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ABSTRACT 

Candida parapsilosis is an emerging human opportunistic pathogen causing a wide spectrum 

of potentially life-threatening infections in immunocompromised hosts. One of the most 

important virulence factors of Candida spp. is a production of secreted aspartic proteinases 

(Saps). Presented thesis is mainly focused on the study of secreted aspartic proteinase 1 

(Sapp1p) of C. parapsilosis, its processing and secretion under variable conditions and by use 

of various experimental models. 

Sapp1p is secreted by C. parapsilosis cells into the extracellular space as a completely 

processed and fully active enzyme. Experiments studying the C. parapsilosis cell wall (CW) 

confirmed the prolonged presence of completely processed Sapp1p on the cell surface (CW-

Sapp1p). Proteolytic activity assay performed with the intact cells showed that CW-Sapp1p is 

proteolytically active prior to its release into the extracellular space and is capable of substrate 

cleavage. Biotinylation experiments with consecutive MS analysis revealed that CW-Sapp1p 

biotinylation is incomplete but saturable process, leaving partially unlabelled molecules. The 

accessibility of individual lysine residues in the Sapp1p molecule varied, with exception of 

four residues that were labelled in all of our experiments performed. The final step of Sapp1p 

secretion may not be a completely random process. 

Secretion and processing of Sapp1p were further studied in kex2Δ mutant S. cerevisiae cells. 

SAPP1 expression resulted in a secretion of Sapp1p flanking 39 amino acids on the N-

terminus which was identified as pro-Sapp1p. Secreted pro-Sapp1p was not as readily 

autoactivated in acidic conditions as recombinant zymogen of Sapp1p produced in E. coli. 

Finally, experiments with the expression of SAPP1 driven by its own pSAPP1 promoter in 

S. cerevisiae wt cells resulted in a secretion of fully processed Sapp1p together with its 

precursor in the presence of protein as a sole source of nitrogen in the cultivation media. 

Unlike in C. parapsilosis cells, Sapp1p was secreted also by S. cerevisiae cells in the presence 

of ammonium sulphate as a source of nitrogen. In this case, no precursor of Sapp1p was 

secreted alongside.  

Despite the fact that pSAPP1 seemed disconnected from regulatory network of S. cerevisiae, 

real-time PCR analysis confirmed differences in SAPP1 expression levels which depended on 

the source of nitrogen used in the cultivation media, suggesting some sort of regulation after 

all. 
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ABSTRAKT 

Candida parapsilosis je lidský oportunní patogen, jehož klinický význam vzrůstá, a který 

způsobuje širokou škálu potencionálně život ohrožujících infekcí u jedinců s oslabeným 

imunitním systémem. Jedním z nejvýznamějších virulenčních faktorů kvasinek Candida je 

produkce sekretovaných aspartátových proteas (Saps). Předkládaná disertační práce se zabývá 

převážně studiem sekretované aspartátové proteasy 1 (Sapp1p) kvasinky C. parapsilosis, 

jejím procesem aktivace a sekrece za různých podmínek a s využitím různých 

experiemntálních  modelů. 

Sapp1p je sekretovaná buňkami C. parapsilosis do mimobuněčného prostoru se zcela 

odštěpeným pre-pro-peptidem a plně proteolyticky aktivní. Pokusy studující buněčnou stěnu 

C. parapsilosis prokázaly prodlouženou přítomnost zcela aktivované proteasy na buněčném 

povrchu (CW-Sapp1p). Metoda pro měření enzymové aktivity Sapp1p provedená na 

neporušených buňkách ukázala, že CW-Sapp1p je proteolyticky aktivní ještě před svým 

uvolněním do mimobuněčného prostoru a je schopná štěpit substrát. Pokusy s biotinylací 

a následnou analýzou pomocí hmotnostní spektrometrie ukázaly, že biotinylace CW-Sapp1p 

je proces saturovatelný, jehož výsledkem ale nejsou plně naznačené molekuly. Přístupnost 

jednotlivých lysinových zbytků byla v molekule Sapp1p proměnlivá s výjimkou čtyř zbytků, 

které byly naznačené ve všech našich pokusech. Poslední krok sekrece proteinu tak nutně 

nemusí být náhodný proces. 

Sekrece a štěpení zymogenu Sapp1p byly dále studovány v kex2Δ mutantních buňkách 

S. cerevisiae. Exprese SAPP1 vedla k sekreci Sapp1p s N-koncem prodlouženým o 39 

aminokyselin, která byla identifikována jako pro-Sapp1p. Sekretovaná pro-Sapp1p nebyla 

okamžitě autoaktivovaná v kyselém prostředí, tak jako v případě rekombinantního zymogenu 

Sapp1p získaného z buněk  E. coli.  

Konečně, pokusy s expresí SAPP1 řízené vlastním promotorem pSAPP1 v buňkách divokého 

kmene S. cerevisiae ukázaly sekreci plně aktivované Sapp1p spolu s jejím  prekursorem při 

kultivaci buněk v přítomnosti proteinu jako jediného zdroje dusíku. Narozdíl od sekrece 

buňkami C. parapsilosis byla proteasa sekretovaná také buňkami kultivovanými v přítomnosti 

sulfátu amonného jako jediného zdroje dusíku. Zatěchto podmínek jsme však nepozorovali 

sekreci prekursoru.  

Přestože promotor pSAPP1 nevykazoval známky propojení s regulační sítí S. cerevisiae, real-

time PCR analýza prokázala změny v míře exprese SAPP1 v buňkách v závislosti na druhu 

zdroje dusíku, což přeci jen naznačuje nějakou míru regulace. 
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1. LITERATURE OVERVIEW 

1.1 Yeasts of the genus Candida  

1.1.1 Taxonomy 

The generic name “Candida” was proposed by Christine Marie Berkhout in 1923 for a group 

of “thrush” fungi originally inaccurately classified as Monilia. In 1954, name 

Candida albicans was adopted as nomen conservandum (i.e., conserved name).
1
 

Species Candida parapsilosis has been isolated and described for the first time in 1928 by B. 

Ashford in samples originated from Puerto Rico, and classified as Monilia parapsilosis. In 

1932, this species has been reclassified as Candida by M. Langernon and R. Talice.
2, 3

 

Species of the genus Candida are classified according to the following taxonomic groups: 

Domain: Eukaryota 

Kingdom: Funghi 

Phylum: Ascomycota 

Subphylum: Saccharomycotina (true yeast) 

Class: Saccharomycetes 

Order: Saccharomycetales 

 mitosporic Sacharomycetales 

Family: Saccharomycetaceae 

Genus: Candida 

Species: Candida parapsilosis 

 

1.1.2 Characteristics of genus Candida  

The genus Candida includes about quarter of all known yeast species
4
 and represents 

numerous but highly heterogeneous group of eukaryotic microorganisms. Majority of 

Candida spp. is localized in soils, rotting plants or in insect, and are usually harmless to the 

environment or other living organisms. Several Candida species found a place in industrial 

applications due to their unique traits (e.g., C. lipolytica serves for a production of citric 

acid).
5
 However, the most attention has been paid to a relatively small group of Candida 

species able to colonize warm-blooded organisms, including humans. These species are able 

to colonize mucosal surfaces (oral, vaginal or gastrointestinal tract) and disseminate into the 

organism. These ordinarily harmless commensal microorganisms may cause a variety of 

infections in humans, generally called candidiases.
1, 6

 Most of the non-pathogenic Candida 
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spp. cannot grow at temperatures of 37°C and higher. The most important representative of 

pathogenic Candida spp. is C. albicans. C. albicans has been studied more extensively than 

any other Candida spp. Its unique position among other pathogens of Candida spp. is 

represented by denomination of other representatives as “non-albicans” species. Nonetheless 

the clinical significance of non-albicans species increased over the past years and more 

attention is being paid to species like C. glabrata, C. tropicalis or C. parapsilosis. Phylogeny 

of the most important pathogenic Candida species together with related species (i.e., 

Debaryomyces hansenii and Lodderomyces elongisporus) and species of the genus 

Saccharomyces is summarized in the scheme below (Figure 1). Unlike Saccharomyces 

species, representatives of genus Candida have developed a non-canonical genetic code. This 

modification enabled them to translate “CUG” codon also as serine instead of leucine.
7, 8

 

Majority of clinically important Candida spp. are part of this “CUG” clade which is an 

opposite of WGD clade which encompasses Saccharomyces-related yeast species (Figure 1).
9
  

 

Figure 1 Phylogeny of Candida and Saccharomyces species
9
 

Candida spp. are mostly heterozygous diploids with the exception of C. lusitaniae, 

C. guilliermondii and C. glabrata which are haploid microorganisms. Candida spp. usually 

lack a sexual cycle with clear haploid phase. However, C. guillermondii and C. lusitaniae 

possess effective sexual cycle, and even C. albicans has proven its ability to mate, but without 

meiosis.
10, 11

. C. parapsilosis, C. tropicalis and C. glabrata possess genes required for mating 

as well but mating has not yet been observed or described in these species. 
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The consequence of missing haploid phase is complicated development of genetic techniques 

for Candida spp. which is then more challenging than for the classic yeast model organism, 

S. cerevisiae. Various essential genetic tools now exist for C. albicans
12-14

 as well as for other 

clinically important Candida spp. Only a few genetic tools currently exist for 

C. parapsilosis.
15, 16

 Further progress in the development of these tools and other techniques 

of genetic engineering was enabled by completed genome sequencing of Candida spp., 

collected in large projects with pathogenic and related yeast species.
9, 17-19

 The genomes of 

two C. albicans strains were sequenced in 2004 and 2009, respectively.
18

 C. tropicalis,
9
 

C. lusitaniae,
9
 C. krusei,

9
 C. parapsilosis and L. elongisporus were sequenced together in a 

large project performed by Sanger Institute in 2009.
9
 The genome of C. glabrata was 

sequenced in 2004.
19

 Genome sequences revealed that size of Candida haploid genome fall 

within the range from 10.6 Mb (C. guilliermondii) and 12.1 Mb (C. lusitaniae) at one end to 

14.4 Mb (C. albicans) and 14.5 Mb (C. tropicalis) at the other end.
9
 

The genus Candida is characteristic by distinct cellular morphologies – beside classic budding 

yeast cells, a part of Candida species may exist in filamentous hyphal or at least 

pseudohyphal growth forms. This morphologic diversity represents an important factor in 

Candida pathogenicity, and will be discussed in more details in section 1.2.3.1. Some 

representatives of Candida spp. are also able to form spherical chlamydospores, characteristic 

by the thick cell-wall,
20

 or other type of elongated cell phenotypes distinct from 

pseudohyphae or hyphae.
21

 These morphologies are unfortunately mostly unstudied. 

1.2 Pathogenic Candida species 

Opportunistic pathogens of the genus Candida may cause candidiases in both healthy 

individuals and patients with weakened immune system (impaired local or systemic defence). 

While healthy individuals mostly suffer from superficial, mucocutaneous infections (oral or 

vaginal candidiasis) on the background of locally impaired immunity, Candida spp. may 

cause invasive systemic candidiasis with potential life-threatening outcomes in patients with 

severely impaired immune system (debilitation caused by cytostatic or corticosteroid 

treatment, by cytotoxic chemotherapy, in transplant recipients, or in HIV-infected patients). 

The incidence of immunocompromised individuals has risen over the past decades with 

constantly improving medicinal techniques, and therefore the incidence of infections caused 

by fungal pathogens has risen as well (the main leaders in fungal infections are Aspergillus 

spp. and Candida spp.
22

). Candidiases may be of an endogenous origin (i.e., potentially 

infectious species are already a part of patient’s natural microflora and under the certain 
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circumstances, they are able to switch from harmless commensals into pathogens), or these 

infections may be transmitted horizontally. Candida spp. are associated with the high risk of 

nosocomial infections (i.e., infections acquired during the hospital stay) which pose a threat to 

critical ill patients. The healthcare professionals may serve as unintentional carriers of 

Candida spp. and widespread the infection via contaminated medical supplies (indwelling 

catheters, parental nutrition, various implants or other medical devices).
23

 

With the rising incidence of candidiases in general,
24-26

 the incidence of infections caused by 

non-albicans species and by Candida species considered as non-pathogenic has risen as 

well.
27, 28

 Clinical relevance of Candida species differs among geographic regions. 

C. albicans is dominant in the North and Central Europe, and in the US, while the 

contribution of non-albicans species is dominant in Latin America, Asia and South Europe.
29

 

Nonetheless, the dominance of five species C. albicans, C. glabrata, C. tropicalis, 

C. parapsilosis and C. krusei is common to all regions.
29-32

 The incidence of C. glabrata-

caused infections has increased most significantly in the past few years and this Candida 

species is now a leader in non-albicans infections.
29, 32

 

C. albicans is a model organism of pathogenic yeasts in the same way as S. cerevisiae is a 

model organism of classic yeasts and Schizosaccharomyces pombe of fission yeasts. 

Therefore, C. albicans has been comprehensively studied over the past decades, while the 

other Candida spp. have been studied less extensively. Beside the general features of Candida 

spp. based on the knowledge of C. albicans, independent features identified in other non-

albicans Candida spp. will be presented whenever possible. 

Candida albicans belongs to the Saccharomycetaceae family of ascomycetous fungi. It 

remains the most important causative agent of bloodstream candidiasis, called candidaemia.
33

 

C. albicans can form all three cell phenotypes – budding yeasts, pseudohyphae and true 

hyphae. Hyphal growth may be induced by the presence of N-acetylglucosamine, poor 

nitrogen sources (e.g., proline), and most importantly by the presence of serum or 

macrophages.
34

 C. albicans is almost entirely a host specific organism and only rarely could 

be isolated from environment sources (e.g., soils). 

As mentioned previously, two strains of C: albicans have been fully sequenced. Widely used 

clinical isolate SC5314 was sequenced at the Stanford Genome Technology Center in 2004.
18, 

35
 The sequencing of strain WO-1 followed at the Broad Institute in 2008.

9
 Strain WO-1 

possesses a special mechanism of phenotype switching between “white” and “opaque” cell 

phenotypes. This transition known as white-opaque switching has been described by Soll and 

colleagues in 1987
36

 and will be further discussed in section 1.2.3.1. On the background of 
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C. albicans genome sequences, Candida Genome Database has been established.
37

 This 

database currently encompasses genomic data of not only C. albicans but also of other 

clinically relevant Candida spp. (e.g., C. glabrata, C. tropicalis, and C. parapsilosis). 

Species Candida dubliniensis was first described in 1995 by Sullivan et al.
38

 C. dubliniensis 

was isolated from oral lesions in HIV-infected patients. This species is genotypically and 

phenotypically related to C. albicans and was originally classified as C. albicans strain as 

C. dubliniensis usually occurs concurrently. However, C. dubliniensis is much less virulent 

species, it is not a common cause of systemic infections, and despite the original beliefs it 

possesses several distinct features from C. albicans. Recent comparison of two genomes 

revealed gene loss and pseudogenisation in C. dubliniensis, and the authors suggested that 

C. dubliniensis may be a defective species that degenerated from a virulent ancestor.
39, 40

 This 

yeast species causes mostly endogenous oropharyngeal candidiasis in patients infected with 

HIV who carry this yeast species in their cavities.
41

 Several studies performed over the past 

15 years revealed genotypic differences between C. dubliniensis and C. albicans, which now 

allow to discriminate between these two species in diagnostic laboratories.
42-44

 As candidiases 

caused by C. dubliniensis are treatable by commonly used antifungals, laboratory 

differentiation between C. dubliniensis and C. albicans serves mostly for the monitoring of 

any time-dependent genome changes in both species rather than for common diagnostics.
43

 

However, recent studies have reported the acquired resistance of C. dubliniensis to 

fluconazole in patients with HIV.
45

  

Candida glabrata (incorrectly classified as Torulopsis glabrata due to its believed disability 

in pseudohyphae or true hyphae formation) is a yeast species more related to S. cerevisiae 

than to Candida spp. This species belongs to the WGD clade (Figure 1) and its features 

considerably differ from common characteristics of genus Candida. It used to be regarded as a 

non-polymorphic haploid organism;
26

 however, C. glabrata pseudohyphal formation has been 

described recently.
46, 47

 C. glabrata budding cells are significantly smaller than the cell sizes 

of the other Candida spp. – C. glabrata cells measure about 1-4 µm in diameter in contrast to 

C. albicans with 4-6 µm or C. parapsilosis with 2.5-4 µm in diameter.
26

 C. glabrata does not 

secrete any proteolytic active enzymes (e.g., proteinases, lipases) as the other virulent 

Candida spp. Genome of C. glabrata CBS138 strain was sequenced in 2004.
19

 

Despite all the differences, C. glabrata is a worldwide second or third (it depends on the 

region) most common causative agent of candidiases.
32, 48

 C. glabrata used to be considered 

as relatively moderate pathogen but since its rapidly increasing resistance to commonly used 
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azole antimycotics (e.g., fluconazole) and the ability to rapidly disseminate throughout the 

body
26

, this species raised serious medicinal concerns.
49

 

Candida tropicalis is a polymorphic fungus. The ability to form budding yeasts, long 

branched pseudohyphae, and rarely also true hyphae shares uniquely with C. albicans.
50, 51

 

The genome of C. tropicalis (strain MYA-3404) was sequenced in a major project conducted 

by Broad Institute Fungal Genome Initiative in 2009.
9
 It is considered as fourth leading cause 

of infections, but dominant causative of candidiases in equatorial regions of Latin America 

and South Asia.
52

 

C. tropicalis is claimed to be one of the most prevalent pathogenic Candida spp., and at least 

comparatively virulent to C. albicans in vitro
53

 which does not correlate to epidemiologic 

data. Nonetheless C. tropicalis is the most virulent representative of the non-albicans 

species.
41

 C. tropicalis is associated with infections in neutropenic patients suffering from 

acute leukaemia, or those who underwent bone marrow transplantation. This yeast species is 

often fluconazole resistant, but still susceptible to amphotericin B and echinocandins.
51, 52

  

Candida krusei and Candida lusitaniae are rather uncommon species
29

 but with emerging 

incidence over the past years. C. krusei differentiates from the other pathogenic Candida spp. 

in structural (budding cells are considerably elongated) and metabolic features.
54

 It is 

associated with haematology patients where it may cause serious disseminated fungemia with 

high mortality rates. It is inherently fluconazole resistant and infections are often endogenous; 

however, nosocomial transmission was described as well.
55

 C. lusitaniae possesses the ability 

to develop resistance to amphotericin B and therefore may become a serious health concern in 

the future.
56

 C. lusitaniae has developed efficient but unusual sexual cycle, despite lacking the 

important meiosis components.
11

 The genome of C. lusitaniae was sequenced in Sanger 

Institute initiative in 2009.
9
 

1.2.1 Candida parapsilosis complex 

Candida parapsilosis complex is a heterogeneous taxon referred to as C. parapsilosis 

sensu lato as well. C. parapsilosis is not an obligate human commensal as C. albicans, but 

may be isolated from domestic animals, insects, soil, and marine environment as well.
3, 57

  

This complex of species consists of three distinct groups designated I to III
58

. In 2005, 

C. parapsilosis complex was reclassified into three separate “psilosis” species.
59

 

C. parapsilosis is a former group I and clause sensu stricto is used for the distinction when 
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needed.
*
 C. orthopsilosis was established on the basis of former group II and C. metapsilosis 

is based on group III.
59

 Several retrospective epidemiological studies
60-63

 of C. parapsilosis 

complex isolates confirmed the dominant position of C. parapsilosis sensu stricto 

(approximately 90% of all isolates
3, 64

), followed by C. orthopsilosis (less than 10%). 

C. metapsilosis is a rare species with incidence less than 1%.
63

 However, the incidence rates 

of C. orthopsilosis and C. metapsilosis have shown significant geographical differences.
62

  

 

Figure 2 Phylogenetic relationship of Candida parapsilosis complex and related species. Number indicate 

substitution per length.
65

 

Genotypic profiling identified several isolates within C. parapsilosis complex being actually 

L. elongisporus. Emerging pathogen L. elongisporus is closely related to C. parapsilosis and 

is considered as the teleomorphic form of this Candida species (see Figure 2).
66

 

L. elongisporus displays similar physiological features in cultivation preferences and substrate 

utilization, and possesses similar conserved ribosomal DNA sequences.
3
 

Even with the establishment of three independent species on the basis of C. parapsilosis 

complex, “psilosis” species remain greatly heterogeneous. It is possible that more new 

“psilosis” species will be defined in the future.
65, 67

 

1.2.1.1 Candida parapsilosis 

C. parapsilosis is a common commensal of skin surfaces.
3, 68

 Infections caused by this species 

are usually transmitted horizontally.
69

 C. parapsilosis is a major cause of neonatal infections
65

 

and C. parapsilosis sensu lato was identified as a leading cause of neonatal mortality.
70

 

C. parapsilosis is associated with major outbreaks in (neonatal) intensive care units
69, 71-74

 as 

this species gets easily widespread on the hands of health-care professionals.
74, 75

 Beside in 

neonates, C. parapsilosis may cause serious infections in transplant recipients, in patients 

                                                 
*
 In this thesis, term Candida parapsilosis represents group I taxon which has originated from C. parapsilosis 

complex. When discussing undivided C. parapsilosis complex species, beside term “complex”, a clause 

sensu lato is added when more appropriate. 
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receiving parenteral nutrition, and in patients with severe neutropenia.
9
 C. parapsilosis has 

been shown to be less virulent than C. albicans;
41, 57

 however, it possesses an advantage over 

C. albicans in the superior ability to adhere to numerous abiotic materials, to form biofilms 

and widespread the infection via contaminated catheters and other medical devices.
76, 77

 

Despite its clinical significance, only little is known about C. parapsilosis virulence.
70

 

This dimorphic yeast species forms budding cells or pseudohyphal filaments but it is unable 

to form true hyphae. C. parapsilosis is confirmed diploid organism;
9, 70

 however, discussion 

about its claimed aneuploidity still persists.
78

 Unlike C. albicans, C. parapsilosis cannot mate, 

or at least not in the same way as other mating-competent Candida spp. A genome analysis 

revealed that C. parapsilosis genome contains only MTLa idiomorph of the locus, while 

MTLα is a pseudogene with several stop-codons and an intron within the sequence.
9
 

 

Figure 3 Cell morphology of Candida parapsilosis.
3
 A, budding cells; B, pseudohyphal cells. 

As a result of its clinical significance, C. parapsilosis (strain CDC317) took part in a large 

genome project carried out by Sanger Institute.
9
 The haploid genome consists of 13.1 Mb. 

