinc to the media decreased the abundance 

of Mp65 further to 0.148%. The cell wall-related proteins Xog1, Rbt4, Rbt1, Sim1 

and Coi1 were the most highly abundant proteins detected in the secretome 

under alkaline zinc-limited conditions (representing 12.63%, 10.14%, 3.83%, 3.62 

and 3.35%, respectively, of total secreted protein).  

Similarly, cell wall-related proteins constituted the majority of proteins 

identified in the C. parapsilosis secretome when grown in LZM pH 7.4 + 100 µM 

Zn. Proteins identified with the highest abundance were: Mp65, Cht2, Sim1, Rbt4, 

Pga30 and Rbt1, with individual abundances comprising 29.98%, 13.13%, 

7.69%, 7.13% 4.01% and 3.69% of the total secretome, respectively.  
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Interestingly, under alkaline zinc limited culture condition, the 

uncharacterised protein CPAR2_106910 constituted 9.14% of total protein; 

supplementing media with 100 µM zinc deceased its abundance to 1.62%, 

suggesting that it is zinc responsive. Moreover, under acidic conditions, it was the 

most abundant secreted protein in the supernatant (21.2%). Again, addition of 

zinc to the media, reduced its ratio to 10.27% and represented the second 

abundant secreted protein. 

In total, 71 proteins were identified in the secretome of C. parapsilosis 

cultured in LZM pH 4.8. Most of the highly expressed proteins were cell wall-

related proteins. However, CPAR2_106910 represented 21.2% of the secretome, 

while Xog1, Cht2 and Rbt4 represented 9.23%, 7.94% and 6.76%, respectively. 

On the other hand, supplementing LZM pH 4.8 with 100 µM zinc effected an 

obvious impact in the identity of the expressed proteins; Cht2, a GPI-linked 

chitinase, represented 25.68% of the secretome, whereas two uncharacterised 

proteins CPAR2_106910 and CPAR2_301300 represented 10.26% and 7.27%, 

respectively. The next most abundant cell wall-related proteins were Hyr3 and 

Pga30, accounting for 6.38% and 5.53% of total secreted proteins, respectively. 

Collectively, these data demonstrate that the C. parapsilosis secretome is 

strongly influenced by pH and zinc availability in the surrounding environment. 

Apart from the obvious lack of Pra1, the overall secretome of C. parapsilosis was 

similar to that of C. albicans. Most notable was the identification of 

CPAR2_106910 which was highly abundant, particularly under zinc limitation and 

acidity. The function of CPAR2_106910 is not yet investigated. 
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7.2.3 Comparison between C. albicans and pra1∆ secretomes 

The difference between pH- and zinc-regulated secretome of C. albicans   

and C. parapsilosis are due to the absence of PRA1 in the latter, and also to the 

fact that these two species likely diverged tens of millions of years ago. Therefore 

next the impact of CaPRA1 deletion on the C. albicans secretome was next 

investigated directly. Both wild-type and pra1∆ mutant cells were zinc-starved 

and then incubated in LZM buffered with HEPES to pH7.4 (that is, Pra1 inducing 

conditions). Secreted proteins were analysed as described previously. 

Normalised data showed that deletion of PRA1 did result in alterations other than 

Pra1 absence in the C. albicans secretome. There was no detectable change in 

the ratio of both MP65 and Als3 in the tested samples. However, Tos1 in the 

pra1∆ secretome exhibited a 33% higher abundancy compared with wild-type. All 

other indicated proteins showed a decrease abundancy in the secretome of pra1∆ 

strain compared to wild-type (Figure 7.2). 
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Figure 7.2 Comparison of C. albicans wild type and pra1∆ secretome. 

Indicated stains were grown in LZM media buffered with 50 mM HEPES pH 7.4 

for 10 days. Supernatant solutions were sterilised through 0.2 µm PES 

membranes and concentrated with 10K MWCO protein concentrators. Samples 

were analysed with LC-MS. Secretome analysis of both tested strains showed a 

similar ratio for Mp65 and Als3, whereas all remaining proteins exhibited 

significant reduction in the secretome of pra1∆. The only with exception was 

Tos1, which exhibited 33% increase. 
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7.2.4 Determination of zinc-binding affinity of C. albicans Pra1 

 Having established the dominance of Pra1 under zinc limitation, the final 

goal was to estimate its zinc-binding affinity. A competition chelator assay was 

designed using gradual increasing concentrations of concentrated C. albicans 

supernatant (concentrated pra1∆ supernatant was included as negative control). 

These supernatants were added to the wells of 96-well black plate. In each well, 

10 µM of Zn+2 and 5 µM FluoZin-3 (a zinc-binding fluorophore with dissociation 

constant [Kd] = 15 nM) were added. The plate was incubated for 15 minutes in 

dark, then excitation and emission were measured. Figure 7.7 show that that the 

concentrated pra1∆ had no effect on the fluorescence intensity of FluoZin-3.This 

indicates that, in the absence of Pra1, there no other secreted protein with a high 

affinity (≥15 nM) for zinc. In contrast, wild-type concentrated supernatant 

containing 0.0788 µM Pra1 was able to reduce FluoZin-3 fluorescence intensity 

to 50% (Figure 7.3). Estimation of the Pra1 zinc-binding affinity is about (Kd= 0.5 

nM). Although a firm Kd for Pra1 cannot be drawn precisely from these 

measurements but it can be estimated. A conclusion can be drawn: because a 

sub-micromolar concentration of Pra1 was able to compete with 5 µM of FluoZin-

3, the binding affinity of C. albicans Pra1 for zinc is likely to be in the picomolar 

range.  
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Figure 7.3 C. albicans Pra1, KdZn determination. Titration of C. albicans Pra1 

against 5 µM of the fluorophore FluoZin-3 that competed for 10 µM Zn in 0.5 M 

MOPS-Tris 0.2 M KCl Cl, pH buffer pH 7. Following measuring fluorescence of 

the matrix, KdZn for Pra1 was determined, n = 6. 

 

 

 

 

 

 



216 
 

7.3 Discussion 

The opportunistic fungus C. albicans colonises various organs in the 

human body. It secretes an array of proteins to bypass the immune system and 

to adapt to environmental challenges in microniches, such as nutrient restriction 

(Sorgo et al., 2013). Although several studies have investigated C. albicans 

secretomes, none have tested the effect of pH and zinc fluctuations on the 

secretome of this yeast, and compare it to artificial (C. albicans pra1∆) and natural 

(C. parapsilosis) Pra1 auxotrophs. 

In this chapter, I have narrowed the proteomic analysis to proteins that 

possess signal peptide and lacking transmembrane region, which are secreted 

via classical secretory pathway. The majority (90%) of secreted proteins enter 

this pathway (Gil-Bona et al., 2015; Sorgo et al., 2013). Indeed, these proteins 

can be easily identified using bioinformatics tools unlike proteins secreted via 

nonconventional secretory pathway. 

Throughout this project, most experiments were performed under alkaline 

zinc-limited condition, which is known to induce the expression of the zincophore 

system. Closer analysis of the C. albicans secretome under this condition 

revealed that 75 proteins were identified (see Table 7.1S and 7.2S). Pra1 was 

the most abundant secreted protein, with an average abundance of 74.11% of 

total proteins in the supernatant. Generally, several cell wall-proteins were 

identified in culture media, including Mp65, Hyr1, Sun41, Bgl2, Tos1, Als3 and 

others. In addition, various adhesins were detected in the secretome such as 

Als3, Als4, Als5, Als1 and C1_10170W. Two superoxide dismutases, Sod4 and 

Sod5, were also identified; both are Cu/Zn-containing molecules that play roles 

in protecting fungal cells from oxidative stress. However, Sod5 expression is 

Rim101-dependent (Martchenko et al., 2004). Furthermore, several Saps were 
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identified, including Sap4, Sap5, Sap6, Sap9 and Sap99. More so, there were 16 

GPI-anchored proteins identified in the C albicans secretome. In summary, most 

abundantly identified proteins may be classified as follow: 

Cell wall related enzymes were presented according to the target material in 

cell wall 

a) Glucan targeting enzymes: β-(1,3)glucan activity enzymes, including 

Mp65, Sun41, Tos1, Scw1, Dag7, Sim1, Eng1, Bgl2 and Xog1. 

b) Chitin targeting enzymes: these enzymes contribute to chitin 

degradation, and include Cht2 and Cht3. 

Nutrient acquisition: many identified proteins are involved in utilisation of 

micronutrients  

a)   Metal acquisition proteins with zinc-binding activity, including Pra1. 

b)  Proteolytic proteins: many aspartyl proteases were identified, including 

Sap4, Sap5, Sap6, Sap9 and Sap99. 

c) Lipases: one identified protein, C6_00980C, belongs to this group. 

d) Carbohydrate metabolising enzymes:  both Gca1 and Gca2 have 

glucoamylase activity, while Hex1 is involved in N-acetylglucosamine 

catabolism.  

Others: other proteins were abundant in the C. albicans supernatant, these 

belong to the PRY family and include Rbe1, Rbt4 and Pyr1. 

Comparison of C. albicans secretomes under the four culture conditions 

(i.e. acidic and alkaline LZM, with or without zinc) demonstrated that various 

proteins were commonly secreted under all tested conditions (Table 7.1S). 

Importantly, data showed strong fluctuating Pra1 in the four investigated 

secretomes; these were crucially dependent on pH and zinc availability in culture 
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media. Under alkaline zinc-limited conditions, Pra1 represented 74.11% of the 

total identified proteins in the C. albicans secretome. In contrast, addition of 100 

µM Zn drastically reduced this ratio to 8.07%. Furthermore, under acidic zinc-

limited conditions, Pra1 constituted 25.86% of the C. albicans secretome, 

whereas its abundance was dramatically reduced to 0.66% by addition 100 µM 

Zn. These data show for the first time that zinc bioavailability and environmental 

pH together regulate Pra1 expression to the secretome, and are with agreement 

with previous transcriptomics studies (Bensen et al., 2004; Citiulo et al., 2012). 

The fluctuation of Pra1 abundancy indicates tightly regulated PRA1 expression 

via Rim101 and Zap transcription factors; addition of zinc to acidic LZM and 

neutral LZM reduced Pra1 expression 39–fold and 10-fold, respectively, indicates 

that Zap repressed Pra1 expression. In contrast, under zinc availability and zinc-

limited conditions, the Pra1 expression repressed 12-fold and 3-fold, respectively, 

when compare neutral LZM to acidic LZM, this is likely due the effect of Rim101 

transcription factor.  

Several cell wall-related proteins were detected in secretome under all 

tested conditions, including Mp65, Xog1, Sim1, Tos1, Bgl2 and Sun41. Norice et 

al., (2007) showed that Sun41 plays a role in biofilm formation and C. albicans 

virulence during both oropharyngeal and disseminated candidiasis in murine 

infection models. Indeed, the C. albicans sun41∆ mutant exhibited defects in cell 

separation and hyphae elongation (Firon et al., 2007). Importantly, deletion of 

BGL2 or XOG1 from the C. albicans genome enhanced drug susceptibility to 

fluconazole during biofilm growth (Taff et al., 2012). Work of Sorgo et al., 2012, 

identified several cell wall-related proteins in C. albicans secretomes under all 

tested experimental conditions: Mp65, Xog1, Tos1, Sun41, Cht3, Sim1 and 

Scw11, and their findings match the data in this chapter. Furthermore, these 
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proteins are implicated in cell wall integrity, remodelling and cell separation 

(Saputo et al., 2012). The release of these proteins into culture media may occur 

during cell wall modelling; alternatively, they may have been washed out during 

culture incubation with 200 rpm shaking (Sorgo et al., 2010). 

In addition to the cell wall-related proteins found in C. albicans secretomes, 

several GPI-anchored proteins were identified. Hyr1 is a hyphal cell wall-related 

protein found in both acidic and alkaline LZM (lacking zinc); however, addition of 

zinc to culture media may inhibit C. albicans transformation to hyphae. Therefore 

addition of zinc reduced Hyr1 abundance in C. albicans secretomes. 

Furthermore, three GPI-anchored adhesins were detected in all tested 

secretomes (Als3, Als4 and Als5). These proteins are known to a play role in 

hyphae adhesion to surfaces (Hoyer et al., 2001). Indeed, proteomics data in this 

chapter showed that their abundance significantly decreased with addition of zinc 

to culture media (see Table 7.1S). Another GPI-anchored protein, Rbt4, was 

found in all tested supernatants. Rbt4, it is a cell wall-related protein essential for 

C. albicans virulence (Braun et al., 2000). Furthermore, Sorgo et al., (2010) 

showed that Als3 and Rbt4 were hypha-related secreted proteins. The release of 

GPI-anchored proteins into C. albicans culture media may be explained by 1) the 

degradation of the cell wall in the neck region during cell separation, or 2) wall 

remodelling during growth (Sorgo et al., 2012). 

Several Saps were identified in the C. albicans secretomes, including 

Sap1-6, Sap9 and Sap99. Work of Naglik et al., (2003) illustrated that Sap4 and 

Sap6 were associated with the yeast-to-hypha transformation. In addition, Sap 4-

6 and Sap9 were highly expressed within the first 72 h during C. albicans invasion 

of liver and pancreas tissues in murine infection models. However, deletion of the 

transcription factor EFG1 reduced transcriptional levels of SAP4-6. Mutants 
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lacking SAP6 exhibited reduced tissue damage compared with other SAP 

mutants (Felk et al., 2002). Sap6 was shown to play a role in zinc sequestration 

(Kumar et al 2017). Proteomics data in this chapter showed that Sap6 was 

detected only in C. albicans secretomes under alkaline, but not acidic, culture 

conditions, this is in agreement with the findings of (Sorgo et al., 2010).  On the 

other hand, the C. parapsilosis genome doesn’t encode SAP6. Moreover, Sap9 

was detected under all tested conditions. Previous work of Albrecht et al., (2006) 

showed that Sap9 is retained on the C. albicans cell surface via a GPI anchor, 

and sap9∆ exhibited attenuated virulence in oral candidiasis infection models. 

Lipases are expressed during infection (Hube et al., 2000) and may 

contribute to virulence. However, none of the canonical lipase (LIP1-10) were 

detected in the C. albicans secretome. Only C6_00980C was detected and it is 

annotated in Candida Genome Database as (hydrolase and lipase domain 

protein). Regarding the C. parapsilosis secretomes, only Lip4 was identified 

under acidic zinc-limited conditions and comprised a mere 0.003301% of total 

secretome.   

It is well-documented that the transcription factor Sef1 activates an array 

of iron-uptake genes during invasion of host tissues in murine infection models 

(Chen et al., 2011). In this chapter, several iron-regulated proteins were detected 

in the C. albicans secretome, including Rbt5, Sap99, Pga7, and Sod4, in 

agreement with work of (Sorgo et al., 2011). In Parallel, Csa1, Sap99 and Pga7 

were detected in the C. parapsilosis secretome. Although significantly iron 

limitation was not the intention of this project, the presence of relatively of broad 

spectrum chelator (EDTA) may have elicited some degree of iron stress.  
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Venn analyses of proteomics data showed that only 38.6% and 47.4% of 

proteins in C. albicans and C. parapsilosis, respectively, were commonly secreted 

under all tested conditions. The in silico estimation for the size of the fungal 

secretome performed by fungal secretome knowledgebase (FunSecKB) revealed 

that the putative C. albicans secretome is comprised of 449 proteins (3.06% out 

of predicted proteome) (Lum and Min., 2011). However, proteomics analyses 

performed in this chapter showed that only 75 and 65 proteins were identified in 

the C. albicans secretome cultured under alkaline and acidic zinc-limited 

conditions, respectively.  All in all, the difference in the secreted protein numbers 

is likely due to tightly regulated expression of proteins.  

Several publications have already documented that the role of secreted 

Saps and lipases in facilitating C. parapsilosis virulence (Bras et al., 2013; Toth 

et al., 2014). As yet, however, there are no publication that investigated the whole 

C. parapsilosis secretome. This thesis presented the first secretome profiling of 

the pathogenic yeast C. parapsilosis under alkaline and acidic (zinc repletion and 

depletion) conditions. Protein analysis of C. parapsilosis under zinc-limited 

condition, which is the central aim of this thesis, did not identify any secreted 

protein with likely zinc-binding properties, based on bioinformatics-informed 

annotation. In part, this may explain the higher ability of C. albicans, which 

secretes Pra1 zinc scavenging proteins, to grow under alkaline zinc-limited 

condition when compared to C. parapsilosis (Figure 7.1). 

The core secreted proteins are highly conserved among Candida species. 

Most of the C. utilis secretome was comprised of cell wall-related proteins (Buerth 

et al., 2011). In contrast, C. albicans secretes proteins that were classified as cell 

wall-related, phenotypic switching and pathogenicity-associated proteins (Sorgo 
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et al., 2011). Moreover, the number of secreted proteins has been correlated 

more with fungal phylogeny rather than with lifestyle (Krijger et al., 2014) 

In this project, the competition titration assay for C. albicans Pra1 against 

Fluozin-3, estimated that C. albicans Pra1 zinc-binding affinity is in the picomolar 

range (Figure 7.3). The work of Besold et al., (2018) showed that the zinc-

limitation mediated by calprotectin was observed at early stage of C. albicans 

infection, and this was counteracted by the strong upregulating expression of Zrt1 

and Pra1. Similarly, A. fumigatus ZrtC, the orthologue of C. albicans Zrt1, is 

required to survive zinc-limitation stress mediated by calprotectin (Amich et al., 

2014). Therefore, it is likely that CaPra1 zinc scavenging protein can compete 

with calprotectin (a member of S100 family metal-binding proteins and has 

picomolar zinc-binding affinity) for zinc during infection.  

In this chapter, I have investigated and modelled the adaptation of C. 

albicans and C. parapsilosis secretomes under acidic and alkaline environments 

(with both depletion and repletion of zinc).  
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Chapter 8: General discussion 

 Transition metals are essential for vital biochemical processes in the three 

domains of life, but elevated levels of metals are potentially toxic. Pathogenic 

microorganisms must acquire metals from the host tissues. However, as part of 

the innate immune system, host immune cells can exploit high levels of metals to 

intoxicate pathogens or to limit pathogens from access to essential metals, in a 

process termed “nutritional immunity” (Crawford and Wilson., 2015; Hood and 

Skaar., 2012). Throughout coevolution, the host-pathogen interaction has driven 

the molecular adaptive changes in the genomes of both hosts and pathogens 

(Trall et al., 2012). The human immune system has evolved sophisticated 

mechanisms for preventing infections (Brown et al., 2012), this includes using 

metals as antimicrobial weaponry. To counteract this, pathogenic microbes must 

possess efficient metal homeostatic mechanisms to neutralise nutritional 

immunity, such as metal transporters and metal-binding proteins (Hood and 

Skaar., 2012).  

 In this project it was shown that deletion of PRA1 results in growth defects 

and alteration of copper sensitivity of C. albicans (Figure 5.2). Copper is essential 

for the functionality of C. albicans superoxide dismutases (Sods). On the other 

hand, the innate immune system exploits copper toxicity against pathogens 

(Besold et al., 2016; Hwang et al., 1999; Martchenko et al., 2004). Copper levels 

fluctuate dynamically during candidiasis in a murine infection model; it was 

observed that serum copper increased, while renal copper levels elevated during 

the early stages of infection, but then decreased, in a manner independent of 

calprotectin, at later stages of infection. In contrast. C. albicans survives copper 

poisoning and copper limitation by expression of Crp1, a copper efflux pump, and 

Crt1, a high affinity copper importer, respectively (Besold et al., 2018; Mackie et 



225 
 

al., 2016). Additionally, C. albicans adapts copper manipulation, driven by 

nutritional immunity, by readjustment of intracellular copper pool; it expressed 

Cu/Zn-containing Sod1 at early stage of infection, which is then repressed to 

spare Cu for cytochrome C activity, and then Mn-containing Sod3 is expressed 

at late stage of infection (Broxton and Culotta., 2016; Li et al., 2015). In addition, 

fungal cell walls were shown to contribute to metal detoxification (Mullen et al., 

1992). In this project, it was shown that Pra1 can associate with the fungal cell 

surface (Figure 6.8) and C. albicans Pra1 contributes copper detoxification 

(Figure 5.2). Given that copper levels increase at serum and lung tissue during 

infection (Besold et al., 2016). Therefore, future works are required by using 

murine infection model to confirm the in vivo role of CaPra1 as a metal-chelating 

protein that is involved in copper detoxification against host-imposed copper 

toxicity. 

In this project it was hypothesised that Pra1 zinc scavenging protein can 

compete with calprotectin for zinc during infection. Zinc is the second most 

abundant metal in the human body, its availability in the cells is tightly regulated. 

During infections, zinc levels are further restricted at multiple levels, include blood 

serum and inside macrophages (Liuzzi et al., 2005; Vignesh et al., 2013; Winters 

et al., 2010). Calprotectin is a well-studied metal-chelating protein produced by a 

variety of mammalian host cells to restrict growth of pathogens at sites of infection 

(Hood and Skaar., 2012). Calprotectin has been reported to chelate various 

metals with high affinity. Calprotectin has a thermodynamic preference for Zn 

over Fe, Cu and Mn, following Irving-Williams series for metal-selectively in 

biomolecules (Nakashige et al., 2015). Neutrophils release 1 mg ml-1 of 

calprotectin at site of infection (Hood and Skaar., 2012). It was shown that the 

calprotectin inhibits A. fumigatus hyphal growth in murine infection model. A. 
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fumigatus ZafA, the orthologue of C. albicans Zap, mediates the resistance to 

calprotectin (Clark et al., 2016). Several studies have shown that ZafA regulates 

the expression of Zn stress responsive genes ZrtA, ZrtB, ZrtC and AspF2 (Amich 

et al., 2010; Moreno et al., 2007; Vicentefranqueira et al., 2005). Furthermore, A. 

fumigatus ZrtC, the orthologue of C. albicans Zrt1, is essential for virulence; it 

contributes to zinc assimilation from lung tissues in a murine infection model, and 

also is required to survive metal-chelation stress mediated by calprotectin (Amich 

et al., 2014).  

