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1. Introduction

The Candida genus is a polyphyletic genus with at least 150 species. Nine are recognized
opportunistic pathogens of humans and animals. C. albicans is the species most frequently
isolated from human infections, followed by Candida non-Candida species (CNCA), as C.
glabrata, C. tropicalis, C. dubliniensis, C. parapsilosis, C. guilliermondii, C. lusitaniae, C. kefyr and
C. krusei (Méan et al. 2008; Pfaller & Diekema, 2007; Almirante et al. 2005; Manzano-Gayosso
et al. 2000).

Some works describe the phylogenetic relationships of Candida genus and illustrate the
limited relationship between the pathogenic Candida spp. The genus has been divided into:
the CTG clade, which includes yeast that encodes CTG as serine instead of leucine (C.
albicans, C. dubliniensis, C. tropicalis, C. parapsilosis and C. lusitaniae); and the WGD clade,
which includes yeast that has undergone a genome duplication event (Saccharomyces spp.,
Kluyveromyces spp. and C. glabrata). Evidently, C. glabrata is more related to non-pathogenic
yeasts, as Saccharomyces cerevisiae, than to the other pathogenic species (Scannell et al. 2007).
C. albicans is a normal microorganism in humans, and colonise up to 70% of skin, mucoses,
and faeces of individuals with no apparent detriment to health. However, in some
circumstances, either through environmental factors or a weakening of the host immune
system, a proliferation and infection by C. albicans arise inducing candidosis (Wei et al.
2011).

Biofilm formation, adhesion, cavitation, phenotypic switching, dimorphism, interaction with
the host immune system, invasion and tissue damage are virulence virulence factors for C.
albicans. All these factors are related to the secreted aspartyl proteases (Sap) family, which is
considered an important virulence factor and is studied as a possible target for therapeutic
drug design (Naglik et al. 2004; Chaffin et al. 1998; Hube, 1998; Naglik et al. 2003, 2004,
2008).

The topic of this chapter is to understand the molecular characteristics, evolution and
putative functions of glycosylphosphatidylinositol (GPI)-linked aspartyl proteases (Yps), a
protein superfamily distributed among all pathogenic Candida species. Cell location motifs,
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gene duplications, similitude, synteny, putative transcription factor binding sites and
genome traits of the Yps family members are analysed by bioinformatics tools in an
evolutionary context.

2. Aspartyl proteases

Aspartyl proteases or acid proteases (optimum activity at acidic pH) are proteins with a
signal peptide in the amino-terminal site, at least one aspartic residue in the active site, and
4 cysteins (Hube & Naglik, 2001). The signal peptide is processed in the endoplasmic
reticule and the protein is transported to their corresponding cell localization by the
secretory pathway. The active site is formed by different amino acids. The consensus pattern
described by PROSITE-EXPASY (http://expasy.org/prosite/) is [LIVMFGAC]-
[LIVMTADN]-[LIVESA]-D-[ST]-G-[STAV]-[STAPDENQ]-{GQ}-[LIVMFSTNC]-{EGK}-
[LIVMFGTA], and the cysteins help the protein to the three dimensional structure by
intramolecular disulfide bond (Fig. 1). According to the cell localization, aspartyl proteases
could be secreted, or destined to vacuole or cell membrane by a GPI-linked site in the
carboxyl-terminal residues (Alberch et al. 2006; Jones, 1991; Naglik et al. 2003).

&

Fig. 1. Typical molecular structure of aspartyl proteases. SP: signal peptide; ASP: aspartic
residue in the active site, C: cystein.

2.1 Secreted aspartyl proteases (Sap)

The C. albicans secreted aspartyl protease family comprises ten members, eight of which are
proper secreted Sapl-Sap8, and two, Sap9 and Sap10, that have been reclassified as GPI-
anchored aspartyl proteases (Alberch et al. 2006). Nevertheless, Sap9 and Sap10 are clearly
more phylogenetically related to Sap than any GPI-anchored aspartyl proteases (Parra et al.
2009). The function of Sap in C. albicans has been widely studied, and these proteases are
important in proteolysis to get a source of nitrogen, and are differentially regulated
depending on the environmental conditions (Schaller et al. 1998; 2003; Taylor et al. 2005;
Naglik et al. 2008). SAP1-SAP3 are relevant in phenotypic switching during the opaque
phase and are not expressed in the WO-1 phase (Morrow et al. 1992; White et al. 1993). Also,
they are expressed when yeast colonize and damage reconstructed human epithelium, oral
and vaginal, which means that these Sap are important in superficial infections (Schaller et
al. 1998; 2003; Copping et al. 2005). SAP1-SAPS are related to tissular damage (Taylor et al.
2005). SAP1, SAP3 and SAP8 are expressed in oral and vaginal infections. On the other
hand, SAP4-SAP6 are related to systemic infections and only they are expressed in yeast and
germ tube at pH 5-7 (Hube et al. 1997; Sanglard et al. 1997, White & Agabian, 1995).
Meanwhile SAP5 is important in epithelial colonization, invasion and infection (Naglik et al.
2008; Lermann & Morschhéduser, 2008).