Beside the nuclear DNA, C. parapsilosis possess 30.9 kb long linear, double-stranded 

mitochondrial DNA (mtDNA) with symmetrical ends that forms terminal repeats.
79

 The 

mtDNA was sequenced in 2004.
80

 The termini of the linear mtDNA are protected by a 

specific telomere-binding protein (mtTBP) and a telomeric loop structure similar to the 

telomeric loops of mammalian chromosomes.
81, 82

 This extraordinary mtDNA is present in all 

“psilosis” species, and all three mitochondrial genomes were sequenced.
80, 83

 Mitochondria of 

all “psilosis” species possess a genome encoding the same set of genes in the identical order. 

Interestingly, phylogenetic relationship among C. parapsilosis complex based on the seven 

genes from the mtDNA disagree with the results of other two phylogenetic studies
39, 59
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represented by Figure 2, and places C. metapsilosis outside of C. orthopsilosis and 

C. parapsilosis branch (Figure 4).  

 

Figure 4 Phylogenetic relationship among species in the Candida parapsilosis clade inferred from the alignments 

of concatenated sequences of proteins encoded by the mtDNAs. The tree was calculated by neighbour-joining 

method and the numbers above or below branches indicate the percentage with which a given branch appeared in 

500 bootstrap replicates.
83

 

1.2.1.2 Candida orthopsilosis and metapsilosis 

Two new “psilosis” Candida species are biochemically indistinguishable from 

C. parapsilosis. They share virulence features similar to C. parapsilosis. Both of them are 

capable of biofilm formation in strain-dependent manner,
84

 but only C. orthopsilosis is 

proteolytically active and the proteinase denominated Sapo2p slightly differs from Sapp1p or 

Sapp2p.
85

 Both species are considered as opportunistic pathogens but most likely less virulent 

that C. parapsilosis.
39, 68

 

Only little is known about their virulence as knowledge about the virulence features in 

C. parapsilosis is generally scarce. C. metapsilosis was less virulent than both C. parapsilosis 

and C. orthopsilosis in in vitro model of reconstituted human oral epithelium.
68

  

C. orthopsilosis genome sequence was published in 2012
39

 and it enabled further comparison 

between C. parapsilosis and C. orthopsilosis species. No C. orthopsilosis-specific genes were 

identified; however, gene content was different in gene family composition in comparison to 

C. parapsilosis.
39

 

1.2.2 Candidiasis 

The estimated mortality rates of candidiases are between 38 and 75%, depending on the kind 

of survey study performed.
74, 86

 Nosocomial infections represent a great medical concern 

(based on the recent studies, candidaemia is the fourth most common bloodstream nosocomial 

infection
29

), even though many candidiases are of endogenous origin and only manifest during 

the hospital stay The risk factors of hospital-acquired infections are summarized in Figure 5. 
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Immunosuppressive therapy Haemodialysis* 

- in patients with HIV-infection Neutropenia 

- with corticosteroids High “score” (APACHE II/III > 20) 

- cytotoxic chemotherapy for cancer Acute renal failure* 

Prolonged therapy with broad-spectrum antibiotics ≥ 2 

weeks* 

Recurrent gastrointestinal perforations, surgery for 

acute pancreatic* 

Central venous arterial catheters* Length of stay on the ICU ≥ 9 days 

Parenteral nutrition Extensive requirement of blood transfusions 

Ongoing invasive ventilation ≥ 10 days Colonization with Candida species ≥ 2 body regions* 

Figure 5 Risk factors for nosocomial invasive infections caused by Candida spp.
33

 *“Independent” risk factors 

originated from multivariate analysis.
87-91

 

Extensive use of antifungal drugs for prophylaxis (e.g., in HIV-infected patients) increased 

the resistance of yeast strains to common antifungals, especially to azoles, and therefore 

resulted in a decrease of treatment efficiency and in an increase of new pathogenic yeast 

species.
51

 

As Candida spp. may cause a wide spectrum of severe infections, the host survival depends 

on the ability of immune system to control the yeast cell proliferation and/or dissemination. 

As long as the immune system is able to control the fungal growth, Candida spp. remain 

harmless or causatives of mucocutaneous, superficial infections only.  

Infections caused by Candida species may be classified according to the origin and severity of 

infection into three main categories discussed below. 

Superficial or mucocutaneous infections. These infections may occur in healthy as well as 

immunocompromised individuals. They are associated with disturbed mucose membranes 

(e.g., superficial wound, surgical intervention) and locally impaired immunity (e.g., after 

antibiotics therapy). Highly pathogenic strains might initiate the superficial infections more 

easily. This kind of infections is generally easy treatable by local antimycotics (creams, 

ointments etc.). Some statistics have shown that about 70% of all women suffer from 

vulvovaginal candidiasis once in their lifetime.
48

 Some of this kind of candidiases become 

recurrent
92

 or chronic.  

Mucocutaneous candidiasis affects often HIV-infected patients. Infections may become 

refractory to antimycotic therapy and complicate the overall condition of organism. The 

incidence of mucocutaneous infections in HIV-infected patients decreased after the 

introduction of modern therapy known as high-active anti-retroviral therapy (HAART) which 

includes administration of proteinase inhibitors.
33, 93, 94
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Local infections. This category includes potentially serious candidiases that are localized to a 

specific organ or tissue lesion. Pathogenic cells in the hyphal form penetrate host tissue 

deeper than in case of superficial infections and colonise nearby tissue. Local infections occur 

in immunocompromised patients with moderately impaired immune system. Immune system 

of healthy individuals should be able to control the superficial infection in order to prevent 

any further dissemination of the cells. 

Deep systemic infections. This is the most serious and life-threatening category of infections, 

which affect patients with severely weakened immune system. Local infections may 

widespread into the entire organism by blood vessels which gets penetrated by planktonic 

(i.e., free-floating) cells. Systemic infections may result in multiorgan sepsis. These 

candidiases are treatable only with great effort and are associated with high mortality rates. 

Mortality rate associated with deep candidiasis is approximately 40%, even with initiated 

antimycotic therapy.
95

 Currently available antimycotics are ineffective in the treatment of 

these severe infections and this category of candidiasis remains basically incurable. 

1.2.2.1 Antimycotics 

Although some antibiotics are useful in the treatment of fungal infections including 

candidiases, the optimal treatment effect is achieved by antimycotics therapy. The most 

commonly used antifungals are azoles and polyenes. Antibiotics like cycloheximid (which is 

able to suppress the proteolysis), chloramphenicol or erythromycin (both influence 

mitochondrial functions of the cells) might be used under the certain circumstances; however, 

this therapy is associated with lower efficacy. 

Majority of antimycotics target one of three cellular processes: (1) they either disrupt the 

integrity of cell wall (CW) by inhibition of glucan synthase enzymes (e.g., echinocandins like 

caspofungin), (2) they inhibit the ergosterol synthesis (e.g., azole antifungals like fluconazole) 

or (3) they inhibit DNA synthesis (e.g., flucytosin). All these strategies result in a cell death. 

Similarly, polyene antimycotics (e.g., amphotericin B, nystatin) interact with ergosterol in the 

CW, causing a cell leakage, and resulting in a cell death.  

1.2.3 Virulence factors 

Pathogenic Candida spp. are able to efficiently adapt to changing environmental conditions. 

Features that assist Candida spp. with the conversion from harmless commensal organisms to 

pathogens, and further assist with the invasion into host organism, are called virulence factors. 

The main criteria for the inclusion of any feature among virulence factors are unresolved.
24, 
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96
.
24, 96

 Some features may be essential for the superficial infections but their role in other 

category of infections may be minimal. Most of the factors are not specific to Candida species 

but are common to other fungal pathogens as well (e.g., Cryptococcus or Aspergillus).
97

 

Fungal virulence factors are more complex than virulence factors of bacteria, including 

usually one apparent causative agent (e.g., botulinum toxin produced by Clostridium 

botulinum, diphtheria toxin produced by Corynebacterium diphtheria, or adenylate cyclase 

toxin of Bordetella pertussis). The effect of one factor alone is usually insufficient for the 

onset of infection (deletion of secreted aspartic proteinase gene SAP2 in C. albicans decreased 

the infectivity of mutant strain in animal model; however, the heterologous expression of 

SAP2 in S. cerevisiae was not sufficient for S. cerevisiae to become a pathogen).
98, 99

  

Virulence factors of C. albicans and some other non-albicans spp. include variable 

morphology, phenotypic switching, efficient adhesion to various abiotic and biological 

materials, biofilm formation, and secretion of hydrolytic enzymes (lipases, proteinases and 

phospholipases).
24

 Less known factors that participate in cell adaptation include the ability of 

cells to acquire iron from the host tissue or secretion of haemolysins.
100, 101

The most important 

factors are discussed below in separate chapters. 

The contribution of selected virulence factors to the spreading of infection, depending on the 

category of candidiasis, was illustratively summarised by Naglik et al. and is provided below 

(see Figure 6).
92

 

 

Figure 6 The contribution of the various virulence factors to Candida albicans pathogenicity.
92
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1.2.3.1 Morphology and phenotypic switching 

Cell morphology. As mentioned previously, several Candida spp. are dimorphic organisms, 

able to form both budding cells (known as blastoconidia or blastospores) and filamentous 

growth forms known as true hyphae and/or pseudohyphae (Figure 7).
102

 Blastoconidia are 

rather small with about 1-6 µm in diameter in comparison with S. cerevisiae cells which are 

approx. 5-10 µm in diameter. 

Instead of true hyphae (long and branched filamentous cell structure), some pathogenic 

Candida spp. form cellular structures called pseudohyphae in which mother and daughter 

cells are elongated and remain linked in chains. Both mother and daughter cells are separated 

by septa. The resulting branched pattern resembles hyphal cells. It is unknown whether 

pseudohyphal form is just a transitional state between budding yeast cells and hyphae or a 

distinct cell form as suggested by some studies.
103

 

 

Figure 7 Hyphal (A) and pseudohyphal (B) cell phenotypes of Candida albicans.
103

 

Dimorphism was described in C. albicans, C. glabrata, C. tropicalis, and C. parapsilosis.
1, 47

 

C. parapsilosis and C. glabrata exist only in a form of budding yeasts or pseudohyphae, but 

the formation of pseudohyphae is rare under natural circumstances. C. albicans and 

C. tropicalis are the only two known Candida species able to exist in all above described cell 

phenotypes. 

Distinct cell morphology is related to specific environmental conditions, signals and 

consecutive cellular responses. For example, formation of hyphae may be induced by higher 

temperature (approx. 37–40°C), by presence of serum, N-acetyl-D-glucosamine, some amino 

acids (e.g., proline), or by macrophages,
21, 104

 and by several other stress-inducing conditions. 

Hyphae play an important role in pathogenicity of C. albicans and many virulence factors 

(e.g., adhesion, invasion, iron acquisition, proteolysis) are closely associated with hyphal 

cells.
102

 Mutant strains of C. albicans lacking the ability of filamentous growth were shown 

avirulent.
104, 105

 On the other hand, C. albicans mutant cells trapped in their filamentous form 

were also attenuated in the virulence (which illustrates that the ability to switch between 

morphologies is essential for the pathogenicity).
102

 Hyphal form enables C. albicans to 
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penetrate host tissues and widespread the infection. C. albicans cells phagocytosed by 

macrophages switch to hyphal form not just to escape from macrophages by proliferation 

(Figure 8) but C. albicans hyphal cells possess the ability to kill macrophages by production 

of hyphae-associated proteinases (e.g., aspartic proteinases Sap4 and Sap6).
106, 107

  

 

Figure 8 Candida albicans hypha protruding from a macrophage. Scale bar 10 m.
107

 

However, recently published study has proven that the cell transition from yeast cells to 

hyphae alone is not sufficient to cause the cell death of  macrophages.
108

  

Colony morphology. Several colony phenotypes were described in C. albicans, 

C. parapsilosis, C. tropicalis, C. glabrata and C. lusitaniae. Candida spp. may undergo 

spontaneous phenotypic switch at high frequency which range from 10
-4 

to 5×10
-1 

s in 

C. albicans and 5.5×10
-3

 to 1.6×10
-2

 s in C. parapsilosis.
1, 3

 This phenomenon is presumably 

under the epigenetic control rather than due to a genetic mutation.
3, 109

 

Seven general colony phenotypes were described in C. albicans, denominated smooth, star, 

ring, wrinkle, stippled, hat and fuzzy.
1
 Similar colony phenotypes were described in 

C. parapsilosis, namely crepe, concentric, smooth, and crater (Figure 9).
110

 Wrinkled 

phenotype was described in C .parapsilosis as well.
3
 The terminology is however unsettled. 

Changes in C. parapsilosis colony morphologies may be initiated by the presence of specific 

amino acids (e.g., citrulline) in the environment.
111
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Figure 9 Colony morphology observed in twenty strains of Candida parapsilosis.
110

 Frequency of transition 

between phenotypes is indicated above and under the arrows. 

Colony phenotypes are closely related to cell morphology. C. parapsilosis crepe and 

concentric phenotypes consist of pseudohyphal cells, while smooth and crater phenotypes are 

almost entirely formed by yeast cells. Interestingly, smooth colonies consists of budding 

yeasts only at the bottom of colonies.
112

 Pesti et al. demonstrated that colony phenotypes 

could not be explained simply by transition in cell morphology. Colony phenotypes are 

influenced by position of buds, disposition of individual cell phenotypes within the layers and 

by other environmental factors.
112

 

While textured colony phenotypes are more typical for wild-type (wt) strains (e.g., clinical 

isolates), domesticated laboratory strains show usually smooth phenotype.
113

 

Phenotypic switching. White-opaque switching was first described in switching-competent 

WO-1 strain of C. albicans.
36

 White-opaque switching is interesting phenomenon in which 

genetically identical cells may exist in two different cell phenotypes – “white” and “opaque”. 

These phenotypes are stable and inherited, and phenotypic switch occurs rarely 

(approximately one switch per 10
4
 cell divisions in C. albicans strain WO-1).

114
  

The phenotype of “white” cells is similar to common budding yeasts, whereas “opaque” phase 

cells are larger than normal budding cells, significantly prolonged and “pimpled” (Figure 10). 
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Figure 10 Candida albicans’ “white” and “opaque” cell phenotypes.

115
 Scale bar 5 m. 

White-opaque switching is essential for C. albicans mating ability, and is also important in 

biofilm formation. The majority of C. albicans cells are MTLa/α,
116

 and therefore mating 

incompetent. MTLa and MTL cells have to perform a rare switch between “white” and 

“opaque” phenotypes in order to mate since only cells in “opaque” phase are mating 

competent.
11, 114

 

Phenotypic switch may occur at sites of commensalism as well as infection; however, isolates 

from severe types of candidiasis demonstrated higher frequency of switching than isolates 

from healthy subjects.
1
 Phenotypic switching is closely associated with the other virulence 

factors like cell adhesion, secretion of proteinases or biofilm formation.  

“White” cells are more adhesive to buccal epithelia than cells in “opaque” phase.
117

 

Interestingly, “opaque” phenotype is unstable at temperatures above 35°C
36

 which probably 

predetermine the “opaque” phenotype to skin colonization rather than to deep tissue 

localization.
118

 The ability of C. albicans to mate under the physiological conditions (37°C) 

remains unclear in the light of the instability of mating-competent “opaque” phenotype under 

these conditions.  

1.2.3.2 Adherence and biofilm formation 

Adherence. Adhesion of Candida spp. to host cells is a crucial step required for the 

successful colonisation and the spreading of infection. Hyphal cells have stronger adherence 

abilities due to production of hyphal-specific CW proteins (CWPs). CWPs called adhesins 

facilitate the cell-cell adherence. C. albicans cells undergo a hyphal transition in the contact 

with abiotic materials or host tissue and start to express hyphal-related adhesins (especially 

ALS1 and ALS5).
102, 119

 Candida spp. adhesins are glycosylphosphatidylinositol (GPI)-

anchored CW glycoproteins of ALS gene family (ALS, agglutinin-like sequence). ALS genes 

were identified in non-albicans species C. dubliniensis and C. tropicalis as well, while the 

presence of ALS genes in C. parapsilosis is only predicted by cross-hybridization analysis.
120

 

Adhesins of C. glabrata are encoded by EPA gene family (lectin-like adhesins).
121

 Proteins of 

both ALS and EPA families share very similar overall structure. 
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Many other CWPs are important for the cell-cell adhesion like mannosytransferases Pmt1p, 

Mnt1p, or Hwps (i.e., hyphal wall proteins). These proteins provide O-linked glycosylation of 

the CWPs.
122

 

Biofilm formation. Biofilms are abiotic or host tissue-associated populations of 

microorganisms encased in a polysaccharide matrix which generally consists of 

carbohydrates, proteins, phosphorus and hexoamines.
123

 Bacterial biofilms have been 

extensively characterized in the past.
124

 Many aspects of fungal biofilms remain still 

unresolved. Species capable of biofilm formation (C. albicans, C. parapsilosis, C. glabrata 

and C. tropicalis) display higher mortality rates than species incapable of biofilm 

formation.
125, 126

  

 

Figure 11 Stages in the formation of a Candida albicans biofilm on a polyvinylchloride catheter surface.
127

 (a) 

catheter surface covered with host proteins, (b) initial yeast adhesion to the surface, (c) formation of basal layers 

of yeast microcolonies, (d) completion by addition of upper hyphal layer and matrix material 

Biofilm formation is associated with a significant resistance to antimycotics. The exact 

mechanism of drug resistance is not fully understood. The ability of antimycotics to penetrate 

the extracellular matrix is limited and biofilm forming cells are more resistant to antimycotics 

than planktonic cells.
128, 129

 

Structure and composition of biofilms vary among both individual Candida spp. and 

individual strains (especially in C. parapsilosis
130

). C. albicans biofilms have generally two 

layers. The thin layer consists of budding yeast cells, the thick and more dense layer consists 
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of hyphal cells.
131

 Biofilm forming cells differ from planktonic cells in many features (e.g., 

they express differently genes encoding adhesins).
110

 C. tropicalis biofilms have a dense layer 

consisting of yeast and hyphal cells mixture. C. glabrata biofilms are more compact than 

biofilms of C. tropicalis or C. parapsilosis. Biofilms of C. parapsilosis differ from that of 

C. albicans. However, only little is known about the signals involved in C. parapsilosis 

biofilm formation.
16

  

 

Figure 12 Scanning electron microscope image of mature-phase biofilm grown by Candida parapsilosis.
84

 Scale 

bar 20 m 

1.2.3.3 Secretion of hydrolytic enzymes 

Production of hydrolytic enzymes is common to majority of fungal pathogens including genus 

Candida, Aspergillus, Cryptococcus and species Malassezia furfur.
57

 Production of 

hydrolases was detected in bacterial pathogens such as Staphylococcus aureus and 

Pseudomonas aerigunosa.
57

 Hydrolytic enzymes have various parts in yeast pathogenicity but 

they mostly facilitate the tissue penetration or provide essential nutrients. 

Phospholipases (PLs; EC 3.1.4.11) are heterogeneous group of enzymes able to hydrolyse 

esters of glycerophospholipids. Their role in C. albicans pathogenicity has been studied less 

than the role of other hydrolases.
98

 Despite that, a lot has been addressed.
132

 Beside 

C. albicans, species C. glabrata, C. tropicalis, C. parapsilosis, C. krusei and C. lusitaniae 

secrete PLs as well.
132, 133

 However, the role of PLs in pathogenicity of other Candida species 

remains unknown.  

Several subclasses of PLs, namely PLA, PLB, PLC and PLD (denomination is based on the 

position of preferred cleavage site in the lipid molecule), were described in C. albicans.
134

 

Only phospholipase B is a secreted enzyme. The exact role of PLB in pathogenicity is not 

known. PLB may be involved in tissue penetration or adhesion to epithelial cells. C. albicans 

mutants lacking PLB1 gene were attenuated in virulence in a model of systemic 
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candidiasis.
135

 Reintroduction of PLB1 gene restored the virulence of C. albicans strain in a 

model of disseminated candidiasis.
136

 

Lipases (EC 3.1.1.3.) are hydrolases able to catalyse both the hydrolysis and synthesis of 

insoluble lipid esters such as triacylglycerols
137

 or phospholipids,
138

 suggesting that lipases 

may be a virulent factor of Candida spp. The first lipase gene being characterized was LIP1 of 

C. albicans.
139

 Currently, the family of C. albicans lipases consists of ten genes. Gene 

sequences similar to lipases of C. albicans were identified in C. tropicalis, C. parapsilosis and 

C. krusei, but not in C. glabrata and S. cerevisiae.
138, 139

 The exact role of lipases in 

pathogenicity of Candida spp. remains still unknown and requires further investigation. 

C. parapsilosis genome possesses two genes similar to lipases denominated CpLIP1 and 

CpLIP2. Recent genetic studies revealed additional two potential lipases in genome of 

C. parapsilosis; however, there is not any additional information about these genes.
70

 

Expression in S. cerevisiae and Pichia pastoris revealed that only CpLIP2 encodes active 

proteinase and that CpLIP1 is a pseudogene. Further experiments with C. parapsilosis cells 

with deleted lipase locus (genes CpLIP1 and CpLIP2 are adjacent) confirmed that CpLIP2 

encodes lipase. Interestingly, mutants lacking CpLIP2 have attenuated virulence in in vitro 

infection models.
70

 

Besides being potential virulence factors, lipases are subject of industrial research as efficient 

alternatives to classical chemical processes (i.e., trans-esterification and inter-esterification 

reactions), 
137

 mostly because of their ability to catalyse a reverse reaction to hydrolysis. 

Lipases are therefore an interesting source for biotechnological applications.
140

  

Secreted aspartic proteinases (Saps; EC 3.4.23) are acknowledged virulence factors in 

C. albicans,
141

 C. tropicalis,
142

 and most likely in C. dubliniensis. Their role in other non-

albicans species remains unknown. C. parapsilosis cells have shown attenuated virulence in 

the presence of pepstatin A in a model of reconstituted human epithelia, resulting in reduced 

tissue damage.
70

 The role of C. parapsilosis Saps in pathogenicity was supported by recent 

experiments with sapp1 null mutant.
143

 This mutant strain was attenuated in its ability to 

damage host-effector cells (e.g., macrophages).
143

 Detailed characterisation of aspartic 

proteinase family and Saps is provided in separate sections below.  

Beside Saps, Candida spp. and several other yeast species including S. cerevisiae possess a 

family of secreted aspartic proteinases which remain covalently attached to the CW or plasma 

membrane by glycosylphosphatidylinositol (GPI)-anchor, present at C-terminus of a 

molecule. These GPI-anchored endopeptidases are called yapsins (encoded by YPS genes). 