 Work of Besold and colleagues showed that in vitro C. albicans growth 

can be inhibited with 500 µg ml-1 calprotectin. Furthermore, calprotectin strongly 

induced zinc stress responsive genes ZRT1 and PRA1 at early stage of kidney 

infection in murine infection model, and also induced copper stress response by 

decrease expression of Cu/Zn-SOD1 and enhance expression of Mn-SOD3. In 

contrast, the induction of Zn stress responsive genes and enhance expression of 

SOD3 was not observed in CP-deficient mice (Besold et al., 2018). It is well-

documented that calprotectin is the major antifungal element released during 

NETosis in abscesses, pulmonary candidiasis and systemic candidiasis infection 

models (Urban et al., 2009). The zinc-limitation effect mediated by calprotectin 

was observed at early stage of C. albicans infection. Although the calprotectin 

concentrations elevated during infection, however, this zinc-limitation may be 

counteracted by the strong upregulating expression of Zrt1 and Pra1 (Besold et 

al., 2018). In this project, it was shown a significant increase in Pra1 expression 

after 72 h of incubation, and this was tightly coupled with media alkalinisation 

(Figure 5.10). From this and previous studies, it can be concluded that zincophore 

system of C. albicans likely contributes to zinc-limitation resistance. Although 

zincophore activity has not been formerly demonstrated for the A. fumigatus Pra1 
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orthologue, AspF2, it is very likely that it also contributes to this fungus’s response 

to calprotectin as well (Amich et al., 2014; Besold et al., 2018). Interestingly, the 

lung is more susceptible to C. albicans infection in calprotectin-deficient mice 

(Urban et al., 2009). However, although calprotectin was detected in vaginal 

candidiasis in wild-type mice, calprotectin-deficient mice unexpectedly exhibited 

a decreased fungal burden compared to wild-type, and the same was observed 

in kidney in a murine model of disseminated candidiasis (Besold et al., 2018; 

Yano et al., 2014). It is well known that the antimicrobial activity of calprotectin is 

affected by availability of calcium (Brophy et al., 2012); however, future work is 

needed to test whether the pH of infected sites interferes with antimicrobial 

activity of calprotectin.  

Not only fungal pathogens have evolved a diverse arsenal of mechanisms 

to overcome host’s nutritional immunity, several studies have shown that 

bacterial pathogens have developed mechanisms to overcome metal-deprivation 

mediated by nutritional immunity, including transporters and siderophores. The 

pathogenic bacteria Neisseria gonorrhoeae has developed “a zinc piracy 

mechanism” to survive micronutrient limitation driven by calprotectin by 

production of TonB-dependent transporters (TdTs), which utilises calprotectin-

derived zinc ions as a zinc source (Jean et al., 2016). The multidrug resistant 

Acinetobacter baumannii expresses a zinc acquisition system (ZnuABC and Zur) 

to survive zinc-chelation mediated by calprotectin, which is abundantly expressed 

in the lung by neutrophils in murine infection model (Hood et al., 2012). Upon 

Salmonella typhimurium infection, the probiotic Escherichia coli expresses 

ZnuABC and ZupT transporters and yersiniabactin (YbT), a siderophore, to 

assimilate zinc and to compete with CP and S. typhimurium in the inflamed gut 

(Behnsen et al., 2017). Likewise, ZnuABC transporter and YbT expressed by 
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Yersinia pestis are important for zinc uptake during septicaemic plaque infection 

in murine model (Zygiel and Nolan., 2018).  

Although mammals have evolved an array of metal acquisition 

mechanisms, pathogens can successfully invade host tissues. This indicates that 

the metal acquisition mechanisms developed by pathogens can compete more 

efficiently than nutritional immunity factors of host. It is well-known that the host-

defence protein calprotectin exits as heterodimer (S100A8/S100A9) or 

heterotetramer (S100A8/S100A9)2, the latter is strictly calcium-dependent (Vogl 

et al., 2006). Calprotectin has two metal-binding sites; it was estimated that 

copper-affinity of site 1 and 2 is 4 and 0.2 pM, respectively, while the zinc-affinity 

for site 1 and 2 is ≤ 10 and ≤ 240 pM, respectively (Besold et al., 2018; Brophy et 

al., 2012). In this project, the competition titration assay for C. albicans Pra1 and 

a zinc sensor, Fluozin-3, estimated that C. albicans Pra1 zinc-binding affinity is 

in the picomolar range (~500 pM) (Figure 7.3). This very high affinity of Pra1 for 

zinc indicates that zincophore system may be important for outcompeting 

calprotectin for zinc during infection.  

RNA transcript profiling showed upregulation of zinc limitation genes, 

including PRA1, ZRT1 and ZRT2, in invasive C. albicans hyphae during the early 

phase of mammalian infection models (Xu et al., 2015). Moreover, transcript 

profiling showed high expression of 16 cell surface-related genes, including 

PRA1, during the invasion phase of C. albicans in zebrafish infection models 

(Chen et al., 2013). In this project, it was demonstrated, based on mCherry-

tagged Pra1 expression (Figure 5.7a) and proteomics analysis (Table 7.1S), that 

Pra1 expression is tightly regulated by both pH of the surrounding environment 

and zinc bioavailability. 
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From a chemistry perspective, it is well-known that alkalinity is coupled 

with formation of metal-insoluble forms (Basta et al., 2005). Therefore alkalinity 

reduces bioavailable, soluble zinc and other metals for microbes. Many niches in 

the human body are slightly alkaline environment. Therefore, the C. albicans pH-

responsive Rim101 pathway contributes the ability of C. albicans and several 

other fungi to colonise human tissues by upregulating expression of an array of 

genes to overcome zinc-limitation, including PRA1 and ZRT1 (Bensen et al., 

2004; Davis., 2009). Although the alkalinity reduced availability of zinc ions for C. 

albicans, it was shown that C-terminus of C. albicans Pra1 can bind 85% of zinc 

ions under physiological pH (7.4) (Loboda and Rowińska-Żyrek., 2017). On the 

other hand, the alkalinity increases formation of Zn(OH)2, which increases zinc 

toxicity for microbes by adsorption around cell surface (Amich et al., 2010; Hahne 

and Kroontje., 1973). As pointed out earlier that cell wall, including Pra1, plays 

role in detoxification fungal cells from toxic metals, more experimental 

investigations are required to address this hypothesis.    

Adaptation of C. albicans to pH is crucial for virulence at versatile 

anatomical sites in the human body. Work of Vylkova and colleagues showed the 

ability of C. albicans to raise extracellular pH in less than 12 h by catabolising 

exogenous amino acids and releasing ammonia into glucose-poor medium in 

process known as “active alkalinisation” (Vylkova et al., 2011). In this project, it 

was shown that this active alkalinisation is integrally coupled to Pra1 expression 

(Figure 5.10). Also, it was shown that the highest Pra1 expression was under 

physiological pH (7.5) (Figure 5.6). In addition, highest affinity of Pra1 C-terminus 

to zinc is at physiological pH (Loboda and Rowinska-Zyrek., 2017). This is 

explained by protonation status of histidine residues which are highly affected by 

surrounding pH, thus change the chemical properties of Pra1 and Zrt1 (Wilson, 
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2015). Work of Loboda and Rowińska-Żyrek., (2017) showed that Pra1 C-

terminus has eight pKa values during deprotonation of ligand; potentiometric 

measurements showed that deprotonation of aspartic acid (D294) and glutamic 

acid (E296) results in pKa values of 2.95 and 3.9, respectively. While deprotonation 

of four imidazole groups of histidine residues (His288, His290, His292 and His298) 

raise the pKa values to 5.07, 6.18, 6.71 and 7.13, respectively. Last two pKa 

values corresponding to deprotonation of cysteine residues (C289) and (C299) were 

8.27 and 9.56, respectively. However, it was documented that above pH 6, only 

the four histidine residues of Pra1 C-terminus are involved in zinc coordination 

with pKa value 5.94 (Loboda and Rowińska-Żyrek., 2017).    

From the work of this project, it would appear that Zrt1 is the sole receptor 

of Pra1. However, it remains unknown how zinc ions are transferred inside the 

fungal cells. It was hypothesised that the Zn-loaded AspF2 with its receptor, ZrfC, 

are endocytosed into the A. fumigatus cell (Amich et al., 2010). Bioinformatics 

analysis detected three zinc binding motifs located at the N-terminus of Zrt1 

(Figure 6.13). Therefore, based on this bioinformatics analysis, it is also possible 

that after association of Pra1 to fungal cell surface, zinc ions transferred from 

Pra1 to Zrt1 zinc binding sites and then zinc ions are imported to fungal cell 

cytoplasm via Zrt1. Work of Loboda and Rowińska-Żyrek., (2018) showed that 

zinc binding motif of Zrt1 has higher zinc affinity than C-terminus of Pra1 at 

physiological pH ; In a competition assay based on zinc-binding peptides of Pra1 

and Zrt1, 90% of zinc ion formed complexes with zinc binding motif of Zrt1. More 

investigations are required to understand more precisely the mechanism of action 

of the C. albicans zincophore system and internalisation of zinc ions. This can be 

performed by generation amino acid mutations in the zinc binding motifs of the 

Zrt1 receptor, and the difference of intracellular zinc levels between mutants can 
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be measured by cytoplasmic-localised eZinCh-2 FRET sensor, described by 

Hessels et al., (2015). 

In this project, it was demonstrated that PRA1 is crucial for C. albicans 

virulence using Galleria infection model (Figure 6.11a). Interrogating the role of 

metals for pathogens physiology and virulence can elucidate a novel therapeutic 

strategy. It was shown that Pra1 C-terminus and Zrt1 N-terminus are crucial for 

virulence in the Galleria infection model (Figure 6.12), therefore the development 

of compounds that can interfere with their function will efficiently inhibit C. 

albicans growth. Work of Bergfeld and colleagues (2017) showed that binding of 

Pra1 to CD4+ enhanced by presence of extracellular zinc, and subsequently 

reduced secretion of effector cytokines, including IFNγ, IL-2 and IL-4, while 

deletion of Pra1 C-terminus motif reduced Pra1 binding to CD4+. In this project, 

it was shown that Pra1 C-terminus peptide has the ability to reassociate to C. 

albicans cell surface (Figure 6.9), therefore, more future work is required with 

collaborators in drug discovery and chemistry to develop a drug delivery system 

to C. albicans cells by attaching a fungicidal molecule to Pra1 C-terminus peptide. 

On the other hand, bioinformatics approaches revealed that fungal Pra1 is 

entirely unique to fungi and absent from human genome. It therefore represents 

a promising future therapeutic target in its own right. 

 

Summary of Work 

The current study has shown that C. albicans can overcome zinc-limitation 

at neutral/alkaline pH, by expressing the zincophore system. Bioinformatics 

analysis demonstrated that Pra1 orthologues are confined to the fungal kingdom, 

and most are encoded in the Ascomycota. Under zinc-limited conditions, Pra1 
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scavenges zinc from its surrounding environment to cover cellular zinc demand. 

Strikingly, the fungus can actively alkalinise its sounding to achieve this. Upon 

association of Pra1 to the C. albicans cell surface, Zrt1 is the sole receptor and 

its N-terminus mediates the interaction with Pra1 via its C-terminus. Furthermore, 

the pH of the surrounding environment and zinc bioavailability are crucial 

regulators of Pra1 expression. The PRA1-ZRT1 zincophore-receptor locus 

represents a fascinating example of a specialised micronutrient scavenging 

system. Having here established the details of its function in C. albicans it will 

intriguing in the future to ask whether these molecular mechanisms are shared in 

the many other fungal species that encode Pra1/Zrt1 orthologues.    

 

 

 

 

 

 

 

 

 

 

 



233 
 

 

 

 

 

 

 

 

References 

 

 

 

 

 

 

 

 

 

 

 



234 
 

References  

Albrecht, A., Felk, A., Pichova, I., Naglik, J. R., Schaller, M., de Groot, P., . . . 
Klis, F. (2006). Glycosylphosphatidylinositol-anchored proteases of 
Candida albicans target proteins necessary for both cellular processes 
and host-pathogen interactions. Journal of Biological Chemistry, 281(2), 
688-694.  

Almeida, R. S., Brunke, S., Albrecht, A., Thewes, S., Laue, M., Edwards Jr, J. 
E., ... & Hube, B. (2008). The hyphal-associated adhesin and invasin 
Als3 of Candida albicans mediates iron acquisition from host 
ferritin. PLoS Pathog, 4(11), e1000217. 

Almeida, R. S., Wilson, D., & Hube, B. (2009). Candida albicans iron acquisition 
within the host. FEMS yeast research, 9(7), 1000-1012. 

Amani, R., Saeidi, S., Nazari, Z., & Nematpour, S. (2010). Correlation between 
dietary zinc intakes and its serum levels with depression scales in young 
female students. Biological trace element research, 137(2), 150-158.  

Amich, J., Vicentefranqueira, R., Leal, F., & Calera, J. A. (2010). Aspergillus 
fumigatus survival in alkaline and extreme zinc-limiting environments 
relies on the induction of a zinc homeostasis system encoded by the zrfC 
and aspf2 genes. Eukaryotic cell, 9(3), 424-437.  

Amich, J., Vicentefranqueira, R., Mellado, E., Ruiz‐Carmuega, A., Leal, F., & 
Calera, J. A. (2014). The ZrfC alkaline zinc transporter is required for 
Aspergillus fumigatus virulence and its growth in the presence of the 
Zn/Mn‐chelating protein calprotectin. Cellular microbiology, 16(4), 548-
564.  

Anderson, J. M., & Soll, D. R. (1987). Unique phenotype of opaque cells in the 
white-opaque transition of Candida albicans. Journal of bacteriology, 
169(12), 5579-5588.  

Andreini, C., Banci, L., Bertini, I., & Rosato, A. (2006a). Counting the zinc-
proteins encoded in the human genome. Journal of proteome research, 
5(1), 196-201.  

Andreini, C., Banci, L., Bertini, I., & Rosato, A. (2006b). Zinc through the three 
domains of life. Journal of proteome research, 5(11), 3173-3178.  

Andreini, C., Bertini, I., Cavallaro, G., Holliday, G. L., & Thornton, J. M. (2008). 
Metal ions in biological catalysis: from enzyme databases to general 
principles. JBIC Journal of Biological Inorganic Chemistry, 13(8), 1205-
1218.  

Andreini, C., Bertini, I., & Rosato, A. (2009). Metalloproteomes: a bioinformatic 
approach. Accounts of chemical research, 42(10), 1471-1479.  

Andrews, G. K. (2000). Regulation of metallothionein gene expression by 
oxidative stress and metal ions. Biochemical pharmacology, 59(1), 95-
104.  

Andrews, M., & Gallagher-Allred, C. (1999). The role of zinc in wound healing. 
Advances in Skin & Wound Care, 12(3), 137.  



235 
 

Armitage, A. E., Eddowes, L. A., Gileadi, U., Cole, S., Spottiswoode, N., 
Selvakumar, T. A., . . . Drakesmith, H. (2011). Hepcidin regulation by 
innate immune and infectious stimuli. Blood, The Journal of the American 
Society of Hematology, 118(15), 4129-4139.  

Bailey, D. A., Feldmann, P., Bovey, M., Gow, N., & Brown, A. (1996). The 
Candida albicans HYR1 gene, which is activated in response to hyphal 
development, belongs to a gene family encoding yeast cell wall proteins. 
Journal of bacteriology, 178(18), 5353-5360.  

Baillie, G. S., & Douglas, L. J. (1998). Effect of Growth Rate on Resistance of 
Candida albicans Biofilms to Antifungal Agents. Antimicrobial agents and 
chemotherapy, 42(8), 1900-1905.  

Banerjee, B., Greenberger, P. A., Fink, J. N., & Kurup, V. P. (1998). 
Immunological characterization of Asp f 2, a major allergen from 
Aspergillus fumigatus associated with allergic bronchopulmonary 
aspergillosis. Infection and immunity, 66(11), 5175-5182.  

Basta, N., Ryan, J., & Chaney, R. (2005). Trace element chemistry in residual-
treated soil. Journal of environmental quality, 34(1), 49-63.  

Behnsen, J., Liu, J., Valeri, M., Hoover, E., Tjokrosurjo, J., Montaldo, N. P., . . . 
Edwards, R. A. (2017). Probiotic Escherichia coli Nissle 1917 Uses Zinc 
Transporters and the Siderophore Yersiniabactin to Acquire Zinc in the 
Inflamed Gut and Outcompete Salmonella Typhimurium. The FASEB 
Journal, 31(1_supplement), 622.626-622.626.  

Bensen, E. S., Martin, S. J., Li, M., Berman, J., & Davis, D. A. (2004). 
Transcriptional profiling in Candida albicans reveals new adaptive 
responses to extracellular pH and functions for Rim101p. Molecular 
microbiology, 54(5), 1335-1351.  

Berendt, R., Long, G., Abeles, F., Canonico, P., Elwell, M., & Powanda, M. 
(1977). Pathogenesis of respiratory Klebsiella pneumoniae infection in 
rats: bacteriological and histological findings and metabolic alterations. 
Infection and immunity, 15(2), 586-593.  

Bergfeld, A., Dasari, P., Werner, S., Hughes, T. R., Song, W.-C., Hortschansky, 
P., . . . Beyersdorf, N. (2017). Direct binding of the pH-regulated protein 1 
(Pra1) from Candida albicans inhibits cytokine secretion by mouse CD4+ 
T cells. Frontiers in microbiology, 8, 844.  

Bernier, G., Girijavallabhan, V., Murray, A., Niyaz, N., Ding, P., Miller, M. J., & 
Malouin, F. (2005). Desketoneoenactin-siderophore conjugates for 
Candida: evidence of iron transport-dependent species 
selectivity. Antimicrobial agents and chemotherapy, 49(1), 241-248. 

Besold, A. N., Culbertson, E. M., & Culotta, V. C. (2016). The Yin and Yang of 
copper during infection. JBIC Journal of Biological Inorganic Chemistry, 
21(2), 137-144.  

Besold, A. N., Gilston, B. A., Radin, J. N., Ramsoomair, C., Culbertson, E. M., 
Li, C. X., . . . Culotta, V. C. (2018). Role of calprotectin in withholding zinc 
and copper from Candida albicans. Infection and immunity, 86(2), 
e00779-00717.  



236 
 

Bhutta, Z., Black, R. E., Brown, K., Gardner, J. M., Gore, S., Hidayat, A., . . . 
Penny, M. (1999). Prevention of diarrhea and pneumonia by zinc 
supplementation in children in developing countries: pooled analysis of 
randomized controlled trials. The Journal of pediatrics, 135(6), 689-697.  

Bianchi, M., Niemiec, M. J., Siler, U., Urban, C. F., & Reichenbach, J. (2011). 
Restoration of anti-Aspergillus defense by neutrophil extracellular traps in 
human chronic granulomatous disease after gene therapy is calprotectin-
dependent. Journal of Allergy and Clinical Immunology, 127(5), 1243-
1252. e1247.  

Bird, A., Evans-Galea, M. V., Blankman, E., Zhao, H., Luo, H., Winge, D. R., & 
Eide, D. J. (2000). Mapping the DNA binding domain of the Zap1 zinc-
responsive transcriptional activator. Journal of Biological Chemistry, 
275(21), 16160-16166.  

Bird, A. J., Zhao, H., Luo, H., Jensen, L. T., Srinivasan, C., Evans‐Galea, M., . . 
. Eide, D. J. (2000). A dual role for zinc fingers in both DNA binding and 
zinc sensing by the Zap1 transcriptional activator. The EMBO Journal, 
19(14), 3704-3713.  

Bleackley, M. R., & MacGillivray, R. T. (2011). Transition metal homeostasis: 
from yeast to human disease. Biometals, 24(5), 785-809.  

Blumberg, H. M., Jarvis, W. R., Soucie, J. M., Edwards, J. E., Patterson, J. E., 
Pfaller, M. A., . . . Wiblin, R. T. (2001). Risk factors for candidal 
bloodstream infections in surgical intensive care unit patients: the NEMIS 
prospective multicenter study. Clinical Infectious Diseases, 33(2), 177-
186.  

Borg‐von Zepelin, M., Beggah, S., Boggian, K., Sanglard, D., & Monod, M. 
(1998). The expression of the secreted aspartyl proteinases Sap4 to 
Sap6 from Candida albicans in murine macrophages. Molecular 
microbiology, 28(3), 543-554.  

Botella, H., Peyron, P., Levillain, F., Poincloux, R., Poquet, Y., Brandli, I., . . . 
Charrière, G. M. (2011). Mycobacterial P1-type ATPases mediate 
resistance to zinc poisoning in human macrophages. Cell host & 
microbe, 10(3), 248-259.  

Botella, H., Stadthagen, G., Lugo-Villarino, G., de Chastellier, C., & Neyrolles, 
O. (2012). Metallobiology of host–pathogen interactions: an intoxicating 
new insight. Trends in microbiology, 20(3), 106-112.  

Böttcher, B., Palige, K., Jacobsen, I. D., Hube, B., & Brunke, S. (2015). 
Csr1/Zap1 maintains zinc homeostasis and influences virulence in 
Candida dubliniensis but is not coupled to morphogenesis. Eukaryotic 
cell, 14(7), 661-670.  

Brand, A., MacCallum, D. M., Brown, A. J., Gow, N. A., & Odds, F. C. (2004). 
Ectopic expression of URA3 can influence the virulence phenotypes and 
proteome of Candida albicans but can be overcome by targeted 
reintegration of URA3 at the RPS10 locus. Eukaryotic cell, 3(4), 900-909.  

Bras, G., Bochenska, O., Rapala-Kozik, M., Guevara-Lora, I., Faussner, A., 
Kamysz, W., & Kozik, A. (2013). Release of biologically active kinin 



237 
 

peptides, Met-Lys-bradykinin and Leu-Met-Lys-bradykinin from human 
kininogens by two major secreted aspartic proteases of Candida 
parapsilosis. Peptides, 48, 114-123.  

Braun, B. R., Head, W. S., Wang, M. X., & Johnson, A. D. (2000). Identification 
and characterization of TUP1-regulated genes in Candida albicans. 
Genetics, 156(1), 31-44.  

Brophy, M. B., Hayden, J. A., & Nolan, E. M. (2012). Calcium ion gradients 
modulate the zinc affinity and antibacterial activity of human calprotectin. 
Journal of the American Chemical Society, 134(43), 18089-18100.  