This kind of proteases are no exclusive of C. albicans. Orthologous genes have been
described in other closely related species, as C. dubliniensis (Sap1-4 and Sap7-10), C. tropicalis
(Sapt1-12), C. guilliermondii (Sapgl-8), C. parapsilosis (Sappl-14) and C. lusitaniae (Sapll-3)
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(Parra et al. 2009). Particularly in C. dubliniensis, the expression of SAPD3 and SAPD4 genes
is related to the infection of keratinocyte (HaCAT cells) by yeast. The number and shape of
the keratinocyte cells was altered by the infection, but these effects decreased in the presence
of pepstatin A, an aspartyl protease inhibitor, suggesting that the Sapd3 and 4 of C.
dubliniensis could be considered as virulence factors, like their orthologous genes from C.
albicans (Loaiza-Loeza et al. 2009). The function of these proteases in metabolism and
pathogenesis in the rest of pathogenic species is unknown.

According to Dayhoff, protein superfamilies and families are defined as groups of related
proteins that exhibit less than 50% and greater than 50% similarity, respectively. Subfamilies
were defined as groups of proteins with at least 90% similarity and were often equivalent to
clusters of orthologous groups (COGs) (Dayhoff, 1979). Behind this idea, the phylogeny of
pathogenic Candida spp. Saps allows for the recognition of a superfamily with at least 12
paralogous families and nine orthologous subfamilies. In several Sap families, at least two
subfamilies or orthologous groups are proposed (Parra et al. 2009).

2.2 Vacuolar aspartyl proteases (PrA)

The vacuole is a hydrolytic organelle similar to lysosomes in animals and is the site of non-
specific degradation of cytoplasmic proteins (Robinson et al. 1988), proteins delivered via
autophagy (Klionsky & Emr, 2000), or plasma membrane proteins turned over via
endocytosis (Hicke, 1996). In S. cerevisine the vacuole has been studied and possesses
different vacuolar proteases (Table 1).

One of the most important vacuolar proteins is the proteinase A (PrA), encoded by the PEP4
gene. Mutants in PEP4 (pep4) accumulate multiple zymogens, indicating that PrA initiates
processing, maturation and activation of multiple different precursors of PrB, DAP, CPY
and PrA, because of their autocatalytic activity and their lack of production of dead cells in
nutritional stress. Also, PrA is important in cellular response to starvation, microautophagy,
proteolysis involved in cellular and vacuolar protein catabolic process, and sporulation
(Palmer, 2007; Jones, 1991; Teichert et al. 1989).

The function of PrA, encoded by the CaPEP4 gene in the metabolism of C. albicans, has also
been studied. Null mutants of CaPEP4 maintain their hydrolytic activity intact, clearly
suggesting that C. albicans possesses an alternative system that compensates for the lack of
this gene (Palmer, 2007). In C. albicans, the vacuole is important in cell differentiation,
surviving into macrophages, and elimination of drugs as hygromicin B, orthovanadate and
rapamicine (Palmer, 2005).

In C. dubliniensis, this protein could be important in carbon and nitrogen metabolism and
might participate in protein degradation and precursor processing as occurs in S. cerevisiae
(Loaiza et al. 2007). The genome-wide environmental stress response expression profile of
C. glabrata revealed that C¢PEP4 is induced in osmotic stress and glucose starved conditions.
Meanwhile, in S. cerevisite no changes in the expression were observed in the same
conditions (Gash et al. 2000; Roetzer et al. 2008).