Proteinase Yps1p of S. cerevisiae has been the first described yapsin, originally named Yap3p 
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(YAP3 is now a gene encoding a transcription factor). C. glabrata does not secrete 

extracellular aspartic proteinases like Sap2 or Sapp1p at all,
144

 but it possesses 12 YPS 

genes.
145

 The role of yapsins is mostly in the maintenance of CW integrity. Yapsins may also 

possess a processive role similar to kexins (e.g., serine proteinases like Kex2p responsible for 

pro-protein conversion during secretory pathway),
146

 and may be able to complement the loss 

of kexins.
147

 GPI-anchored aspartic proteinases of C. albicans named Sap9 and Sap10 will be 

discussed together with other Saps. 

1.3 Aspartic proteinases 

Aspartic proteinases (EC 3.4.23) are a family of hydrolases sharing the same catalytic 

apparatus. They are endopeptidases that usually cleave dipeptide bonds between two 

hydrophobic amino acid residues. Aspartic proteinases are involved in a both intra- and 

extracellular degradation of proteins (including immunoglobulines or hormones). They may 

be found in plants, fungi, vertebrates, invertebrates, viruses and even in bacteria as described 

recently.
148, 149

 Aspartic proteinases are associated with severe human disorders like 

hypertension (aspartic proteinase renin), cancer (cathepsin D), ulcers development (pepsin), 

Alzheimer’s disease (β-secretase), and malaria (plasmepsins) or HIV infection (aspartic HIV 

protease).
150, 151

 Furthermore, they are potential virulence factors of many pathogenic 

microorganisms.
138, 152

 

1.3.1 Characteristics of aspartic proteinases 

Aspartic proteinases are also known as “acid proteinases” which reflects their acidic pH 

optimum, or “carboxyl proteinases” which refers to the presence of two carboxyl groups in 

the active centre of the molecule. Aspartic proteinases are usually monomer enzymes 

consisting of two domains sharing a high similarity. One of the exceptions are dimeric 

retroviral proteases. The bilobal structure of monomeric aspartic proteinases has probably 

originated from gene duplication. High similarity of these two domains indicates that both 

descended from the same ancestral protein which was approximately a half of current 

proteinase size. Both lobes then evolved independently and formed dimer or a separate 

molecule of two subunits.
153

 

The first characterised aspartic proteinase was porcine pepsinogen A, an enzyme discovered 

by Theodor Schwann in 1836.
154

 This enzyme has become a model proteinase for the whole 

family. Porcine pepsinogen A is an inactive precursor of proteolytically active enzyme pepsin 

(Figure 13). In 1929, porcine pepsinogen A was the first crystallized enzyme.
155
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Figure 13 Crystal structure of porcine pepsinogen (pro-peptide is pictured in grey) (A), and of porcine pepsin 

(B).
151

  

Aspartic proteinases are usually characterised by broad substrate specificity, with a preference 

for hydrophobic amino acids (applies especially to proteinases associated with protein 

degradation). However, some of the aspartic proteinases are processive enzymes with 

selective substrate specificity, such as renins or β-secretases.
146, 156

  

The most important and thoroughly studied members of aspartic proteinases are viral HIV-1 

protease, human renin, gastric enzyme pepsin, cathepsin D or Plasmodium falciparum 

plasmepsins. 

1.3.2 Zymogens 

All of the vertebrate and most of fungal aspartic proteinases are translated as the inactive 

zymogens – pre-pro-proteinases.
151

 The zymogens are usually autoactivated in acidic pH but 

some enzymes prefer assisted activation by pro-peptide converting enzyme like Kex2p 

proteinase.
157, 158

 Primary structure of aspartic proteinases consists of three parts with distinct 

functions (Figure 14). 
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Figure 14 Scheme of aspartic proteinase zymogen. Arrows indicate the processing sites of proteinase and the 

processive enzyme responsible for extension cleavage. 

First N-terminal part, a signal sequence (also known as pre-peptide), is a leader peptide 

approximately 16 to 30 amino acids long.
159

 This peptide determines the final destination of 

proteinase. According to a classical secretory pathway,
160

 signal peptide is removed in the 

endoplasmic reticulum (ER) by signal peptidase (mostly serine proteinase). Signal peptide is 

followed by a pro-peptide (known as propart), a sequence approx. 30-60 amino acids long, 

responsible for a proper protein maturation.
161, 162

 Pro-peptide inhibits enzyme’s catalytic 

activity. Protein maturation proceeds via both intra- and intermolecular mechanism.
163

 As 

aspartic proteinases contain at least one Lys-Arg (KR) motif, pro-peptide is most commonly 

removed by Kex2p serine, subtilisin-like proteinase present on the membrane of the Golgi 

apparatus (GA). Kex2p cleaves specifically after KR- motifs. The third part of a molecule 

represents an active enzyme, a mature domain of the proteinase. The mature enzyme has 

approximately 35-48 kDa.
138

  

Monomeric (bilobal) as well as dimeric aspartic proteinases contain two aspartic residues in 

triplets Asp-Thr-Gly (DTG) and/or Asp-Ser-Gly (DSG), responsible for their proteolytic 

activity. Both N-terminal and C-terminal domain contain one of these triplets. The other 

common characteristics of aspartic proteinases are two tyrosine residues in an N-terminal 

domain, and four conserved cysteine residues. These cysteine residues form disulphide 

bridges, mostly believed to stabilize the molecular structure.
164-166

  

1.3.3 Catalytic mechanism, substrate specificity and inhibition 

Numerous hypotheses of catalytic mechanism have been proposed. Widely accepted theory is 

based on a general acid-base reaction, involving two conserved, catalytic aspartate residues 

(triplets DTG/DSG) and a molecule of water (Figure 15). 
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Figure 15 Proposed catalytic mechanism of aspartic proteinases.
167

  

Aspartic proteinases have three group specific, low-molecular weight inhibitors: covalent, 

irreversible inhibitors N-diazoacetylnorleucine methyl ester (DAN) and 1,2-epoxy-3-(p-

nitrofenoxy)propane (EPNP), and non-covalent, competitive inhibitor pepstatin A (a 

hexapeptide isolated from Streptomyces).  
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Figure 16 Structure of pepstatin A. 

Protein or polypeptide inhibitors of aspartic proteinases are rare in nature. Human plasma 

contains two non-specific inhibitors of aspartic proteinases: α2-macroglobulin and α1-

antitrypsin.
168

 Alpha2-macroglobulin does not inactivate the proteinase as common inhibitors 

do as it rather covalently links and encapsulates the proteinase into its macromolecule 

structure, and therefore the proteinase cannot interact with larger substrates.  

Special example of peptide inhibitor exists in S. cerevisiae cells. Vacuolar aspartic 

proteinase A (encoded by gene PEP4) has its own cytoplasmic inhibitor denominated IA3. 

This 68 amino acids long peptide inhibits selectively proteinase A and operates in sub-

nanomolar concentrations. Only first 34 amino acids of the polypeptide are required for the 

successful inhibition of proteinase A as this part of polypeptide forms nearly perfect α-helix in 

the contact with active site of proteinase A. This helix disables the ability of proteinase to 

bind and cleave substrates.
169
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1.4 Secreted aspartic proteinases of Candida spp. 

Secreted aspartic proteinases (Saps) represent potential virulence factor of Candida spp. The 

role of Saps in yeast pathogenicity has been widely studied in C. albicans
92, 138

 as well as in 

other clinically relevant non-albicans Candida spp.;
26, 37, 170-173

 however, the role of Saps as a 

major virulence factor in many types of infection has been questioned recently.
174-176

 

The number of SAP genes present in genome of Candida spp. differs. C. albicans genome 

contains ten genes encoding Saps, denominated SAP1-10.
177, 178

 Genome of C. tropicalis 

encompasses four genes, SAPT1-4,
170

 and three genes were identified in C. parapsilosis 

genome (SAPP1-3).
179, 180

 Some of the proteins encoded by these genes have not been 

comprehensively characterised, or even detected yet (e.g., product of SAPP3 gene in 

C. parapsilosis, proteinase Sap7 of C. albicans). 

Interestingly, Saps of Candida spp. are specifically inhibited only by pepstatin A in 

nanomolar concentrations, but neither by DAN nor EPNP. 

Saps (and especially Sap2
138

) of C. albicans have been thoroughly characterized in the past.
92, 

141
 They can be roughly divided into two groups, formed by Sap1-Sap8 and Sap9-Sap10. 

Proteinases Sap1-Sap8 are secreted extracellularly, except for Sap7 whose exact localization 

remains unknown.
152

 Glycosylated proteinases Sap9 and Sap10 are GPI-anchored proteins 

with more resemblance to aspartic proteinases yapsins (YPS1 and YPS3
146

) and serine 

proteinases (Kex2p-like proteinases).
178

 

Proteinases Sap1-Sap3 have pH optimum 3-5 and are mostly associated with mucosal 

infections.
181, 182

 Proteinases Sap4-Sap6 with pH optimum between 5 and 7 are associated 

with systemic infections.
183, 184

 Sap7 and Sap8 have not been studied as the other 

representatives of Saps. Recent publication suggests that Sap7 is even not sensitive to 

inhibitor pepstatin A.
185

 All Saps are characteristic by broad substrate specificity but they 

preferably hydrolyse bonds between hydrophobic residues.
152

 Sap9 and Sap10 differ not only 

by the attachment to the plasma membrane and/or CW via GPI-anchor, but also by their 

substrate specificity and general enzymatic properties which are more similar to serine than 

aspartic proteinases.
178

 They both prefer processing of peptides containing basic or dibasic 

residues like yapsins or Kex2p-like proteinases, and they are characterised by near-neutral pH 

optimum.
186
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1.4.1 Regulation of SAP expression 

Expression of SAP gene family is regulated by various environmental features such as pH, 

temperature and/or nutrient sources.
152

 SAP expression is also regulated by morphological 

changes (transition between cell phenotypes or white-opaque switching). 

Regulation of SAP via inducible promoter has been widely studied in C. albicans proteinase 

Sap2.
187, 188

 Key elements in induction of SAP2 expression are SPS sensor (localized in the 

plasma membrane) and several transcription factors (e.g., GATA factors Gln3p and Gat1p, 

and proteins Stp1p and Stp2p). GATA transcription factors are a family of highly conserved 

DNA-binding proteins whose protein domains consist of two zinc finger motifs. They display 

high binding affinity towards DNA sequences T/AGATAA/G.
189

 Promoter of SAP2 gene 

contains two conserved GATA motifs which are recognised by GATA transcription factors. 

The most recent idea of regulation is that SPS sensor detects free amino acids in the presence 

of protein as a sole source of nitrogen in the extracellular space and triggers the activation of 

transcription factors Stp1p and Stp2p. As a result, the expression of genes required for protein 

utilization is induced (SAP2, and oligopeptide transporters OPT1 and OPT3).
187

 High STP1 

expression levels required for the SAP2 expression are provided by activated GATA factors 

Gln3p and Gat1p. Only low expression levels of STP1 (e.g., in the presence of preferred 

nitrogen source, like ammonium ions) can repress SAP2 expression.
188

 Therefore, 

transcription factors Gln3p and Gat1p seem to be essential for the utilization of alternative 

nitrogen sources like proteins.
188

 In C. albicans, ∆gln3∆gat1 double mutant cells did not 

produce detectable amount of Sap2.
188

  

This mechanism of gene regulation is most likely common to all SAPs of Candida spp. but 

only a further research may confirm or decline this assumption. 

1.4.2 Secreted aspartic proteinases of Candida parapsilosis 

C. parapsilosis genome possesses at least three genes encoding aspartic proteinases 

denominated SAPP1, SAPP2 and SAPP3 (phylogeny of this gene family is displayed in 

Figure 17).
179, 180

 C. parapsilosis genomic studies published recently have suggested the 

presence of at least 14 genes encoding Saps.
9, 145

 Nonetheless no further information regarding 

these potential proteinases has been published since. 
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Figure 17 Dendrogram of secreted aspartic proteinases in Candida parapsilosis.
145

 

Gene SAPP1 encodes a major secreted proteinase Sapp1p inducible by the presence of a 

protein as a sole source of nitrogen, resembling proteinase Sap2 of C. albicans. Enzymatic 

characteristics (e.g., substrate specificity, catalytic activity) of this proteinase were studied 

extensively.
157, 190-192

 In vitro activation study of pre-pro-Sapp1p, expressed in E. coli, 

revealed that recombinant Sapp1p was capable of rapid autoactivation in acidic pH (the most 

efficient autoactivation appeared at the pH optimum of this proteinase, pHopt3-4) as well as 

of assisted activation by trypsin or membrane-bound proteinase in isolated C. parapsilosis 

membrane fraction (membrane fraction is believed to contain Kex2-like proteinase).
190

 

However, N-terminal sequence of autoactivated Sapp1p was one amino acid residue shorter 

(SISL-) than the N-terminus of authentic Sapp1p (DSISL-), produced by C. parapsilosis cells. 

Additionally, N-terminus flanking five amino acids (LREKRDSISL-) was detected by 

electrophoresis and mass spectrometry used as a confirmation. Neither of these N-termini has 

been ever detected in authentic Sapp1p.
190

 All the results suggest that Sapp1p is preferably 

activated by Kex2p-like proteinase. This study also revealed that pro-peptide was crucial for 

proper maturation of this enzyme. Proper maturation was proven to be similarly dependent on 

free C-terminus as experiments with production of Sapp1p with C-terminally linked His-tag 

(hexapeptide of six histidin residues) showed different CD spectra in comparison with 

properly folded Sapp1p.
190

 Regulation of SAPP1 expression has not yet been described. Like 

Sap2 of C. albicans, promoter of SAPP1 contains two GATAA motifs at positions -161 to -

165 and -236 to -240 relative to the SAPP1 starting codon. The similar mechanism of 

regulation as of SAP2 gene is believed to apply to SAPP1 as well. 

SAPP2 is a gene encoding a constitutively secreted proteinase Sapp2p, produced by the cells 

in a 20 times lower concentration than Sapp1p.
157, 191

 This enzyme was thoroughly 

characterized in the past as well.
157, 191

 Unlike Sapp1p, recombinant Sapp2p was not readily 

autoactivated in acidic condition, but was similarly activated by trypsin or by membrane-

bound proteinase.
157

  

Sapp1p and Sapp2p shares 53.55% sequence identity (see Appendix with the sequence 

comparison of Sapp1p and Sapp2p). Both molecules were successfully crystallized – Sapp1p 
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structure was published in 2009 and Sapp2p structure will be published in the immediate 

future (Figure 18).
166, 193

 Sapp1p and Sapp2p share high structural similarity with each other 

and with the whole group of secreted aspartic proteinases. Any differences result mostly from 

sequence diversity. Sequence of Sapp1p possesses in contrast to Sapp2p an 8-aa long 

insertion forming a loop near by the active site of the molecule (yellow highlighted loop in the 

Figure 18). Active site of Sapp2p is narrower than that of Sapp1 because of small insertion 

forming a longer loop.
194

 As those two enzymes differ mostly in their catalytic activities, it 

has been proposed that these differences may result from described distinct structural 

features.
191

 

  

 
Figure 18 Three-dimensional structures of Sapp1p (A) and Sapp2p (B) of Candida parapsilosis, in complex with 

inhibitor pepstatin A. In green is pictured pepstatin A; red colour represents catalytic aspartate residues; yellow 

colour in the A panel represents sequence insertion in the Sapp1p molecule discussed above in the text.
166, 193, 194

 

Recently published work of Horvath et al. revealed two identical copies of SAPP1 gene in the 

genome of C. parapsilosis.
143

 Subsequently prepared null mutant strain of C. parapsilosis, 

lacking any copy of SAPP1 gene showed overexpression of SAPP2 gene. This interesting 

finding may suggest the existence of superior regulatory system of SAPP genes expression. 

Product of SAPP3 gene has not yet been characterized and information about this isoenzyme 

is scarce. SAPP3 remains for time being a pseudogene. 

1.5 Yeast secretory pathway 

1.5.1 Intracellular transport of secreted proteins 

Proteins intended to be secreted into extracellular space possess a signal peptide at the N-

terminal end of protein. While the secretory protein is being synthesized in the free ribosome 

or rough endoplasmic reticulum (ER), the signal sequence is recognized by signal-recognition 

A B 
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particle present on the surface of ER and a nascent protein is transported to the lumen of ER. 

Signal peptide is consequently cleaved by a signal peptidase, a serine proteinase common to 

many prokaryotic and eukaryotic organisms.
195

 If needed, secretory protein may be post-

translationally modified in the ER (i.e., N-glycosylation) and then is the protein transported in 

secretory vesicles to the GA. The synthetized protein is being further modified in the GA and 

trans-Golgi network (i.e., O-glycosylation) and also processed. If present, the pro-peptide of a 

protein is removed by a membrane-bound serine Kex2p proteinase, and the protein finalizes 

its maturation. Secretory proteins continue their pathway from the GA to the plasma 

membrane in other secretory vesicles (Figure 19). When they reach the plasma membrane, the 

vesicles membranes gets integrated to the plasma membrane, and the content of vesicles is 

released into the periplasmic space. After passage through the CW, protein is finally secreted 

into the extracellular space.  

 

Figure 19 Scheme of secretory pathway in Candida albicans.
196

 

Alternative pathways of protein trafficking have been proposed as well,
158, 190

 especially for 

secretory proteins lacking the signal peptide.
197, 198

 Special group of secretory proteins are 

CW-bound proteins which remain covalently linked to the CW. 

Alternative secretory pathways have been proposed for Saps capable of autoactivation (e.g., 

Sap1-3 of C. albicans, Sapp1p of C. parapsilosis). Experiments in kex2 mutant S. cerevisiae 

cells transformed with genomic DNA library of C. albicans revealed that Sap2 was secreted 

into the extracellular space even though its N-terminal sequence differed from the N-terminus 

of Sap2 secreted by wt C. albicans cells. The altered secretion pathway led to one amino acid 

longer mature Sap2.
158

 The question remains if alternative N-terminus sequence was a result 
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of assisted processing by Kex2p-like proteinase (e.g., by yapsin), a result of autoactivation or 

completely unknown process included in the activation and secretion of Sap2. Above 

described altered result of the alternative pathway has not been observed in wt cells. 

1.5.2 Extracellular space and the cell wall 

The final step of protein trafficking, before its release into the extracellular space, is a passage 

through the CW. Yeast CW is a crucial element of yeast cells. It maintains the cell shape, 

protects cells against osmotic and physical stress, and provides distinct cellular functions. 

Classic model of yeast CW based on S. cerevisiae has been shown relevant to other yeast 

species, genus Candida included.
199-201

 CW is a thick, sturdy, multilayered structure. The 

number of layers is variable and relates to both strain of the yeast and methodology of 

electron microscopy.
202, 203

 Electron microscopy of thin sections usually pictures two main 

layers of different electron density (Figure 20).
202

  

 

Figure 20 Electron microscopy pictures of yeast cells. A, cross section of Candida albicans hyphal cell;
204

 B, 

ultrastructure of wt yeast cells grown in minimal media;
205

 C, TEM image of an ultrathin section of 

Candida albicans.
206

  

The electron-dense outer layer (approximately 150 nm in width) of the CW is enriched in 

mannoproteins. The more electron-translucent inner layer (70-100 nm thick, depends on 

growth conditions) consists of branched β-1,3-glucans to which are attached β-1,6-glucans 

and chitin through their reducing ends. Chitin may be attached also directly to β-1,6-

glucans.
202

 CWPs are usually covalently bound to glycan network. The role of CWPs is 

mainly in CW biosynthesis but they also mediate cell-cell interactions. 
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CWPs are group of proteins with distinct features. In general, CWPs may be classified 

according to the nature of CW linkage. GPI-anchored CWPs may be released by 

phospholipase C (e.g., adhesins, yapsins); CWPs with alkali-sensitive linkage (e.g., PIR 

proteins
207

) may be extracted by mild alkali conditions. Some CWPs may be attached via 

disulphide bonds to any other CWPs (which is possible even for the PIR proteins
208

), and 

those proteins could be extracted by reducing agents such as -mercaptoethanol and 

dithiothreitol. 

Besides the aspartic proteinases called yapsins, C. albicans possesses two aspartic proteinases 

Sap9 and Sap10 attached to the CW as mentioned previously in the section about the Saps of 

C. albicans. These enzymes are different from the other representatives of Saps family by 

their near-neutral pH optimum and their substrate specificity. They are anchored via GPI to 

the plasma membrane/CW (Figure 21). However like extracellular Saps, they contain four 

cysteine and two aspartic residues.  

 

Figure 21 Localization of Sap9- and Sap10-green fluorescent protein (Gfp) fusion proteins in the plasma 

membrane and cell wall, respectively, as shown by immunoelectron microscopy and gold-labelled anti-Gfp 

antibodies.
178

 

Their role in the CW looks essential for the pathogenicity of C. albicans.
178

 Deletion of Sap9 

and Sap10 modified the adhesion of C. albicans cells to host epithelial cells and these mutant 

cells demonstrated attenuated epithelial cell damage during the experimental model of oral 

infections.
178

 

Proteinases Sap9 and Sap10 are not the only Saps representatives involved in the CW 

processes. Even the classic Saps may play role from the cell surface during the infection. 

Immunoelectron microscopy of C. albicans infected reconstituted human epithelium or 

infected rat vagina model revealed the localization of C. albicans Saps in the yeast CW during 

infection (Figure 22).
209, 210
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Figure 22 Electron microscopy with post-embedding immunogold labelling taken 12 hours after infection with 

Candida albicans, strain SC5314 (antibodies against Sap1-Sap3).
210

 

However, only little is known about the potential role of extracellular Saps in the CW during 

the essential steps of spreading the infection. 
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2. AIMS OF THE STUDY 

The main objective of this Ph.D. thesis was a description of processing state of the Sapp1p 

protease produced under different conditions in various experimental models (C. parapsilosis 

clinical isolate, S. cerevisiae wt and kex2Δ mutant cells).  

The specific aims of this work were: 

i. a study of the final steps of Sapp1p secretion from C. parapsilosis cells and its 

involvement within the CW structure;  

ii. the preparation of suitable vectors for the expression of SAPP1 gene in 

S. cerevisiae cells lacking the pro-peptide converting proteinase Kex2p (i.e., kex2Δ 

mutant cells) and subsequent description of Sapp1p zymogen conversion; 

iii. the preparation of suitable vectors for the expression of SAPP1 gene in the wt 

S. cerevisiae cells using an authentic pSAPP1 promoter and description of the 

outcomes of this expression; 

iv. an analysis of all available data entries published in the databases in relation to the 

SAPP1 and SAPP2 gene sequences, and their products, Sapp1p and Sapp2p. 
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3. RESULTS 

3.1 Description of the final step in Sapp1p secretion - passage through the cell wall 

The essential part of the initiation and spreading of fungal infection is the interaction with 

host tissue and its successful penetration. Hydrolytic enzymes have an important role in these 

processes. 