Brown, A. J., & Gow, N. A. (1999). Regulatory networks controlling Candida 
albicans morphogenesis. Trends in microbiology, 7(8), 333-338.  

Brown, G. D., Denning, D. W., Gow, N. A., Levitz, S. M., Netea, M. G., & White, 
T. C. (2012). Hidden killers: human fungal infections. Science 
translational medicine, 4(165), 165rv113-165rv113.  

Brown, K. H., Peerson, J. M., & Allen, L. H. (1998). Effect of zinc 
supplementation on children's growth: a meta-analysis of intervention 
trials. Bibliotheca Nutritio et Dieta, 54, 76-83.  

Broxton, C. N., & Culotta, V. C. (2016). An adaptation to low copper in Candida 
albicans involving SOD enzymes and the alternative oxidase. PLoS One, 
11(12).  

Brugnera, E., Georgiev, O., Radtke, F., Heuchel, R., Baker, E., Sutherland, G. 
R., & Schaffner, W. (1994). Cloning, chromosomal mapping and 
characterization of the human metal-regulatory transcription factor MTF-
1. Nucleic acids research, 22(15), 3167-3173.  

Buerth, C., Heilmann, C. J., Klis, F. M., de Koster, C. G., Ernst, J. F., & Tielker, 
D. (2011). Growth-dependent secretome of Candida utilis. Microbiology, 
157(9), 2493-2503.  

Burguera, J., Burguera, M., & Anez, N. (1993). Changes in the total content of 
iron, copper, and zinc in serum, heart, liver, spleen, and skeletal muscle 
tissues of rats infected with Trypanosoma cruzi. Biological trace element 
research, 37(1), 51-70.  

Butler, G., Rasmussen, M. D., Lin, M. F., Santos, M. A., Sakthikumar, S., 
Munro, C. A., . . . Reedy, J. L. (2009). Evolution of pathogenicity and 
sexual reproduction in eight Candida genomes. Nature, 459(7247), 657-
662.  

Calderone, R. A., & Fonzi, W. A. (2001). Virulence factors of Candida albicans. 
Trends in microbiology, 9(7), 327-335.  

Calera, J., Ovejero, M., Lopez-Medrano, R., Segurado, M., Puente, P., & Leal, 
F. (1997). Characterization of the Aspergillus nidulans aspnd1 gene 
demonstrates that the ASPND1 antigen, which it encodes, and several 
Aspergillus fumigatus immunodominant antigens belong to the same 
family. Infection and immunity, 65(4), 1335-1344.  

Casanova, M., Lopez-Ribot, J., Monteagudo, C., Llombart-Bosch, A., 
Sentandreu, R., & Martinez, J. (1992). Identification of a 58-kilodalton cell 



238 
 

surface fibrinogen-binding mannoprotein from Candida albicans. 
Infection and immunity, 60(10), 4221-4229.  

Cassat, J. E., & Skaar, E. P. (2013). Iron in infection and immunity. Cell host & 
microbe, 13(5), 509-519.  

Cellier, M. F., Courville, P., & Campion, C. (2007). Nramp1 phagocyte 
intracellular metal withdrawal defense. Microbes and infection, 9(14-15), 
1662-1670.  

Chambers, R. S., Broughton, M. J., Cannon, R. D., Carne, A., Emerson, G. W., 
& Sullivan, P. A. (1993). An exo-β-(1, 3)-glucanase of Candida albicans: 
purification of the enzyme and molecular cloning of the gene. 
Microbiology, 139(2), 325-334.  

Chandra, J., Kuhn, D. M., Mukherjee, P. K., Hoyer, L. L., McCormick, T., & 
Ghannoum, M. A. (2001). Biofilm formation by the fungal pathogen 
Candida albicans: development, architecture, and drug resistance. 
Journal of bacteriology, 183(18), 5385-5394.  

Chandra, J., Mukherjee, P., Leidich, S., Faddoul, F., Hoyer, L. L., Douglas, L., & 
Ghannoum, M. (2001). Antifungal resistance of candidal biofilms formed 
on denture acrylic in vitro. Journal of dental research, 80(3), 903-908.  

Chang, X., Jin, T., Chen, L., Lei, L., & Zhou, Y. (2006). Application of 
metallothionein gene isoforms expression as biomarkers in cadmium 
exposure. Chinese journal of industrial hygiene and occupational 
diseases, 24(1), 12-15.  

Chaturvedi, K. S., Hung, C. S., Crowley, J. R., Stapleton, A. E., & Henderson, J. 
P. (2012). The siderophore yersiniabactin binds copper to protect 
pathogens during infection. Nature chemical biology, 8(8), 731.  

Chausmer, A. B. (1998). Zinc, insulin and diabetes. Journal of the American 
College of Nutrition, 17(2), 109-115.  

Chen, C., Pande, K., French, S. D., Tuch, B. B., & Noble, S. M. (2011). An iron 
homeostasis regulatory circuit with reciprocal roles in Candida albicans 
commensalism and pathogenesis. Cell host & microbe, 10(2), 118-135.  

Chen, Y. Y., Chao, C.-C., Liu, F.-C., Hsu, P.-C., Chen, H.-F., Peng, S.-C., . . . 
Wong, D. S. H. (2013). Dynamic transcript profiling of Candida albicans 
infection in zebrafish: a pathogen-host interaction study. PLoS One, 8(9).  

Choi, W., Yoo, Y. J., Kim, M., Shin, D., Jeon, H. B., & Choi, W. (2003). 
Identification of proteins highly expressed in the hyphae of Candida 
albicans by two‐dimensional electrophoresis. Yeast, 20(12), 1053-1060.  

Chothia, C., & Lesk, A. M. (1986). The relation between the divergence of 
sequence and structure in proteins. The EMBO Journal, 5(4), 823-826.  

Citiulo, F., Jacobsen, I. D., Miramón, P., Schild, L., Brunke, S., Zipfel, P., . . . 
Wilson, D. (2012). Candida albicans scavenges host zinc via Pra1 during 
endothelial invasion. PLoS pathogens, 8(6).  

Claiborne, A., Mallett, T. C., Yeh, J. I., Luba, J., & Parsonage, D. (2001). 
Structural, redox, and mechanistic parameters for cysteine-sulfenic acid 



239 
 

function in catalysis and regulation. Advances in protein chemistry, 58, 
215-276.  

Clark, H. L., Jhingran, A., Sun, Y., Vareechon, C., de Jesus Carrion, S., Skaar, 
E. P., . . . Pearlman, E. (2016). Zinc and manganese chelation by 
neutrophil S100A8/A9 (calprotectin) limits extracellular Aspergillus 
fumigatus hyphal growth and corneal infection. The Journal of 
immunology, 196(1), 336-344.  

Cole, A. M., Kim, Y.-H., Tahk, S., Hong, T., Weis, P., Waring, A. J., & Ganz, T. 
(2001). Calcitermin, a novel antimicrobial peptide isolated from human 
airway secretions. FEBS letters, 504(1-2), 5-10.  

Colina, A. R., Aumont, F., Deslauriers, N., Belhumeur, P., & de Repentigny, L. 
O. U. I. S. (1996). Evidence for degradation of gastrointestinal mucin by 
Candida albicans secretory aspartyl proteinase. Infection and 
Immunity, 64(11), 4514-4519. 

Colvin, R. A., Holmes, W. R., Fontaine, C. P., & Maret, W. (2010). Cytosolic 
zinc buffering and muffling: their role in intracellular zinc homeostasis. 
Metallomics, 2(5), 306-317.  

Conklin, D. S., Culbertson, M. R., & Kung, C. (1994). Interactions between gene 
products involved in divalent cation transport in Saccharomyces 
cerevisiae. Molecular and General Genetics MGG, 244(3), 303-311.  

Corbin, B. D., Seeley, E. H., Raab, A., Feldmann, J., Miller, M. R., Torres, V. J., 
. . . Gerads, R. (2008). Metal chelation and inhibition of bacterial growth 
in tissue abscesses. Science, 319(5865), 962-965.  

Courbot, M., Diez, L., Ruotolo, R., Chalot, M., & Leroy, P. (2004). Cadmium-
responsive thiols in the ectomycorrhizal fungus Paxillus involutus. Appl. 
Environ. Microbiol., 70(12), 7413-7417.  

Crawford, A., & Wilson, D. (2015). Essential metals at the host–pathogen 
interface: nutritional immunity and micronutrient assimilation by human 
fungal pathogens. FEMS yeast research, 15(7).  

Crawford, A. C., Lehtovirta-Morley, L. E., Alamir, O., Niemiec, M. J., Alawfi, B., 
Alsarraf, M., . . . Yellagunda, S. (2018). Biphasic zinc 
compartmentalisation in a human fungal pathogen. PLoS pathogens, 
14(5), e1007013.  

Crosa, J. H., & Walsh, C. T. (2002). Genetics and assembly line enzymology of 
siderophore biosynthesis in bacteria. Microbiol. Mol. Biol. Rev., 66(2), 
223-249.  

Cvetkovic, A., Menon, A. L., Thorgersen, M. P., Scott, J. W., Poole II, F. L., 
Jenney Jr, F. E., . . . Vaccaro, B. J. (2010). Microbial metalloproteomes 
are largely uncharacterized. Nature, 466(7307), 779-782.  

Dalle, F., Wächtler, B., L'Ollivier, C., Holland, G., Bannert, N., Wilson, D., . . . 
Hube, B. (2010). Cellular interactions of Candida albicans with human 
oral epithelial cells and enterocytes. Cellular microbiology, 12(2), 248-
271.  



240 
 

Danhof, H. A., & Lorenz, M. C. (2015). The Candida albicans ATO gene family 
promotes neutralization of the macrophage phagolysosome. Infection 
and immunity, 83(11), 4416-4426.  

Daniels, K. J., Lockhart, S. R., Staab, J. F., Sundstrom, P., & Soll, D. R. (2003). 
The adhesin Hwp1 and the first daughter cell localize to the a/a portion of 
the conjugation bridge during Candida albicans mating. Molecular 
biology of the cell, 14(12), 4920-4930.  

Danks, D. (1988). Copper deficiency in humans. Annual review of nutrition, 8(1), 
235-257.  

Dasari, P., Shopova, I. A., Stroe, M., Wartenberg, D., Martin-Dahse, H., 
Beyersdorf, N., . . . Figge, M. T. (2018). Aspf2 from Aspergillus fumigatus 
recruits human immune regulators for immune evasion and cell damage. 
Frontiers in immunology, 9, 1635.  

Davis, C. D., & Greger, J. (1992). Longitudinal changes of manganese-
dependent superoxide dismutase and other indexes of manganese and 
iron status in women. The American journal of clinical nutrition, 55(3), 
747-752.  

Davis, D. (2003). Adaptation to environmental pH in Candida albicans and its 
relation to pathogenesis. Current genetics, 44(1), 1-7.  

Davis, D., Wilson, R. B., & Mitchell, A. P. (2000). RIM101-dependent and-
independent pathways govern pH responses in Candida albicans. 
Molecular and cellular biology, 20(3), 971-978.  

Davis, D. A. (2009). How human pathogenic fungi sense and adapt to pH: the 
link to virulence. Current opinion in microbiology, 12(4), 365-370.  

De Bernardis, F., Lorenzini, R., Verticchio, R., Agatensi, L., & Cassone, A. 
(1989). Isolation, acid proteinase secretion, and experimental 
pathogenicity of Candida parapsilosis from outpatients with vaginitis. 
Journal of clinical microbiology, 27(11), 2598-2603.  

De Bernardis, F., Mühlschlegel, F. A., Cassone, A., & Fonzi, W. A. (1998). The 
pH of the host niche controls gene expression in and virulence of 
Candida albicans. Infection and immunity, 66(7), 3317-3325.  

de Groot, P. W., Hellingwerf, K. J., & Klis, F. M. (2003). Genome‐wide 
identification of fungal GPI proteins. Yeast, 20(9), 781-796.  

De Groot, P. W., Ram, A. F., & Klis, F. M. (2005). Features and functions of 
covalently linked proteins in fungal cell walls. Fungal Genetics and 
Biology, 42(8), 657-675.  

De Leon, E. M., Jacober, S. J., Sobel, J. D., & Foxman, B. (2002). Prevalence 
and risk factors for vaginal Candida colonization in women with type 1 
and type 2 diabetes. BMC infectious diseases, 2(1), 1.  

Degregorio, M. W., Lee, W. M., & Ries, C. A. (1982). Candida infections in 
patients with acute leukemia: ineffectiveness of nystatin prophylaxis and 
relationship between oropharyngeal and systemic candidiasis. Cancer, 
50(12), 2780-2784.  



241 
 

del Mar González, M., Díez-Orejas, R., Molero, G., Pla, J., Nombela, C., & 
Sánchez-PéArez, M. (1997). Phenotypic characterization of a Candida 
albicans strain deficient in its major exoglucanase. Microbiology, 143(9), 
3023-3032.  

Devirgiliis, C., Murgia, C., Danscher, G., & Perozzi, G. (2004). Exchangeable 
zinc ions transiently accumulate in a vesicular compartment in the yeast 
Saccharomyces cerevisiae. Biochemical and biophysical research 
communications, 323(1), 58-64.  

Ding, C., Festa, R. A., Chen, Y.-L., Espart, A., Palacios, Ò., Espín, J., . . . 
Thiele, D. J. (2013). Cryptococcus neoformans copper detoxification 
machinery is critical for fungal virulence. Cell host & microbe, 13(3), 265-
276.  

Donato, R. (1999). Functional roles of S100 proteins, calcium-binding proteins 
of the EF-hand type. Biochimica et Biophysica Acta (BBA)-Molecular Cell 
Research, 1450(3), 191-231.  

Donato, R. (2003). Intracellular and extracellular roles of S100 proteins. 
Microscopy research and technique, 60(6), 540-551.  

Donato, R., R cannon, B., Sorci, G., Riuzzi, F., Hsu, K., J Weber, D., & L Geczy, 
C. (2013). Functions of S100 proteins. Current molecular medicine, 
13(1), 24-57.  

Donlan, R. M. (2001). Biofilms and device-associated infections. Emerging 
infectious diseases, 7(2), 277.  

Donlan, R. M., & Costerton, J. W. (2002). Biofilms: survival mechanisms of 
clinically relevant microorganisms. Clinical microbiology reviews, 15(2), 
167-193.  

Dunlap, W. M., James, G. W., & HUME, D. M. (1974). Anemia and neutropenia 
caused by copper deficiency. Annals of Internal Medicine, 80(4), 470-
476.  

Ebadi, M., Iversen, P., Hao, R., Cerutis, D., Rojas, P., Happe, H., . . . Pfeiffer, R. 
(1995). Expression and regulation of brain metallothionein. 
Neurochemistry international, 27(1), 1-22.  

Eide, D. J. (2004). The SLC39 family of metal ion transporters. Pflügers Archiv, 
447(5), 796-800.  

Eide, D. J. (2006). Zinc transporters and the cellular trafficking of zinc. 
Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 1763(7), 
711-722.  

Ellis, C. D., MacDiarmid, C. W., & Eide, D. J. (2005). Heteromeric protein 
complexes mediate zinc transport into the secretory pathway of 
eukaryotic cells. Journal of Biological Chemistry, 280(31), 28811-28818.  

Ellis, C. D., Wang, F., MacDiarmid, C. W., Clark, S., Lyons, T., & Eide, D. J. 
(2004). Zinc and the Msc2 zinc transporter protein are required for 
endoplasmic reticulum function. The Journal of cell biology, 166(3), 325-
335.  



242 
 

Esteban, P. F., Ríos, I., García, R., Dueñas, E., Plá, J., Sánchez, M., . . . del 
Rey, F. (2005). Characterization of the CaENG1 gene encoding an endo-
1, 3-β-glucanase involved in cell separation in Candida albicans. Current 
microbiology, 51(6), 385-392.  

Failla, M. L. (2003). Trace elements and host defense: recent advances and 
continuing challenges. The Journal of nutrition, 133(5), 1443S-1447S.  

Falchuk, K. H., Mathews, J., & Doloff, C. (1977). Effect of acute disease and 
ACTH on serum zinc proteins. New England Journal of Medicine, 
296(20), 1129-1134.  

Falkow, S. (2004). Molecular Koch's postulates applied to bacterial 
pathogenicity—a personal recollection 15 years later. Nature Reviews 
Microbiology, 2(1), 67-72.  

Feilmeier, B. J., Iseminger, G., Schroeder, D., Webber, H., & Phillips, G. J. 
(2000). Green fluorescent protein functions as a reporter for protein 
localization in Escherichia coli. Journal of bacteriology, 182(14), 4068-
4076.  

Felk, A., Kretschmar, M., Albrecht, A., Schaller, M., Beinhauer, S., Nichterlein, 
T., . . . Hube, B. (2002). Candida albicans hyphal formation and the 
expression of the Efg1-regulated proteinases Sap4 to Sap6 are required 
for the invasion of parenchymal organs. Infection and immunity, 70(7), 
3689-3700.  

Fernandes, T. R., Segorbe, D., Prusky, D., & Di Pietro, A. (2017). How 
alkalinization drives fungal pathogenicity. PLoS pathogens, 13(11).  

Fernández‐Arenas, E., Bleck, C. K., Nombela, C., Gil, C., Griffiths, G., & Diez‐
Orejas, R. (2009). Candida albicans actively modulates intracellular 
membrane trafficking in mouse macrophage phagosomes. Cellular 
microbiology, 11(4), 560-589.  

Finley, J. W., & Davis, C. D. (1999). Manganese deficiency and toxicity: are 
high or low dietary amounts of manganese cause for concern? 
Biofactors, 10(1), 15-24.  

Firon, A., Aubert, S., Iraqui, I., Guadagnini, S., Goyard, S., Prévost, M. C., . . . 
d'Enfert, C. (2007). The SUN41 and SUN42 genes are essential for cell 
separation in Candida albicans. Molecular microbiology, 66(5), 1256-
1275.  

Fonzi, W. A., & Irwin, M. Y. (1993). Isogenic strain construction and gene 
mapping in Candida albicans. Genetics, 134(3), 717-728.  

Foote, J., & Delves, H. (1984). Albumin bound and alpha 2-macroglobulin 
bound zinc concentrations in the sera of healthy adults. Journal of clinical 
pathology, 37(9), 1050-1054.  

Foote, J. W., & Delves, H. T. (1988). Determination of non-protein-bound zinc in 
human serum using ultrafiltration and atomic absorption spectrometry 
with electrothermal atomisation. Analyst, 113(6), 911-915.  

Forsyth, C. B., Plow, E. F., & Zhang, L. (1998). Interaction of the fungal 
pathogen Candida albicans with integrin CD11b/CD18: recognition by the 



243 
 

I domain is modulated by the lectin-like domain and the CD18 subunit. 
The Journal of immunology, 161(11), 6198-6205.  

Fradin, C., Kretschmar, M., Nichterlein, T., Gaillardin, C., d’Enfert, C., & Hube, 
B. (2003). Stage‐specific gene expression of Candida albicans in human 
blood. Molecular microbiology, 47(6), 1523-1543.  

Fraga, C. G., & Oteiza, P. I. (2002). Iron toxicity and antioxidant nutrients. 
Toxicology, 180(1), 23-32.  

Fritsche, G., Nairz, M., Libby, S. J., Fang, F. C., & Weiss, G. (2012). Slc11a1 
(Nramp1) impairs growth of Salmonella enterica serovar typhimurium in 
macrophages via stimulation of lipocalin‐2 expression. Journal of 
leukocyte biology, 92(2), 353-359.  

Gácser, A., Stehr, F., Kröger, C., Kredics, L., Schäfer, W., & Nosanchuk, J. D. 
(2007). Lipase 8 affects the pathogenesis of Candida albicans. Infection 
and immunity, 75(10), 4710-4718. 

Gaddy, J. A., Radin, J. N., Loh, J. T., Piazuelo, M. B., Kehl-Fie, T. E., Delgado, 
A. G., . . . Chazin, W. J. (2014). The host protein calprotectin modulates 
the Helicobacter pylori cag type IV secretion system via zinc 
sequestration. PLoS pathogens, 10(10).  

Gaither, L. A., & Eide, D. J. (2000). Functional expression of the human hZIP2 
zinc transporter. Journal of Biological Chemistry, 275(8), 5560-5564.  

Gaither, L. A., & Eide, D. J. (2001). The human ZIP1 transporter mediates zinc 
uptake in human K562 erythroleukemia cells. Journal of Biological 
Chemistry, 276(25), 22258-22264.  

Ganguly, S., Bishop, A. C., Xu, W., Ghosh, S., Nickerson, K. W., Lanni, F., . . . 
Mitchell, A. P. (2011). Zap1 control of cell-cell signaling in Candida 
albicans biofilms. Eukaryotic cell, 10(11), 1448-1454.  

Ghannoum, M. A. (2000). Potential role of phospholipases in virulence and 
fungal pathogenesis. Clinical microbiology reviews, 13(1), 122-143.  

Gil-Bona, A., Monteoliva, L., & Gil, C. (2015). Global proteomic profiling of the 
secretome of Candida albicans ecm33 cell wall mutant reveals the 
involvement of Ecm33 in Sap2 secretion. Journal of proteome research, 
14(10), 4270-4281.  

Giles, N. M., Giles, G. I., & Jacob, C. (2003). Multiple roles of cysteine in 
biocatalysis. Biochemical and biophysical research communications, 
300(1), 1-4.  

Gläser, R., Harder, J., Lange, H., Bartels, J., Christophers, E., & Schröder, J.-M. 
(2005). Antimicrobial psoriasin (S100A7) protects human skin from 
Escherichia coli infection. Nature immunology, 6(1), 57-64.  

Gow, N. A. (2013). A developmental program for Candida commensalism. 
Nature genetics, 45(9), 967-968. 

Gow, N. A., Brown, A. J., & Odds, F. C. (2002). Fungal morphogenesis and host 
invasion. Current opinion in microbiology, 5(4), 366-371.  



244 
 

Gow, N. A., Van De Veerdonk, F. L., Brown, A. J., & Netea, M. G. (2012). 
Candida albicans morphogenesis and host defence: discriminating 
invasion from colonization. Nature Reviews Microbiology, 10(2), 112-122.  

Granger, B. L., Flenniken, M. L., Davis, D. A., Mitchell, A. P., & Cutler, J. E. 
(2005). Yeast wall protein 1 of Candida albicans. Microbiology, 151(5), 
1631-1644.  