Bioinformatic genomic analysis of Candida pathogenic species exhibited that only one
version of PrA is harboured by yeast (Table 3), but apparently the CgPEP4 gene is
universally distributed among C. glabrata strains, as revealed by PCR multiplex in a
collection of 52 C. glabrata clinical strains (Table 5; Fig. 3; for PCR conditions see 2.3 section).
Phylogenetic analysis was performed by an aligment of PrA homologues identified in silico
and those previously characterized. The aligment was conducted using MUSCLE in
SeaView 2.4 program (Galtier et al. 1996) with default alignment parameter adjustments.
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The phylogenetic analyses were performed in the MEGA4 program (Tamura et al. 2007)
using Maximun Parsimony evolution. A similitude and identity matrix were computed with
the MatGAT4.50.2 software (Campanella et al. 2003). The phylogenetic reconstruction and
similarity of PrA reproduce the phylogenetic tree topologies of Candida spp. obtained with
other genes, suggesting a common ancestral gene (Fig. 2; Table 2). In brief, C. albicans was
more related to C. dubliniensis, followed by C. tropicalis, C. parapsilosis, C. guilliermondi and C.
lusitaniae. Meanwhile, C. glabrata PrA was more related to S. cerevisine PrA than other
Candida species.

Namg/systematic Gem?/ Access number Function Reference
name Protein
Proteinase A PEP4/ |NM_001183968 | Activities of other yeast Parr et al. 2007
YPL154C PrA / NP_015171 vacuolar hydrolases M
Carboxypeptidase NM_001182806 Contr'lbutes FO the Wiinschmann et
Y CPY /NP_014026 proteolytic function of the Al 2007
YMR297W - vacuole 7
Involved in protein
. degradation in the vacuole .
Proteinase B PRB1 NM_001178875 and required for full Teichert et al.,
YEL060C /NP_010854 . . : 1989
protein degradation during
sporulation
Nitrogen compound
Carboxypeptidase S CPS X63068/ metabo'lic' process, Bordallo &
YIL172W CAA44790 proteolysis 1pvolved in Suarez-
cellular protein catabolic |Rendueles, 1993
processes
Dipeptidyl
aminopeptidase B*| DAP-B Cf:égéé{ 5 Protein processing
YHR028C
Am;nlgiaf gggiase APEI N/l\/ll\ﬁ??éll 278916 96 ? Catabolic processes

Table 1. Soluble and membrane-bound * vacuolar proteolytic system of S. cerevisiae.

C. albicans (Calorf19 1891)
——— C. dubliniensis (Cd36 21670)

C. tropicalis (CTRG 01724)

C. parapsilosis (CPAG 03663)
C. guilliermondii (PGUG 04145)
C. lusitaniae (CLUG 04124)

S. cerevisiae (YPL154C)

C. glabrata (CAGLOM02211g)

Fig. 2. Maximun Parsimony phylogenetic analysis of vacuolar aspartyl proteases (PrA)
superfamily from pathogenic Candida spp.
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1(2(3|4|5|6|7|8
1. S. cerevisiae YPL154C 62| 66| 66|66 |66 65|68
2. C. glabrata CAGLOMO02211g |77 55|55|54 |54 |55 |57
3. C. albicans orf19_1891 77 | 69 98190|85|75|78
4. C. dubliniensis Cd36_21670 77 169199 91(85(76|79
5. C. tropicalis CTRG_01724 7616919797 86|75|77
6. C. parapsilosis CPAG_03663 |76 |67 (91|92 |93 74178
7. C. guilliermondii PGUG_04145 | 79 | 69 | 84 | 85 | 85 | 85 78
8. C. lusitanine CLUG_04124 78169 |86 |86 |87 |86 |87

Table 2. Similarity and identity (UP/down) between PrA proteins from pathogenic Candida
spp.

Amino MM Signal
PrA (AN) acid IP MOTIF peptide C
. (kDa)
residues (aa)
C. albicans
119-130:
Calorf19_1891 419 454 |45 VILDTGSSNLWV 20 7
C. dubliniensis 304-315:
Cd36_21670 419 454 | 45| AAIDTGTSLITL 14 2
121-132:
C. tropicalis VILDTGSSNLWV 24 2: 1400605-
CTRG_01724 422 456 | 45 306-317: 1401870-
AAIDTGTSLITL
127-138: 25
C. parapsilosis 498 16 45 VILDTGSSNLWV 130: 135636-
CPAG_03663 ) 312-323: 136919 -
AAIDTGTSLITL
109-120:
C. guilliermondii VILDTGSSNLWV )
PGUG. 04145 409 44 4.3 294-305; 21 5: 355498-356724 -
AAIDTGTSLITL
107-118:
C. glabrata
CLUG_04124 407 43 4.3 VILDTGSSNLWV 19 5: 46984-48204 -
292-303:
AAIDTGTSLITL

Table 3. Vacuolar aspartyl proteases in pathogenic Candida species. (AN): Access number in
the respective genome; MM: molecular mass; IP: Isoelectric Point; C: Chromosome or Contig
or supercontig.