In the first part of this thesis, represented by Publication 1, we focused on the trafficking of 

Sapp1p and its passage through the CW during the final step of protein secretion. Sapp1p was 

found on the cell surface fully processed and we described its ability to cleave the substrate 

prior to its completed release into the extracellular space. Furthermore, Sapp1p seemed 

temporarily associated with the CW via unknown linkage. CW-associated Sapp1p (further 

referred to as CW-Sapp1p) was completely releasable from the cell surface by either reducing 

agents (e.g., dithiothreitol, β-mercaptoethanol) or by denaturating sodium dodecyl sulphate, 

but not by water which was able to release CW-Sapp1p only in small amount. Further 

experiments showed that some parts of the CW-Sapp1p molecule were buried within the CW 

with some exposed segments of the molecule. The ability of Sapp1p to cleave the substrate 

suggested accessibility of the active centre in at least substantial fraction of molecules. 

The preferentially exposed parts of the molecule were predicted by biotinylation experiments 

performed with two specific, water-soluble sulpho-NHS-biotin agents (one agent contained 

longer alkyl spacer arm for better accessibility of the reagent), unable to penetrate the plasma 

membrane. Both agents were unable to penetrate the whole depth of the CW structure and 

rather labelled the CWPs present in the top layers of CW, including CW-Sapp1p. 

Biotinylation of the purified extracellular Sapp1p resulted in a labelling of all of the 15 lysine 

residues present in both N- and C-terminal domains of the molecule. Sapp1p is characterised 

by opened structure with accessible lysine residues located at the surface of the molecule. 

CW-Sapp1p biotinylation was saturated process but incomplete. Beta-mercaptoethanol 

extracted, partially biotinylated CW-Sapp1p was analysed by the mass spectrometry (MS) in 

order to characterize any potential trend in Sapp1p spatial orientation on the cell surface and 

the accessibility of the molecule. The accessibility of lysine residues varied except for four 

residues that were biotinylated in all our experiments performed.  

Secretion of extracellular proteins is a dynamic process. During the final step of passage 

through the CW, Sapp1p occupies various positions based on the character of the temporal 

CW surroundings. Conclusion of our experiments is that the release of Sapp1p into the 

extracellular space might not be a completely random process. 
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Abstract: Pathogenic yeasts of the genus Candida produce secreted aspartic proteinases, which
are known to enhance virulence. We focused on Sapp1p proteinase secreted by Candida

parapsilosis and studied the final stage of its passage through the cell wall and release into the

extracellular environment. We found that Sapp1p displays enzyme activity prior to secretion, and
therefore, it is probably fully folded within the upper layer of the cell wall. The positioning of cell

surface-associated Sapp1p was detected by cell wall protein labeling using biotinylation agents,

extraction of cell wall proteins by b-mercaptoethanol, immunochemical detection, and mass
spectrometry analysis. All lysine residues present in the structure of soluble, purified Sapp1p were

labeled with biotin. In contrast, the accessibility of individual lysines in cell wall-associated Sapp1p

varied with the exception of four lysine residues that were biotinylated in all experiments
performed, suggesting that Sapp1p has a preferred orientation in the cell wall. As the molecular

weight of this partially labeled Sapp1p did not differ among the experiments, we can assume that

the retaining of Sapp1p in the cell wall is not a totally random process and that pathogenic yeasts
might use this cell-associated proteinase activity to enhance degradation of appropriate

substrates.

Keywords: Candida parapsilosis; secreted aspartic proteinases; Sapp1p; cell wall; biotin; proteolytic

activity

Introduction

Candida parapsilosis is one of the most frequently

occurring opportunistic fungal pathogens. In epide-

miological surveys it ranks as the second or third

most common Candida species, depending on the

medical setting and geographical area.1,2 It is a

major cause of nosocomial infections by yeasts, and

high incidence of C. parapsilosis has been reported

in neonatal intensive care units.3,4 C. parapsilosis

infections are often exogenous. The fungus can be

transmitted via contaminated invasive therapeutic

or monitoring equipment. In addition, C. parapsilo-

sis is isolated from the hands of healthy individuals

and healthcare personnel more often than any other

yeast species.5

Factors that enhance the virulence of patho-

genic Candida spp. include efficient adhesion to host

surfaces, morphological diversity, biofilm formation,
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and secretion of hydrolytic enzymes. Secreted aspar-

tic proteinases, together with lipases and phospholi-

pases, facilitate yeast adhesion in the initial stages

of infection, enable penetration of the pathogens into

host tissues, and provide a source of nutrients for

the pathogen by breaking down host molecules.6–8

Pathogenic Candida spp. usually possess a gene

family encoding secreted aspartic proteinases

(SAPs). Historically, C. parapsilosis was considered

to possess three such genes: SAPP1, SAPP2,9 and

SAPP3 (NCBI accession number AF339513).

Recently, a phylogenetic analysis of the published C.

parapsilosis genome10,11 revealed 14 sequences

potentially encoding secreted aspartic proteinases.

However, no further information about the expres-

sion of these genes and proteinases is available.

Only Sapp1p and Sapp2p proteinases have been bio-

chemically characterized.12–14 Production of Sapp1p

is induced in the presence of an exogenous protein

as a sole nitrogen source, as in the case of the Sap2

enzyme from C. albicans. Sapp1p, the main secreted

isoenzyme of C. parapsilosis, has a broad substrate

specificity and higher catalytic activity than Sapp2p,

which has been shown to be secreted constitutively

under all conditions tested but in a concentration at

least one order of magnitude lower.15

The SAP genes of pathogenic Candida spp.

encode pre-pro-enzymes that consist of a leader pep-

tide followed by a pro-peptide and mature protease.

The signal peptide is removed in the rough endo-

plasmic reticulum, and the zymogen is activated

after transport to the Golgi apparatus by Kex2 pro-

teinases or alternative pathways.13,16,17 The mature

proteinases are transported via the secretory path-

way to the cell surface and have to pass the protec-

tive cell wall, which consists of two main layers of

different electron density. The inner layer contains a

network of 1,3-b-glucan, 1,6-b-glucan, and chitin

molecules, and the dense outer layer is enriched

with mannoproteins covalently linked to the nonre-

ducing ends of 1,6-b-glucans via glycosyl phosphati-

dylinositol (GPI) anchors. Additional cell wall pro-

teins (CWPs) are linked to 1,3-b-glucan via a linkage

sensitive to alkali treatment (non-GPI-CWPs or Pir-

CWPs; for review see Chaffin).18. The temporarily

cell wall associated proteins and noncovalently

linked proteins can be released from the yeast cell

wall by ionic detergents or chaotropic agents.19,20 In

addition, the extraction of cell wall fractions with a

reducing agent such as b-mercaptoethanol (bME)

leads to release of a distinct set of proteins, which

might be bound to other cell wall proteins by disul-

fide bridges.21,22

In this study, we show that Sapp1p is temporar-

ily retained in the cell wall prior to secretion into

the extracellular space. While associated with the

cell surface, Sapp1p can cleave substrates that occur

in the surrounding environment, demonstrating the

accessible positioning of the proteinase active site in

the cell wall.

Results

Sapp1p is temporarily associated with the cell
wall and can cleave extracellular substrates

To analyze the presence of the Sapp1p proteinase of

C. parapsilosis in the cell wall and to detect its pro-

teolytic activity, we collected C. parapsilosis cells

grown in the presence of BSA as a sole nitrogen

source, conditions known to induce the expression of

Sapp1p. Washing the cells with water or with PTB

buffer removed remnants of the medium, including

soluble secreted Sapp1p. We detected Sapp1p in the

first wash fractions, and further washing of the cells

did not release detectable amounts of Sapp1p [Fig.

1(A)]. When we used PTB with 0.5% bME, Sapp1p

was found even in the fourth wash [Fig. 1(B)], indi-

cating that a substantial amount of Sapp1p is

retained in the cell wall and that bME treatment

causes its release. Similar results were obtained

when the cells were treated with PTB containing 1%

SDS (data not shown). Sapp1p was not present in

any additional fractions of cell wall protein isolation

(NaOH-fraction, Lyticase mediated fraction, data not

shown).

To obtain a sufficient amount of cell wall-associ-

ated Sapp1p for further experiments, we treated the

yeast cell pellet with extraction buffer containing 1%

bME. SDS-PAGE and Western blot analyses showed

that the molecular weight of the Sapp1p fraction

extracted from the cell wall corresponded to that of

the secreted mature proteinase (Fig. 2). Further-

more, the N-terminal sequence of the cell wall-asso-

ciated proteinase (DSISL-) was the same as that of

fully processed, active Sapp1p. Mass spectrometry

analysis of the immunochemically reactive bands

presented in Figure 2 confirmed that only the band

at a molecular weight of 36 kDa contains Sapp1p.

The band corresponding to a molecular weight of

Figure 1. Western blot detection of Sapp1p associated

with the cell surface of C. parapsilosis. Panel A: fractions

obtained by cell surface washing with PTB buffer; Panel B:

fractions from washing with PTB containing 0.5% bME.

Lane 1, fraction after 10-min incubation; Lanes 2–5,

fractions after repeated washings. Detection was performed

using polyclonal antibodies raised against Sapp1p.
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about 34 kDa and the band at the top of Lane 2,

which contains protein aggregates, are unknown

proteins extracted from the cell wall that nonspecifi-

cally cross react with anti-Sapp1p polyclonal

antibodies.

We also analyzed the bME extraction fractions

for the presence of Sapp2p, another secreted isoen-

zyme of C. parapsilosis, using Western blot and spe-

cific anti-Sapp2p antibodies. We detected only traces

of Sapp2p in the cell wall fractions (data not shown).

This is not surprising, since the concentration of

Sapp2p in medium upon induction is always at least

one order of magnitude lower than that of Sapp1p.15

To examine whether cell wall-associated Sapp1p

can cleave substrates present in the extracellular

space, we incubated thoroughly washed C. parapsi-

losis cells with a fluorescent peptide substrate for 30

minutes. The substrate was readily hydrolyzed, and

its cleavage was sensitive to the presence of pepsta-

tin A, a potent inhibitor of Sapp1p23 (Fig. 3). The

fluorescent substrate that we used for the activity

assay can differentiate between the Sapp1p and

Sapp2p izoenzymes.15 However, no Sapp2p proteo-

lytic activity was detected in the reaction mixture,

which correlates with very low level of Sapp2p in

the cell wall detected by Western blot. To confirm

that the substrate cleavage was mediated by the cell

wall-associated enzyme and not by Sapp1p released

into the reaction mixture during the incubation, we

preincubated the washed cells in the proteinase

activity buffer for 30 min, removed the cells, and

incubated the cell-free solution with the proteinase

substrate for an additional 30 min. The cell-free

reaction mixture did not display any proteolytic

activity. These results demonstrate that cell wall-

associated Sapp1p is proteolytically active even prior

to release and that its conformation enables suffi-

cient substrate cleavage.

Biotinylation of the cell wall reveals exposed
parts of the Sapp1p molecules

The finding that cell surface-associated Sapp1p can

cleave an exogenous substrate indicates that the

proteinase active site is accessible for substrates

prior to the enzyme’s release. We set out to analyze

the positioning of Sapp1p in the cell wall by biotin

labeling, a technique that has been successfully used

for labeling of C. albicans cell wall proteins.24,25 We

used both sulfo-NHS-biotin and sulfo-NHS-LC-bio-

tin, which contains a longer spacer that may facili-

tate access of the reagent to more complex protein

structures.

Sapp1p contains 15 lysine residues and an N-

terminal aspartate that might be labeled with biotin.

To examine whether all of the potential sites in

Sapp1p are accessible to biotinylation, we performed

labeling of the purified secreted proteinase. Incuba-

tion of Sapp1p aliquots with a dilution series of

sulfo-NHS-biotin or sulfo-NHS-LC-biotin resulted in

a stepwise increase in the molecular weight of the

proteinase (Fig. 4). The molecular weight of biotinyl-

ated Sapp1p determined by mass spectrometry anal-

ysis confirmed that 15 molecules of biotin are bound

upon incubation of Sapp1p with stock solutions of

both biotinylation reagents. N-terminal sequencing

of biotinylated Sapp1p showed that the N-terminal

aspartate remained unbiotinylated, indicating that

Figure 2. Profile of proteins isolated from the C.

parapsilosis cell wall with 1% bME. Lane 1, silver-stained

SDS-PAGE; Lane 2, Western blot of cell wall protein

samples detected with polyclonal antibodies raised against

a peptide corresponding to part of the Sapp1p sequence

(anti-Sapp1p/186-199).

Figure 3. Cleavage of the fluorescent substrate

Dabcyl-EHVKLVE-EDANS by cell-associated Sapp1p.

Panel A: cleavage products obtained from incubation of C.

parapsilosis cells with the substrate. Panel B: substrate

cleavage products from incubation of C. parapsilosis cells

in the presence of 1 lM pepstatin A. Arrows indicate the

position of Sapp1p-specific cleavage product. The position

of the cleavage product was verified by in vitro substrate

cleavage with purified Sapp1p.
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all the lysine residues in Sapp1p are accessible for

biotinylation in vitro.

Next, we treated C. parapsilosis cells with sulfo-

NHS-biotin or sulfo-NHS-LC-biotin and extracted

the cell wall proteins using bME as described in

Methods. Western blot analysis indicated that sur-

face-associated Sapp1p was only partially biotinyl-

ated, since its molecular weight was higher than

that of the nonbiotinylated Sapp1p control sample

and lower than that of fully biotinylated proteinase

(Fig. 5). During repeated experiments, this Western

blot pattern did not significantly change, even when

higher amounts of the reagents were used or when

the incubation time was prolonged.

The SDS-PAGE band corresponding to cell wall-

extracted biotinylated Sapp1p was analyzed using

in-gel digestion with trypsin and chymotrypsin and

mass spectrometry (MS). In three repeated biotinyla-

tion experiments, we obtained peptide fragments

containing the N-terminal aspartate and 14 lysine

residues. Only Lys24 was not detected in any of the

extracted peptides. Table I shows a typical set of

analyses of tryptic and chymotryptic digests of par-

tially labeled Sapp1p obtained from the biotinylation

experiment. The final Sapp1p sequence coverage

was 73% (Fig. 6). Despite this high sequence cover-

age, Lys17, Lys90, and Lys149 were identified only

in tryptic peptide fragments as C-terminal amino

acids. MS analysis of proteinase fragments showed

that labeling of most of the lysines was ambiguous.

In separate experiments, we detected lysines 148,

181, 185, 207, 239, and 329 either with or without

the biotin label. In contrast, lysines 49, 68, 152, and

275 were biotinylated in all the MS measurements

performed. Interestingly, all unbiotinylated or unde-

tected lysines were present in the N-terminal do-

main of the molecule (see Fig. 6). These results indi-

cate that Sapp1p molecules have different

orientations when they are retained in the cell wall.

There is, however, a sufficient population of those

molecules whose active sites are accessible to exter-

nal substrates. Proteolytic degradation of proteins or

peptides occurring in the environment surrounding

C. parapsilosis cells can thus proceed prior to the

release of Sapp1p into the extracellular space.

Discussion
Secretion of hydrolytic enzymes, especially aspartic

proteinases, is important for the virulence of patho-

genic Candida species. While secreted proteinases

have been thoroughly studied in C. albicans, the

SAPP gene family of C. parapsilosis has been only

partially described. In this study, we focused on the

C. parapsilosis enzyme Sapp1p, which is induced in

a similar manner as Sap2 of C. albicans but displays

certain enzymological and structural differences.23,26

To study the passage of Sapp1p through the yeast

cell wall during secretion into the extracellular

Figure 5. Western blot analysis of biotinylation of intact C.

parapsilosis cells with sulfo-NHS-biotin (left) or sulfo-NHS-

LC-biotin (right) using polyclonal anti-Sapp1p antibodies.

Lane 1, unbiotinylated Sapp1p; Lanes 2, 5, bME extract

after biotinylation of the intact cells; Lanes 3, 6, material

released from the cell surface during incubation with

biotinylation reagents; Lanes 4, 7, purified, fully biotinylated

Sapp1p.

Figure 4. Western blot analysis of stepwise biotinylation of

purified Sapp1p using a 4-, 8-, 12-, 16-, or 32-fold molar

excess of biotinylation reagent. The blot was probed with

anti-Sapp1p polyclonal antibodies (anti-Sapp1p/186-199).

Panel A: biotinylation performed with sulfo-NHS-biotin;

Panel B: biotinylation performed with sulfo-NHS-LC-biotin.

Sapp1p, purified nonbiotinylated proteinase; b-Sapp1p,

purified fully biotinylated proteinase.

Table I. MS Analysis of Biotinylation of Cell
Surface-Associated Sapp1p

Position of
primary

amine group

B/S

Trypsin
digestion

Chymotrypsin
digestion

Asp1 0/2 n.d.
Lys17 0/2 n.d.
Lys24 n.d. n.d.
Lys49 n.d. 1/1
Lys54 n.d. 0/1
Lys68 n.d. 1/1
Lys90 0/2 n.d.
Lys148 2/4 n.d.
Lys149 0/2 n.d.
Lys152 1/1 n.d.
Lys181 0/2 1/2
Lys185 2/2 1/2
Lys207 0/2 1/2
Lys239 0/2 2/3
Lys275 n.d. 1/1
Lys329 n.d. 1/2

The band containing Sapp1p was cut from a gel and
digested with trypsin or chymotrypsin (see Materials and
Methods for details). B, number of peptide fragments con-
taining bitonylated residue; S, total number of relevant
peptide fragments; n.d., peptide fragment was not detected.
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space, we used biotin labeling of cell wall proteins

followed by mass spectroscopy analysis. Due to the

dynamics of protein secretion and the complexity of

the cell wall, this experimental approach provides a

global picture of the trafficking of a major popula-

tion of Sapp1p molecules, rather than a detailed

description of possible topological variants of the

proteinase on the cell surface.

Labeling of cell surface proteins with a biotiny-

lation reagent has been successfully used for identi-

fication of yeast cell wall proteins.21,24 The recently

solved Sapp1p X-ray structure26 showed that the

active molecule has an open structure and that ly-

sine residues are present in both N- and C-terminal

proteinase domains. Moreover, all 15 lysines are sur-

face-exposed, which makes it possible to efficiently

label Sapp1p with biotin. Indeed, we showed that

Sapp1p can be fully biotinylated in vitro. Successful

labeling of all 15 lysines in purified Sapp1p provided

a sufficient control for further experiments per-

formed with whole C. parapsilosis cells. Biotinyla-

tion of cell wall proteins yielded only partially la-

beled Sapp1p. In repeated experiments, we observed

bands of similar molecular weight for extracted,

modified Sapp1p; however, in-gel digests of these

bands revealed different labeling of the individual

lysines, likely reflecting variations in the positioning

of Sapp1p in the cell wall. Nevertheless, we found

four lysine residues that were biotinylated in all the

experiments performed. The accessibility of the

remaining lysines for biotinylation varied. The unla-

beled lysines might be located in the Sapp1p region

that preferably interacts with other cell wall pro-

teins, and this interaction may hinder the accessibil-

ity of the lysine residues. This indicates that the

position of Sapp1p in the cell wall is not totally ran-

dom and that Sapp1p has a preferred orientation. It

also raises the question of what types of interactions

occur between Sapp1p and cell wall structures

before the release of the proteinase into the extracel-

lular space. Since we succeeded in extracting Sapp1p

using the b-mercaptoethanol extraction method, we

might infer that Sapp1p is retained in the cell wall

by disulfide bridges. However, the Sapp1p crystal

structure showed that the four cysteine residues

present in the structure form two disulfide bridges,

which contribute to the maintenance of the proper

proteinase conformation and thus to the proteolytic

activity. Since the cell wall-associated Sapp1p is pro-

teolytically active, we can assume that the protein-

ase cysteines do not form disulfide bridges with cys-

teines from other cell wall proteins but rather form

two intramolecular S-S bridges. Treatment of the

cell wall with bME therefore likely releases S-S link-

ages in other proteins that contribute to proteinase

capture in the cell wall. Moreover, we succeeded in

Figure 6. Positions of lysine residues in the three-dimensional (Panel A) and primary (B) structures of Sapp1p. The

unbiotinylated lysine residues are indicated in red, the biotinylated lysines in green, and the undetected lysine residue

(Lys24) in black. The sequence regions obtained from the combined in-gel digest of biotinylated Sapp1p are framed in

gray in panel B.
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extracting Sapp1p from the cell wall with 1% SDS,

which can release temporarily associated, noncova-

lently bound cell wall proteins. Sapp1p is likely

bound in the cell wall by interactions with other cell

wall proteins.

In C. albicans, localization of Sap2 in the cell

wall was detected during experimental infection of

model reconstituted human vaginal epithelium27

and also in the vaginas of infected ovariectomized

estrogen-treated rats using immunoelectron micros-

copy with anti-Sap2 antibodies.28 Nevertheless, it

was not clear which conformation Sap2 adopts in

the cell wall, whether it is temporarily retained

there, and if so, whether it is proteolytically active

prior to its release. These questions have not been

addressed for C. albicans or for other pathogenic

Candida species. It has been assumed that Saps hy-

drolyze host proteins after secretion. Our present

work shows that peptides occurring in the environ-

ment surrounding C. parapsilosis cells can be

cleaved by Sapp1p before the enzyme is secreted

into the extracellular environment. This feature may

be common to protein-induced Candida proteinases,

such as Sap2 from C. albicans or Sapt1p from C. tro-

picalis. The ability of yeast cells to retain active Sap

molecules in the cell wall before their secretion into

extracellular space might provide a great benefit for

pathogenic Candida spp., mostly during biofilm for-

mation, but also during adhesion and colonization of

host tissues.

Besides secreted aspartic proteinases, C. albi-

cans possesses two aspartic proteinases that are co-

valently linked to the cell wall and plasma mem-

brane via GPI-anchors (Sap9 and Sap10). These

proteinases are known to perform many cell wall-

related functions, ranging from maintenance of cell

wall integrity to interaction with epithelial cells and

the cleavage of cell surface-associated proteins.29,30

They cleave the substrate at basic or dibasic resi-

dues, in contrast to the pepsin-like secreted protein-

ase Sap2, which prefers the presence of hydrophobic

amino acids around the cleavage site. Secreted pro-

teinases retained in the cell wall can thus increase

the proteolytic activity associated with the surface of

yeast cells. For C. parapsilosis, no typical GPI-spe-

cific sequence has been identified in the available

SAPP genes.11 Cell wall-associated Sapps in C. para-

psilosis might therefore play an important role in

processes in which cell-associated proteolytic activity

of C. parapsilosis is needed.