Green, C. B., Zhao, X., Yeater, K. M., & Hoyer, L. L. (2005). Construction and 
real-time RT-PCR validation of Candida albicans PALS-GFP reporter 
strains and their use in flow cytometry analysis of ALS gene expression 
in budding and filamenting cells. Microbiology, 151(4), 1051-1060.  

Grubb, S. E., Murdoch, C., Sudbery, P. E., Saville, S. P., Lopez-Ribot, J. L., & 
Thornhill, M. H. (2009). Adhesion of Candida albicans to endothelial cells 
under physiological conditions of flow. Infection and immunity, 77(9), 
3872-3878.  

Guerinot, M. L., & Eide, D. (1999). Zeroing in on zinc uptake in yeast and 
plants. Current opinion in plant biology, 2(3), 244-249.  

Guex, N., & Peitsch, M. C. (1997). SWISS‐MODEL and the Swiss‐Pdb Viewer: 
an environment for comparative protein modeling. electrophoresis, 
18(15), 2714-2723.  

Gunasekaran, K., Tsai, C.-J., Kumar, S., Zanuy, D., & Nussinov, R. (2003). 
Extended disordered proteins: targeting function with less scaffold. 
Trends in biochemical sciences, 28(2), 81-85.  

Hahne, H., & Kroontje, W. (1973). Significance of pH and chloride concentration 
on behavior of heavy metal pollutants: mercury (II), cadmium (II), zinc 
(II), and lead (II) 1. Journal of environmental quality, 2(4), 444-450.  

Halliwell, B., & Gutteridge, J. M. (1990). [1] Role of free radicals and catalytic 
metal ions in human disease: an overview. In Methods in enzymology 
(Vol. 186, pp. 1-85): Elsevier. 

Hamer, D. H. (1986). Metallothionein. Annual review of biochemistry, 55(1), 
913-951.  

Haq, F., Mahoney, M., & Koropatnick, J. (2003). Signaling events for 
metallothionein induction. Mutation Research/Fundamental and 
Molecular Mechanisms of Mutagenesis, 533(1-2), 211-226.  

Haynes, K. (2001). Virulence in Candida species. Trends in microbiology, 9(12), 
591-596.  

Hein, K. Z., Takahashi, H., Tsumori, T., Yasui, Y., Nanjoh, Y., Toga, T., . . . 
Wehkamp, J. (2015). Disulphide-reduced psoriasin is a human 
apoptosis-inducing broad-spectrum fungicide. Proceedings of the 
National Academy of Sciences, 112(42), 13039-13044.  

Hellwig, D., Voigt, J., Bouzani, M., Löffler, J., Albrecht-Eckardt, D., Weber, M., . 
. . Hünniger, K. (2016). Candida albicans induces metabolic 
reprogramming in human NK cells and responds to perforin with a zinc 
depletion response. Frontiers in microbiology, 7, 750.  



245 
 

Hessels, A. M., Chabosseau, P., Bakker, M. H., Engelen, W., Rutter, G. A., 
Taylor, K. M., & Merkx, M. (2015). eZinCh-2: a versatile, genetically 
encoded FRET sensor for cytosolic and intraorganelle Zn2+ imaging. 
ACS chemical biology, 10(9), 2126-2134.  

Heymann, P., Gerads, M., Schaller, M., Dromer, F., Winkelmann, G., & Ernst, J. 
F. (2002). The siderophore iron transporter of Candida albicans 
(Sit1p/Arn1p) mediates uptake of ferrichrome-type siderophores and is 
required for epithelial invasion. Infection and immunity, 70(9), 5246-5255.  

Hider, R. C., & Kong, X. (2010). Chemistry and biology of siderophores. Natural 
product reports, 27(5), 637-657.  

Hood, M. I., Mortensen, B. L., Moore, J. L., Zhang, Y., Kehl-Fie, T. E., Sugitani, 
N., . . . Skaar, E. P. (2012). Identification of an Acinetobacter baumannii 
zinc acquisition system that facilitates resistance to calprotectin-mediated 
zinc sequestration. PLoS pathogens, 8(12).  

Hood, M. I., & Skaar, E. P. (2012). Nutritional immunity: transition metals at the 
pathogen–host interface. Nature Reviews Microbiology, 10(8), 525-537.  

Hoyer, L. L. (2001). The ALS gene family of Candida albicans. Trends in 
microbiology, 9(4), 176-180.  

Hu, C., Koehl, P., & Max, N. (2011). PackHelix: A tool for helix‐sheet packing 
during protein structure prediction. Proteins: Structure, Function, and 
Bioinformatics, 79(10), 2828-2843.  

Hu, G. f. (1998). Copper stimulates proliferation of human endothelial cells 
under culture. Journal of cellular biochemistry, 69(3), 326-335.  

Huang, C.-C., Weng, Y.-H., Lu, C.-S., Chu, N.-S., & Yen, T.-C. (2003). 
Dopamine transporter binding in chronic manganese intoxication. Journal 
of neurology, 250(11), 1335-1339.  

Huang, C. (2007). Parkinsonism induced by chronic manganese intoxication-an 
experience in Taiwan. Chang Gung medical journal, 30(5), 385.  

Huang, G., Srikantha, T., Sahni, N., Yi, S., & Soll, D. R. (2009). CO2 regulates 
white-to-opaque switching in Candida albicans. Current Biology, 19(4), 
330-334.  

Huang, L., Kirschke, C. P., & Gitschier, J. (2002). Functional characterization of 
a novel mammalian zinc transporter, ZnT6. Journal of Biological 
Chemistry, 277(29), 26389-26395.  

Hubbard, T., & Blundell, T. (1987). Comparison of solvent-inaccessible cores of 
homologous proteins: definitions useful for protein modelling. Protein 
Engineering, Design and Selection, 1(3), 159-171.  

Hube, B., & Naglik, J. (2001). Candida albicans proteinases: resolving the 
mystery of a gene family. Microbiology, 147(8), 1997-2005.  

Hube, B., Rüchel, R., Monod, M., Sanglard, D., & Odds, F. C. (1998). 
Functional aspects of secreted Candida proteinases. In Aspartic 
Proteinases (pp. 339-344): Springer. 



246 
 

Hube, B., Stehr, F., Bossenz, M., Mazur, A., Kretschmar, M., & Schäfer, W. 
(2000). Secreted lipases of Candida albicans: cloning, characterisation 
and expression analysis of a new gene family with at least ten members. 
Archives of microbiology, 174(5), 362-374.  

Huh, W.-K., Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, 
J. S., & O'Shea, E. K. (2003). Global analysis of protein localization in 
budding yeast. Nature, 425(6959), 686-691.  

Hunziker, P. E., & Kägi, J. (1985). Isolation and characterization of six human 
hepatic isometallothioneins. Biochemical Journal, 231(2), 375-382.  

Hwang, C.-S., Rhie, G.-e., Kim, S.-T., Kim, Y.-R., Huh, W.-K., Baek, Y.-U., & 
Kang, S.-O. (1999). Copper-and zinc-containing superoxide dismutase 
and its gene from Candida albicans. Biochimica et Biophysica Acta 
(BBA)-General Subjects, 1427(2), 245-255.  

Ibrahim, A. S., Mirbod, F., Filler, S. G., Banno, Y., Cole, G. T., Kitajima, Y., . . . 
Ghannoum, M. A. (1995). Evidence implicating phospholipase as a 
virulence factor of Candida albicans. Infection and immunity, 63(5), 1993-
1998.  

Ibs, K.-H., & Rink, L. (2003). Zinc-altered immune function. The Journal of 
nutrition, 133(5), 1452S-1456S.  

Irving, H., & Williams, R. (1948). Order of stability of metal complexes. Nature, 
162(4123), 746-747.  

Iyengar, V., & Woittiez, J. (1988). Trace elements in human clinical specimens: 
evaluation of literature data to identify reference values. Clinical 
chemistry, 34(3), 474-481.  

Jaeckel, P., Krauss, G., Menge, S., Schierhorn, A., Rücknagel, P., & Krauss, 
G.-J. (2005). Cadmium induces a novel metallothionein and 
phytochelatin 2 in an aquatic fungus. Biochemical and biophysical 
research communications, 333(1), 150-155.  

Janin, J., & Chothia, C. (1985). Domains in proteins: definitions, location, and 
structural principles. In Methods in enzymology (Vol. 115, pp. 420-430): 
Elsevier. 

Jawhara, S., Pluskota, E., Verbovetskiy, D., Skomorovska-Prokvolit, O., Plow, 
E. F., & Soloviev, D. A. (2012). Integrin αXβ2 is a leukocyte receptor for 
Candida albicans and is essential for protection against fungal infections. 
The Journal of immunology, 189(5), 2468-2477.  

Jean, S., Juneau, R. A., Criss, A. K., & Cornelissen, C. N. (2016). Neisseria 
gonorrhoeae evades calprotectin-mediated nutritional immunity and 
survives neutrophil extracellular traps by production of TdfH. Infection 
and immunity, 84(10), 2982-2994.  

Jensen, L. T., Ajua-Alemanji, M., & Culotta, V. C. (2003). The Saccharomyces 
cerevisiae high affinity phosphate transporter encoded by PHO84 also 
functions in manganese homeostasis. Journal of Biological Chemistry, 
278(43), 42036-42040.  



247 
 

Kagi, J. H., Kojima, Y., Kissling, M. M., & Lerch, K. (1980). Metallothionein: an 
exceptional metal thiolate protein. Paper presented at the Sulphur in 
Biology, Ciba Foundation Symposium. 

Kambe, T., Narita, H., Yamaguchi-Iwai, Y., Hirose, J., Amano, T., Sugiura, N., . 
. . Nagao, M. (2002). Cloning and characterization of a novel mammalian 
zinc transporter, zinc transporter 5, abundantly expressed in pancreatic β 
cells. Journal of Biological Chemistry, 277(21), 19049-19055.  

Kamizono, A., Nishizawa, M., Teranishi, Y., Murata, K., & Kimura, A. (1989). 
Identification of a gene conferring resistance to zinc and cadmium ions in 
the yeast Saccharomyces cerevisiae. Molecular and General Genetics 
MGG, 219(1-2), 161-167.  

Karabinis, A., Hill, C., Leclercq, B., Tancrède, C., Baume, D., & Andremont, A. 
(1988). Risk factors for candidemia in cancer patients: a case-control 
study. Journal of clinical microbiology, 26(3), 429-432.  

Karpel, J. T., & Peden, V. H. (1972). Copper deficiency in long-term parenteral 
nutrition. The Journal of pediatrics, 80(1), 32-36.  

Karplus, K., Barrett, C., & Hughey, R. (1998). Hidden Markov models for 
detecting remote protein homologies. Bioinformatics (Oxford, England), 
14(10), 846-856.  

Keen, C. L., & Gershwin, M. E. (1990). Zinc deficiency and immune function. 
Annual review of nutrition, 10(1), 415-431.  

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., & Sternberg, M. J. E. 
(2015). The Phyre2 web portal for protein modeling, prediction and 
analysis. Nature Protocols, 10(6), 845-858. doi:10.1038/nprot.2015.053 

Kim, J.-R., Ryu, H.-H., Chung, H. J., Lee, J. H., Kim, S. W., Kwun, W. H., . . . 
Kim, J. H. (2006). Association of anti-obesity activity of N-acetylcysteine 
with metallothionein-II down-regulation. Experimental & molecular 
medicine, 38(2), 162-172.  

Kim, M.-J., Kil, M., Jung, J.-H., & Kim, J. (2008). Roles of Zinc-responsive 
transcription factor Csr1 in filamentous growth of the pathogenic Yeast 
Candida albicans. Journal of microbiology and biotechnology, 18(2), 242-
247.  

Kirschke, C. P., & Huang, L. (2003). ZnT7, a novel mammalian zinc transporter, 
accumulates zinc in the Golgi apparatus. Journal of Biological Chemistry, 
278(6), 4096-4102.  

Klevay, L. M. (2000). Cardiovascular disease from copper deficiency—a history. 
The Journal of nutrition, 130(2), 489S-492S.  

Klionsky, D., Herman, P. K., & Emr, S. (1990). The fungal vacuole: composition, 
function, and biogenesis. Microbiology and Molecular Biology Reviews, 
54(3), 266-292.  

Kobayashi, T., Beuchat, M.-H., Lindsay, M., Frias, S., Palmiter, R. D., 
Sakuraba, H., . . . Gruenberg, J. (1999). Late endosomal membranes 
rich in lysobisphosphatidic acid regulate cholesterol transport. Nature cell 
biology, 1(2), 113-118.  



248 
 

Kojic, E. M., & Darouiche, R. O. (2004). Candida infections of medical devices. 
Clinical microbiology reviews, 17(2), 255-267.  

Krijger, J.-J., Thon, M. R., Deising, H. B., & Wirsel, S. G. (2014). Compositions 
of fungal secretomes indicate a greater impact of phylogenetic history 
than lifestyle adaptation. Bmc Genomics, 15(1), 722.  

Kujoth, G. C., Sullivan, T. D., Merkhofer, R., Lee, T.-J., Wang, H., Brandhorst, 
T., . . . Klein, B. S. (2018). CRISPR/Cas9-mediated gene disruption 
reveals the importance of zinc metabolism for fitness of the dimorphic 
fungal pathogen Blastomyces dermatitidis. MBio, 9(2), e00412-00418.  

Kumánovics, A., Poruk, K. E., Osborn, K. A., Ward, D. M., & Kaplan, J. (2006). 
YKE4 (YIL023C) encodes a bidirectional zinc transporter in the 
endoplasmic reticulum of Saccharomyces cerevisiae. Journal of 
Biological Chemistry, 281(32), 22566-22574.  

Kumar, R., Breindel, C., Saraswat, D., Cullen, P. J., & Edgerton, M. (2017). 
Candida albicans Sap6 amyloid regions function in cellular aggregation 
and zinc binding, and contribute to zinc acquisition. Scientific reports, 
7(1), 1-15.  

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X: 
molecular evolutionary genetics analysis across computing platforms. 
Molecular biology and evolution, 35(6), 1547-1549.  

Kuriyama, T., Williams, D. W., & Lewis, M. A. O. (2003). In vitro secreted 
aspartyl proteinase activity of Candida albicans isolated from oral 
diseases and healthy oral cavities. Oral microbiology and immunology, 
18(6), 405-407.  

Kvaal, C., Lachke, S. A., Srikantha, T., Daniels, K., McCoy, J., & Soll, D. R. 
(1999). Misexpression of the opaque-phase-specific genePEP1 (SAP1) 
in the white phase of Candida albicans confers increased virulence in a 
mouse model of cutaneous infection. Infection and immunity, 67(12), 
6652-6662.  

Kvaal, C. A., Srikantha, T., & Soll, D. R. (1997). Misexpression of the white-
phase-specific gene WH11 in the opaque phase of Candida albicans 
affects switching and virulence. Infection and immunity, 65(11), 4468-
4475.  

Lachke, S. A., Lockhart, S. R., Daniels, K. J., & Soll, D. R. (2003). Skin 
facilitates Candida albicans mating. Infection and immunity, 71(9), 4970-
4976.  

Lamb, T. M., Xu, W., Diamond, A., & Mitchell, A. P. (2001). Alkaline response 
genes of Saccharomyces cerevisiae and their relationship to the RIM101 
pathway. Journal of Biological Chemistry, 276(3), 1850-1856.  

Langmade, S. J., Ravindra, R., Daniels, P. J., & Andrews, G. K. (2000). The 
transcription factor MTF-1 mediates metal regulation of the mouse ZnT1 
gene. Journal of Biological Chemistry, 275(44), 34803-34809.  

Lee, S. A., Wormsley, S., Kamoun, S., Lee, A. F., Joiner, K., & Wong, B. (2003). 
An analysis of the Candida albicans genome database for soluble 



249 
 

secreted proteins using computer‐based prediction algorithms. Yeast, 
20(7), 595-610.  

Leidich, S. D., Ibrahim, A. S., Fu, Y., Koul, A., Jessup, C., Vitullo, J., . . . 
Nozawa, Y. (1998). Cloning and disruption of caPLB1, a phospholipase 
B gene involved in the pathogenicity of Candida albicans. Journal of 
Biological Chemistry, 273(40), 26078-26086.  

Lesuisse, E., Knight, S. A., Camadro, J. M., & Dancis, A. (2002). Siderophore 
uptake by Candida albicans: effect of serum treatment and comparison 
with Saccharomyces cerevisiae. Yeast, 19(4), 329-340. 

Li, C. X., Gleason, J. E., Zhang, S. X., Bruno, V. M., Cormack, B. P., & Culotta, 
V. C. (2015). Candida albicans adapts to host copper during infection by 
swapping metal cofactors for superoxide dismutase. Proceedings of the 
National Academy of Sciences, 112(38), E5336-E5342.  

Li, F., & Palecek, S. P. (2003). EAP1, a Candida albicans gene involved in 
binding human epithelial cells. Eukaryotic cell, 2(6), 1266-1273.  

Li, F., & Palecek, S. P. (2008). Distinct domains of the Candida albicans 
adhesin Eap1p mediate cell–cell and cell–substrate interactions. 
Microbiology, 154(4), 1193-1203.  

Li, F., Svarovsky, M. J., Karlsson, A. J., Wagner, J. P., Marchillo, K., Oshel, P., . 
. . Palecek, S. P. (2007). Eap1p, an adhesin that mediates Candida 
albicans biofilm formation in vitro and in vivo. Eukaryotic cell, 6(6), 931-
939.  

Li, L., Miao, R., Jia, X., Ward, D. M., & Kaplan, J. (2014). Expression of the 
Yeast Cation Diffusion Facilitators Mmt1 and Mmt2 Affects Mitochondrial 
and Cellular Iron Homeostasis EVIDENCE FOR MITOCHONDRIAL 
IRON EXPORT. Journal of Biological Chemistry, 289(24), 17132-17141.  

Li, Y., & Maret, W. (2008). Human metallothionein metallomics. Journal of 
Analytical Atomic Spectrometry, 23(8), 1055-1062.  

Lichten, L. A., Ryu, M.-S., Guo, L., Embury, J., & Cousins, R. J. (2011). MTF-1-
mediated repression of the zinc transporter Zip10 is alleviated by zinc 
restriction. PLoS One, 6(6).  

Lin, S.-J., & Culotta, V. C. (1996). Suppression of oxidative damage by 
Saccharomyces cerevisiae ATX2, which encodes a manganese-
trafficking protein that localizes to Golgi-like vesicles. Molecular and 
cellular biology, 16(11), 6303-6312.  

Liuzzi, J. P., Lichten, L. A., Rivera, S., Blanchard, R. K., Aydemir, T. B., 
Knutson, M. D., . . . Cousins, R. J. (2005). Interleukin-6 regulates the zinc 
transporter Zip14 in liver and contributes to the hypozincemia of the 
acute-phase response. Proceedings of the National Academy of 
Sciences, 102(19), 6843-6848.  

Lo, H.-J., Köhler, J. R., DiDomenico, B., Loebenberg, D., Cacciapuoti, A., & 
Fink, G. R. (1997). Nonfilamentous C. albicans mutants are avirulent. 
Cell, 90(5), 939-949.  



250 
 

Łoboda, D., & Rowińska-Żyrek, M. (2017). Zinc binding sites in Pra1, a 
zincophore from Candida albicans. Dalton transactions, 46(40), 13695-
13703.  

Long, M., Betrán, E., Thornton, K., & Wang, W. (2003). The origin of new 
genes: glimpses from the young and old. Nature Reviews Genetics, 
4(11), 865-875.  

López-ribot, J., Monteagudo, C., Sepúlveda, P., Casanova, M., Martínez, J., & 
Chaffin, W. L. (1996). Expression of the fibrinogen binding mannoprotein 
and the laminin receptor of Candida albicans in vitro and in infected 
tissues. FEMS microbiology letters, 142(1), 117-122.  

Losse, J., Svobodová, E., Heyken, A., Hube, B., Zipfel, P. F., & Józsi, M. 
(2011). Role of pH-regulated antigen 1 of Candida albicans in the fungal 
recognition and antifungal response of human neutrophils. Molecular 
immunology, 48(15-16), 2135-2143.  

Löytynoja, A., & Milinkovitch, M. C. (2003). A hidden Markov model for 
progressive multiple alignment. Bioinformatics, 19(12), 1505-1513.  

Lum, G., & Min, X. J. (2011). FunSecKB: the fungal secretome knowledgebase. 
Database, 2011.  

Luo, S., Blom, A. M., Rupp, S., Hipler, U.-C., Hube, B., Skerka, C., & Zipfel, P. 
F. (2011). The pH-regulated antigen 1 of Candida albicans binds the 
human complement inhibitor C4b-binding protein and mediates fungal 
complement evasion. Journal of Biological Chemistry, 286(10), 8021-
8029.  

Luo, S., Hartmann, A., Dahse, H.-M., Skerka, C., & Zipfel, P. F. (2010). 
Secreted pH-regulated antigen 1 of Candida albicans blocks activation 
and conversion of complement C3. The Journal of immunology, 185(4), 
2164-2173.  

Luo, S., Hipler, U.-C., Münzberg, C., Skerka, C., & Zipfel, P. F. (2015). 
Sequence variations and protein expression levels of the two immune 
evasion proteins Gpm1 and Pra1 influence virulence of clinical Candida 
albicans isolates. PLoS One, 10(2).  

Luo, S., Poltermann, S., Kunert, A., Rupp, S., & Zipfel, P. F. (2009). Immune 
evasion of the human pathogenic yeast Candida albicans: Pra1 is a 
Factor H, FHL-1 and plasminogen binding surface protein. Molecular 
immunology, 47(2-3), 541-550.  

Lyons, T. J., Gasch, A. P., Gaither, L. A., Botstein, D., Brown, P. O., & Eide, D. 
J. (2000). Genome-wide characterization of the Zap1p zinc-responsive 
regulon in yeast. Proceedings of the National Academy of Sciences, 
97(14), 7957-7962.  

MacDiarmid, C. W., Gaither, L. A., & Eide, D. (2000). Zinc transporters that 
regulate vacuolar zinc storage in Saccharomyces cerevisiae. The EMBO 
Journal, 19(12), 2845-2855.  