C. glabrata is an opportunistic haploid yeast that suffered evident and extensive reductive
evolutionary events. A lot of genes involved in nitrogen metabolism, carbohydrate
assimilation (saccharose, galactose, etc.), as well as sulfur, phosphor, thiamine, pyridoxine
and nicotinic acid biosynthesis have been lost from the genome (Byrne & Wolfe, 2005;
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Wolfe, 2006). This species produces between 15-20% of reported systemic yeast infections
(Almirante et al. 2005; Manzano-Gayosso et al. 2000; Trick et al. 2002; Méan et al. 2008). C.
glabrata is the most common yeast species isolated from patients with cancer, organ
transplantation and fluconazole therapy (Safdar et al. 2001; Bodey et al. 2002). The mortality
associated with C. glabrata in systemic infections of cancer patients is 50% and almost 100%
in transplant patients (Anaissie et al. 1992; Goodman et al. 1992; Krcmery et al. 1998). This
scenario is related to indiscriminate antifungal use, and to the innate resistance of C. glabrata
(Sobel, 2006).

According to Table 4, virulence factors of C. albicans and C. glabrata are quite different.
However, an evident feature is the difference in number and kind of aspartyl proteases. A
total of 12 YPS genes, but no SAP genes have been detected in C. glabrata. Contrarily, a total
of 10 SAP genes, but no YPS genes have been recognized in C. albicans. Clearly, the
phylogenetic trees constructed with ribosomal or other gene groups include the majority of
the clinical relevant Candida species, with exception of C. glabrata, which is grouped in
another cluster with non-pathogenic yeasts, as S. cerevisine and Kluyveromyces spp. This
evidence suggests that the aspartyl proteases in Candida spp. have evolved independently as
virulence factors at least two times, and possibly the amplification by duplication of SAP
and YPS gene superfamilies in clinically relevant species is an example of convergent
evolution.

A physiological approach could possibly contribute to the understanding of which C.
glabrata YPS (CgYPS) genes are covering the functions of each secreted aspartyl protease of
C. albicans under different conditions. Evidently, the comparison of virulence strategies,
expression profiles, complementation of mutants, among other experiments, could suggest
common and particular features and roles for all SAP and YPS genes. For now, the questions
remain open. Have the function of C. glabrata CgYPS and SAP C. albicans genes functionally
converged?

The transcription profile of 11 CgYPS was studied when yeast were ingested by
macrophages. Apparently, CgYPS are important in survival and virulence of the the yeast in
macrophages, damage to mousses, Epal protein processing, and cell wall integrity, as occur
in S. cerevisiae, which possesses 5 ScYPS (ScYPS1-ScYPS3, ScYPS6 and ScYPS7) (Kaur et al.
2007; Krysan et al. 2005). They are important to cell wall synthesis and glucan homeostasis,
mainly ScYPSI and ScYPS?7. It seems that ScYPS3 does not have functions associated with
the cell wall (Krysan et al. 2005).

C. albicans SAP9 and C. glabrata CgYPS1 genes complement the defects in the cell wall
provoked by yps1A of S. cerevisiae. One important difference is that SAP9 complement yps1A
only when SAP9 is under a heterologous and constitutive promoter from S. cerevisiae, while
CqYPS1 complements the mutation, using its promoter (Krysan et al. 2005), evidence that
supports the othologous status proposed above for these gene pairs. As happened with
ScYPS1, SAP9 gene expression increases during the stationary phase and damage of the cell
wall (Monod et al. 1998; Copping et al. 2005), and protects the yeast from caspofungin (an
inhibitor of B-1,3-glucan synthesis) (Lesage et al. 2004). Also, inhibitors of ScYpslp disable
the specificity of both proteins, ScYpslp and Sap9 (Cawley et al. 2003).