Materials and Methods

Strains, media, and growth conditions

The Candida parapsilosis strain used for this work

was clinical isolate CP69 obtained from the mycolog-

ical collection of the Faculty of Medicine, Palacky

University, Olomouc, Czech Republic.

Yeast was incubated either in the induction

medium, which consisted of 1.2% yeast carbon base

(YCB) supplemented with 0.2% bovine serum albu-

min (BSA), pH 3.5, or in YPD (1% yeast extract, 2%

peptone, and 2% glucose), which was used as a non-

induction medium. Yeast was cultivated at 30�C.

Cell surface washing
Soluble secreted proteins from the surface of C. par-

apsilosis cells were washed out from the harvested

cells with water or with 50 mM Tris-HCl, pH 7.5,

containing 10 mM NaN3, and 10 mM NaF (pretreat-

ment buffer, PTB).31

Extraction of noncovalently bound

cell wall proteins

Noncovalently bound cell wall proteins were ex-

tracted using a modification of the method described

by Casanova et al.24 Briefly, the yeast cells were

washed once with water and then resuspended in 1/

10 of the original cultivation volume of 10 mM phos-

phate buffer, pH 7.4, with 1% (v/v) b-mercaptoetha-

nol (bME). The cells were incubated with gentle

shaking at 37�C for 30 min. The suspension was

centrifuged (5 min, 5000 g), and the supernatant

was filtered through a 0.22 lm filter, dialyzed

against water for 48 h, and lyophilized.

Isolation of cell wall proteins
The isolation protocol was based on the method

described by Yin et al.32 The yeast cells were har-

vested and washed with water. The cell pellet was

then resuspended in an equal volume of water con-

taining 0.2 mM Pefabloc, and cells were broken by

French press according to the manufacturer’s

instructions. The suspension was centrifuged (5 min,

2000 g), and the supernatant was stored at �20�C.
The sediment containing cell debris was extensively

washed with 1M NaCl and resuspended in SDS/ME

buffer (2% SDS, 0.1 M EDTA, 40 mM b-mercaptoeth-

anol, 50 mM Tris-HCl, pH 7.8). To release the cell

wall proteins, the suspension was heated at 100�C
for 5 min and then centrifuged (5 min, 2000 g). The

sediment was again resuspended in SDS/ME buffer,

and the extraction was repeated. The supernatants

were pooled, dialyzed against water, and lyophilized.

The cell debris remaining after the extraction proce-

dure was washed with water three times, resus-

pended in 30 mM NaOH, and incubated at 4�C over-

night. After centrifugation, the supernatant was

dialyzed against water and lyophilized. The sedi-

ment was washed with water and resuspended in

spheroplasting buffer (0.8 M sorbitol, 50 mM monop-

otassium phosphate, 40 mM b-mercaptoethanol, pH

7.5) supplemented with Lyticase (1 mg/100 mg wet

cell debris). The mixture was incubated for 2 h at

37�C, then centrifuged. The supernatant was dia-

lyzed against water and lyophilized.
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Biotinylation of the cell surface proteins
The biotinylation protocol was based on that of

Casanova et al.24 Yeast was cultivated in induction

medium for a minimum of 48 h. Cells were collected

and washed once with water. The cells were resus-

pended in 1/5 of the original culture volume of 0.1 M

sodium phosphate buffer, pH 8.5. Sulfo-NHS-biotin

or sulfo-NHS-LC-biotin was added to the cell sus-

pension to a final concentration of 2 mg/mL, and the

mixture was incubated for 30 min with gentle shak-

ing at ambient temperature. The incubation was

stopped by addition of 0.1 M glycine. After 5 min,

the cells were centrifuged (5 min, 5000g) and

washed once with 10 mM phosphate buffer, pH 7.4.

Biotinylation of purified Sapp1p

Purified Sapp1p (4 mg/mL) was dialyzed against 0.1

M sodium phosphate buffer, pH 8.5. Stock solutions

of sulfo-NHS-biotin (1 mg/mL) and sulfo-NHS-LC-bi-

otin (10 mg/mL) were prepared in the same phos-

phate buffer. A dilution series was prepared (4�, 8�,

12�, 16�, and 32� molar excess of activated biotin

to purified Sapp1p) and used for stepwise Sapp1p

biotinylation. The stock solutions were used to fully

biotinylate Sapp1p. Mixtures of Sapp1p and acti-

vated biotin were incubated for 30 min at ambient

temperature. The reactions were stopped by addition

of 0.1 M glycine. The solutions were dialyzed against

water and lyophilized if needed.

Western blotting

Proteins separated by SDS-PAGE were transferred

onto a nitrocellulose membrane. For Sapp1p detec-

tion, we used rabbit polyclonal antibodies raised

against mature proteinase or against a unique

sequence segment (residues 186–199 of Sapp1p). For

Sapp2p detection, we used antibodies raised against

a unique sequence (residues 389–404 of Sapp2p).15

The protein bands were visualized using SuperSig-

nal West Femto Maximum Sensitivity Substrate

(Thermo Scientific).

N-terminal sequencing of proteins
Proteins separated by SDS-PAGE were transferred

onto a poly(vinylidene difluoride) (PVDF) membrane

using a semidry transfer protocol. The membrane

was stained with BioSafe Coomassie (Bio-Rad).

Bands of interest were cut out of the membrane, and

the N-terminal protein sequence was determined by

Edman degradation performed on an ABI Procise

sequencer (Applied Biosystems).

Proteinase activity assay

The activity of secreted Sapp1p in cell-free culture

supernatants was examined using a fluorogenic

substrate (Dabcyl-Glu-His-Val-Lys-Leu-Val-Glu-EDANS)

in 0.1 M sodium citrate buffer, pH 3.5, as previously

described.14,15 Analysis of the cleavage products was

performed using an HPLC system equipped with an

Agilent C-18 column and a fluorescence detector set

at an excitation wavelength of 350 nm and an emis-

sion wavelength of 480 nm. A linear methanol gradi-

ent was used for elution.

Controls containing pepstatin A, a specific inhib-

itor of aspartic proteinases, were prepared similarly.

Pepstatin was dissolved in dimethylsulfoxide and

added to reaction mixtures up to a final concentra-

tion of 1 lM.

Detection of cell wall-associated

proteinase activity
The C. parapsilosis cells were harvested by centrifu-

gation (4000 g), washed with water, and resuspended

in 0.1 M sodium citrate buffer, pH 3.5, so that the

final OD550 was �1.5. A 100 lL aliquot of this sus-

pension was added to the reaction mixture, which

contained 200 lL of 0.1 M sodium citrate buffer and

10 lL of stock solution of the fluorogenic substrate

Dabcyl-Glu-His-Val-Lys-Leu-Val-Glu-EDANS. The

stock solution contained 0.5 mg of the substrate per

1 mL of dimethylsulfoxide. The mixture was incu-

bated for 30 min at 37�C. The reaction was stopped

by addition of 60 lL 20% trifluoroacetic acid, and the

mixture was filtered through a 0.22-lm filter. Analy-

sis of cleavage products was performed using HPLC.

To rule out the possibility that the substrate was

cleaved by a proteinase that was fully secreted from

the cells during incubation, the cells resuspended in

sodium citrate buffer were incubated for 30 min at

37�C. Then, this suspension was filtered through a

0.22 lm filter, and the proteinase activity in the fil-

trate was tested as described above.

Mass spectrometry

Proteins were reduced with 25 mM DTT for 1 h at

37�C, and cysteine residues were alkylated using 25

mM iodoacetamide solution for 20 min at room tem-

perature in the dark. Samples were digested with

trypsin for 12 h at 37�C at an estimated protein :

trypsin ratio of 50 : 1 or with chymotrypsin for 12 h

at 25�C in 25 mM bicarbonate buffer at a protein :

chymotrypsin ratio of 25 : 1. Peptides were extracted

from in-gel digests using a gradient of acetonitrile in

1% TFA and 3 � 15 min of sonication on ice. Peptide

mixtures were evaporated using a SpeedVac concen-

trator and dissolved in 0.1% formic acid. The result-

ing peptides were analyzed on an LTQ Orbitrap XL

mass spectrometer (Thermo) coupled to a Rheos

2000 2D capillary chromatography platform (Flux

Instruments). The first-dimension column was a

monolithic PS-DVB (200 lm � 10 mm; Dionex), and

the second dimension column was a PepMap C18 (75

lm � 150 mm � 3 lm, LC Packings). The mass data

were processed with Seques and Bioworks software

(Thermo). The precursor mass of peptides was

2010 PROTEINSCIENCE.ORG Cell Wall-Associated Secreted Proteinase of C. parapsilosis 41



determined in orbitrap operating in high-resolution

mode (R ¼ 100,000). CID in linear ion trap was used

for fragmentation, and product spectra were col-

lected in orbitrap (R ¼ 15,000). Lysine biotinylation

was searched as a standard variable modification,

and five possible missed cleavages were used for

data processing. For positive identification of

(un)biotinylated lysine residues, we used a 3ppm

mass tolerance of precursor ions and 5ppm tolerance

of fragment ions. These parameters were used for all

measurements of digested samples.
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Heidingsfeldová O, Weber J, Ruml T, Souček M (2001)
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3.2 Sapp1p expressed in the S. cerevisiae cells using two different approaches  

Publication 2 describes the outcomes of SAPP1 expression in (1) S. cerevisiae mutant cells 

lacking the pro-protein convertase Kex2p, and (2) wt S. cerevisiae cells using the authentic 

pSAPP1 promoter for the expression. 

Our past experiments with activation of recombinant zymogen of Sapp1p produced in E. coli 

confirmed that the molecule may be either autoactivated or processed via assisted activation 

by membrane fraction isolated from C. parapsilosis cells (membrane fraction is expected to 

contain Kex2p-like proteinase).
190

 However, both approaches yielded different N-terminal 

sequences. Only N-terminus originating from proteinase-assisted activation was consistent 

with the sequence of the authentic Sapp1p. 

Sapp1p proteinase was secreted by wt S. cerevisiae cells using galactose-inducible pGAL1 

promoter efficiently and appropriately processed. Therefore, we performed battery of 

experiments with heterologously expressed SAPP1 in the kex2Δ mutant S. cerevisiae cells, 

using the same promoter. Sapp1p proteinase was secreted into the extracellular space; 

however, it was only partially processed and the amount of secreted proteinase was decreased. 

Signal peptide prediction program suggested two potential signal peptide sequences in the 

pre-pro-Sapp1p molecule, of which one corresponded with the N-terminus of the molecule 

secreted by the kex2Δ cells. This molecule was therefore identified as pro-Sapp1p. To our 

knowledge, pro-Sapp1p has never been isolated or described before. 

Secreted pro-Sapp1p was neither readily autoactivated after or during the secretion, nor 

processed by any other pro-protein convertase with similar activity to Kex2p. Autoactivation 

experiment via denaturation and consecutive renaturation into acidic environment did not 

result in pro-Sapp1p full activation. Western blot analysis showed number of Sapp1p-

containing bands of different molecular weights. Nonetheless some minor part of secreted 

pro-Sapp1p was probably properly activated since we detected specific activity of Sapp1p in 

the mixture. 

The second part of the Publication 2 studied the outcomes of SAPP1 gene expression driven 

by its own inducible pSAPP1 promoter in S. cerevisiae cells, which do possess any similar 

inducible secreted proteinases. We showed that SAPP1 is transcribed in these cells even under 

the conditions that repress the expression of SAPP1 in C. parapsilosis cells, i.e. in the 

presence of low molecular nitrogen sources (e.g., ammonium sulphate). Transcription of 

SAPP1 and consecutive cell growth pattern was altered even on poor nitrogen sources. 

S. cerevisiae SAPP1-expressing cells grown on bovine serum albumin (BSA) showed 
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different growth pattern than cells grown on haemoglobin, suggesting modified cellular 

processes initiated by BSA and haemoglobin. This hypothesis was supported by real-time 

PCR analysis of nitrogen utilization-related genes (peptide transporters OPT1, PTR2, 

transcription factors STP1, GLN3, GAT1, and general amino acid permease GAP1). 

Transcription levels of SAPP1 were twice as high in the cells grown on haemoglobin than on 

BSA. Nonetheless, real-time PCR did not reveal any evident cross-talk between the pSAPP1 

promoter and regulatory network of S. cerevisiae cells. While some of our results were in 

agreement with the general SAP2 regulation described in C. albicans cells and its association 

with amino acid uptake (for example the GAP1 downregulation in SAPP1-expressing cells), 

the other results were not. 

Aside from all of our results, it is evident that S. cerevisiae cells could not fully benefit from 

the proteolytic activity and the production of Sapp1p. 
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Saccharomyces cerevisiae Can Secrete Sapp1p Proteinase of Candida 
parapsilosis But Cannot Use It for Efficient Nitrogen Acquisition

Secreted aspartic proteinase Sapp1p of Candida parapsilosis 
represents one of the factors contributing to the pathoge-
nicity of the fungus. The proteinase is synthesized as an in-
active pre-pro-enzyme, but only processed Sapp1p is secreted 
into extracellular space. We constructed a plasmid contain-
ing the SAPP1 coding sequence under control of the ScGAL1 
promoter and used it for proteinase expression in a Saccha-
romyces cerevisiae kex2Δ mutant. Because Sapp1p maturation 
depends on cleavage by Kex2p proteinase, the kex2Δ mutant 
secreted only the pro-form of Sapp1p. Characterization of 
this secreted proteinase form revealed that the Sapp1p signal 
peptide consists of 23 amino acids. Additionally, we prepared 
a plasmid with the SAPP1 coding sequence under control of 
its authentic CpSAPP1 promoter, which contains two GATAA 
motifs. While in C. parapsilosis SAPP1 expression is repressed 
by good low molecular weight nitrogen sources (e.g., ammo-
nium ions), S. cerevisiae cells harboring this plasmid secreted 
a low concentration of active proteinase regardless of the type 
of nitrogen source used. Quantitative real-time PCR analysis 
of a set of genes related to nitrogen metabolism and uptake 
(GAT1, GLN3, STP2, GAP1, OPT1, and PTR2) obtained 
from S. cerevisiae cells transformed with either plasmid en-
coding SAPP1 under control of its own promoter or empty 
vector and cultivated in media containing various nitrogen 
sources also suggested that SAPP1 expression can be con-
nected with the S. cerevisiae regulatory network. However, 
this regulation occurs in a different manner than in C. parap-
silosis.

Keywords: Candida parapsilosis, Saccharomyces cerevisiae, 
secreted aspartic proteinase, SAPP1, nitrogen metabolism

Introduction

Pathogenic Candida spp. cause a wide spectrum of diseases 
in immunocompromised patients. C. parapsilosis is one of 
the leading causative agents of nosocomial yeast infections, 
and is frequently associated with invasive fungal infections 
in low-birth-weight infants (Trofa et al., 2008). In addition 
to C. albicans, C. parapsilosis is considered a model organism 
for investigation of  molecular basis of virulence of patho-
genic Candida spp. (reviewed in Nosek et al., 2009). Factors 
contributing to the virulence of C. albicans have been studied 
extensively, while relatively little is known about regulation 
of virulent factors in C. parapsilosis. However, it has been 
demonstrated that proteinases and lipases secreted by C. 
parapsilosis contribute to the damage of reconstituted human 
tissue during experimental infection (Gacser et al., 2007).
  The well-studied C. albicans possesses 10 genes (SAP1– 
SAP10) encoding secreted aspartic proteinases (Sap1–Sap10). 
The Sap2 isoenzyme is abundantly secreted from the cells.  
According to the work published to date, the C. parapsilosis 
genome contains three genes (SAPP1–SAPP3) encoding se-
creted aspartic proteinases (Sapp1p–Sapp3p), and the major 
secreted isoenzyme is Sapp1p (De Viragh et al., 1993). The 
SAPP2 gene appears to be transcribed under most conditions, 
but SAPP1 transcription is induced by the presence of an 
exogenous protein as the sole source of nitrogen. Sapp2p is 
secreted in approximately ten-fold lower concentration than 
Sapp1p (Hrušková-Heidingsfeldová et al., 2009). The SAPP3 
gene product has not yet been characterized (the SAPP3 
NCBI accession number is AF339513). The sequence iden-
tity between Sapp1p and Sapp2p is 53%, and the sequence 
identity between all three C. parapsilosis isoenzymes is 44%. 
Sapp1p shares 47% amino acid sequence identity with Sap2 
of C. albicans. The expression and enzymological properties 
of Sapp1p and Sapp2p have been described, and in addition, 
the crystal structure of Sapp1p has been analyzed (Dostál et 
al., 2005, 2009; Majer et al., 2006; Merkerová et al., 2006; 
Hrušková-Heidingsfeldová et al., 2009).
  The SAPP1 open reading frame is duplicated in C. parap-
silosis. Deletion of all four SAPP1 alleles confirmed the im-
portance of Sapp1p in virulence and suggested that Sapp1p 
contributes to survival of C. parapsilosis inside macrophages. 
Complete deletion of SAPP1 also revealed the existence of 
a Sapp protein-production sensing mechanism, which causes 
upregulation of the remaining SAPP genes (Horváth et al., 
2012). The expression of SAPs of C. albicans is regulated 
differentially, depending on ambient pH, temperature, nu-
trient sources, type and stage of disease, and/or morpho-
logical status of the fungus (Naglik et al., 2004; Hrušková- 
Heidingsfeldová, 2008). For example, SAP2 expression can 
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Table 1. Plasmids constructed for the expression of SAPP1 in S. cerevisiae wt and/or kex2Δ strains
Plasmid Promoter Primers Vector Strain

pGAL-SAPP401 pGAL1 CpSAPP-F/-R 2μ, URA3 wt, kex2Δ
pSAPP-SAPP pSAPP1 CpPROM-F/-R YEp352 wt

Table 2. Oligonucleotides used for amplification of the SAPP1 gene. Underlined sequences are homologous to SAPP1. 
Primer Sequence (5'→3')

CpPROM-F CCATGATTACGAATTCGAGCTCGGTACCGGATCCTCTAGAGTCTACACACACACACACACGCAG
CpPROM-R CACGACGTTGTAAAACGACGGCCAGTGGCAAGCTTGCATGCATGCATTGCGTAATAGTTAGCG
CpSAPP-F TACCTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGGACTCCATTTCGTTGTCGTTG
CpSAPP-R TACTGTTAATTGCTCCAGCACCAGCACCAGCACCTGCTCTTAAACGGCAGAAATGCTCG

be induced by micromolar concentrations of amino acids, 
which may occur in the environment during the degradation 
of exogenous proteins that serve as a sole source of nitrogen 
(Martinez and Ljungdahl, 2005). SAP2 induction likely de-
pends on amino-acid sensing and signaling. Sensing of amino 
acids is mediated by the SPS sensor, which triggers proteo-
lytic activation of the transcription factors Stp1p and Stp2p. 
Stp1p activates expression of SAP2 and two genes encoding 
oligopeptide transporters, OPT1 and OPT3. Thus, degrada-
tion of exogenous proteins and oligopeptide uptake are co- 
regulated (Martinez and Ljungdahl, 2005). Expression of 
STP1 is sensitive to nitrogen catabolite repression and is 
under the control of the general regulators Gln3p and Gat1p 
(Dabas and Morschhäuser, 2008), which recognize GATAA 
motifs in the promoter regions. GATAA motifs are con-
served in fungi and regulate expression of genes required for 
utilization of secondary nitrogen sources (Magasanik and 
Kaiser, 2002).
  Posttranslational processing represents an additional level 
of regulation of extracellular proteolysis. The SAP genes en-
code pre-pro-enzymes consisting of a signal sequence fol-
lowed by a propeptide and a mature proteinase domain. 
The signal peptide is removed in the rough endoplasmic 
reticulum, and the zymogen is, after transport to the Golgi 
apparatus, activated either by Kex2p proteinases or alter-
native pathways (Newport and Agabian, 1997; Dostal et al., 
2005; Nombela et al., 2006). Propeptides are considered to 
play a key role in correct maturation of aspartic proteinases 
(van den Hazel et al., 1993; Fukuda et al., 1994; Koelsch et 
al., 1994; Beggah et al., 2000). The mature proteinases are 
transported via the secretory pathway to the cell surface 
and are partially retained in the cell wall during secretion. 
Recently, we showed that the cell wall-associated Sapp1p is 
correctly folded and can cleave external substrates (Vinterová 
et al., 2011).
  S. cerevisiae does not produce secreted aspartic protei-
nases but possesses the yapsin family, which consists of five 
glycosylphosphatidylinositol-linked aspartic proteinases that 
are required for maintenance of cell wall integrity. Yapsins 
are localized at the plasma membrane and are likely involved 
in the activation and/or shedding of periplasmic proteins 
implicated in cell wall assembly (Gargnon-Arsenault et al., 
2006). Another aspartic proteinase (aspartic proteinase A) 
is present in vacuoles, and its activity is essential for degra-
dation of proteins targeted to vacuoles during nutritional 
stress, sporulation, and vegetative growth (Parr et al., 2007).

  Here, we show that S. cerevisiae represents a good model 
organism for analysis of the processing of secreted aspartic 
proteinases of pathogenic Candida spp. The S. cerevisiae 
model allowed us to characterize the signal peptide of Sapp1p 
and to note that, in contrast to C. parapsilosis, S. cerevisiae 
cannot fully benefit from extracellular proteolysis.

Materials and Methods

Strains, media, and growth conditions
The following S. cerevisiae strains were used in this work: 
W303-derivative BW31a (MATa leu2-3/112 ura3-1 trp1-1 
his3-11/15 ade2-1 can1-100 ena1Δ::HIS3::ena4Δ nha1Δ:: 
LEU2), which has a very high efficiency of transformation 
and homologous recombination (Kinclová-Zimmermannová 
et al., 2005), and the kex2Δ mutant strain (MATa his3Δ1 
leu2Δ0 met 15Δ0 ura3Δ0 YNL238w::kanMX4) provided by 
Euroscarf. The C. parapsilosis strain used was clinical iso-
late CP 69 obtained from the mycological collection of the 
Faculty of Medicine, Palacky University, Olomouc, Czech 
Republic.
  The compositions of cultivation media were as follows: YNB, 
0.67% yeast nitrogen base with ammonium sulfate and with-
out amino acids (pH 5.4) supplemented with either 2% glu-
cose or 2% galactose; YCB-BSA and YCB-Hb, 1.2% yeast 
carbon base (pH 3.5) supplemented with 0.2% bovine serum 
albumin or 0.2% hemoglobin, respectively; YCB-BSA-FR 
and YCB-Hb-FR, 1.2% yeast carbon base (pH 3.5) supple-
mented with a peptide mixture corresponding to 0.2% bovine 
serum albumin or hemoglobin cleaved with purified Sapp1p. 
Cleavage of protein substrates was monitored by SDS-PAGE 
and mass spectroscopy. The peptide mixture was separated 
from Sapp1p by centrifugation through a 30 kDa cut-off 
membrane and was sterilized by filtration (0.20 μm filter) 
before addition to 1.2% yeast carbon base medium, pH 3.5. 
If necessary, auxotrophic supplements were added to a final 
concentration of at least 15 μg/ml.
  Escherichia coli XL-1 blue strain was used for DNA mani-
pulation. Selection of transformants was performed on 2% 
LB medium supplemented with ampicillin (100 μg/ml). All 
yeast strains were cultivated at 30°C, the bacteria at 37°C.