MacDiarmid, C. W., Milanick, M. A., & Eide, D. J. (2003). Induction of the ZRC1 
metal tolerance gene in zinc-limited yeast confers resistance to zinc 
shock. Journal of Biological Chemistry, 278(17), 15065-15072.  



251 
 

Mackie, J., Szabo, E. K., Urgast, D. S., Ballou, E. R., Childers, D. S., 
MacCallum, D. M., . . . Brown, A. J. (2016). Host-imposed copper 
poisoning impacts fungal micronutrient acquisition during systemic 
Candida albicans infections. PLoS One, 11(6).  

Marchler-Bauer, A., Anderson, J. B., Cherukuri, P. F., DeWeese-Scott, C., 
Geer, L. Y., Gwadz, M., . . . Ke, Z. (2005). CDD: a Conserved Domain 
Database for protein classification. Nucleic acids research, 33(suppl_1), 
D192-D196.  

Maret, W. (2005). Zinc coordination environments in proteins determine zinc 
functions. Journal of Trace Elements in Medicine and Biology, 19(1), 7-
12.  

Maret, W., & Vallee, B. L. (1998). Thiolate ligands in metallothionein confer 
redox activity on zinc clusters. Proceedings of the National Academy of 
Sciences, 95(7), 3478-3482.  

Martchenko, M., Alarco, A.-M., Harcus, D., & Whiteway, M. (2004). Superoxide 
dismutases in Candida albicans: transcriptional regulation and functional 
characterization of the hyphal-induced SOD5 gene. Molecular biology of 
the cell, 15(2), 456-467.  

Martin, R., Albrecht-Eckardt, D., Brunke, S., Hube, B., Hünniger, K., & Kurzai, 
O. (2013). A core filamentation response network in Candida albicans is 
restricted to eight genes. PLoS One, 8(3).  

Martinez-Lopez, R., Monteoliva, L., Diez-Orejas, R., Nombela, C., & Gil, C. 
(2004). The GPI-anchored protein CaEcm33p is required for cell wall 
integrity, morphogenesis and virulence in Candida albicans. 
Microbiology, 150(10), 3341-3354.  

Martınez, C., & Motto, H. (2000). Solubility of lead, zinc and copper added to 
mineral soils. Environmental Pollution, 107(1), 153-158.  

Mayer, F. L., Wilson, D., Jacobsen, I. D., Miramón, P., Große, K., & Hube, B. 
(2012). The novel Candida albicans transporter Dur31 Is a multi-stage 
pathogenicity factor. PLoS Pathog, 8(3), e1002592.  

Milon, B., Dhermy, D., Pountney, D., Bourgeois, M., & Beaumont, C. (2001). 
Differential subcellular localization of hZip1 in adherent and non‐adherent 
cells. FEBS letters, 507(3), 241-246.  

Mira, N. P., Lourenço, A. B., Fernandes, A. R., Becker, J. D., & Sa-Correia, I. 
(2009). The RIM101 pathway has a role in Saccharomyces cerevisiae 
adaptive response and resistance to propionic acid and other weak 
acids. FEMS yeast research, 9(2), 202-216.  

Miramón, P., & Lorenz, M. C. (2016). The SPS amino acid sensor mediates 
nutrient acquisition and immune evasion in Candida albicans. Cellular 
microbiology, 18(11), 1611-1624.  

Monteagudo, C., Viudes, A., Lazzell, A., Martinez, J., & Lopez-Ribot, J. (2004). 
Tissue invasiveness and non-acidic pH in human candidiasis correlate 
with “in vivo” expression by Candida albicans of the carbohydrate epitope 
recognised by new monoclonal antibody 1H4. Journal of clinical 
pathology, 57(6), 598-603.  



252 
 

Moreno, M. Á., Ibrahim‐Granet, O., Vicentefranqueira, R., Amich, J., Ave, P., 
Leal, F., . . . Calera, J. A. (2007). The regulation of zinc homeostasis by 
the ZafA transcriptional activator is essential for Aspergillus fumigatus 
virulence. Molecular microbiology, 64(5), 1182-1197.  

Morgenstern, B. (2004). DIALIGN: multiple DNA and protein sequence 
alignment at BiBiServ. Nucleic acids research, 32(suppl_2), W33-W36.  

Morselt, A., Smits, W. T. M., & Limonard, T. (1986). Histochemical 
demonstration of heavy metal tolerance in ectomycorrhizal fungi. Plant 
and soil, 417-420.  

Moyes, D. L., Richardson, J. P., & Naglik, J. R. (2015). Candida albicans-
epithelial interactions and pathogenicity mechanisms: scratching the 
surface. Virulence, 6(4), 338-346. 

Moyes, D. L., Wilson, D., Richardson, J. P., Mogavero, S., Tang, S. X., 
Wernecke, J., . . . Runglall, M. (2016). Candidalysin is a fungal peptide 
toxin critical for mucosal infection. Nature, 532(7597), 64-68.  

Mukherjee, P. K., Seshan, K., Leidich, S., Chandra, J., Cole, G. T., & 
Ghannoum, M. A. (2001). Reintroduction of the PLB1 gene into Candida 
albicans restores virulence in vivo. Microbiology, 147(9), 2585-2597.  

Mullen, M., Wolf, D., Beveridge, T., & Bailey, G. (1992). Sorption of heavy 
metals by the soil fungi Aspergillus niger and Mucor rouxii. Soil Biology 
and Biochemistry, 24(2), 129-135.  

Müller, F.-M. C., Werner, K. E., Kasai, M., Francesconi, A., Chanock, S. J., & 
Walsh, T. J. (1998). Rapid extraction of genomic DNA from medically 
important yeasts and filamentous fungi by high-speed cell disruption. 
Journal of clinical microbiology, 36(6), 1625-1629.  

Murad, A. M. A., Lee, P. R., Broadbent, I. D., Barelle, C. J., & Brown, A. J. 
(2000). CIp10, an efficient and convenient integrating vector for Candida 
albicans. Yeast, 16(4), 325-327.  

Murgia, C., Vespignani, I., Cerase, J., Nobili, F., & Perozzi, G. (1999). Cloning, 
expression, and vesicular localization of zinc transporter Dri 27/ZnT4 in 
intestinal tissue and cells. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 277(6), G1231-G1239.  

Naglik, J. R., Challacombe, S. J., & Hube, B. (2003). Candida albicans secreted 
aspartyl proteinases in virulence and pathogenesis. Microbiol. Mol. Biol. 
Rev., 67(3), 400-428.  

Naglik, J. R., Moyes, D., Makwana, J., Kanzaria, P., Tsichlaki, E., Weindl, G., ... 
& Schaller, M. (2008). Quantitative expression of the Candida albicans 
secreted aspartyl proteinase gene family in human oral and vaginal 
candidiasis. Microbiology (Reading, England), 154(Pt 11), 3266. 

Naglik, J. R., Rodgers, C. A., Shirlaw, P. J., Dobbie, J. L., Fernandes-Naglik, L. 
L., Greenspan, D., . . . Challacombe, S. J. (2003). Differential expression 
of Candida albicans secreted aspartyl proteinase and phospholipase B 
genes in humans correlates with active oral and vaginal infections. The 
Journal of infectious diseases, 188(3), 469-479.  



253 
 

Nakashige, T. G., Zhang, B., Krebs, C., & Nolan, E. M. (2015). Human 
calprotectin is an iron-sequestering host-defense protein. Nature 
chemical biology, 11(10), 765.  

Nasir, M. S., Fahrni, C. J., Suhy, D. A., Kolodsick, K. J., Singer, C. P., & 
O'Halloran, T. V. (1999). The chemical cell biology of zinc: structure and 
intracellular fluorescence of a zinc-quinolinesulfonamide complex. JBIC 
Journal of Biological Inorganic Chemistry, 4(6), 775-783.  

Nett, J. E., Sanchez, H., Cain, M. T., & Andes, D. R. (2010). Genetic basis of 
Candida biofilm resistance due to drug-sequestering matrix glucan. The 
Journal of infectious diseases, 202(1), 171-175. 

Nguyen, M. H., Cheng, S., & Clancy, C. (2004). Assessment of Candida 
albicans genes expressed during infections as a tool to understand 
pathogenesis. Medical mycology, 42(4), 293-304.  

Nielson, K. B., Atkin, C., & Winge, D. (1985). Distinct metal-binding 
configurations in metallothionein. Journal of Biological Chemistry, 260(9), 
5342-5350.  

Nilius, A., & Farmer, S. (1990). Identification of extracellular siderophores of 
pathogenic strains of Aspergillus fumigatus. Journal of medical and 
veterinary mycology, 28(5), 395-403.  

Nobile, C. J., Nett, J. E., Hernday, A. D., Homann, O. R., Deneault, J.-S., 
Nantel, A., . . . Mitchell, A. P. (2009). Biofilm matrix regulation by 
Candida albicans Zap1. PLoS biology, 7(6).  

Nobile, C. J., Solis, N., Myers, C. L., Fay, A. J., Deneault, J. S., Nantel, A., . . . 
Filler, S. G. (2008). Candida albicans transcription factor Rim101 
mediates pathogenic interactions through cell wall functions. Cellular 
microbiology, 10(11), 2180-2196.  

Nombela, C., Gil, C., & Chaffin, W. L. (2006). Non-conventional protein 
secretionin yeast. Trends in microbiology, 14(1), 15-21.  

Norice, C. T., Smith, F. J., Solis, N., Filler, S. G., & Mitchell, A. P. (2007). 
Requirement for Candida albicans Sun41 in biofilm formation and 
virulence. Eukaryotic cell, 6(11), 2046-2055.  

Odds, F. C., Gow, N. A., & Brown, A. J. (2006). Toward a molecular 
understanding of Candida albicans virulence. In Molecular principles of 
fungal pathogenesis (pp. 305-319): American Society of Microbiology. 

Palmiter, R. D., & Findley, S. D. (1995). Cloning and functional characterization 
of a mammalian zinc transporter that confers resistance to zinc. The 
EMBO Journal, 14(4), 639-649.  

Palmiter, R. D., & Huang, L. (2004). Efflux and compartmentalization of zinc by 
members of the SLC30 family of solute carriers. Pflügers Archiv, 447(5), 
744-751.  

Papadopoulos, J. S., & Agarwala, R. (2007). COBALT: constraint-based 
alignment tool for multiple protein sequences. Bioinformatics, 23(9), 
1073-1079.  



254 
 

Parkkila, S., Niemelä, O., Savolainen, E. R., & Koistinen, P. (2001). HFE 
mutations do not account for transfusional iron overload in patients with 
acute myeloid leukemia. Transfusion, 41(6), 828-831.  

Patel, R., Portela, D., Badley, A. D., Harmsen, W. S., Larson-Keller, J. J., 
Ilstrup, D. M., . . . Paya, C. V. (1996). RISK FACTORS OF INVASIVE 
CANDIDA AND NON-CANDIDA FUNGAL INFECTIONS AFTER LIVER 
TRANSPLANTATION1. Transplantation, 62(7), 926-934.  

Pearson, W. R. (2014). BLAST and FASTA similarity searching for multiple 
sequence alignment. In Multiple sequence alignment methods (pp. 75-
101): Springer. 

Pellegrini, M., Marcotte, E. M., Thompson, M. J., Eisenberg, D., & Yeates, T. O. 
(1999). Assigning protein functions by comparative genome analysis: 
protein phylogenetic profiles. Proceedings of the National Academy of 
Sciences, 96(8), 4285-4288.  

Perlroth, J., Choi, B., & Spellberg, B. (2007). Nosocomial fungal infections: 
epidemiology, diagnosis, and treatment. Medical mycology, 45(4), 321-
346.  

Pfaller, M., & Diekema, D. (2007). Epidemiology of invasive candidiasis: a 
persistent public health problem. Clinical microbiology reviews, 20(1), 
133-163.  

Phan, Q. T., Myers, C. L., Fu, Y., Sheppard, D. C., Yeaman, M. R., Welch, W. 
H., . . . Filler, S. G. (2007). Als3 is a Candida albicans invasin that binds 
to cadherins and induces endocytosis by host cells. PLoS biology, 5(3).  

Plüddemann, A., Mukhopadhyay, S., & Gordon, S. (2011). Innate immunity to 
intracellular pathogens: macrophage receptors and responses to 
microbial entry. Immunological reviews, 240(1), 11-24.  

Powell, S. R. (2000). The antioxidant properties of zinc. The Journal of nutrition, 
130(5), 1447S-1454S.  

Prasad, A. S., Halsted, J. A., & Nadimi, M. (1961). Syndrome of iron deficiency 
anemia, hepatosplenomegaly, hypogonadism, dwarfism and geophagia. 
The American journal of medicine, 31(4), 532-546.  

Prentice, A. M., Ghattas, H., & Cox, S. E. (2007). Host-pathogen interactions: 
can micronutrients tip the balance? The Journal of nutrition, 137(5), 
1334-1337.  

Pulido, P., Kägi, J. H., & Vallee, B. L. (1966). Isolation and some properties of 
human metallothionein. Biochemistry, 5(5), 1768-1777.  

Quaife, C. J., Findley, S. D., Erickson, J. C., Froelick, G. J., Kelly, E. J., 
Zambrowicz, B. P., & Palmiter, R. D. (1994). Induction of a new 
metallothionein isoform (MT-IV) occurs during differentiation of stratified 
squamous epithelia. Biochemistry, 33(23), 7250-7259.  

Rabin, O., Hegedus, L., Bourre, J. M., & Smith, Q. R. (1993). Rapid brain 
uptake of manganese (II) across the blood‐brain barrier. Journal of 
neurochemistry, 61(2), 509-517.  



255 
 

Rahman, M. T., & De Ley, M. (2001). Metallothionein isogene transcription in 
red blood cell precursors from human cord blood. European journal of 
biochemistry, 268(3), 849-856.  

Ramage, G., Walle, K. V., Wickes, B. L., & López-Ribot, J. L. (2001). 
Standardized method for in vitro antifungal susceptibility testing of 
Candida albicans biofilms. Antimicrobial agents and chemotherapy, 
45(9), 2475-2479.  

Ramón, A. M., & Fonzi, W. A. (2003). Diverged binding specificity of Rim101p, 
the Candida albicans ortholog of PacC. Eukaryotic cell, 2(4), 718-728.  

Ramsay, L. M., & Gadd, G. M. (1997). Mutants of Saccharomyces cerevisiae 
defective in vacuolar function confirm a role for the vacuole in toxic metal 
ion detoxification. FEMS microbiology letters, 152(2), 293-298.  

Rasmussen, M. L., Folsom, A. R., Catellier, D. J., Tsai, M. Y., Garg, U., & 
Eckfeldt, J. H. (2001). A prospective study of coronary heart disease and 
the hemochromatosis gene (HFE) C282Y mutation: the Atherosclerosis 
Risk in Communities (ARIC) study. Atherosclerosis, 154(3), 739-746.  

Robinson, M. J., & Hogg, N. (2000). A comparison of human S100A12 with 
MRP-14 (S100A9). Biochemical and biophysical research 
communications, 275(3), 865-870.  

Rose, G. D., Geselowitz, A. R., Lesser, G. J., Lee, R. H., & Zehfus, M. H. 
(1985). Hydrophobicity of amino acid residues in globular proteins. 
Science, 229(4716), 834-838.  

Ryan, M. P., Adley, C. C., & Pembroke, T. J. (2013). The use of MEGA as an 
educational tool for examining the phylogeny of antibiotic resistance 
genes.  

Salazar, G., Love, R., Werner, E., Doucette, M. M., Cheng, S., Levey, A., & 
Faundez, V. (2004). The zinc transporter ZnT3 interacts with AP-3 and it 
is preferentially targeted to a distinct synaptic vesicle subpopulation. 
Molecular biology of the cell, 15(2), 575-587.  

Sample, V., Newman, R. H., & Zhang, J. (2009). The structure and function of 
fluorescent proteins. Chemical Society Reviews, 38(10), 2852-2864.  

Saputo, S., Chabrier-Rosello, Y., Luca, F. C., Kumar, A., & Krysan, D. J. (2012). 
The RAM network in pathogenic fungi. Eukaryotic cell, 11(6), 708-717.  

Schaller, M., Borelli, C., Korting, H. C., & Hube, B. (2005). Hydrolytic enzymes 
as virulence factors of Candida albicans. Mycoses, 48(6), 365-377.  

Schaller, M., Schäfer, W., Korting, H. C., & Hube, B. (1998). Differential 
expression of secreted aspartyl proteinases in a model of human oral 
candidosis and in patient samples from the oral cavity. Molecular 
microbiology, 29(2), 605-615.  

Schrettl, M., Bignell, E., Kragl, C., Sabiha, Y., Loss, O., Eisendle, M., . . . Haas, 
H. (2007). Distinct roles for intra-and extracellular siderophores during 
Aspergillus fumigatus infection. PLoS pathogens, 3(9).  



256 
 

Segurado, M., López-Aragón, R., Calera, J. A., Fernández-Abalos, J. M., & 
Leal, F. (1999). Zinc-regulated biosynthesis of immunodominant antigens 
from Aspergillus spp. Infection and immunity, 67(5), 2377-2382.  

Sentandreu, M., Elorza, M. V., Sentandreu, R., & Fonzi, W. A. (1998). Cloning 
and characterization of PRA1, a gene encoding a novel pH-regulated 
antigen of Candida albicans. Journal of bacteriology, 180(2), 282-289.  

Sepúlveda, P., López-Ribot, J. L., Murgui, A., Cantón, E., Navarro, D., & 
Martínez, J. P. (1998). Candida albicans fibrinogen binding 
mannoprotein: expression in clinical strains and immunogenicity in 
patients with candidiasis. International Microbiology, 1(3), 209-216.  

Serrano, R., Ruiz, A., Bernal, D., Chambers, J. R., & Ariño, J. (2002). The 
transcriptional response to alkaline pH in Saccharomyces cerevisiae: 
evidence for calcium‐mediated signalling. Molecular microbiology, 46(5), 
1319-1333.  

Shaner, N. C., Campbell, R. E., Steinbach, P. A., Giepmans, B. N., Palmer, A. 
E., & Tsien, R. Y. (2004). Improved monomeric red, orange and yellow 
fluorescent proteins derived from Discosoma sp. red fluorescent protein. 
Nature biotechnology, 22(12), 1567-1572.  

Shaner, N. C., Steinbach, P. A., & Tsien, R. Y. (2005). A guide to choosing 
fluorescent proteins. Nature methods, 2(12), 905-909.  

Shankar, A. H., & Prasad, A. S. (1998). Zinc and immune function: the 
biological basis of altered resistance to infection. The American journal of 
clinical nutrition, 68(2), 447S-463S.  

Sharkey, L. L., Liao, W. L., Ghosh, A. K., & Fonzi, W. A. (2005). Flanking direct 
repeats of hisG alter URA3 marker expression at the HWP1 locus of 
Candida albicans. Microbiology, 151(4), 1061-1071. 

Sheppard, D. C., Yeaman, M. R., Welch, W. H., Phan, Q. T., Fu, Y., Ibrahim, A. 
S., . . . Edwards, J. E. (2004). Functional and structural diversity in the 
Als protein family of Candida albicans. Journal of Biological Chemistry, 
279(29), 30480-30489.  

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., . . . Söding, 
J. (2011). Fast, scalable generation of high‐quality protein multiple 
sequence alignments using Clustal Omega. Molecular systems biology, 
7(1), 539.  

Simons, T. (1991). Intracellular free zinc and zinc buffering in human red blood 
cells. The Journal of membrane biology, 123(1), 63-71.  

Singleton, D. R., & Hazen, K. C. (2004). Differential surface localization and 
temperature-dependent expression of the Candida albicans CSH1 
protein. Microbiology, 150(2), 285-292.  

Skrzypek, M. S., Binkley, J., Binkley, G., Miyasato, S. R., Simison, M., & 
Sherlock, G. (2016). The Candida Genome Database (CGD): 
incorporation of Assembly 22, systematic identifiers and visualization of 
high throughput sequencing data. Nucleic acids research, gkw924.  



257 
 

Slutsky, B., Staebell, M., Anderson, J., Risen, L., Pfaller, M. t., & Soll, D. (1987). 
" White-opaque transition": a second high-frequency switching system in 
Candida albicans. Journal of bacteriology, 169(1), 189-197.  

Snapp, E. L. (2009). Fluorescent proteins: a cell biologist's user guide. Trends 
in cell biology, 19(11), 649-655.  

Sobocinski, P., Canterbury Jr, W., Mapes, C., & Dinterman, R. (1978). 
Involvement of hepatic metallothioneins in hypozincemia associated with 
bacterial infection. American Journal of Physiology-Endocrinology and 
Metabolism, 234(4), E399.  

Sohn, K., Senyürek, I., Fertey, J., Königsdorfer, A., Joffroy, C., Hauser, N., . . . 
Rupp, S. (2006). An in vitro assay to study the transcriptional response 
during adherence of Candida albicans to different human epithelia. 
FEMS yeast research, 6(7), 1085-1093.  

Soloviev, D. A., Fonzi, W. A., Sentandreu, R., Pluskota, E., Forsyth, C. B., 
Yadav, S., & Plow, E. F. (2007). Identification of pH-regulated antigen 1 
released from Candida albicans as the major ligand for leukocyte integrin 
αMβ2. The Journal of immunology, 178(4), 2038-2046.  

Soloviev, D. A., Jawhara, S., & Fonzi, W. A. (2011). Regulation of innate 
immune response to Candida albicans infections by αMβ2-Pra1p 
interaction. Infection and immunity, 79(4), 1546-1558.  

Sorgo, A. G., Heilmann, C. J., Brul, S., de Koster, C. G., & Klis, F. M. (2013). 
Beyond the wall: Candida albicans secret (e) s to survive. FEMS 
microbiology letters, 338(1), 10-17.  

Sorgo, A. G., Heilmann, C. J., Dekker, H. L., Bekker, M., Brul, S., de Koster, C. 
G., . . . Klis, F. M. (2011). Effects of fluconazole on the secretome, the 
wall proteome, and wall integrity of the clinical fungus Candida albicans. 
Eukaryotic cell, 10(8), 1071-1081.  

Sorgo, A. G., Heilmann, C. J., Dekker, H. L., Brul, S., de Koster, C. G., & Klis, F. 
M. (2010). Mass spectrometric analysis of the secretome of Candida 
albicans. Yeast, 27(8), 661-672.  