Distribution of the SAP gene superfamily among C. albicans strains is universal (Gilfillan et
al. 1998; Bautista et al. 2003; Parra et al. 2009), although one study concludes that the
distribution of SAP genes in clinical strains depends on infection associated with isolation
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(Kalkanci et al. 2005). Given the number of CgYPS in C. glabrata and their potential role in
pathogenesis, it is important to establish the universality of CgYPS in C. glabrata

populations.

Factor

C. glabrata

C. albicans

Reference

Infection sites

Oral, vaginal, bloodstream

Fidel et al. 1999

Mortality in systemic infection

urinary tract

Abi-Said et al. 1997;
Krcmery, 1999

Virulence in animal models High Arendrup et al. 2002
) ) Lachke et al. 2002; Csank
Filamentation Present & Haynes, 2000
Biofilm formation High Castano et al. 2006

Adherence to oral

Nikawa et al. 1995;

keratinocytes Lower Higher Biasoli et al. 2002
Adherence to denture material Lower Higher Luo & Sazrggﬁanayake,
Extracellule.lr ‘protemase Absent Present Chakrabarti et al. 1991
activity
) .. Isolation site ) Samaranayake et al. 1994;
Phospholipase activity dependent High Ghannoum, 2000
Phenotypic switching Low High Brockert et al. 2003
. L True hyphae
I8 lndUF tion in oral Pseudohyphae and Schaller et al. 2002
keratinocytes
pseudohyphae
GM-CSF induction in oral Weak Stron Schaller et al. 2002; Li et
keratinocytes & al. 2007a
Human-defensin resistance Strong Weak Joly etal. 2£g§é Feng etal
Histatin resistance Partially resistant| Susceptible | Helmerhorst et al. 2005
Azole resistance High Low Sanglard et al. 1999
Molecules involved in | Castarfio et al. 2005; Hoyer
adherence 20 EPA genes | ALS proteins ot al. 2001
SAP genes 0 10 Parra et al. 2009
Albrecht et al. 2006; Kaur
YPS genes 12 0 et al. 2007
This work

Table 4. Comparison of virulence factors of C. glabrata and C. albicans (modified from Li,

2007b).

Our group explored the CgYPS gene distribution among clinical isolates (n=52) and type
strains CBS138 and BG6 (N=2) by an original multiplex PCR procedure (Table 5). The yeasts
were routinely grown on YPD broth and DNA was extracted using a previously reported
protocol (Hoffman & Winston 1987). PCR was performed in a DNA thermal cycler 9600
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(Applied Biosystems, Foster City, CA). Amplification reactions (25 pL) were performed
using a buffer containing 20 mM Tris-HCI (pH 8.4), 50 mM KCl, 2 mM MgCl,, 0.2 mM of
each deoxynucleoside triphosphate, 0.6 pM each primers, 4 ng/pL of genomic DNA, and 1.5
U/pL of Tag polymerase (Invitrogen). The PCR conditions included a denaturation step for
3 min at 94°C, followed by 38 amplification cycles consisting of 1 min at 94°C, 1 min
annealing temperature and 1 min at 72°C. A final extension step was performed for 7 min at
72°C. Fig. 3 shows the amplification products of CgYPS gene fragments of some
representative C. glabrata clinical strains electrophoresed in 1% agarose gels. Similar PCR
conditions were used to study the universal distribution of PrA.

Expected
Gene Primer Location amplified Tm (°C)
fragment
(bp)

CgYPS1 F:5-TTCTGGTGACAGTTGTATCTTGG-3" +1326 a +1348 477 55
CAGLOMO04191g R:5-GATAAATGAAACCAAAAGACCAGCG-3” +1779 a +1803

CgYPS2 F:5-ACTCAACTTGTTTTTAACTTCGGTGGTGC-3" +1234 a +1262 536 61
CAGLOE(01419g R:5-TAGCATGGAGAGTAGGATGTTAAACACC-3” +1743 a +1770