Construction of plasmids
Plasmids prepared for expression of SAPP1 in Saccharomyces 

48



338 Vinterová et al.

Table 3. Primers of selected genes for expression study
Primer Sequence (5´→3´)

ACT1-F CAATGGATTCTGAGGTTGCTG
ACT1-R GCTTCATCACCAACGTAGGAGTCT
GAT1-F CCTAGCTTGCCCAATACTTCTGAG
GAT1-R GGTTGCTGGTTGAAGTTGGATTAC
GAP1-F GATGGTGTCTTGCCCCTGCTTAC
GAP1-R TGCCCCTATTCTCCTTTGTGTCTG
STP2-F TGCGAAACAGAACCATCCACAG
STP2-R AAATAATTCGCTCACGTCAACCAG
OPT1-F GCAACGAATCAAACAAGGACACTG
OPT1-R GCCCAGGGAAGCTTTTACAACAT
PTR2-F GCCCGCCCTACTGACATCC
PTR2-R AAGGCCAATCAAAGAGCAAGTCAC
GLN3-F CGAAGTAATGAAGAGCCGAGACA
GLN3-R TGCCGCCGTTTAATCCACTG
SAPP1-F GGTTTGTTGCCTTGGACTTTGATG
SAPP1-R ACGGTTTGCTGCTGTTTGTTTGAA

cerevisiae are listed in Table 1. Plasmid pGAL-SAPP401, con-
taining the ScGAL promoter region and the proteinase gene 
SAPP1 encoding the complete pre-pro-Sapp1p, was obtained 
by homologous recombination in both wild-type (wt) and 
kex2Δ S. cerevisiae cells. Plasmid pSAPP-SAPP, containing 
the full-length promoter region of SAPP1 from C. parapsilosis 
and the complete SAPP1 coding region, was obtained by 
homologous recombination in wt cells only. Both plasmids 
were prepared as follows: DNA fragments of the SAPP1 gene 
were amplified using the primers listed in Table 2. C. para-
psilosis genomic DNA was isolated according to Hoffman 
and Winston (1987). The complete SAPP1 sequence includ-
ing its own promoter was cloned into the multi-copy YEp352 
vector (Hill et al., 1986), resulting in plasmid pSAPP-SAPP. 
The DNA fragment SAPP401 was cloned in a centromeric S. 
cerevisiae vector containing the URA3 marker gene and 
ScGAL promoter (a generous gift from Dr. Bruno Andre, 
Free University of Brussels, Belgium), resulting in plasmid 
pGAL-SAPP401.

Isolation and purification of authentic Sapp1p
Isolation and purification of Sapp1p was performed as de-
scribed by Dostál et al. (2009). Briefly, Sapp1p was isolated 
from the cell-free culture supernatants obtained from C. 
parapsilosis incubation in YCB-BSA medium, pH 3.5, for 
72 h at 30°C. The cells were harvested by centrifugation 
(5,000×g for 15 min). The supernatant was filtered using 
Stericup (Millipore), and the cell-free supernatant containing 
secreted proteases was precipitated by addition of ammo-
nium sulfate [final concentration 80% (w/v)] and centrifuged 
at 20,000×g for 10 min. The sediment was diluted in 15 mM 
sodium citrate, pH 3.75, and dialyzed against the same buffer 
in order to remove ammonium sulfate. Sapp1p was purified 
by anion-exchange chromatography using an FPLC equip-
ped with a MonoS column (Amersham) equilibrated in 15 
mM sodium citrate, pH 3.75. Elution was carried out using 
a NaCl gradient (0–300 mM). Samples containing active 
Sapp1p were dialyzed into 25 mM BIS-Tris, pH 6.3, and 
further purified using a MonoP HR 5/20 column (Amersham). 
Sapp1p elution was performed using a gradient of 10% 
(v/v) Polybuffer 74, pH 4.0 (Amersham). The efficiency of 
the purification steps was analyzed using SDS-PAGE and 
the proteinase activity assay described below.

Preparation of total cell protein extracts
The technique of total cell protein extraction (TCP) was 
based on a method described by Beggah et al. (2000). Briefly, 
cells from 10 ml of culture (OD550~2) were harvested and re-
suspended in 1 ml of a solution consisting of 1.85 M sodium 
hydroxide and 1.2 M 2-mercaptoethanol. The suspension 
was incubated for 5 min on ice. Then, the same volume of 
25% trichloroacetic acid (v/v) was added. The mixture was 
incubated on ice for an additional 5 min and then centri-
fuged (15,000×g, 5 min, 4°C). The resulting pellet was re-
suspended in a loading buffer for SDS electrophoresis and 
boiled for at least 10 min prior to SDS-PAGE.

Analysis of secreted proteins
For detection of proteins secreted from S. cerevisiae cells 

harboring plasmids with C. parapsilosis proteinase coding 
regions, culture supernatants were dialyzed against distilled 
water, frozen at -70°C overnight, and concentrated by lyo-
philization in a Beta 2-8 LD Plus freeze dryer. The lyophi-
lized samples were dissolved in water and subjected to SDS- 
PAGE and Western blot analysis.

Western blotting
Proteins separated by SDS-PAGE were transferred onto a 
nitrocellulose membrane. For Sapp1p detection, the mem-
brane was incubated with polyclonal rabbit antibodies raised 
against Sapp1p and then with peroxidase-labeled swine anti- 
rabbit immunoglobulins (Dostál et al., 2005). The protein 
bands were visualized using SuperSignal West Femto Maxi-
mum Sensitivity Substrate (Pierce).

Proteinase activity assay
The Sapp1p activity in culture supernatants was examined 
using the fluorogenic substrate Dabcyl-Glu-His-Val-Lys- 
Leu-Val-Glu-EDANS in 0.1 M sodium citrate buffer, pH 3.5, 
as previously described (Merkerová et al., 2006; Hrušková- 
Heidingsfeldová et al., 2009). Analysis of the cleavage pro-
ducts was performed using an HPLC equipped with an 
Agilent C-18 column and a fluorescence detector set at an 
excitation wavelength of 350 nm and an emission wave-
length of 480 nm. A linear methanol gradient was used for 
elution.
  Controls containing the specific aspartic proteinase in-
hibitor pepstatin A were prepared similarly. Pepstatin was 
dissolved in dimethylsulfoxide and added to reaction mix-
tures to a final concentration of up to 1 μM.

N-terminal sequencing of proteins
Proteins separated by SDS-PAGE were transferred onto a 
poly (vinylidene difluoride) membrane (PVDF) by semi-dry 
blotting method. The membrane was stained with BioSafe 
Coomassie Blue (Bio-Rad). Bands of interest were excised, 
and the N-terminal protein sequence was determined by 
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Fig. 2. HPLC chromatograms of samples from cleavage of the Dabcyl- 
Glu-His-Val-Lys-Leu-Val-Glu-EDANS substrate by Sapp1p secreted from 
(A) C. parapsilosis, (B) S. cerevisiae, (C) S. cerevisiae supplemented with 
pepstatin A to a final concentration of 1 μM. Both C. parapsilosis and S. 
cerevisiae cells were cultivated in YCB-BSA for 48 h at 30°C. The cell cul-
ture was centrifuged, and only the cell-free culture supernatant was used 
for the proteinase activity assay. The arrows indicate the peak character-
istic of the Sapp1p substrate cleavage product.

Fig. 3. Western blot analysis of Sapp1p secretion and processing in the 
kex2Δ S. cerevisiae mutant strain harboring plasmid pGAL-SAPP401 grown 
in YNB supplemented with glucose (GLC) or galactose (GAL). Detection 
of Sapp1p in culture supernatant and in TCP was performed using poly-
clonal antibodies against Sapp1p.

          (A)

          (B)

Fig. 1. Western blot analysis of Sapp1p secretion and processing in S. 
cerevisiae transformed with pGAL-SAPP401 (Lane 1) or empty plasmid 
(Lane 2). (A) culture supernatants after overnight incubation at 30°C in 
YNB supplemented with galactose; (B) total cell protein extracts (TCP) 
of cells grown in the same medium as above. Detection was performed 
using polyclonal antibodies against Sapp1p.

Edman degradation performed on an ABI Procise Sequencer 
(Applied Biosystems).

RNA isolation and cDNA synthesis
RNA from S. cerevisiae was isolated using the YeaStar RNA 
kit from Zymo Research. RNA was treated with DNAase I to 
remove contaminating DNA. cDNA was prepared from 1 μg 
of isolated RNA by reverse transcription using SuperScript 
II reverse transcriptase and oligo(dT)12-18 primer (both from 
Invitrogen), according to the manufacturer’s protocol.

Quantitative real-time PCR analysis and data processing
Primers for PCR analysis were designed with the DNASTAR 
program (DNASTAR, Inc.) and were checked with BLAST 
(http://blast.ncbi.nlm.nih.gov). Selected primers are listed in 
Table 3. Real-time PCR was performed using the DyNAmoTM 
SYBR® Green 2-Step qRT-PCR Kit (Finnzymes). Each re-

action was set up in duplicate with 1 μl of cDNA in a total 
reaction volume of 20 μl. Both the composition of the re-
action and the cycling parameters were set up as recom-
mended by the manufacturer. Levels of mRNA expression 
were measured on a LightCycler 480 (Roche Applied Science), 
and acquired expression profiles were analyzed with GenEx 
software (MultiD Analyses). Data were normalized to the 
reference gene actin (ACT1), which was selected using Norm-
Finder (MultiD Analyses), and expressed as a fold change 
(2-ΔΔCt) relative to lowest expression. Statistical analysis of 
the data was performed using the GenEx program (MultiD 
Analyses), and P values were determined by 2-tailed t-test. 
Changes in expression with P values lower than 0.05 were 
considered significant.

Results

Mature Sapp1p is secreted from S. cerevisiae cells transformed 
with a plasmid containing the SAPP1 sequence and GAL1 
promoter
To examine whether Sapp1p is readily secreted from S. cer-
evisiae cells and verify that this model organism could be 
used for analysis of Sapp1p processing and trafficking, we 
placed the SAPP1 gene encoding the pre-pro-proteinase 
form of Sapp1p under the control of the ScGAL1 promoter 
and prepared the plasmid pGAL-SAPP401. Proteinase ex-
pression was induced in YNB medium containing 2% gal-
actose (the inoculum was cultivated in YNB with glucose 
overnight). As controls, we analyzed cells harboring pGAL- 
SAPP401 cultivated only in glucose and cells transformed 
with the control vector lacking the proteinase coding se-
quence and cultivated in galactose. We monitored the pro-
duction of proteinase by Western blot analysis of the cul-
ture supernatant and of the total cell protein extracts using 
polyclonal antibodies against Sapp1p. As illustrated in Fig. 
1A, the cells harboring pGAL-SAPP401 secreted proteinase 
with a molecular weight of approximately 36 kDa, which is 
similar to that of mature Sapp1p. The N-terminal sequence of 
the released protein (DSISL-) corresponded to that of cor-
rectly processed mature Sapp1p. Using a Sapp1p-specific 
fluorescent substrate, we detected Sapp1p activity in the 
culture supernatant. Moreover, the activity was blocked by 
the specific inhibitor pepstatin A (Fig. 2), which confirmed 
that S. cerevisiae secreted correctly folded Sapp1p. A rela-

50



340 Vinterová et al.

(A)

(B)

Fig. 6. Growth curves of S. cerevisiae cells transformed with pSAPP- 
SAPP and empty plasmid YEp352 cultivated under various nutrient con-
ditions at 30°C. (A) YNB, 0.67% yeast nitrogen base supplemented with 
2% glucose; YCB-BSA, 1.2% yeast carbon base supplemented with 0.2% BSA; 
YCB-Hb, 1.2% yeast carbon base supplemented with 0.2% hemoglobin. 
(B) YCB-BSA-FR, 1.2% yeast carbon base supplemented with peptide mix-
ture in a concentration equivalent to 0.2% BSA pre-cleaved with Sapp1p; 
YCB-Hb-FR, 1.2% yeast carbon base supplemented with peptide mixture 
in a concentration equivalent to 0.2% Hb pre-cleaved with Sapp1p (see 
Materials and Methods for preparation of peptide mixtures).

Fig. 5. Western blot analysis of Sapp1p forms present in culture super-
natants from S. cerevisiae cells transformed with a vector bearing the 
full-length SAPP1 with its own promoter (pSAPP-SAPP). Lanes: 1, culti-
vation in YNB; 2, cultivation in YCB-BSA; 3, cultivation in YCB; 4, culti-
vation in YCB-Hb. All cultivations were performed at 30°C. Cells in YNB 
were cultivated overnight, and cells in YCB and supplemented YCB were 
cultivated for 48 h. Detection was performed using antibodies against 
Sapp1p.

Fig. 4. Schematic representation of pre-pro-Sapp1p.
The lengths of the pre- and propeptide as well as the 
mature domain are marked, and the cleavage sites are 
indicated by asterisks.

tively high concentration of unprocessed and mature pro-
teinase was, however, retained in the cells (Fig. 1B), which 
could explain the low concentration of Sapp1p observed in 
the culture supernatant (about 0.02 mg/L in contrast to ap-
proximately 3 mg/L, the concentration of Sapp1p secreted 
by C. parapsilosis cells).

The Sapp1p signal peptide consists of 23 amino acids
The exact sequence of the propeptide of Sapp1p has not yet 
been determined. To investigate  the signal peptide cleavage 
site, we transformed kex2Δ S. cerevisiae cells with the pGAL- 
SAPP401 plasmid and cultivated the yeast cells under con-
ditions similar to those used for the wt strain. In the pres-
ence of galactose, we detected production of a roughly 45 
kDa protein both in TCP and in the culture supernatant 
(Fig. 3). N-terminal sequence analysis of the secreted pro-
tein revealed the sequence AAIPEEAAKRDD-,  and we iden-
tified this protein as Sapp1p flanked by 39 amino acids at 
the N-terminus (Fig. 4). We labeled this species Sapp1p+39. 
Because the Kex2p proteinase, which cleaves the bond be-
tween propeptides and mature proteinases in C. albicans 
(Naglik et al., 2004), was absent, Sapp1p+39 most likely re-
sulted from cleavage of pre-pro-Sapp1p by a signal peptidase 
in endoplasmic reticulum. We used the SignalP 4.0 program 
to predict the sequence of the signal peptide (Petersen et 
al., 2011; www.cbs.dtu.dk/services/SignalP/) and compared 
the output with the Sapp1p+39 N-terminal sequence. One of 
the two most probable sequences agreed with the experi-
mentally detected N-terminus of Sapp1p+39. These results 
indicate that the Sapp1p signal peptide consists of 23 resi-
dues and that the cleavage site between pre- and propep-
tide is located between Gly23 and Ala24 (Fig. 4). The N-ter-
minal extension did not preclude the release of Sapp1p+39 
(i.e., pro-Sapp1p) into the extracellular space. Importantly, 
we confirmed that pro-peptide cleavage and complete pro-
teinase maturation inside the cells are not essential for suc-
cessful secretion of Sapp1p.

SAPP1 expression in S. cerevisiae can be driven by its own 
promoter
The type of nitrogen source plays an important role in regu-
lation of SAP gene expression not only in C. albicans but also 
in other Candida species, including C. parapsilosis and C. 
dubliniensis (Hrušková-Heidingsfeldová et al., 2009; Loaiza- 
Loeza et al., 2009). We hypothesized that GATA transcription 
factors, which regulate transcription of SAP2 in C. albi-
cans, are also involved in regulation of Sapp1p secretion in 
C. parapsilosis. The SAPP1 promoter region contains two 
GATAA motifs at positions -161 to -165 and -236 to -240 
relative to the SAPP1 start codon. C. parapsilosis does not 
produce Sapp1p in the presence of low molecular weight 
nitrogen sources (e.g., ammonium ions). The SAPP1 gene 
is transcribed and the proteinase Sapp1p is secreted only in 
the presence of protein as a sole source of nitrogen in the 
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(A)

(B)

Fig. 7. Real-time PCR analyses. (A) gene expression fold change of GAP1, 
PTR2, and GLN3 in S. cerevisiae cells transformed with empty YEp352 
vector (control cells) and cells transformed with pSAPP-SAPP and ex-
pressing SAPP1. The cells were grown in YNB, YCB-Hb-FR, YCB-Hb, or 
YCB-BSA for 16 h at 30°C. (B) SAPP1 expression fold change in S. cer-
evisiae transformed with pSAPP-SAPP and grown in YNB, YCB-Hb-FR, 
YCB-HB, or YCB-BSA for 16 h at 30°C.

medium. In order to investigate whether S. cerevisiae cells 
could express the SAPP1 gene driven by its inducible pro-
moter, we replaced the ScGAL promoter region with the full- 
length promoter of SAPP1 from C. parapsilosis in a YEp352 
multi-copy vector containing SAPP1 encoding pre-pro- 
Sapp1p.  This new plasmid, pSAPP-SAPP, was transformed 
into S. cerevisiae cells, and SAPP1 expression was tested in 
the presence of BSA as the only source of nitrogen and in 
the presence of ammonium ions (YNB), which repress SAPP1 
expression in C. parapsilosis. S. cerevisiae cells transformed 
with pSAPP-SAPP were cultivated in YCB containing 0.2% 
BSA, YNB with 0.5% ammonium sulfate, and YCB without 
any additional nitrogen source. As a control of proteinase 
production, we cultivated S. cerevisiae cells transformed with 
empty YEp352 vector under the same conditions. While 
cultivations in YCB-BSA yielded a mixture of mature and 
partially processed Sapp1p, cultivations in YNB with am-
monium ions yielded only fully processed active Sapp1p 
(Fig. 5). In YCB without an additional nitrogen source, we 
did not detect any Sapp1p secretion. These results show that 
the authentic promoter of Sapp1p functions in S. cerevisiae, 
albeit in a different manner than in C. parapsilosis. In addi-
tion to responding to a proteinaceous nitrogen source, the 
promoter also responded to ammonium ions in supple-
mented YNB media.
  As illustrated in Fig. 6A, the culture grew well only in YNB 
with ammonium ions. The growth curve in YCB-BSA me-
dium did not differ between control cells and cells secreting 
Sapp1p, and the cell growth was substantially lower than in 

YNB. Monitoring of pH in all cultivations, including culti-
vations of S. cerevisiae cells transformed with empty plasmid, 
confirmed that secretion of Sapp1p did not alter the pH of 
cultivation media (the pH of each culture medium did not 
exceed 5 during cultivation; Sapp1p is able to cleave a sub-
strate up to pH 6). We further tested different proteinaceous 
sources of nitrogen for induction of Sapp1p secretion in S. 
cerevisiae cells. We performed cultivation of S. cerevisiae 
cells transformed with pSAPP-SAPP in YCB supplemented 
with 0.2% hemoglobin (YCB-Hb). Although cells harboring 
pSAPP-SAPP grew better in YCB-Hb than in YCB-BSA, the 
cell growth was still significantly slower than in YNB with 
ammonium ions (Fig. 6A), and both proteinase precursor 
and mature Sapp1p were found in the culture supernatant 
(Fig. 5).
  To elucidate whether the lack of protein utilization was 
caused by insufficient expression of Sapp1p or by inefficient 
uptake of protein cleavage products by S. cerevisiae, we cul-
tivated cells harboring pSAPP-SAPP in YCB medium sup-
plemented with a peptide mixture resulting from fractiona-
tion of BSA and hemoglobin by purified Sapp1p (YCB-BSA- 
FR and YCB-Hb-FR, respectively). Addition of pre-cleaved 
proteins to the medium improved the growth of S. cerevisiae 
cells harboring pSAPP-SAPP; OD550 values were comparable 
to those obtained in YNB medium containing ammonium 
ions (Fig. 6B). Western blot analysis of YCB-BSA-FR and 
YCB-Hb-FR culture supernatants confirmed that only fully 
processed Sapp1p was secreted into the medium (data not 
shown). Together, these data show that the lack of protein 
utilization by S. cerevisiae cells producing Sapp1p is likely a 
result of inefficient proteinase secretion.

Transcription analysis of genes associated with nitrogen 
utilization in S. cerevisiae expressing SAPP1
As described above, we observed different patterns of Sapp1p 
bands on Western blots when cells harboring pSAPP-SAPP 
were cultivated in media with different nitrogen sources 
(Fig. 5) and noted distinct culture growth of cells express-
ing SAPP1 in various media (Fig. 6). Therefore, we decided 
to investigate the potential effect of nitrogen sources on the 
expression of genes related to nitrogen metabolism. We set 
out to examine whether the secretion of Sapp1p from S. cer-
evisiae cells harboring pSAPP-SAPP cultivated under various 
conditions (BSA, Hb, a peptide mixture originating from 
fractionated Hb, or ammonium sulfate as  nitrogen sources) 
affects the expression profiles of genes encoding amino acid 
permease (GAP1), transcription factors (GAT1, GLN3, and 
STP2), or transporters (OPT1, an oligopeptide transporter, 
and PTR2, a di/tripeptide transporter). We selected ACT1 
as a reference gene because its expression profile was the 
most stable of five genes tested (RPP2, PGK1, 18S, IPP1, 
and ACT1). We analyzed RNA from cells that were culti-
vated for 16 h in YCB-BSA, YNB with ammonium sulfate, 
YCB-Hb, or YCB-Hb-FR. As a control, we used RNA isolated 
from BW31a cells transformed with the empty YEp352 vector 
and cultivated under the same conditions as cells harboring 
the pSAPP-SAPP plasmid.
  Expression of genes related to nitrogen metabolism revealed 
that cells responded to fractionated hemoglobin (Hb-FR) and 
ammonium ions as good sources of nitrogen, whereas BSA 
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and hemoglobin were poor nitrogen sources. Figure 7A shows 
the qRT PCR analysis of those genes whose expression levels 
were differently regulated in cells harboring pSAPP-SAPP and 
cells harboring empty plasmid (i.e., genes GAP1, OPT1, and 
PTR2). Interestingly, relative expression of GAP1 was upre-
gulated in the control cells grown in proteinaceous sources 
of nitrogen, whereas cells expressing SAPP1 showed similar 
levels of GAP1 fold change when grown in either poor or 
good nitrogen sources (Fig. 7A). PTR2 and GLN3 transcrip-
tion displayed similar patterns both in control cells and in 
cells harboring SAPP1. This effect was more pronounced 
in the cells harboring SAPP1. Differences in transcription of 
GAT1, STP1, and OPT1 in the control cells vs cells harboring 
SAPP1 were less significant (data not shown). While GAT1 
regulation did not change at all, STP2 and OPT1 were up-
regulated in both protein-containing media. STP2 fold change 
in the presence of proteinaceous nitrogen sources was sim-
ilar for both control cells and cells expressing SAPP1, and 
OPT1 levels were upregulated in control cells.
  Relative expression levels of SAPP1 showed a similar pat-
tern as those of the other genes tested (Fig. 7B). The lowest 
expression levels were observed when cells were grown in 
YNB and YCB-Hb-FR. These levels were comparable to each 
other and at least two-fold lower than those observed for 
cells grown in YCB-BSA and YCB-Hb. The expression level 
in YCB-Hb was about 1.5-fold higher than that in YCB- 
BSA and about three-fold higher than those in YNB and 
YCB-Hb-FR. These data correlate well with the results of our 
other experiments, suggesting that there might be a differ-
ence in regulation of SAPP1 expression depending on whether 
the gene is under control of the galactose promoter or the 
authentic inducible SAPP1 promoter.