Staab, J. F., Bradway, S. D., Fidel, P. L., & Sundstrom, P. (1999). Adhesive and 
mammalian transglutaminase substrate properties of Candida albicans 
Hwp1. Science, 283(5407), 1535-1538.  

Staab, J. F., Datta, K., & Rhee, P. (2013). Niche-specific requirement for hyphal 
wall protein 1 in virulence of Candida albicans. PloS one, 8(11), e80842. 

Staab, J. F., Ferrer, C. A., & Sundstrom, P. (1996). Developmental expression 
of a tandemly repeated, proline-and glutamine-rich amino acid motif on 
hyphal surfaces of Candida albicans. Journal of Biological Chemistry, 
271(11), 6298-6305.  

Staab, J. F., & Sundstrom, P. (1998). Genetic organization and sequence 
analysis of the hypha‐specific cell wall protein gene HWP1 of Candida 
albicans. Yeast, 14(7), 681-686.  

Stehr, F., Felk, A., Gácser, A., Kretschmar, M., Mähnß, B., Neuber, K., ... & 
Schäfer, W. (2004). Expression analysis of the Candida albicans lipase 



258 
 

gene family during experimental infections and in patient samples. FEMS 
Yeast Research, 4(4-5), 401-408. 

Sudbery, P., Gow, N., & Berman, J. (2004). The distinct morphogenic states of 
Candida albicans. Trends in microbiology, 12(7), 317-324.  

Sundstrom, P. (2002). Adhesion in Candida spp. Cellular microbiology, 4(8), 
461-469.  

Taff, H. T., Nett, J. E., Zarnowski, R., Ross, K. M., Sanchez, H., Cain, M. T., . . . 
Andes, D. R. (2012). A Candida biofilm-induced pathway for matrix 
glucan delivery: implications for drug resistance. PLoS pathogens, 8(8).  

Taguchi, F., Suzuki, T., Inagaki, Y., Toyoda, K., Shiraishi, T., & Ichinose, Y. 
(2010). The siderophore pyoverdine of Pseudomonas syringae pv. tabaci 
6605 is an intrinsic virulence factor in host tobacco infection. Journal of 
bacteriology, 192(1), 117-126.  

Taylor, B. N., Fichtenbaum, C., Saavedra, M., Slavinsky III, J., Swoboda, R., 
Wozniak, K., . . . Fidel Jr, P. L. (2000). In vivo virulence of Candida 
albicans isolates causing mucosal infections in people infected with the 
human immunodeficiency virus. The Journal of infectious diseases, 
182(3), 955-959. 

 Theiss, S., Ishdorj, G., Brenot, A., Kretschmar, M., Lan, C. Y., Nichterlein, T., ... 
& Köhler, G. A. (2006). Inactivation of the phospholipase B gene PLB5 in 
wild-type Candida albicans reduces cell-associated phospholipase A2 
activity and attenuates virulence. International Journal of Medical 
Microbiology, 296(6), 405-420. 

Thomas, D. P., Bachmann, S. P., & Lopez‐Ribot, J. L. (2006). Proteomics for 
the analysis of the Candida albicans biofilm lifestyle. Proteomics, 6(21), 
5795-5804.  

Thomas, D. P., Lopez-Ribot, J. L., & Lee, S. A. (2009). A proteomic analysis of 
secretory proteins of a pre-vacuolar mutant of Candida albicans. Journal 
of proteomics, 73(2), 342-351.  

Thomas, D. P., Viudes, A., Monteagudo, C., Lazzell, A. L., Saville, S. P., & 
López‐Ribot, J. L. (2006). A proteomic‐based approach for the 
identification of Candida albicans protein components present in a 
subunit vaccine that protects against disseminated candidiasis. 
Proteomics, 6(22), 6033-6041.  

Thrall, P. H., Laine, A. L., Ravensdale, M., Nemri, A., Dodds, P. N., Barrett, L. 
G., & Burdon, J. J. (2012). Rapid genetic change underpins antagonistic 
coevolution in a natural host‐pathogen metapopulation. Ecology letters, 
15(5), 425-435.  

Tobudic, S., Kratzer, C., Lassnigg, A., & Presterl, E. (2012). Antifungal 
susceptibility of Candida albicans in biofilms. Mycoses, 55(3), 199-204.  

Tóth, A., Németh, T., Csonka, K., Horváth, P., Vágvölgyi, C., Vizler, C., . . . 
Gácser, A. (2014). Secreted Candida parapsilosis lipase modulates the 
immune response of primary human macrophages. Virulence, 5(4), 555-
562.  



259 
 

Tottey, S., Waldron, K. J., Firbank, S. J., Reale, B., Bessant, C., Sato, K., . . . 
Dennison, C. (2008). Protein-folding location can regulate manganese-
binding versus copper-or zinc-binding. Nature, 455(7216), 1138-1142.  

Trick, W., Fridkin, S., Edwards, J., Hajjeh, R., Gaynes, R. P., & Hospitals, N. N. 
I. S. S. (2002). Secular trend of hospital-acquired candidemia among 
intensive care unit patients in the United States during 1989–1999. 
Clinical Infectious Diseases, 35(5), 627-630.  

Tubek, S. (2007). Role of zinc in regulation of arterial blood pressure and in the 
etiopathogenesis of arterial hypertension. Biological trace element 
research, 117(1-3), 39-51.  

Tucker, S. L., Thornton, C. R., Tasker, K., Jacob, C., Giles, G., Egan, M., & 
Talbot, N. J. (2004). A fungal metallothionein is required for pathogenicity 
of Magnaporthe grisea. The Plant Cell, 16(6), 1575-1588.  

Turnlund, J. R., Keyes, W. R., Peiffer, G. L., & Scott, K. C. (1998). Copper 
absorption, excretion, and retention by young men consuming low dietary 
copper determined by using the stable isotope 65Cu. The American 
journal of clinical nutrition, 67(6), 1219-1225.  

Underwood, E. (2012). Trace elements in human and animal nutrition: Elsevier. 

Urban, C., Sohn, K., Lottspeich, F., Brunner, H., & Rupp, S. (2003). 
Identification of cell surface determinants in Candida albicans reveals 
Tsa1p, a protein differentially localized in the cell. FEBS letters, 544(1-3), 
228-235.  

Urban, C. F., Ermert, D., Schmid, M., Abu-Abed, U., Goosmann, C., Nacken, 
W., . . . Zychlinsky, A. (2009). Neutrophil extracellular traps contain 
calprotectin, a cytosolic protein complex involved in host defense against 
Candida albicans. PLoS pathogens, 5(10).  

Vallee, B. L., & Auld, D. S. (1990). Zinc coordination, function, and structure of 
zinc enzymes and other proteins. Biochemistry, 29(24), 5647-5659. 

Vallee, B. L., & Falchuk, K. H. (1993). The biochemical basis of zinc physiology. 
Physiological reviews, 73(1), 79-118.  

Vargas, K., Messer, S. A., Pfaller, M., Lockhart, S. R., Stapleton, J. T., Hellstein, 
J., & Soll, D. R. (2000). Elevated Phenotypic Switching and Drug 
Resistance of Candida albicans from Human Immunodeficiency Virus-
Positive Individuals prior to First Thrush Episode. Journal of clinical 
microbiology, 38(10), 3595-3607.  

Vargas, K., Wertz, P. W., Drake, D., Morrow, B., & Soll, D. R. (1994). 
Differences in adhesion of Candida albicans 3153A cells exhibiting 
switch phenotypes to buccal epithelium and stratum corneum. Infection 
and immunity, 62(4), 1328-1335.  

Vicentefranqueira, R., Moreno, M. A., Leal, F., & Calera, J. A. (2005). The zrfA 
and zrfB genes of Aspergillus fumigatus encode the zinc transporter 
proteins of a zinc uptake system induced in an acid, zinc-depleted 
environment. Eukaryotic cell, 4(5), 837-848.  



260 
 

Vignesh, K. S., Figueroa, J. A. L., Porollo, A., Caruso, J. A., & Deepe Jr, G. S. 
(2013). Granulocyte macrophage-colony stimulating factor induced Zn 
sequestration enhances macrophage superoxide and limits intracellular 
pathogen survival. Immunity, 39(4), 697-710.  

Villar, C., Kashleva, H., Nobile, C., Mitchell, A., & Dongari-Bagtzoglou, A. 
(2007). Mucosal tissue invasion by Candida albicans is associated with 
E-cadherin degradation, mediated by transcription factor Rim101p and 
protease Sap5p. Infection and immunity, 75(5), 2126-2135.  

Vinkenborg, J. L., Nicolson, T. J., Bellomo, E. A., Koay, M. S., Rutter, G. A., & 
Merkx, M. (2009). Genetically encoded FRET sensors to monitor 
intracellular Zn 2+ homeostasis. Nature methods, 6(10), 737.  

Vogl, T., Leukert, N., Barczyk, K., Strupat, K., & Roth, J. (2006). Biophysical 
characterization of S100A8 and S100A9 in the absence and presence of 
bivalent cations. Biochimica et Biophysica Acta (BBA)-Molecular Cell 
Research, 1763(11), 1298-1306.  

Voisard, C., Wang, J., McEvoy, J., Xu, P., & Leong, S. (1993). urbs1, a gene 
regulating siderophore biosynthesis in Ustilago maydis, encodes a 
protein similar to the erythroid transcription factor GATA-1. Molecular and 
cellular biology, 13(11), 7091-7100.  

Vylkova, S., Carman, A. J., Danhof, H. A., Collette, J. R., Zhou, H., & Lorenz, M. 
C. (2011). The fungal pathogen Candida albicans autoinduces hyphal 
morphogenesis by raising extracellular pH. MBio, 2(3), e00055-00011.  

Vylkova, S., & Lorenz, M. C. (2014). Modulation of phagosomal pH by Candida 
albicans promotes hyphal morphogenesis and requires Stp2p, a 
regulator of amino acid transport. PLoS pathogens, 10(3).  

Wagner, D., Maser, J., Lai, B., Cai, Z., Barry, C. E., zu Bentrup, K. H., . . . 
Bermudez, L. E. (2005). Elemental analysis of Mycobacterium avium-, 
Mycobacterium tuberculosis-, and Mycobacterium smegmatis-containing 
phagosomes indicates pathogen-induced microenvironments within the 
host cell’s endosomal system. The Journal of immunology, 174(3), 1491-
1500.  

Waldron, K. J., Rutherford, J. C., Ford, D., & Robinson, N. J. (2009). 
Metalloproteins and metal sensing. Nature, 460(7257), 823-830.  

Walker, E. M., & Walker, S. M. (2000). Effects of iron overload on the immune 
system. Annals of Clinical & Laboratory Science, 30(4), 354-365.  

Walther, A., & Wendland, J. (2003). An improved transformation protocol for the 
human fungal pathogen Candida albicans. Current genetics, 42(6), 339-
343.  

Wass, M. N., Kelley, L. A., & Sternberg, M. J. (2010). 3DLigandSite: predicting 
ligand-binding sites using similar structures. Nucleic acids research, 
38(suppl_2), W469-W473.  

Wastney, M. E., Aamodt, R. L., Rumble, W. F., & Henkin, R. I. (1986). Kinetic 
analysis of zinc metabolism and its regulation in normal humans. 
American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology, 251(2), R398-R408. 



261 
 

Waters, B. M., & Eide, D. J. (2002). Combinatorial control of yeast FET4 gene 
expression by iron, zinc, and oxygen. Journal of Biological Chemistry, 
277(37), 33749-33757.  

Weaver, B. P., Dufner-Beattie, J., Kambe, T., & Andrews, G. K. (2007). Novel 
zinc-responsive post-transcriptional mechanisms reciprocally regulate 
expression of the mouse Slc39a4 and Slc39a5 zinc transporters (Zip4 
and Zip5). Biological chemistry, 388(12), 1301-1312.  

Wehmeier, S., Morrison, E., Plato, A., Raab, A., Feldmann, J., Bedekovic, T., . . 
. Brand, A. C. (2020). Multi trace element profiling in pathogenic and non-
pathogenic fungi. Fungal Biology.  

Weissman, Z., Berdicevsky, I., Cavari, B.-Z., & Kornitzer, D. (2000). The high 
copper tolerance of Candida albicans is mediated by a P-type ATPase. 
Proceedings of the National Academy of Sciences, 97(7), 3520-3525.  

Wenzel, H. J., Cole, T. B., Born, D. E., Schwartzkroin, P. A., & Palmiter, R. D. 
(1997). Ultrastructural localization of zinc transporter-3 (ZnT-3) to 
synaptic vesicle membranes within mossy fiber boutons in the 
hippocampus of mouse and monkey. Proceedings of the National 
Academy of Sciences, 94(23), 12676-12681.  

White, C., Lee, J., Kambe, T., Fritsche, K., & Petris, M. J. (2009). A role for the 
ATP7A copper-transporting ATPase in macrophage bactericidal activity. 
Journal of Biological Chemistry, 284(49), 33949-33956.  

White, T. C., & Agabian, N. (1995). Candida albicans secreted aspartyl 
proteinases: isoenzyme pattern is determined by cell type, and levels are 
determined by environmental factors. Journal of bacteriology, 177(18), 
5215-5221.  

Wilson, D. (2015). An evolutionary perspective on zinc uptake by human fungal 
pathogens. Metallomics, 7(6), 979-985.  

Wilson, D., Citiulo, F., & Hube, B. (2012). Zinc exploitation by pathogenic fungi. 
PLoS pathogens, 8(12).  

Wilson, D., Thewes, S., Zakikhany, K., Fradin, C., Albrecht, A., Almeida, R., . . . 
Mayer, F. (2009). Identifying infection-associated genes of Candida 
albicans in the postgenomic era. FEMS yeast research, 9(5), 688-700.  

Wilson, R. B., Davis, D., & Mitchell, A. P. (1999). Rapid hypothesis testing with 
Candida albicans through gene disruption with short homology regions. 
Journal of bacteriology, 181(6), 1868-1874.  

Wingard, J. R. (1994). Infections due to resistant Candida species in patients 
with cancer who are receiving chemotherapy. Clinical Infectious 
Diseases, 19(Supplement_1), S49-S53.  

Winkelmann, G., & Drechsel, H. (1997). Microbial siderophores. Biotechnology: 
products of secondary metabolism, 7, 199-246.  

Winters, M. S., Chan, Q., Caruso, J. A., & Deepe Jr, G. S. (2010). Metallomic 
analysis of macrophages infected with Histoplasma capsulatum reveals a 
fundamental role for zinc in host defenses. The Journal of infectious 
diseases, 202(7), 1136-1145.  



262 
 

Wright, P. E., & Dyson, H. J. (1999). Intrinsically unstructured proteins: re-
assessing the protein structure-function paradigm. Journal of molecular 
biology, 293(2), 321-331.  

Wu, C.-Y., Bird, A. J., Chung, L. M., Newton, M. A., Winge, D. R., & Eide, D. J. 
(2008). Differential control of Zap1-regulated genes in response to zinc 
deficiency in Saccharomyces cerevisiae. Bmc Genomics, 9(1), 370.  

Wu, Y.-H., Frey, A. G., & Eide, D. J. (2011). Transcriptional regulation of the 
Zrg17 zinc transporter of the yeast secretory pathway. Biochemical 
Journal, 435(1), 259-266.  

Xu, W., Solis, N. V., Ehrlich, R. L., Woolford, C. A., Filler, S. G., & Mitchell, A. P. 
(2015). Activation and alliance of regulatory pathways in C. albicans 
during mammalian infection. PLoS biology, 13(2).  

Yadava, A., & Ockenhouse, C. F. (2003). Effect of codon optimization on 
expression levels of a functionally folded malaria vaccine candidate in 
prokaryotic and eukaryotic expression systems. Infection and immunity, 
71(9), 4961-4969.  

Yang, Q., McDonnell, S. M., Khoury, M. J., Cono, J., & Parrish, R. G. (1998). 
Hemochromatosis-associated mortality in the United States from 1979 to 
1992: an analysis of Multiple-Cause Mortality Data. Annals of Internal 
Medicine, 129(11_Part_2), 946-953.  

Yano, J., Palmer, G. E., Eberle, K. E., Peters, B. M., Vogl, T., McKenzie, A. N., 
& Fidel, P. L. (2014). Vaginal epithelial cell-derived S100 alarmins 
induced by Candida albicans via pattern recognition receptor interactions 
are sufficient but not necessary for the acute neutrophil response during 
experimental vaginal candidiasis. Infection and immunity, 82(2), 783-792.  

Yasui, M., Ota, K., & Garruto, R. M. (1993). Concentrations of zinc and iron in 
the brains of Guamanian patients with amyotrophic lateral sclerosis and 
parkinsonism-dementia. Neurotoxicology, 14(4), 445-450.  

Yuan, D. S., Stearman, R., Dancis, A., Dunn, T., Beeler, T., & Klausner, R. D. 
(1995). The Menkes/Wilson disease gene homologue in yeast provides 
copper to a ceruloplasmin-like oxidase required for iron uptake. 
Proceedings of the National Academy of Sciences, 92(7), 2632-2636.  

Yutani, K., Ogasahara, K., Tsujita, T., & Sugino, Y. (1987). Dependence of 
conformational stability on hydrophobicity of the amino acid residue in a 
series of variant proteins substituted at a unique position of tryptophan 
synthase alpha subunit. Proceedings of the National Academy of 
Sciences, 84(13), 4441-4444.  

Zackular, J. P., Chazin, W. J., & Skaar, E. P. (2015). Nutritional immunity: S100 
proteins at the host-pathogen interface. Journal of Biological Chemistry, 
290(31), 18991-18998.  

Zarember, K. A., Sugui, J. A., Chang, Y. C., Kwon-Chung, K. J., & Gallin, J. I. 
(2007). Human polymorphonuclear leukocytes inhibit Aspergillus 
fumigatus conidial growth by lactoferrin-mediated iron depletion. The 
Journal of immunology, 178(10), 6367-6373.  



263 
 

Zaugg, C., Borg-von Zepelin, M., Reichard, U., Sanglard, D., & Monod, M. 
(2001). Secreted Aspartic Proteinase Family of Candida tropicalis. 
Infection and immunity, 69(1), 405-412.  

Zhao, H., Butler, E., Rodgers, J., Spizzo, T., Duesterhoeft, S., & Eide, D. 
(1998). Regulation of zinc homeostasis in yeast by binding of the ZAP1 
transcriptional activator to zinc-responsive promoter elements. Journal of 
Biological Chemistry, 273(44), 28713-28720.  

Zhao, H., & Eide, D. (1996a). The yeast ZRT1 gene encodes the zinc 
transporter protein of a high-affinity uptake system induced by zinc 
limitation. Proceedings of the National Academy of Sciences, 93(6), 
2454-2458.  

Zhao, H., & Eide, D. (1996b). The ZRT2 gene encodes the low affinity zinc 
transporter in Saccharomyces cerevisiae. Journal of Biological 
Chemistry, 271(38), 23203-23210.  

Zhao, H., & Eide, D. J. (1997). Zap1p, a metalloregulatory protein involved in 
zinc-responsive transcriptional regulation in Saccharomyces cerevisiae. 
Molecular and cellular biology, 17(9), 5044-5052.  

Zhao, L., Zhao, Y., Tang, F.-L., Xiong, L., Su, C., Mei, L., . . . Xiong, W.-C. 
(2019). pHluorin-BACE1-mCherry acts as a reporter for the intracellular 
distribution of active BACE1 in vitro and in vivo. Cells, 8(5), 474.  

Zhao, X., Oh, S.-H., Cheng, G., Green, C. B., Nuessen, J. A., Yeater, K., . . . 
Hoyer, L. L. (2004). ALS3 and ALS8 represent a single locus that 
encodes a Candida albicans adhesin; functional comparisons between 
Als3p and Als1p. Microbiology, 150(7), 2415-2428.  

Zhao, X., Oh, S.-H., & Hoyer, L. L. (2007). Deletion of ALS5, ALS6 or ALS7 
increases adhesion of Candida albicans to human vascular endothelial 
and buccal epithelial cells. Sabouraudia, 45(5), 429-434.  

Zheng, X., Wang, Y., & Wang, Y. (2004). Hgc1, a novel hypha‐specific G1 
cyclin‐related protein regulates Candida albicans hyphal morphogenesis. 
The EMBO journal, 23(8), 1845-1856. 

Zlotogorski, A. (1987). Distribution of skin surface pH on the forehead and 
cheek of adults. Archives of dermatological research, 279(6), 398-401.  

Zygiel, E. M., & Nolan, E. M. (2018). Transition metal sequestration by the host-
defense protein calprotectin. Annual review of biochemistry, 87, 621-643.  

.  

 

 

 

 

 

 



264 
 

 

 

Appendix 

Table 3.1S Synteny between PRA1 and ZRT1 orthologues. 