Discussion

Several medically important Candida species, including C. 
parapsilosis, produce extracellular aspartic proteinases with 
broad substrate specificity. Although S. cerevisiae expresses 
aspartic proteinases, these proteinases are not secreted from 
the cells, they are either localized in vacuoles or attached to 
the cell wall or plasma membrane by a GPI-anchor, and their 
mode of action is mostly processive (Gagnon-Arsenault et 
al., 2006). Thus, S. cerevisiae does not produce any aspartic 
proteinase that might interfere with the analysis of Sapp1p 
secretion and seems to be an ideal model organism for 
analysis of trafficking and processing of individual, hetero-
logously expressed C. parapsilosis proteinases. Indeed, we 
detected mature Sapp1p secreted from S. cerevisiae cells 
transformed with a yeast expression vector containing the 
SAPP1 gene sequence under control of the ScGAL1 promoter. 
However, the concentration of Sapp1p secreted by S. cer-
evisiae was significantly lower than that secreted by C. 
parapsilosis. The decreased secretion might be caused by 
inefficient processing of Sapp1p precursor and transport of 
proteinase within the cells and into the extracellular space. 
This speculation was supported by the observation of both 
unprocessed (approximately 45 kDa) and mature Sapp1p in 
the total cell protein extracts.
  Expression of the pre-pro form of Sapp1p driven by the 

ScGAL1 promoter in a kex2Δ S. cerevisiae strain enabled us 
to identify the cleavage site between the signal peptide and 
Sapp1p zymogen (Gly23-Ala24) and confirmed that Kex2p 
proteinase is necessary for correct propeptide processing. 
These experiments further showed that the N-terminal ex-
tension does not influence proteinase secretion into the ex-
tracellular space. In our previous work, we found that part 
of the N-terminal domain of Sapp1p likely remains buried 
in the cell wall, while the C-terminal domain and the active 
site are most likely exposed on the cell surface during tem-
porary retention of Sapp1p in the cell wall before final pro-
teinase release into the extracellular space (Vinterová et al., 
2011).
  Transcription of SAPP1 in C. parapsilosis can be induced 
merely by the presence of an exogenous protein (e.g., BSA 
or hemoglobin) that serves as the sole source of nitrogen 
(Hrušková-Heidingsfeldová et al., 2009). A similar type of 
regulation has been thoroughly characterized for C. albicans 
SAP2, which can also be induced by micromolar concen-
trations of amino acids likely formed from degradation of 
exogenous proteins (Martinez and Ljungdahl, 2005). In this 
work, we showed that SAPP1 can be transcribed in S. cerevi-
siae cells in the presence of good low molecular weight ni-
trogen sources such as ammonium ions or peptide fragments. 
We also found that expression of the C. parapsilosis protei-
nase Sapp1p under control of its own promoter did not 
render S. cerevisiae able to utilize exogenous BSA. The lower 
concentration of secreted proteinase obviously was not caused 
by a low level of SAPP1 transcription but rather by inefficient 
processing and secretion of Sapp1p. In addition, coordina-
tion of proteinase secretion and peptide uptake was probably 
insufficient when BSA served as a sole source of nitrogen. 
Using hemoglobin instead of BSA resulted in a better culture 
growth of the cells harboring SAPP1; however, both YCB- 
BSA and YCB-Hb cultivations yielded a mixture of partially 
unprocessed and mature Sapp1p in the culture supernatant. 
Unfortunately, we were unable to confirm the identity of the 
higher molecular weight band using N-terminal sequencing. 
The proteinase concentration in these samples was rather 
low (approximately 0.02 mg/L), and the analysis was compli-
cated by the presence of impurities. However, this two-band 
pattern strongly resembles mature recombinant Sapp1p ac-
companied by the intermediate of pro-Sapp1p (flanked by 29 
amino acids at the N-terminus, Sapp1p+29) cleavage, which 
we observed in our previous work (Dostál et al., 2005).
  The distinct behaviors of cultures incubated in the presence 
of BSA and Hb were supported by qRT PCR analysis of 
genes related to utilization of alternative nitrogen sources. 
Martinez and Ljungdahl (2005) showed that the SAP2 gene 
in C. albicans is co-regulated with genes encoding the oli-
gopeptide transporters OPT1 and PTR2, but not the gene 
encoding general amino acid permease, GAP1. Our results 
correspond to this observation in that GAP1 transcription 
is decreased in cells expressing SAPP1. In our experimental 
setting, however, OPT1 was not upregulated in SAPP1-ex-
pressing cells. This is very likely due to the lack of STP1 up-
regulation, which, in turn, might be caused by an insufficient 
concentration of amino acids in culture media. Despite the 
SAPP1 upregulation in YCB-Hb, the Sapp1p secretion and 
subsequent hemoglobin cleavage may not yield a sufficient 

53



C. parapsilosis Sapp1p secretion in S. cerevisiae 343

amount of amino acids to increase STP1 transcription in 
comparison with the control. On the other hand, PTR2 was 
upregulated in SAPP1-expressing cells, although its induction 
also depends on amino acids present in the cultivation me-
dium (Xia et al., 2008). However, PTR2 is regulated via the 
transcription repressor Cup9p, and not via an SPS sensor 
such as OPT1. Transcription analysis of the genes encoding 
two general regulators, GAT1 and GLN3, indicates that SAPP1 
regulation in S. cerevisiae may be connected with GLN3 
rather than GAT1. However, it should be stressed that the 
real-time PCR analysis was performed only for one time 
point and does not indicate effects that might have occurred 
in a time-dependent manner. Nevertheless, analysis of the 
SAPP1-expressing S. cerevisiae cells showed that the S. cer-
evisiae regulatory network is not tuned for the presence of 
SAPP1. Sapp1p expression in S. cerevisiae can be driven by 
the authentic C. parapsilosis promoter and can be induced 
by hemoglobin or BSA as a sole source of nitrogen, but this 
process is not as efficient and clear-cut as in C. parapsilosis. 
The SAPP1 authentic promoter also positively responded 
to low molecular weight nitrogen sources, despite the fact that 
expression of SAPP1 is repressed under these conditions in 
C. parapsilosis. Our preliminary experiments with the SAPP3 
gene, which also possesses a GATA-motif in its promoter 
region, showed that this gene is expressed both in the pres-
ence of protein in the medium as well as in the presence of 
a good low molecular weight nitrogen source, conditions 
under which a promoter inducible by GATA-transcription 
factors should be repressed (unpublished data). This suggests 
specific roles for SAPP promoters and growth conditions 
in the function of C. parapsilosis cells.
  S. cerevisiae is widely used as a model organism, and many 
hypotheses and paradigms can be inferred from studies of 
this species. Here, we demonstrated that S. cerevisiae could 
transcribe, translate, and secrete an extracellular proteinase 
of C. parapsilosis even when it was placed under the con-
trol of its own promoter. Nevertheless, for several reasons, 
S. cerevisiae was not able to fully benefit from extracellular 
proteolysis.
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3.3 Gene SAPP2 encoding secreted aspartic proteinase 2 exists in two versions but 

only one version of Sapp2p was detected in cell-free supernatants 

As mentioned in the literature overview, C. parapsilosis genome possesses two identical 

copies of SAPP1 gene (four alleles in diploid C. parapsilosis) and only one version of Sapp1p 

has been retrieved from the culture medium. During our then unpublished work we described 

two minor sequence changes in Sapp1p molecule in comparison with the SAPP1 gene entry 

deposited in the National Center for Biotechnology Information (NCBI) database under the 

accession number P32951. We deposited this new sequence under the accession number 

ACL8152
211

. Publication 3 draws attention to gene sequence discrepancies associated with 

SAPP2 gene. 

Unlike SAPP1, the NCBI database contains two distinct homologs of SAPP2 gene with only 

91.5% sequence identity. Accordingly, two versions of protein entries exist in the database as 

well – Sapp2p/P32950 data entry was created in 1993 (gene accession number Z11918) and 

Sapp2p/A44701 data entry was created in 1998 (gene accession number A44701). The major 

difference between these two versions of Sapp2p is in the C-terminus (Sapp2p/A44701 

possesses significantly prolonged C-terminus). 

Gene SAPP2 was considered a pseudogene until Sapp2p was detected in the growth medium 

in very low concentrations for the first time.
180

 For further characterisation, SAPP2 gene was 

expressed in E. coli cells using the NCBI sequence Z11918. Resulting recombinant proteinase 

Sapp2p/P32950 was successfully activated and characterised.
157, 191

  

Authentic Sapp2p was purified later from the growth medium of C. parapsilosis cells and MS 

analysis showed the presence of Sapp2p/A44701 sequence only.  

It remains unclear whether the other homolog of SAPP2 is expressed in vivo. The existence of 

paralogous gene SAPP1 may suggest that SAPP2 underwent gene duplication as well and the 

two pairs of alleles diverged. The purpose of two distinct gene versions in the genome of 

C. parapsilosis remains unknown. 
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Abstract Candida parapsilosis produces secreted aspartic
proteinases (Saps), which contribute to the virulence of this
opportunistic pathogen. Gene family containing asmany as 14
sequences potentially encoding secreted aspartic proteinases
was identified in C. parapsilosis genome. Of them, SAPP1
and SAPP2 genes have been extensively characterized, but
only now do we report that two SAPP2 homologs sharing
91.5 % identity occur in C. parapsilosis genome. Existence of
SAPP2 homologs points to unexpected complexity of the
SAPP gene family.

Candida parapsilosis is an opportunistic fungal pathogen. Its
genome has been sequenced, and in silico analysis revealed 14
sequences potentially encoding secreted aspartic proteinases
(Saps) that may act as virulence factors (Parra-Ortega et al.
2009). Of them, only SAPP1, SAPP2 and SAPP3 have been
examined. Tandem-arranged sequences of SAPP1 and SAPP2
were first found in 1993 and denominated ACPR and ACPL

(acid proteinase, left or right position in the sequenced
DNA fragment); National Center for Biotechnology
Information (NCBI) accession numbers: Z11919.1
(P32951) and Z11918.1 (P32950), (De Viragh et al. 1993).
ACPR was later changed to SAPP1 and ACPL to SAPP2
(secreted aspartic proteinase of C. parapsilosis).

A novel protein sequence of Sapp2p was deposited by
Monod in the 1990s (NCBI: A47701). This sequence shares
91.5% identity with the deduced amino acid sequence ofACPL
(P32950). In NCBI, both of these sequences are labelled ACPL
and their existence has not been reflected in literature. The
mature Sapp2p/P32950 and Sapp2p/A47701 have identical
N-terminal sequence (SSPSSPL-) and differ mostly at the C-
terminal part (Fig. 1).

SAPP2 was first considered to be a pseudogene, however,
(Fusek et al. 1993) detected Sapp2p in C. parapsilosis culture
medium as a minor fraction besides the isoenzyme Sapp1p. It
was identified on the basis of a short N-terminal sequence
(SSPSSL-). Sapp2p readily hydrolyzed proteins, but its activ-
ity towards a routinely used peptide substrate was low (Fusek
et al. 1993). The study did not contain further sequence
information. It is impossible to retrospectively infer, which
Sapp2p isoform was isolated and characterized in this study.

To elucidate whether SAPP2 really encodes a proteo-
lytically active protein, we expressed it in Escherichia coli.
As Z11918.1 was the only available SAPP2 nucleotide se-
quence by that time, we used it to construct the vector. The
resulting recombinant Sapp2p/P32950 cleaved haemoglobin,
but not the chromogenic peptide substrate (Merkerová et al.
2006).

Now, we isolated active Sapp2p using a method established
previously for purification of Sapp1p isoenzyme (Dostál et al.
2009). The activity was tested using the fluorogenic peptide
Dabcyl-Glu-His-Val-Lys-Leu-Val-Glu-EDANS, similarly as in
(Merkerová et al. 2006, Hrušková-Heidingsfeldová et al.
2009). Mass spectrometry detected only Sapp2p/A47701 in
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this preparation. Altogether, this shows that both Sapp2p/
A47701 and Sapp2p/P32950 are proteolytically active.

In the meantime, C. parapsilosis genome was added to the
Candida Genome Database and the SAPP2 entry (SAPP2/
CPAR2_102580) refers to the A47701 version. The database
users may consider A47701 as the only version of Sapp2p
produced by C. parapsilosis. However, previous studies have
not answered the question, whether Sapp2p/P32950 is also
expressed in vivo. RT-PCR analysis detected SAPP2messenger
RNA (mRNA) under a wide range of conditions (Hrušková-
Heidingsfeldová et al. 2009), but since no potential homologs
were taken into account, the primers were not designed to
discriminate between them. Paralogous gene SAPP1 occurs in
four alleles in C. parapsilosis diploid genome (Horváth et al.
2012). This might suggest that SAPP2 underwent duplication
as well, but the two pairs of alleles diverged. The aim of this
note was to draw attention to the Candida community of the
inconsistency in the sequence entries and to inform about the
individual SAPP2 homologs.
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                     10        20        30        40        50        60        70
                      |         |         |         |         |         |         |
A47701       MTTIAIFTKNVLLAIAFALFAQGAAIPDPAKRDDNPGFVALDFEVTRKPLDVNATSELSKRSSPSSPLYF
P32950       MTTIAIFTKNVLLAIAFALFAQGAAIPDPAKRDDNPGFVALDFEVTRKPLDVNATSELSKRSSPSSPLYF
             **********************************************************************

                     80        90       100       110       120       130       140
                      |         |         |         |         |         |         |
A47701       EGPSYGIRVSVGSNKQEQQVVLDTGSSDFWVVDSSASCQKGNCKQYGTFDPHSSTSFKSLGSSF-SIGYG
P32950       EGPSYGIRVSVGSNKQEQQVVLDTGSSDFWVVDSSASCQKGNCKQYGTFDPHSSTSFKSLGSSFRSIGYG
             **************************************************************** *****

                    150       160       170       180       190       200       210
                      |         |         |         |         |         |         |
A47701       DKSSSIGTWGQDTIYLGGTSITNQRFADVTSTSVNQGILGVGRVETESANPPYDNVPITLKKQGKIKTNA
P32950       DKSSSIGTWGQDTIYLGGTSITNQRFADVTSTSVNQGILGVGRVETESANPPYDNVPITLKKQGKIKTNA
             **********************************************************************

                    220       230       240       250       260       270       280
                      |         |         |         |         |         |         |
A47701       YSLYLNSPGAATGTIIFGGVDNAKYSGKLIEEPLVLDRYLAVNLKSLNYNGDNSNAGFGVVVDSGTTISY
P32950       YSLYLNSPGAATGTIIFGGVDNAKYSGKLIEEPLVSDRYLAVNLKSLNYNGDNSNAGFGVVVDSGTTISY
             *********************************** **********************************

                    290       300       310       320       330       340       350
                      |         |         |         |         |         |         |
A47701       LPDSIVNDLANKVGAYLEPVGLGNELYFIDCNANPQGSASFTFDNGAKITVPLSEFVLQSTANACVWGLQ
P32950       LPDSIVNDLANKVGAYLEPVGLGNELYFIDCNANPQGSASFTFDNGAKITVPLSEFVLQSTANACVWGLQ
             **********************************************************************

                    360       370       380       390       400       410 
                      |         |         |         |         |         | 
A47701       SSDRQNVPPILGDNFLRHAYVVFNLDKETVSLAQ------VKYTSASSVSAI----------- 
P32950       SSDRQNVPPILGDNFLRHAY-AFQLDKETVLSRSGEVHFCLKCFSNLETSIVWKAFFYNRYIQ 

******************** * ****** * * *

Fig. 1 Alignment of protein
sequences of Sapp2p (A47701)
and Sapp2p (P32950). The
asterisks indicate identical amino
acids. Grey backgrounds denote
differences in Sapp2p/A47701
and Sapp2p/P32950 sequences.
The N-terminal sequences of
mature Sapp2p (A47701 and
P32950) are underlined. Catalytic
triads are boxed
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4. DISCUSSION 

Candida parapsilosis has become an emerging human pathogen over the past years, 

especially in the neonatal units.
69, 71-74

 Despite its unique features like linear mitochondrial 

genome,
80

 and special adhesion abilities toward both biological and abiotic surfaces,
76, 77

 

C. parapsilosis has been less extensively studied than a yeast model organism C. albicans. 

C. parapsilosis may represent an interesting experimental model beyond the field of yeast 

biology given the similarities in structure of mitochondrial and eukaryotic telomeres.
3
 Any 

findings may have implication on the overall knowledge of linear chromosome evolution, 

including telomere terminal structures and maintenance pathways in general.
3
  

The virulence factors defining C. parapsilosis pathogenicity have not yet been fully resolved. 

Secretion of hydrolytic enzymes, and among them of aspartic proteinases, is confirmed 

virulence factor of several pathogenic Candida species (e.g., C. albicans
141

, C. tropicalis
142

). 

The link between Saps production and the pathogenicity of C. parapsilosis has not been 

clearly established. On the other hand, recently published experiments which proved the 

attenuated virulence of C. parapsilosis cells lacking all alleles of SAPP1 gene may hopefully 

strengthen this link.
70, 143

 

Genome of C. parapsilosis was sequenced by Sanger Institute in collaboration with Dr. 

Geraldine Butler, Prof. Ken Wolfe and Prof. Neil Gow in 2009.
9
 While the whole sequence 

was freely accessible via Sanger Institute BLAST server
212

, a successful genome annotation 

was complicated (not only) by the presence of numerous sequence repetitions. The first 

detailed annotation of the genome was accomplished in 2011 by a next generation sequencing 

technique (RNA-seq) used to determine the transcriptional profile of C. parapsilosis cells 

cultivated under different conditions.
213

 The situation with potential gene repetitions got more 

complicated with the publication of genome sequences in various databases like the CGD, the 

NCBI and UniProt. Two versions of SAPP2 gene exist. The SAPP2 sequence currently 

available in the CGD corresponds to SAPP2/A44701. Our analysis represented by 

Publication 3 of this Ph.D. thesis wanted to draw attention to potential discrepancies in data 

entries that resulted from a complicated and long-term C. parapsilosis genome annotation.  

Presented Ph.D. thesis is mainly focused on the Sapp1p processing and secretion abilities 

under variable conditions in multiple experimental models and set-ups (C. parapsilosis, 

S. cerevisiae).  

While C. parapsilosis cells secrete fully activated Sapp1p into the extracellular space, results 

presented in Publication 1 confirmed the association of fully processed but yet unreleased 
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Sapp1p within the yeast CW in the extent that was rather unexpected. Furthermore, Sapp1p 

was found capable of substrate cleavage while being (partially) buried within the CW.  

Schaller et al. confirmed the presence of C. albicans Saps in the CW during infection in in 

vitro model of vaginal candidiasis in reconstituted human vaginal epithelium.
210

 The authors 

detected the presence of Sap1-to-Sap3 (and in lower amount also of Sap4-to-Sap6) twelve 

hours after the infection by use of polyclonal antibodies and immunogold labelling. Despite 

that the authors were focused solely on the presence of Saps and these experiments were not 

accompanied by any data related to the activity of the CW-Saps, their findings support our 

experiments and may provide a background for the role of CW-associated Saps during the 

host tissue damage. The ability of Sapp1p to cleave a substrate while still being CW-

associated may provide an explanation for the discrepancy between pH of the host inner 

environment (e.g., pH of the blood is approximately 7.4) and the pH optimum of C. albicans 

Sap1 and Sap2 (pHopt3.5-4.5). These two Saps are dominant elements during the tissue 

damage rather than in the onset of systemic infection. Low pH values required for successful 

proteolysis may be achieved by simple acidification of small microenvironment of Candida 

cells and longer reach would not be necessary.  

The extent of Sapp1p withhold within the CW was unexpected as protein secretion is dynamic 

and relatively swift process. It was shown that transit time of S. cerevisiae glycoprotein 

invertase from its synthesis to the time of its release into periplasmic space takes 

approximately three minutes.
214

 Because of this swiftness, experiments with secretory 

proteins usually require use of mutant strains defective in secretion like S. cerevisiae sec 

mutants (SEC genes are responsible for delivery of secreted proteins into the cell surface and 

their deletion causes accumulation of secretory proteins within the secretion pathway).
215

 

Sapp1p was shown extractable from the CW by reducing agents or less effectively by 

denaturation agents. This supports the idea of Sapp1p CW association via non-covalent 

interactions. The only covalent bonds easily disrupted by the reducing agents (e.g., β-

mercaptoethanol) are disulphide bridges between cysteine residues. Primary structure of 

Sapp1p contains four cysteine residues which represent conserved moieties in all aspartic 

proteinases. Sapp1p structure published in 2009
166

 rejected the possibility of intermolecular 

disulphide bridges as it clearly showed that cysteine residues form two intramolecular bridges, 

maintaining the proper conformation of the molecule. Therefore, Sapp1p is very likely bound 

to CWPs by non-covalent interactions, such as hydrogen bonds or various ionic interactions. 

The reducing or denaturation agents breach CW network made by branched glucans and 
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CWPs which serves as a “trap” for the charged Sapp1p molecule and release Sapp1p as a 

result of these disturbances in the structure of the CW. 