No Species PRA1 [accession] synteny Zrt1 [accession] 

1 Candida albicans SC5314 XP_715420 Y XP_715421 

2 C.dubliniensis XP_002420285 Y XP_002420284 

3 C.maltosa EMG45831 Y EMG45830 

4 C.tropicalis XP_002549456 Y XP_002549455 

5 C.auris XP_018167856 N XP_018167047 

6 C.intermedia SGZ52912 N SGZ48790 

7 C.boidinii OWB68967 N OWB64932 

8 Millerozyma farinosa CBS 7064 CCE80559 Y CCE80560 

9 Debaryomyces fabryi XP_015465996 Y XP_015465995 

10 Debaryomyces_hansenii_CBS767 XP_457655 Y XP_457654 

11 Hyphopichia burtonii NRRL Y-1933 XP_020077368 Y XP_020077367 

12 Scheffersomyces_stipitis_CBS_6054 XP_001386401 Y XP_001386213 

13 Meyerozyma guilliermondii ATCC 6260 XP_001482986 N XP_001483613 

14 Saccharomyces cerevisiae YJM1190 AJT88464 - No Zrt1 

15 Saccharomyces kudriavzevii IFO 1802 EJT41755 - No Zrt1 

16 Saccharomyces eubayanus XP_018219198 - No Zrt1 

17 Saccharomyces arboricola H-6 EJS41803 - No Zrt1 

18 Torulaspora delbrueckii XP_003681486 N XP_003681450 

19 Lachancea thermotolerans CBS 6340 XP_002552739 N XP_002554598 

20 Kluyveromyces lactis XP_452206 N XP_453785 

21 Wickerhamomyces  XP_019037544 Y XP_019037545 

22 Nadsonia fulvescens var. elongata  ODQ66887 Y ODQ66888 

23 Cyberlindnera fabianii CDR44326 Y CDR44330 

24 Wickerhamomyces ciferrii XP_011277151 Y XP_011277152 

25 Cyberlindnera jadinii NRRL Y-1542 XP_020069857 Y XP_019037545 

26 Cryptococcus amylolentus CBS 6039 XP_018989879 Y XP_018989878 

27 Cryptococcus depauperatus CBS 7841 ODN87535 Y ODN87536 

28 Kwoniella dejecticola CBS 10117 XP_018261282 Y XP_018261281 

29 Kwoniella pini CBS 10737 XP_019011269 Y XP_019011270 

30 Kwoniella mangroviensis CBS 10435 OCF57484 Y OCF57485 

31 Aspergillus nidulans FGSC A4 XP_659436 Y XP_659437 

32 Aspergillus bombycis XP_022386508 (H/*) Y XP_022386509 

33 Aspergillus lentulus GAQ08121 Y GAQ08120 

34 Aspergillus fumigatus XP_022399211 Y XP_751869 

35 Aspergillus turcosus OXN35595 Y OXN35592 

36 Aspergillus fischeri NRRL 181 XP_001267052 Y XP_001267053 

37 Aspergillus parasiticus SU-1 KJK62992 Y KJK63050 

38 Aspergillus udagawae GAO83587 N GAO90807 

39 Aspergillus oryzae RIB40 XP_001817942 Y XP_001817943 

40 Aspergillus wentii DTO 134E9 OJJ40798 Y OJJ40799 

41 Aspergillus sydowii CBS 593.65 OJJ64235 N OJJ64233 

42 Aspergillus flavus NRRL3357 XP_002373106 Y XP_002373107 

43 Aspergillus nomius NRRL 13137 XP_015408011 Y XP_015408010 

44 Aspergillus thermomutatus OXS12286 Y OXS12287 

45 Aspergillus versicolor CBS 583.65 OJI98327 N OJI98325 

46 Aspergillus glaucus CBS 516.65 XP_022399211 N XP_022405657 

47 Aspergillus cristatus ODM16441 N ODM23093 

48 Aspergillus calidoustus CEL05170 Y CEL05169 

49 Aspergillus clavatus NRRL 1 XP_001271840 Y XP_001271839 

50 Penicillium camemberti CRL17198 Y CRL17197 

51 Penicillium solitum OQE01136 Y OQE01072 

52 Penicillium polonicum OQD66641 Y OQD66428 

53 Penicillium nordicum KOS41019 N KOS41024 

54 Penicillium expansum XP_016597257 Y XP_016597256 

55 Penicillium vulpinum OQE07605 Y OQE07538 

56 Penicillium italicum KGO71854 Y KGO71853 

57 Penicillium coprophilum OQE46171 Y OQE46829 

58 Penicillium griseofulvum KXG46698 Y KXG46699 

59 Penicillium rubens Wisconsin 54-1255 XP_002562292 Y XP_002562293 

60 Penicillium flavigenum OQE30241 Y OQE30484 

61 Penicillium brasilianum CEJ55628 Y CEJ55627 

62 Penicillium antarcticum OQD81362 Y OQD81283 

63 Penicillium oxalicum 114-2 EPS27156 N EPS30514 
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64 Penicillium nalgiovense OQE90320 Y OQE90300 

65 Penicillium arizonense XP_022493837 Y XP_022494017 

66 Penicillium freii KUM61209 Y KUM61210 

67 Penicillium roqueforti FM164 CDM33564 Y CDM33563 

68 Penicillium digitatum Pd1 XP_014531321 Y XP_014531321 

69 Penicillium subrubescens OKP15198 Y OKP15199 

70 Penicillium occitanis PCG97133 Y PCG97134 

71 Spizellomyces punctatus DAOM BR117 XP_016604344 N XP_016609628 

72 Coccidioides posadasii C735 delta SOWgp XP_003070371 Y XP_003070372 

73 Coccidioides immitis RS XP_001241166 Y XP_001241167 

74 Stachybotrys chlorohalonata IBT 40285 KFA60783 N KFA66915 

75 Blastomyces dermatitidis ER-3 EEQ91485 N EEQ91531 

76 Anthracocystis flocculosa PF-1 XP_007882094 N XP_007879588 

77 Hypsizygus marmoreus KYQ40894 Y KYQ40893 

78 Tilletia indica OAJ01445 Y A4X13_g5920 

79 Kockovaella imperatae XP_021870272 Y BD324DRAFT_581562 

80 Tilletiaria anomala UBC 951 XP_013239746 N XP_013239736 

81 Ustilago maydis 521 XP_011389526 Y UMAG_03110 

82 Leucosporidium creatinivorum ORY67941 N ORY91603 

83 Moesziomyces aphidis DSM 70725 ETS61969 Y ETS61968 

84 Pseudozyma hubeiensis SY62 XP_012190163 Y XP_012190162 

85 Rhodotorula graminis WP1 XP_018271388 N XP_018270067 

86 Sporisorium scitamineum CDW96755 N CDU26164 

87 Kalmanozyma brasiliensis GHG001 XP_016290366 Y XP_016290367 

88 Fusarium oxysporum f. sp. pisi HDV247 EXA33488 N EXA42986 

89 Microbotryum intermedium SCV73681 N SCV71905 

90 Wallemia mellicola CBS 633.66 XP_006959806 Y XP_006959805 

91 Komagataella pastoris ANZ74108 Y ANZ73916 

92 Zymoseptoria brevis KJY01877 Y KJY01878 

93 Sphaerulina musiva SO2202 XP_016764842 Y XP_016764841 

94 Setosphaeria turcica Et28A XP_008027172 N XP_008027171 

95 Pyrenophora teres f. teres 0-1 XP_003305448 Y XP_003305449 

96 Parastagonospora nodorum SN15 XP_001793586 Y XP_001793585 

97 Neofusicoccum parvum UCRNP2 XP_007580266 Y XP_007580277 

98 Macrophomina phaseolina MS6 EKG19071 Y EKG19072 

99 Leptosphaeria maculans JN3 XP_003845579 Y XP_003845578 

100 Bipolaris victoriae FI3 XP_014550837 N XP_014550822 

101 Exophiala spinifera XP_016240164 Y XP_016240163 

102 Coniosporium apollinis CBS 100218 XP_007784016 Y XP_007784017 

103 Uncinocarpus reesii 1704 XP_002542986 Y XP_002542987 

104 Ophiostoma piceae UAMH 11346 EPE08545 N EPE03716 

105 Eutypa lata UCREL1 XP_007794575 N XP_007798271 

106 Chaetomium globosum CBS 148.51 XP_001227763 N XP_001221239 

107 Colletotrichum nymphaeae SA-01 KXH28784 N KXH62763 

108 Sclerotinia sclerotiorum 1980 UF-70 XP_001590788 Y XP_016240163 

109 Pseudogymnoascus sp. VKM F- KFY55670 Y KFY55671 

110 Marssonina coronariae OWP04176 N OWP04174 

111 Blumeria graminis f. sp. tritici 96224 EPQ66538 N EPQ66283 

112 Glarea lozoyensis ATCC 20868 XP_008079785 Y XP_008079784 

113 Botrytis cinerea BcDW1 EMR82993 Y EMR82992 

114 Metarhizium anisopliae KFG86257 N KFG82317 

115 Cordyceps brongniartii RCEF 3172 OAA52324 N OAA41561 

116 Beauveria bassiana D1-5 KGQ08661 N KGQ10666 
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Table 7.1S Mass spectrometric analysis of protein secreted by C. albicans into Limited Zinc Media under different 
environmental condition.  

LZM pH 7.4 LZM pH 7.4 + 100 µM Zn+2 LZM pH 4.8 LZM pH 4.8 + 100 µM Zn+2 

Protein Area Percent Protein Area Percent Protein Area Percent Protein Area Percent 

Pra1 1.62E+11 74.11235291 Mp65 8.79E+10 42.52019344 Mp65 7.46E+09 28.74510226 Tos1 1.97E+10 16.06053191 

Mp65 2.19E+10 9.998852483 Tos1 2.14E+10 10.3389226 Pra1 6.71E+09 25.86780658 Mp65 1.51E+10 12.3098955 

Sun41 7.10E+09 3.246707592 Sun41 2.08E+10 10.07570946 Sun41 3.34E+09 12.85515224 Ywp1 1.39E+10 11.33528767 

Tos1 5.57E+09 2.546837272 Pra1 1.67E+10 8.074262347 Als3 1.68E+09 6.457178547 Sun41 9.91E+09 8.100400564 

Ece1 4.83E+09 2.209057582 Cht3 5.22E+09 2.527969605 Tos1 1.52E+09 5.857411664 Utr2 8.14E+09 6.650313846 

Hyr1 1.84E+09 0.840352358 Xog1 4.19E+09 2.030332765 Als4 1.12E+09 4.326642419 Rbe1 5.60E+09 4.579405583 

Als3 1.16E+09 0.52967384 Utr2 4.16E+09 2.015441198 Als5 6.61E+08 2.547732465 Pga45 5.02E+09 4.10089674 

C6_02100W_A 9.19E+08 0.420173534 Ywp1 4.10E+09 1.983898415 Hyr1 6.44E+08 2.480610121 Bgl2 4.81E+09 3.93409689 

Als5 8.71E+08 0.398018219 Scw11 4.07E+09 1.971622485 Bgl2 4.18E+08 1.610188512 Xog1 3.79E+09 3.099479785 

Rbt5 8.59E+08 0.39264804 Bgl2 3.89E+09 1.881296432 Xog1 3.04E+08 1.17160276 Ecm33 3.53E+09 2.883740028 

Utr2 7.91E+08 0.361710018 Gca2 3.18E+09 1.537724068 Als1 2.78E+08 1.069590227 Gca2 3.23E+09 2.636535269 

Bgl2 1.30E+09 0.593919265 Gca1 3.18E+09 1.537724068 Cht2 2.14E+08 0.823601217 Gca1 3.23E+09 2.636535269 

Rbt4 1.04E+09 0.474989738 Phr1 2.41E+09 1.165152386 Utr2 1.96E+08 0.753634804 Eng1 3.22E+09 2.634247914 

Als4 5.55E+08 0.253667258 Rbt4 2.26E+09 1.093911385 Rbt4 1.62E+08 0.625429255 Pir1 3.17E+09 2.589337457 

Apr_1 5.26E+08 0.240362326 Pga45 2.10E+09 1.018497603 Ywp1 1.19E+08 0.460368259 Scw11 2.81E+09 2.299035948 

Pir1 5.22E+08 0.238557897 Als3 2.06E+09 0.99676164 Rbt5 1.12E+08 0.431599629 Cht2 2.70E+09 2.208318726 

Xog1 9.96E+08 0.455206602 Als1 2.02E+09 0.977271346 Gca2 9.64E+07 0.371459549 Cht3 2.55E+09 2.0845429 

Phr1 8.79E+08 0.401621099 Rbe1 1.97E+09 0.955695734 C6_02100W_A 8.89E+07 0.342573114 Rbt5 2.24E+09 1.829203234 

Cyp1 3.93E+08 0.179565441 Cht2 1.91E+09 0.923560824 Ecm33 7.23E+07 0.278816413 Sim1 1.96E+09 1.605455509 

Sap5 3.93E+08 0.179467198 Eng1 1.82E+09 0.87948691 Cth11 7.10E+07 0.273478118 Rhd3 1.62E+09 1.320767821 

Als1 3.19E+08 0.145615159 Pir1 1.70E+09 0.822115868 Sod4 6.76E+07 0.260534556 Als4 8.60E+08 0.70316266 

Cht2 2.66E+08 0.121606063 Sim1 1.30E+09 0.630426265 Pga45 5.89E+07 0.226876409 Rbt4 8.46E+08 0.691350299 

Crh11 2.16E+08 0.098695644 Rbt5 1.20E+09 0.57882842 Phr1 5.31E+07 0.20464706 Pra1 8.14E+08 0.665154203 

Aco1 1.83E+08 0.083454814 Crh11 9.88E+08 0.477984191 Apr_1 3.36E+07 0.129418126 Plb4.5 5.06E+08 0.413368731 

Ecm14 1.77E+08 0.080774222 Pd11 6.99E+08 0.338486117 Ihd1 3.19E+07 0.123049 Als2 4.07E+08 0.33255212 

Pd11 1.68E+08 0.076625636 Sap9 6.04E+08 0.292121348 Dag7 2.99E+07 0.115257933 C4_06620C_A 3.58E+08 0.292583072 

Sod5 1.66E+08 0.075679624 Als5 5.89E+08 0.285110114 Ece1 2.94E+07 0.113318415 Coi1 3.24E+08 0.265185564 

Pga45 1.75E+08 0.079977991 Apr_1 4.94E+08 0.238960354 Kre9 2.81E+07 0.108485239 Sod4 3.12E+08 0.254696237 

Cip1 2.76E+08 0.126162664 Aco1 4.83E+08 0.233953587 C4_06620C_A 2.67E+07 0.102879399 Dag7 2.96E+08 0.242135105 

Ywp1 1.36E+08 0.062317668 Cip1 4.33E+08 0.209365783 Cht3 2.63E+07 0.101542474 Sap2 2.03E+08 0.165501443 

Cr_01280cp_a 1.33E+08 0.060884294 Als4 3.22E+08 0.156074208 Cip1 2.24E+07 0.086305914 Crh11 1.68E+08 0.137510775 

Gca2 1.33E+08 0.060854138 Ece1 2.55E+08 0.123388691 Cr_01280cp_a 2.19E+07 0.084295875 Sap10 1.49E+08 0.12178707 

Gca1 1.33E+08 0.060854138 Ecm33 2.31E+08 0.111589565 C2_06550W_A 2.12E+07 0.081886519 Sap9 1.09E+08 0.088917713 

CR_01280C_A 1.32E+08 0.060467893 Ecm14 1.50E+08 0.072671594 Ihd1 2.09E+07 0.080566638 Als1 7.54E+07 0.061639949 

Sap9 1.03E+08 0.047017598 Ape2 1.49E+08 0.07201648 Ssr1 1.87E+07 0.072197325 Phr1 6.88E+07 0.056194859 

Sim1 9.90E+07 0.045250122 Als2 1.24E+08 0.060156686 Sap10 1.78E+07 0.068585131 Als5 6.75E+07 0.055200292 

Prc2 9.53E+07 0.043545987 C6_02100W_A 1.24E+08 0.060079933 Sim1 1.75E+07 0.067542708 Op4 6.11E+07 0.049919664 

Cht3 8.30E+07 0.037951809 Hex1 1.12E+08 0.054028099 Rbe1 1.72E+07 0.06636736 Pga52 5.92E+07 0.048398161 

C4_06620C_A 1.65E+08 0.075319573 Cyp1 1.07E+08 0.052003549 Pir1 1.58E+07 0.060856164 Ecm331 5.81E+07 0.047455976 

Ecm33 7.90E+07 0.036109878 Rhd3 1.02E+08 0.049437063 Op4 1.21E+07 0.046587436 Hex1 5.40E+07 0.044139219 

Ape2 7.14E+07 0.032620937 Sod5 1.00E+08 0.048435306 C4_05580C_A  8.03E+06 0.03096426 CR_06030C_A 5.06E+07 0.041321611 

Scw11 6.82E+07 0.031153527 Als9 9.82E+07 0.04753207 Cyp1 7.59E+06 0.029247696 Phr1 4.76E+07 0.038905367 

C2_06550W_A 6.66E+07 0.030443771 Hyr1 9.26E+07 0.044818424 Sap5 7.34E+06 0.028285218 Ssr1 4.03E+07 0.032972395 
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Sap6 6.06E+07 0.027677294 CR_01280C_A 7.97E+07 0.03859847 C1_11710C_A 6.64E+06 0.025578308 Kre9 3.76E+07 0.030721798 

Csp2 5.80E+07 0.026525711 Cr_01280cp_a 7.97E+07 0.03859847 Sap9 6.43E+06 0.024767849 Sap3 3.68E+07 0.030068075 

Ape3 9.22E+07 0.042118182 C2_07420W_A 7.96E+07 0.038517325 Pga12 6.36E+06 0.024523114 Als3 3.59E+07 0.029357724 

Ihd1 6.63E+07 0.03029455 Pga52 6.49E+07 0.031410121 Scw11 6.28E+06 0.024209685 C1_10170W_A 2.78E+07 0.022758942 

Sap4 4.36E+07 0.019920164 Op4 6.20E+07 0.030029044 Sod5 5.99E+06 0.023080543 Asm3 2.56E+07 0.020918027 

Pga52 4.32E+07 0.019749462 C4_06620C_A 4.20E+07 0.02030827 Sap1 5.84E+06 0.022514974 Dcw1 2.12E+07 0.017299722 

Pga12 4.11E+07 0.01876696 Ape3 3.88E+07 0.018796277 CR_10320W_A 5.20E+06 0.020046966 Rbt7 1.79E+07 0.014596917 

C6_00980C_A 3.91E+07 0.017878822 CR_01280C_A 3.88E+07 0.018796277 Rbt7 4.90E+06 0.018892438 C2_06550W_A 1.45E+07 0.011842233 

CR_05190W_A 3.89E+07 0.017776166 C2_09970cp_a 3.87E+07 0.018716442 Sap99 4.70E+06 0.018105243 Als9 1.37E+07 0.011174611 

C2_10630W_A 3.37E+07 0.015389152 C4_06620C_A  3.74E+07 0.018081268 Hex1 4.62E+06 0.017799869 Pga12 1.15E+07 0.009360272 

Dag7 2.74E+07 0.012527856 Cwh41 3.55E+07 0.017193951 CR_10020C_A 4.23E+06 0.016303197 Csp1 9.56E+06 0.007815714 

Ssr1 2.13E+07 0.00974973 Sap6 3.22E+07 0.015561382 C2_10150W_A 4.13E+06 0.015913992 Sod6 7.82E+06 0.00639298 

C1_10170W_A 2.02E+07 0.009253469 CR_06030C_A 3.06E+07 0.014813024 Asm3 3.28E+06 0.012657217 Hyr1 7.76E+06 0.006340097 

Hex1 2.02E+07 0.009209462 Op4 2.97E+07 0.014395826 Plb4.5 3.08E+06 0.011885667 Sap99 5.89E+06 0.004816699 

Rbe1 2.00E+07 0.009126717 Kre9 2.75E+07 0.013298672 Exg2 2.84E+06 0.010935099 Ihd1 5.68E+06 0.00464203 

Exg2 1.67E+07 0.007635257 Sap7 2.65E+07 0.0128155 Sap2 2.77E+06 0.010679018 CR_10020C_B 4.63E+06 0.003780423 

Rbt7 1.40E+07 0.006417733 C1_10170W_A 2.29E+07 0.011102613 Pd11 2.61E+06 0.010051833 C6_02100W_A 4.26E+06 0.003483411 

Asm3 1.38E+07 0.006323026 Plb4.5 2.21E+07 0.010694668 Eng1 2.52E+06 0.009711385 C2_10150W_A 3.70E+06 0.003023818 

C1_09020W_A 1.20E+07 0.005474531 Ihd1 2.12E+07 0.010270913 Col1 2.24E+06 0.008643006 Ece1 3.36E+06 0.002747823 

Kre9 1.18E+07 0.005399246 Csp1 1.88E+07 0.009098638 Eng1 2.08E+06 0.008030762 Exg2 3.20E+06 0.002612024 

C3_02270W_A 1.09E+07 0.004979527 C1_05890W_A 1.53E+07 0.007414863 Sap4 1.82E+06 0.007003196 Pho114 3.01E+06 0.002461054 

Dcw1 1.04E+07 0.004750361 Cbp1 1.51E+07 0.007284932 Rhd3 1.76E+06 0.006793959 CR_05190W_A 2.41E+06 0.001968937 

Cwh41 7.90E+06 0.003610228 C1_04910cp_a 1.36E+07 0.006558597 Pga52 1.58E+06 0.006104266 Pga17 1.74E+06 0.001236818 

C4_05580C_A  7.45E+06 0.003403789 Sap99 1.01E+07 0.0049022 Ape2 1.58E+06 0.006093416 Sod5 1.51E+06 0.001080312 

Op4 1.34E+07 0.006117575 Pga17 6.11E+06 0.002955411       

Rbt1 6.36E+06 0.002905516 Asm3 5.12E+06 0.002477768       

Eng1 5.66E+06 0.00258479 Rbt1 4.73E+06 0.002290659       

C1_03680W_B 5.32E+06 0.002430147          

Cbp1 3.58E+06 0.001637641          

Sap99 3.04E+06 0.001391238          

C4_03500cp_a 2.06E+06 0.000939261          

C2_08650wp_a 2.00E+06 0.000912615          

            

            

            

 

 

 

 

 

 

 



269 
 

Table 7.2S Go annotation of C. albicans secretome identified using mass spectrometric analysis 

Accession Protein name Description 

C4_06980W Pra1 Zinc binding, immune evasion   

C2_10030C Mp65 Cell wall mannoprotein 

C6_00820W Sun41 Cell wall glycosidase 

C3_01550C Tos1 Unknown 

C1_13450W Hyr1 Cell wall protein 

C6_02100W C6_02100W Unknown 

CR_07070C Als3 Adhesin 

CR_05190W CR_05190W Unknown 

C4_00130W Rbt5 Cell wall protein 

C4_02250C Bgl2 Cell wall 1,3-beta-glucosyltransferase 

C4_04530C Phr1 Cell surface glycosidase 

C1_02990C Xog1 Exo-1,3-beta-glucanase 

C1_07030C RBT4 Pry family protein 

C4_06620C C4_06620C Unknown 

C6_04130C Als4 Adhesin 

C1_07900W Coi1 Unknown 

C2_08870C Pir1 1,3-beta-glucan-linked cell wall protein 

C6_03690W Als5 Adhesin 

C3_01730C Utr2 cell wall glycosidase 

C2_00680C Sod5 Superoxide dismutase 

C6_03700W Als1 Adhesin 

C6_02710C Sap6 Secreted aspartyl protease 

C4_00720W Csp2 Cell wall associated protein 

C7_03360W CPY1 Carboxypeptidase Y 

C6_03850C Ihd1 Unknown 

C2_03670W Sap9 Secreted aspartyl protease 

C6_03030W Sap5 Secreted aspartyl protease 

C6_01070C Cip1 Oxidoreductase 

C1_03190C Ecm33 Cell wall protein 
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C4_02900C Crh11 Cell wall transglycosylase 

C1_10290W Gca1 Extracellular/plasma membrane-associated glucoamylase 

CR_10110W Cht3 Cell wall protein 

C5_04130C Cht2 Cell wall protein  

C5_05390C Pga4 Cell surface protein 

C1_10550C Gca2 Extracellular glucoamylase 

C7_00860W Ssr1 Beta-glucan associated ser/thr rich cell-wall protein 

C2_06550W C2_06550W Unknown 

C5_04110W Scw11 Cell wall protein 

C5_01450W Prc2 Carboxypeptidase 

C2_00100C Pga52 Cell surface protein 

C6_03490C Sap4 Secreted aspartyl protease 

C4_01010C Dag7 Unknown 

C1_14120C RBE1 Cell wall protein 

C6_00980C C6_00980C Lipase 

C4_03100W Rbt7 Unknown 

C5_04260W C5_04260W Unknown 

C1_05960W Pga45 Cell wall protein 

C3_04180W KRE9 Beta-1,6-glucan biosynthesis 

C2_10630W C2_10630W Hydrolase  

CR_10210W Pga12 Unknown 

C5_03610W Hex1 Beta-N-acetylhexosaminidase 

C1_00680W Asm3 Acid sphingomyelin phosphodiesterase 

CR_05430W Csp1 Cell wall protein 

C1_02630C Exg2 Cell wall protein 

C1_01360C C1_01360C Unknown 

C2_03670W Sap99 Secreted aspartyl protease 

C1_11710C C1_11710C Unknown 

C2_07420W C2_07420W Phosphoglycerate mutase 

C1_10170W C1_10170W adhesins protein 

C1_03680W Eng1 Endo-1,3-beta-glucanase 
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C4_02450W C4_02450W Unknown 

C2_08650W C2_08650W Unknown 

C2_00660C Sod4 Superoxide dismutase 

C4_03520C Rbt1 Cell wall protein 

C4_04050C Rhd3 Cell wall protein 

C5_00450C Ifg3 D-amino acid oxidase 

CR_04490C CR_04490C Protein hydrolase 

C4_00120W Pga7 Hyphal surface antigen 
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Table 7.3S Mass spectrometric analysis of protein secreted by C. parapsilosis into Limited Zinc Media under different 
environmental condition. 