Published structure of Sapp1p enabled us to further characterise the most probable spatial 

orientation and accessibility of Sapp1p molecule within the upper layers of the CW. Plasma 

membrane is impermeable for a negatively charged biotinylation agent, used for the labelling 

of CWPs,
216, 217

 and we found that CW is not fully permeable either. Comparison of western 

blot profiles of two Sapp1p samples – one consisting of CW-extracted, in situ biotinylated 

CW-Sapp1p and the other one of biotinylated extracellular Sapp1p – revealed two forms of 

biotinylated Sapp1p that differed in the molecular weight. CW-associated Sapp1p could not 

be fully biotinylated which suggests incomplete accessibility of the molecule within the CW. 

Plasma membrane impermeating biotin agents were successfully used in the past in various 

experiments related to protein identification (identification of yeast CWPs,
216, 217

 

determination of protein molecular structure
218

). Additionally, biotinylation was found a 

useful tool for the mapping of protein conformational changes. Structural variations in 

erythrocyte membrane proteins which are initiated by human malaria parasite 

Plasmodium falciparum were described by biotinylation.
218-220

 Biotinylation experiments of 

Azim-Zadeh et al. with BSA molecule showed that the process of BSA biotinylation was 

saturable but incomplete.
218

 Following the partial degradation of BSA molecule, more lysine 

residues were biotinylated in the molecule than in the case of intact BSA.
218

 The authors 

showed that biotinylation was concentration-dependent process with preferentially labelled 

residues. The formation of hydrogen bonds by particular lysine residues significantly 

decreased the probability of successful biotinylation.
218

 However, the reason for incomplete 

biotinylation was not fully resolved. The same effect may explain the modified ability in 

biotinylation of CWPs where intermolecular interactions may interfere with the accessibility 

of the reagent. We employed the inability of biotinylation agent to penetrate the complex 

structure of the CW for description of CW-Sapp1p. MS analysis of extracted, biotinylated 

CW-Sapp1p suggested that some lysine residues of Sapp1p may be more likely buried within 

the CW and potentially involved in the non-covalent interactions discussed above. Molecular 

pattern of partially biotinylated CW-Sapp1p was consistent within all repeated experiments 

and indicated the “saturability” of CW-Sapp1p biotinylation.  

The association of Sapp1p with the cell surface and CW structures may not be a completely 

random process. This association of Sap with the cell surface might be beneficial to the yeast 

cells during infection in general. The temporarily bound proteinase may be more involved in 

the cell proliferation and tissue damage as we proved that even CW-Sapp1p is capable of 
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successful substrate cleavage. Assuming that the CW-association is a common feature to all 

extracellular Saps, their role during the infection may be much broader than the one attributed 

so far. Whether the active participation of CW-Sapp1p during the pathogenesis may represent 

an important advantage for the yeast cells in biofilm formation, cell-cell adhesion or cell 

proliferation requires further experiments in the future.  

Other important question that remains unanswered for now is whether these CW-associated 

proteinases may also mimic (if not compensate) the role of GPI-anchored Saps or yapsins. 

These proteins are important for the CW maintenance or in the pro-protein conversion. Late 

experiments with C. albicans cells lacking GPI-anchored Sap9 and Sap10 revealed the 

involvement of these proteinases in the cell-cell adhesion.
178

 Even though Sap9/Sap10 

substrate specificity and overall characteristics differ from those of extracellular Saps,
178

 

general principles related to the presence of proteinases in the CW may remain the same. To 

our current knowledge, C. parapsilosis genome does not possess genes which would encode 

CW-bound proteinases like GPI-anchored Sap9 and Sap10 or yapsins. The previously 

published work focused on the activation and substrate specificity of Sapp1p showed that 

Sapp1p possesses similar substrate preferences to Kex2p/yapsins (i.e., the ability to cleave 

bond after the sequence Lys-Arg).
190, 191

 

Pro-peptide of Sapp1p contains Lys-Arg sequence and Sapp1p is able to autoactivate itself by 

cleaving the molecule after this sequence (Sapp1p can cleave the pro-peptide on more places 

than after Lys-Arg and therefore provide incorrect N-termini).
190

 Kex2p and presumably some 

yapsins as well
220, 221

 use their substrate specificity for pro-protein conversion. Kex2p is 

known as a general pro-enzyme converting enzyme. Experiments presented in Publication 2 

described the results of Sapp1p pro-protein conversion in the absence of convertase Kex2p in 

S. cerevisiae kex2Δ mutant strain. We wanted to clarify whether Sapp1p could be processed 

by any other proteinase capable of pro-protein conversion (e.g., yapsin), or by any other 

mechanism inside the cells (including autoactivation).  

We studied the expression of SAPP1 gene in S. cerevisiae cells under variety of conditions. 

The classic yeast model organism S. cerevisiae was selected because of wide, reliable and 

readily available spectrum of genetic tools since only limited number of C. parapsilosis 

mutant strains is available at this moment. The similarities in general yeast secretory pathway 

enabled us to use S. cerevisiae as a well-known organism which lacks the interference of 

extracellular Saps but possesses plasma membrane- or CW-bound yapsins. Additionally, 

S. cerevisiae cells enabled us to study the functionality and potential role of SAPP1 authentic, 
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inducible promoter under the various conditions associated with SAPP1 expression or 

repression in C. parapsilosis cells. 

The experiments performed in S. cerevisiae kex2 mutant cells and presented in the first part 

of Publication 2 revealed the outcomes of zymogen conversion in the absence of Kex2p and 

neglected the involvement of yapsins in pro-Sapp1p conversion. Expression of SAPP1 in 

kex2Δ mutant cells yielded the secretion of prolonged Sapp1p precursor flanking 39 amino 

acids. The precursor was identified as pro-Sapp1p. This recombinant proteinase was 

processed presumably only by signal peptidase localized in the ER which removes the signal 

peptide from the molecule (i.e., 15 amino acids from the N-terminus in case of pre-pro-

Sapp1p).  

Pro-peptide sequence of aspartic proteinases was shown to be essential for correct protein 

maturation in number of experiments. It was repeatedly shown by various authors that usually 

only Kex2p-assisted pro-peptide cleavage yields correct N-terminal sequence and completes 

protein maturation.
158, 163

 Beggah et al. described the ability of pro-peptide to facilitate the 

protein maturation both inter- and intramolecularly.
163

 In our experiments, the absence of pro-

peptide sequence in the newly synthetized Sapp1p molecule resulted as expected in 

accumulation of translation product within the secretory pathway. As pro-Sapp1p precursor 

was successfully secreted by kex2Δ cells into the extracellular space, this finding brought a 

new insight into the intracellular proteinase maturation. The finalized maturation of Sapp1p 

requires pro-peptide cleavage because a final conformation is adopted after pro-peptide is 

removed. However, the omission of intracellular pro-peptide processing did not prevent pro-

Sapp1p from its release into the extracellular space. Pro-Sapp1p molecule must have been 

appropriately folded prior to pro-peptide removal (in the absence of Kex2p) while undergoing 

secretory pathway. Otherwise the molecule could not have been secreted by the cells and 

would have been accumulated or degraded instead. 

Whether only the absence of Kex2p may trigger this mechanism, remains unknown. 

Experiments performed with C. albicans kex2/kex2 null mutant cells confirmed the secretion 

of Sap2 prolonged on N-terminus by one amino acid but it is unknown whether this 

processing was a result of autoactivation after secretion or assisted activation by other 

proteinase within the secretory pathway.
158

 Nonetheless, Sap2 was secreted at reduced 

levels.
158

 All of these observations support the concept that Kex2p finalizes the proteinase 

processing by pro-peptide removal. After the pro-peptide is released from the vicinity of the 

active centre, molecule adopts its final conformation by a simple rearrangement of its (already 
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“pre-folded”) structure. These molecules most likely have to adopt their correct conformation 

prior to this pro-peptide release. Both processes probably take place simultaneously. 

Pro-Sapp1p secreted from kex2Δ cells was not readily autoactivated in acidic conditions as it 

was in case of recombinant Sapp1p produced in E. coli.
190

 Based on these prior 

experiments
190

 where Sapp1p was accumulated in inclusion bodies, consecutively denaturated 

and activated by renaturation into the acidic pH (pHopt of Sapp1p is 3.5), similar approach was 

applied in our activation attempts. Despite the effort it did not yield completely processed 

Sapp1p but rather a number of Sapp1p precursors. The mixture of partially processed Sapp1p 

was however proteolytically active, exhibiting the activity of authentic Sapp1p. Unfortunately, 

we could not confirm the presence of completely processed Sapp1p in the mixture, or the 

proteolytic activity and N-terminal sequence of partially processed Sapp1p. The unsuccessful 

renaturation could be explained by very low concentration of pro-Sapp1p in the samples. As 

autoactivation is most likely concentration-dependent process, amount of pro-Sapp1p 

obtained from a large volume of cultivation media was not sufficient to accomplish the 

activation. We were also unable to confirm the N-terminal sequence of “autoactivated” 

Sapp1p to see if it is in agreement with the N-terminal aspartate residue-lacking N-terminus 

of Sapp1p, detected by Dostál et al.
190

 

Interestingly, function of Kex2p was not compensated by any other proteinase with similar 

substrate specificity. Although Kex2p was shown to be a dominant yeast pro-protein 

convertase, alternative pathways were described in S. cerevisiae and C. albicans.
158, 221 

Yapsins Yps1p and Yps2p were shown to be able to partially compensate the absence of 

Kex2p during -factor activation. However, the activation occurred only in case of YPS1 and 

YPS2 overexpression.
221, 222

 Among other possible explanations for their results, assisted 

activation of Sap2 by S. cerevisiae yapsin homologue was suggested by the authors of study 

with C. albicans kex2/kex2 mutant cells.
158

 In our experiments, yapsins did not play any role 

in pro-Sapp1p processing. 

The role of yapsins in the processing of Saps pro-enzymes would require the presence of Saps 

in the proximity of yapsins which are bound to the plasma membrane or to the CW via GPI-

anchor. This was shown possible based on the results presented in Publication 1. Nonetheless, 

results presented in Publication 2 do not indicate the existence of this particular alternative 

processing mechanism. The relevance of these findings to C. parapsilosis cells is unclear and 

only preparation of kex2Δ C. parapsilosis cells could shed some light. 

Second part of presented Publication 2 was focused on the SAPP1 expression driven by its 

own promoter pSAPP1 in wt S. cerevisiae cells. Despite the exogenous promoter, S. cerevisiae 
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cells were able to secrete correctly processed and fully active Sapp1p. What differed were the 

conditions under which the pSAPP1 was induced and the amount of proteinase secreted. 

Promoter pSAPP1 was inducible not only by the presence of protein as a sole source of 

nitrogen but also by ammonium ions which repress SAPP1 expression in C. parapsilosis. 

Promoter pSAPP1 behaved in S. cerevisiae wt cells like a constitutive promoter expressing 

SAPP1 under all conditions tested (i.e., poor nitrogen sources like BSA or haemoglobin as 

well as good nitrogen source like ammonium sulphate or pre-cleaved proteins). Despite that, 

expression profile of SAPP1 in cells grown on ammonium ions differed on RNA level from 

the outcomes of SAPP1 expression profile in cells grown on BSA or haemoglobin. Similarly, 

western blotting patterns of Sapp1p produced on ammonium ions differed from the pattern 

obtained after the cultivation of S. cerevisiae cells on proteins. While only single molecular 

weight form of Sapp1p was detected on ammonium ions, secretion on proteins resulted 

repeatedly in double-band pattern of correctly processed Sapp1p together with higher 

molecular weight Sapp1p precursor. This may indicate some sort of SAPP1 regulation after 

all, followed by a different secretion strategy. Even though the promoter was not repressed by 

the presence of ammonium ions, which indicates it has not been fully recognised by the 

mechanisms available in the S. cerevisiae cells, it still may have been recognised by specific 

transcription factors associated with nitrogen catabolite repression (i.e., GATA factors 

recognizing the conserved GATA-motifs in promoter region). As the amount of Sapp1p 

produced by cells grown on BSA/haemoglobin was low, it probably refutes the possibility of 

overloaded secretory pathway, resulting in a secretion of partially unprocessed Sapp1p. The 

remaining question which needs further experiments in the future is what mechanism could 

facilitate this partial Sapp1p processing and its release into the extracellular space.  

The amount of Sapp1p produced by kex2Δ mutant cells and by wt cells using pSAPP1 was 

rather low, which shows in the first case that kex2Δ mutation decreased the level of Sapp1p 

secretion (this is in agreement with C. albicans kex2/kex2 null mutant observations
158

) and in 

the other case supports the expected “difficulties” of S. cerevisiae cells with recognition of 

pSAPP1, resulting in a low rate of Sapp1p production.  

The double-band pattern observed after western blotting of cultivation media of cells grown in 

the presence of proteins resembled the intermediates of autoactivation of recombinant Sapp1p 

(i.e., Sapp1p
+5

 flanking 5 amino acids in the N-terminus) produced in E. coli.
190

 As we were 

unable to identify the N-terminal sequence of the Sapp1p precursor from the double-band 

pattern, only the resemblance with pattern described by Dostál et al. does not enable us to 

confirm the presence of similar autoactivation product in the extracellular space.  
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The disconnection of pSAPP1 from S. cerevisiae regulatory network was supported by real-

time PCR experiments. As described earlier, pSAPP1 promotor contains highly conserved 

GATA-motifs which are recognised by specific GATA transcription factors under the 

conditions known as nitrogen catabolite repression. They constitutively initiate the expression 

of GATA-govern genes, based on the simplified model of C. albicans SAP2 regulation of 

expression.
188

 Transcription factors and associated genes revealed in C. albicans
187, 188

 play 

most likely the same or at least very similar role in regulation of SAPP1 in C. parapsilosis. As 

S. cerevisiae possess analogues of these transcription factors with similar function (e. g., 

transcription factor STP2 activated by proteolytic processing in response to signals from the 

SPS sensor system; transcription factor GLN3 whose activity is regulated by quality of 

nitrogen source and GAT1 which is activator of genes involved in nitrogen catabolite 

repression – both factors are recognising GATA motifs), we studied the expression profiles of 

these transcription factors together with genes responsible for peptide or amino acid transport 

(OPT1, PTR2 and general amino acid permease GAP1), together with SAPP1. Significant 

differences in OPT1, STP2 or GLN3 expression levels were not observed in cells grown on 

either poor or good nitrogen sources, or either in the wt cells harbouring SAPP1 or control 

cells harbouring an empty vector. 

Unexpected transcription patterns were obtained by use of two different protein sources of 

nitrogen for cultivation - either BSA or haemoglobin. We assumed that these patterns will be 

similar to each other as protein sources should initiate the same regulatory response. 

Surprisingly, cells grown on haemoglobin provided noticeably higher expression levels of 

SAPP1 than cells grown on BSA (cell growth was comparable in both cases). The role of iron 

as a part of regulatory machinery related to the expression of virulence factors in many 

prokaryotic and eukaryotic pathogens, including C. albicans cells, is well known.
223

 This may 

explain the different expression patterns of cells grown on BSA or haemoglobin. However, 

our results obtained in non-pathogenic S. cerevisiae cells were rather unexpected as non-

pathogenic yeasts do not possess the same mechanisms of iron acquisition. 

Krysan et al. have shown that SAP9 expression from the pSAP9 promoter did not complement 

the yps1Δ phenotypes in S. cerevisiae. When constitutive endogenous promoter pGDP was 

used for the expression of SAP9 in the same mutant cells, the complementation of yps1Δ 

phenotypes was at least partial.
224

 In contrast, the expression of CgYPS1 compensated all 

yps1 phenotypes. The authors proposed that CgYPS1 expression compensated the loss of 

ScYPS1 in S. cerevisiae cells because CgYPS1 matches ScYPS1 gene more closely than SAP9 

as C. glabrata is species closely related to S. cerevisiae rather than to C. albicans. The 
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explanation provided by the authors may be as well applicable to our observations. 

S. cerevisiae cells could not fully benefit from the presence of C. parapsilosis proteinase 

Sapp1p. 

Nonetheless, our findings suggest more complex regulatory network inside the yeast cells 

than that commonly described in the literature. Sapp1p secreted from S. cerevisiae using the 

authentic pSAPP1 was not regulated in the same way as in C. parapsilosis. On the other hand, 

real-time PCR results showed differences in SAPP1 expression levels in dependence on the 

nature of nitrogen source.  

The presence of GATA-motifs in the promoter region implicates the gene regulation via 

nitrogen catabolite repression. Our results may have suggested the existence of another form 

of regulation. Unpublished data with C. parapsilosis SAPP3 revealed the presence of SAPP3 

transcripts under all conditions tested (either good or poor nitrogen sources) even though its 

promoter contains conserved GATA motifs as well.
225

 Nonetheless, only future experiments 

may elucidate the relevance of these results. 
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5. CONCLUSIONS 

This Ph.D. thesis was focused on the secreted aspartic proteinases of pathogenic yeast 

C. parapsilosis with special attention to proteinase Sapp1p. The results were published in 

three publications.  

The aims of this thesis have been fulfilled with the following conclusions: 

1. Mature Sapp1p was shown to be temporarily CW-associated prior to its completed 

release into the extracellular space. CW-Sapp1p was active and capable of substrate cleavage.  

2. CW-Sapp1p was successfully labelled by plasma membrane impermeating 

biotinylation agents. Biotinylation of CW-Sapp1p was shown to be saturable but incomplete 

process. Unlike CW-Sapp1p, extracellular Sapp1p was fully biotinylated. 

3. Biotinylation experiments followed by the MS analysis revealed preferential 

orientation and accessibility of Sapp1p on the cell surface.  

4. Plasmids for the expression of SAPP1 in S. cerevisiae mutant cells were successfully 

prepared by homologous recombination in respective S. cerevisiae strains.  

5. Expression of SAPP1 in kex2 S. cerevisiae mutant cells revealed the sequence of pro-

Sapp1p and the length of the signal peptide. Pro-Sapp1p precursor has never been isolated 

from the cells or growth media of C. parapsilosis. 

6. S. cerevisiae wt cells were capable of SAPP1 expression behind its own authentic 

promoter pSAPP1. 

7. Promoter pSAPP1 was shown to be differently induced in S. cerevisiae than in 

C. parapsilosis cells. In S. cerevisiae, SAPP1 was expressed even under the conditions which 

repress the expression of SAPP1 in C. parapsilosis. 

8. Proteolytically active and correctly processed Sapp1p was found in the culture media 

of cells harbouring SAPP1 driven by its own promoter pSAPP1 and grown on protein as a 

sole source of nitrogen, alongside with the prolonged precursor. This precursor was not 

detected in the media of cells grown on ammonium sulphate. 

9. Real-time PCR experiments confirmed the distinct expression patterns of selected 

genes involved in nitrogen utilization and SAPP1 gene in S. cerevisiae cells grown on good 

and poor nitrogen sources. 

10. Despite the successful expression of SAPP1 in S. cerevisiae, the cells cannot fully 

benefit from the presence of proteolytic Sapp1p. 

11. Unlike SAPP1 gene which exists in two identical copies in the genome of 

C. parapsilosis, SAPP2 gene exists in two forms sharing only 91.5% sequence identity. 
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However, only one version of Sapp2p has been retrieved from the growth medium. The 

purpose of two distinct gene versions in the genome of C. parapsilosis remains unknown. 

 

Results achieved in the presented Ph.D. thesis have widened the knowledge about the 

important yeast species C. parapsilosis and the potential role of Sapp1p in C. parapsilosis 

biology. Presented work suggested hypotheses whose confirmation will require further 

experiments in the future. 
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XIX 

7. APPENDIX 

                     10        20        30        40        50        60 

                      |         |         |         |         |         | 

Sapp1p       MVAIVTLTRQVLLTIALALFAQGAAIPEEAAKRDDNPGFVALDFDVLRKPLNLTEALLRE 

Sapp2p       MTTIAIFTKNVLLAIAFALFAQGAAIPDP-AKRDDNPGFVALDFEVTRKPLDVNATSELS 

 

                     70        80        90       100       110       120 

                      |         |         |         |         |         | 

Sapp1p       KRDSISLSLINEGPSYASKVSVGSNKQQQTVIIDTGSSDFWVVDSNAQCGKG-VDCKSSG 

Sapp2p       KRSSPSSPLYFEGPSYGIRVSVGSNKQEQQVVLDTGSSDFWVVDSSASCQKG--NCKQYG 

 

                    130       140       150       160       170       180 

                      |         |         |         |         |         | 

Sapp1p       TFTPSSSSSYKNLGAAF-TIRYGDGSTSQGTWGKDTVTINGVSITGQQIADVTQTSVDQG 

Sapp2p       TFDPHSSTSFKSLGSSFRSIGYGDKSSSIGTWGQDTIYLGGTSITNQRFADVTSTSVNQG 

 

                    190       200       210       220       230       240 

                      |         |         |         |         |         | 

Sapp1p       ILGIGYTSNEAVYDTSGRQTTPNYDNVPVTLKKQGKIRTNAYSLYLNSPSAETGTIIFGG 

Sapp2p       ILGVGRVETESA--------NPPYDNVPITLKKQGKIKTNAYSLYLNSPGAATGTIIFGG 

 

                    250       260       270       280       290       300 

                      |         |         |         |         |         | 

Sapp1p       VDNAKYSGKLVAEQVTSSQPLTISLASVNLKGSSFSFGDGALLDSGTTLTYFPSDFAAQL 

Sapp2p       VDNAKYSGKLIEEPLVSDRYLAVNLKSLNYNGDNSNAGFGVVVDSGTTISYLPDSIVNDL 

 

                    310       320       330       340       350       360 

                      |         |         |         |         |         | 

Sapp1p       ADKAGARLVQVARDQYLYFIDCNTDTSGTTVFNFGNGAKITVPNTEYVYQNGDGTCLWGI 

Sapp2p       ANKVGAYLEPVGLGNELYFIDCNANPQGSASFTFDNGAKITVPLSEFVLQSTANACVWGL 

 

                    370       380       390       400       410       420 

                      |         |         |         |         |         | 

Sapp1p       QPSD----DTILGDNFLRHAYLLYNLDANTISIAQ------VKYTTDSSISAV------ 

Sapp2p       QSSDRQNVPPILGDNFLRHAY-AFQLDKETVSLAQ------VKYTSASSVSAI------ 

                                            LSRSGEVHFCLKCFSNLETSIVWKAFFY 

 

              

              

Sapp1p       ----- 

Sapp2p       ----- 

             NRYIQ 

 

Pro-peptide sequences are underlined. Triplets with catalytic aspartate residues are yellow-

highlighted, sequence insertions in the Sapp1p/ACL8152 and Sapp2p/P32950 molecules are 

green-highlighted; blue-highlighted sequence is the alternative C-terminus of 

Sapp2p/A44701.
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