LZM pH 7.4 LZM pH 7.4 + 100 µM Zn+2 LZM pH 4.8 LZM pH 4.8 + 100 µM Zn+2 

Protein Area Percent Protein Area Percent Protein Area Percent Protein Area Percent 

Mp65 3.20E+10 24.48191513 Mp65 6.53E+10 30.33214073 CPAR2_106910 1.96E+10 21.20454712 Cht2 3.32E+10 25.68202713 

Xog1 1.65E+10 12.63647051 Cht2 2.83E+10 13.13539384 Xog1 8.55E+09 9.230244623 CPAR2_106910 1.33E+10 10.27208098 

Rbt4 1.33E+10 10.14840294 Sim1 1.66E+10 7.698842627 Cht2 7.35E+09 7.941590925 CPAR2_301300 9.72E+09 7.518321383 

CPAR2_106910 1.20E+10 9.14680566 Rbt4 1.54E+10 7.136671863 Rbt4 6.27E+09 6.768757284 Hyr3 8.26E+09 6.388637975 

Rbt1 5.02E+09 3.838371531 Pga30 8.82E+09 4.095766616 CPAR2_500500 5.64E+09 6.085572153 Pga30 7.15E+09 5.533425172 

Sim1 4.74E+09 3.620072578 Rbt1 7.96E+09 3.695392406 Rbt1 3.99E+09 4.310972551 CPAR2_404110 6.68E+09 5.170416313 

Coi1 4.38E+09 3.350695576 Tos1 7.32E+09 3.397651029 Pho100 3.50E+09 3.78474592 CPAR2_702650 5.59E+09 4.324309018 

CR_10200W_A 4.18E+09 3.191367683 Xog1 6.30E+09 2.925244792 YWP1 3.33E+09 3.594489913 Rbt4 5.09E+09 3.937855046 

Ywp1 2.89E+09 2.208473 Sap5 5.28E+09 2.449283018 Hyr3 2.89E+09 3.125929394 Ecm33 3.85E+09 2.97621743 

CPAR2_301290 2.71E+09 2.06954199 Csa1 4.25E+09 1.972516876 Als1 2.73E+09 2.952421039 Sim1 3.06E+09 2.368741313 

Pir1 2.68E+09 2.046012754 RBE1 4.18E+09 1.941142907 Iff3 2.64E+09 2.847770654 Bgl2 2.93E+09 2.267538641 

Sap5 2.66E+09 2.035236188 Bgl2 4.07E+09 1.890603368 Pho100 2.24E+09 2.41932715 Pho100 2.55E+09 1.972091839 

Csa1 2.51E+09 1.916466744 Sun41 4.06E+09 1.885258659 Sim1 2.02E+09 2.181127745 Sun41 2.43E+09 1.877440344 

Cht2 2.30E+09 1.761613689 CPAR2_106910 3.51E+09 1.6276041 Iff9 1.94E+09 2.091579006 Hyr3 2.28E+09 1.761502398 

Iff9 1.79E+09 1.366780243 PDd1 2.87E+09 1.330600637 Als7 1.79E+09 1.933662373 Rbe1 2.16E+09 1.670104182 

Bgl2 1.75E+09 1.339448202 Cts1 2.47E+09 1.145280191 CR_10200W_A 1.75E+09 1.889626109 Pho113 2.08E+09 1.610749638 

Fav3 1.61E+09 1.231660961 Coi1 2.23E+09 1.033406183 Iff9 1.51E+09 1.633415222 Iff.3 1.71E+09 1.32207745 

Pho100 1.61E+09 1.230655769 Iff9 1.80E+09 0.83557545 Ecm33 1.39E+09 1.499707387 Pho100 1.69E+09 1.306598927 

Csa1 1.26E+09 0.963634417 Cyp5 1.79E+09 0.828675673 Bgl2 1.18E+09 1.272237968 Sap8 1.36E+09 1.049566206 

Iff9 1.25E+09 0.9519046 Iff9 1.73E+09 0.80240245 Sap5 1.05E+09 1.130259976 Xog1 1.21E+09 0.93882943 

Sun41 1.12E+09 0.852637642 CPAR2_301300 1.61E+09 0.74627008 C1_10170W_A 9.52E+08 1.028227763 Ywp1 1.16E+09 0.894119188 

Rbe1 1.09E+09 0.836775535 Rny11 1.56E+09 0.724223027 Sun41 9.29E+08 1.002923457 Tos1 9.29E+08 0.719101921 

Pho100 1.04E+09 0.794691341 Sap1 1.44E+09 0.670568746 Hyr3 8.80E+08 0.950609712 Iff3 9.01E+08 0.696905993 

CPAR2_301300 9.59E+08 0.733364717 Hyr3 1.30E+09 0.605319483 Iff.3 7.46E+08 0.805187019 CR_03630W_A 8.83E+08 0.683008047 

Sap1 8.71E+08 0.665987978 Ywp1 1.10E+09 0.511192013 Tos1 7.45E+08 0.80470494 C1_10170W_A 8.78E+08 0.679198705 

Hyr3 8.24E+08 0.629752737 Csa1 9.83E+08 0.456403038 Mp65 7.24E+08 0.782351795 Cts1 7.00E+08 0.541275246 

C1_03120W_A  7.91E+08 0.604302673 Cht1 8.65E+08 0.401754381 COI1 6.54E+08 0.70595828 Sap7 6.91E+08 0.534670498 

Tos1 7.27E+08 0.555601789 Pho113 8.57E+08 0.397660484 C2_09800C_A 5.22E+08 0.563752746 Rny11 6.51E+08 0.503365822 

Als1 5.49E+08 0.419651317 CPAR2_301320 8.49E+08 0.394057843 CPAR2_301290 5.12E+08 0.553127664 Utr2 6.16E+08 0.476367264 

Rny11 4.89E+08 0.373787891 CPAR2_301290 8.10E+08 0.376068646 Rbe1 4.94E+08 0.533858009 Ecm331 5.81E+08 0.449737745 

Ecm33 4.11E+08 0.313973079 Eng1 6.63E+08 0.30757689 Pga30 4.77E+08 0.514892907 Als1 5.12E+08 0.396032716 

Cts1 3.99E+08 0.305199387 C1_10170W_A 5.96E+08 0.276446367 Op4 4.39E+08 0.474219753 Rbt1 5.02E+08 0.388360276 

Iff.3 3.98E+08 0.304082614 Sod4 5.76E+08 0.267229766 CR_03630W_A 2.87E+08 0.309856144 Eng1 4.56E+08 0.35254765 

Pga30 3.32E+08 0.253887212 CPAR2_701380 5.68E+08 0.263747375 C2_09800C_A 2.70E+08 0.291885813 Als7 3.95E+08 0.30572916 

Pga17 3.14E+08 0.240268951 Apr_1 5.10E+08 0.236564884 Rny11 2.66E+08 0.28727944 Pga60 3.34E+08 0.258427227 

Als7 3.07E+08 0.234833275 Pga60 4.92E+08 0.228616069 Cts1 2.59E+08 0.280101568 Cht1 2.72E+08 0.210159136 

C1_10170W_A 2.64E+08 0.202163192 Fav3 4.51E+08 0.209577685 Sap1 2.32E+08 0.249997916 Cht2 2.56E+08 0.198140855 

Op4 2.60E+08 0.198824476 Cpy1 4.48E+08 0.208165619 Pga17 1.85E+08 0.199317967 Sap5 2.32E+08 0.179299874 

PdI1 2.48E+08 0.189727991 Sap5 4.11E+08 0.190653559 CPAR2_202860 1.72E+08 0.185335573 Mp65 1.91E+08 0.148032047 

Scw4 1.78E+08 0.135928756 Hyr3 4.04E+08 0.187594558 Eng1 1.26E+08 0.136353555 Op4 1.85E+08 0.143426998 

Pga45 1.65E+08 0.126046069 CPAR2_701390 3.90E+08 0.180858168 Pho113 1.21E+08 0.131179704 Csa1 1.84E+08 0.142323865 



273 
 

Hyr3 1.45E+08 0.110888412 CR_01280C_A 3.70E+08 0.171809898 Pir1 1.00E+08 0.108152302 Sap5 1.40E+08 0.108491094 

Kre9 1.36E+08 0.103587541 Pho100 3.63E+08 0.168533309 C7_02280W_A 9.86E+07 0.106461461 Sod4 1.37E+08 0.105918042 

Cht1 1.23E+08 0.093866213 Scw4 3.52E+08 0.163336561 Cht1 9.18E+07 0.099142972 CPAR2_701390 1.22E+08 0.094532726 

C2_09800C_A 1.19E+08 0.090786722 Osm1 3.21E+08 0.148836926 Pga45 8.59E+07 0.092758644 Sap4 1.12E+08 0.086348659 

CPAR2_701390 1.19E+08 0.090683414 Pho100 2.49E+08 0.115731462 C1_11710C_A 8.49E+07 0.09163689 Csa1 8.36E+07 0.064640795 

Eng1 1.14E+08 0.087209924 Ecm331 2.39E+08 0.110956997 Csa1 7.57E+07 0.081796955 Dag7 7.68E+07 0.059379272 

C7_02280W_A 1.02E+08 0.077768258 Utr2 2.25E+08 0.104581059 Utr2 7.52E+07 0.081152761 CR_10200W_A 7.40E+07 0.057247961 

CPAR2_202860 9.91E+07 0.075755854 Op4 2.16E+08 0.100151353 Sap7 7.46E+07 0.080531679 Pir1 5.67E+07 0.043857752 

CPAR2_202890 9.34E+07 0.071419241 Ecm14 2.11E+08 0.097954487 CPAR2_202890 6.35E+07 0.068591109 Coi1 5.34E+07 0.041337972 

Dag7 8.84E+07 0.067548852 Als1 1.75E+08 0.081300588 Ssr1 6.10E+07 0.065865129 Cpy1 5.17E+07 0.039997747 

C2_09800C_A 8.81E+07 0.067313918 Dag7 1.47E+08 0.068280165 Sad4 5.83E+07 0.06299959 Sap1 5.04E+07 0.039005743 

Utr2 8.12E+07 0.062083044 Ape3 1.46E+08 0.067889962 Fav3 3.99E+07 0.043056134 C2_04390W_A 4.87E+07 0.037682289 

Osm1 8.07E+07 0.061673921 Cht2 1.32E+08 0.061441971 Cpy1 3.54E+07 0.038256406 Pga17 4.70E+07 0.036341521 

Pho113 7.16E+07 0.054717581 Sap7 1.32E+08 0.061224116 Sap5 3.41E+07 0.0368246 C2_09800C_A 4.64E+07 0.035896316 

CPAR2_701380 7.01E+07 0.05358618 C1_03120W_A  1.25E+08 0.058180518 Dag7 2.87E+07 0.030957003 CR_01280C_A 4.61E+07 0.035630875 

CPAR2_300570 5.78E+07 0.044190679 Als7 1.25E+08 0.057795778 CPAR2_701390 2.86E+07 0.030885259 C2_09800C_A 4.07E+07 0.031505151 

Cpy1 5.15E+07 0.039331853 CR_10200W_A 1.17E+08 0.054131979 Kre9 2.59E+07 0.027998181 Yps7 4.02E+07 0.031122364 

Sod4 4.83E+07 0.036901146 Mdh1 1.14E+08 0.052990339 Ecm331 1.94E+07 0.020972765 Ssr1 3.68E+07 0.028507063 

CR_01280C_A 4.42E+07 0.033810474 Sap4 1.09E+08 0.05067284 CPAR2_701380 1.88E+07 0.020285434 CPAR2_701380 3.62E+07 0.027974739 

C1_05950C_A 4.21E+07 0.032215108 Kre9 1.09E+08 0.050370161 C1_03120W_A  1.42E+07 0.015358515 Plb5 3.46E+07 0.026733443 

CPAR2_702530 3.85E+07 0.029421886 Pga7 7.61E+07 0.035338498 Sap99 1.36E+07 0.0146466 Kre9 3.26E+07 0.025234261 

Ecm14 3.63E+07 0.027771483 Yps7 4.03E+07 0.018717713 Plb5 9.75E+06 0.010532187 Asm3 2.83E+07 0.021931097 

Apr_1 2.72E+07 0.020822672 CPAR2_502990 3.24E+07 0.0150464 CPAR2_600640 9.53E+06 0.010287742 Pga52 2.76E+07 0.021340337 

Sap7 2.33E+07 0.017821119 C2_04390W_A 3.20E+07 0.014851373 Scw4 9.12E+06 0.009846784 Rbt7 1.99E+07 0.015396457 

Pga7 2.31E+07 0.017663347 Pga17 2.30E+07 0.010656912 Apr_1 8.25E+06 0.008905303 C4_05580C_A 1.81E+07 0.01403958 

Sap5 1.65E+07 0.012636274 Ecm33 2.15E+07 0.009991766 Sap5 7.40E+06 0.007993215 Pga45 8.98E+06 0.006947308 

Ape3 9.52E+06 0.007276574 Pir1 2.14E+07 0.009915016 C2_04390W_A 7.23E+06 0.007803758 Apr_1 7.26E+06 0.005617639 

Yps7 5.53E+06 0.00422951 Afp99 1.45E+07 0.006736502 C4_05580C_A 6.32E+06 0.00682407 C7_02280W_A 5.59E+06 0.00432342 

   Kex1 1.32E+07 0.006113243 CR_01280C_A 5.68E+06 0.006135705 Kex1 2.97E+06 0.002296415 

   RBT7 1.29E+07 0.006004578 Sap4 5.49E+06 0.005927438 CR_06030C_A 2.53E+06 0.001960908 

   CPAR2_205310 1.29E+07 0.006003097 Spr1 4.33E+06 0.004672726    

   C7_02280W_A 1.25E+07 0.005816048 Yps7 4.27E+06 0.004609662    

   KRE5 7.31E+06 0.003391515 Lip4 3.06E+06 0.003301783    

   SPR1 6.22E+06 0.002889456 Csa1 2.93E+06 0.003159291    

   SAP99 5.07E+06 0.002355325 Pdi1 2.37E+06 0.00256371    
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Appendix 

 

Proteomics data were analysed using Venny 2.1 (Figure 7.1S). Data 

showed that only 39 proteins (38.6%) were commonly secreted under all four 

tested conditions (proteins are indicated in the figure with other condition-specific 

protein). 

To explore the effect of zinc availability in alkaline culture media on 

secreted proteins, secretomes in both LZM pH 7.4 and LZM pH 7.4 +100 µM Zn 

were analysed by Venny 2.1 (Figure 7.2Sa).  Data showed that 55 proteins 

(63.2%) were secreted by C. albicans cultured under alkaline conditions. 

However, out 57 proteins identified in LZM pH 7.4, there were 20 proteins (23%) 

secreted by C. albicans only under alkaline zinc-limited condition, whereas only 

12 proteins (13.8%) were identified in LZM pH 7.4 supplemented with 100 µM Zn 

. 

The difference between the secretome of C. albicans cultured in LZM pH 

4.8 and LZM pH 4.8 + 100 µM Zn was investigated (Figure 7.2Sb). Data showed 

that 51 proteins (60.9%) were secreted under both tested conditions, while only 

14 (17.3%) and 16 proteins (19.8%) were unique to LZM pH 4.8 and LZM pH 4.8 

+ 100 µM of Zn, respectively.  

The difference in identified proteins between alkaline and acidic conditions 

was then addressed (Figure 7.3Sc). Analysis showed that 53 proteins (60.9%) 

were common to both conditions, while 22 proteins (25.3%) were secreted only 

under alkaline pH and 12 proteins (13.8%) were secreted under acidic pH.  
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Figure 7.1S Venn diagram of common proteins identified in the secretome of C. albicans under different pH and zinc 
conditions. C. albicans was zinc-starved and then grown in LZM with indicated conditions. The analysis showed that 39 proteins 
(38.6%) out of the total were detected under all four tested conditions, while proteins secreted uniquely under each tested 
conditions were indicated. 
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(a) 
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(b) 
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(c) 

Figure 7.2S Venn diagram of common proteins identified in the secretome of C. albicans under different pH/zinc 
conditions. Dynamics of C. albicans secretome were investigated; (a) 55 proteins were commonly secreted under both LZM 
pH 7.4 and LZM pH 7.4 + 100 µM Zn conditions, while only 20 and 12 unique proteins were secreted under LZM pH 7.4 and 
LZM pH 7.4 with zinc, respectively. (b) Data showed 51 proteins secreted in common under both tested conditions; the number 
of unique proteins secreted in acidic limited zinc media decreased to 14 while media supplemented with zinc contained 16 
unique proteins. (c) 53 proteins were  common in the secretome in both  LZM (pH 7.4) and LZM (pH 4.8), while there were only 
22 and 12 unique proteins secreted under LZM (pH 7.4) and LZM (pH 4.8), respectively.



279 
 

Next, the effect of culture media pH alteration and zinc availability on the 

quantity of C. parapsilosis secretome was investigated. Identified proteins were 

analysed using Venny 2.1 (Figure 7.3S). Data showed 46 (47.4%) proteins 

secreted in common under four tested conditions. Only four unique (4.1%) 

proteins were secreted under LZM pH 7.4. Supplementing LZM with zinc 

increased the number of unique proteins to six (6.2%). On the other hand, five 

(5.2%) proteins were detected from acidic LZM, while addition 100 µM zinc 

increased the number to 7 (7.2%) secreted proteins. Notably none of the proteins 

identified in each condition is known to play role in zinc assimilation.  

To explore how addition of zinc to alkaline culture media affects the 

number and identity of secreted proteins, Venny diagram (Figure 7.4Sa) showed 

57 (71.3%) proteins were secreted by C. parapsilosis cultured under both alkaline 

conditions. On the other hand, only eight (10%) proteins were secreted by C. 

parapsilosis under alkaline zinc-limited condition, and 15 (18.8%) secreted 

proteins were found in LZM pH 7.4 + 100 µM Zn. 

Figure 7.4Sb shows the difference between C. parapsilosis secretomes 

cultured in LZM pH 4.8 and LZM pH 4.8 supplemented with 100 µM of Zn. Venny 

diagram showed that 58 (73.4%) proteins were secreted under both tested 

conditions, while only 13 (16.5%) and eight (10.1%) proteins were uniquely 

secreted under LZM pH 4.8 and LZM pH 4.8 + 100 µM of Zn, respectively.  

Next, the composition of C. parapsilosis secretomes cultured in alkaline 

and acidic conditions was investigated (Figure 7.4Sc). 55 (67.9%) of the identified 

proteins, were common to both conditions, while 10 (12.3%) proteins were 

secreted only under alkaline pH and 16 (19.8%) proteins under acidic pH.  
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Figure 7.3S Venn diagram of C. parapsilosis secretomes under different pH and zinc conditions. C. parapsilosis was 
zinc-starved and then grown in LZM with indicated conditions. The analysis showed that 46 (38.6%) protein out of the total 
proteins were secreted under all four tested conditions. In addition, proteins secreted uniquely under tested conditions were 
indicated. 
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(a) 
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(c) 

Figure 7.4S Venn diagram of common proteins identified in C. parapsilosis secretomes under different pH/zinc 
conditions. C. parapsilosis secretome analysis showed (a) 55 common proteins secreted under both LZM pH 7.4 and LZM pH 
7.4 + 100 µM Zn+2 conditions, while only 20 and 12 unique proteins were secreted under LZM pH 7.4 and LZM pH 7.4 with zinc, 
respectively. (b) 51 common proteins were secreted in both LZM pH 4.8 and LZM pH 4.8 + 100 µM Zn+2. (c) There were 53 
common proteins identified in both LZM (pH 7.4) and LZM (pH 4.8).
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