CgYPS3 F:5-AAAGCAAGTCGTCGATGTCATCG-3’ +951 a +973 652 58
CAGLOE01727g R:5-TTGCAACTAACACTAAAGTGGTGC-3" +1580 a +1603

CgYPS4 F:5-TTCTGTGTTACCAGCAAAGGTTGC-3’ +933 a +956 50 55
CAGLOE(01749¢g R:5-TTAATGTAGTTCTCTTACGGAGAGC-3" +1411 a +1435

CgYPS5 F:5-TATACATATATGCCAAGCAGCGTTGC-3" +934 a +959 619 58
CAGLOE01771g R:5-AACAAGGCAGTAACTGCTGATAAAGC-3" +1528 a +1553

CgYPS6 F:5-ACCAGAAGGTAGCTGCATTAATCG-3’ +887 a +910 631 58
CAGLOE01793g R:5-AATGGTAGCTAATATGGCAGCAACG-3” +1542 a +1518

CgYPS7 F: 5"-TATGGGACCAATCTATATAACGTCC-3" +831 a +855 596 55
CAGL0A02431g R: 5"-TAAGTAGCATACGGTATGTAGCCC-3" +1404 a +1427

CgYPS8 F: 5"-TTGGGATTACAGGGTAATGATGC-3" +856 a +878 626 58
CAGLOE(1815g R: 5"-AACTCTTTTTTGAAGGTCAAAACGCG-3’ +1457 a +1482

CgYPS9 F: 5-TTCCGTAAATGTGACTGATTTCATGG-3" +1071 a +1096 464 58
CAGLOE01837g R: 5"-ATCATAATGAGTATGGCAGAGTTGGC-3" +1510 a +1535

CgYPS10 F: 5"-TAATAAGACGGAAGCCATCAGACTGC-3" +978 a +1003 506 58
CAGLOE01859¢g R: 5-TTGTAATTGCTGCTAGTACTAGGACG-3" +1479 a +1504

CgYPS11 F: 5"-TTGGTGTCCCATACAAGGAAATGGTC-3" +1100 a +1125 421 61
CAGLOE01881g | R:5-AATCCACAAG ACCAGCAACA GGATAGC-3" +1495 a +1521

CgYPS12 F: 5"-AATTGCACATGAAGATTCCGTTGCG-3" +1001 a +1025 566 58
CAGL(J02288¢g R: 5"-TATCAGTTATTGTAGCAGTTACTGGC-3" +1542 a +1567

CgPEP4 F5 -TATCTGAAGAGTGTCAATGACCCAGC-3” +691 - +716 545 58
CAGLOMO02211g | R5-TACAGCCTCAGCTAAACTGACAACATTGG-3" +1208 - +1236

Table 5. Primer pairs used for conventional multiplex PCR of C. glabrata YPS genes. Bp, Base
pair; Tm, Melting temperature.
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The universality of the 12 C¢YPS genes among all C. glabrata clinical isolates and type strains
was confirmed (Fig. 3), which suggests that all C¢YPS are important to yeast life cycle as
pathogen or commensal, and probably are differentially regulated according to each
environmental condition, as occurs with C. albicans SAP.

CGL1
CGL2
CGL3
CGL4
CGL5
CGL6
CGL7

-3
[-%
=3
=3
-

B)

€— 596 CgYPS7 600
536 CgYPS2 477 cgYPS1 500
400

421 cgYPS11
300

200

B )
526 CgYPSB .1 i €— 631 CgYPS6
b =4 CgYPS12 —e—
G -
«—164 CgyPse sy —»E = < 526 CgYPS10
ny —3  —
— R
iy =
__—
B |
e R i B

619 CgYPS5
545 CgPEP4

Fig. 3. Amplification of CQYPS C. glabrata gene fragments by multiplex PCR. A, CgYPS2 and
CqgYPS11; B, CgYPS7 and CgYPS1; C, CgYPS3 and CgYPS4; D, CgYPS3 and C¢PEP4; E,
CgYPS8, CgYPS12 and CgYPS9; F, CgYPS6 and CgPEP10.

2.3.1 YPS genes in clinically relevant Candida species

The genome sequence projects of Candida species allows for the exploration of whether YPS
genes are harboured in these opportunistic pathogen yeasts. C. dubliniensis sequences were
obtained from the Sanger Institute  Microorganisms Sequencing  Group
(http:/ /www.sanger.ac.uk/sequencing/Candida/dubliniensis/). =~ Sequences from C.
guilliermondii, C. lusitaniae, C. tropicalis and C. parapsilosis were obtained from
(http:/ /www.broad.mit.edu/annotation/ genome/candida_group/MultiHome.html). The
GenBank database (http://www.ncbi.nlm.nih.gov) was also used. The detection was made
by wusing the previous YPS and SAP genes detected in S. cerevisiae
(http:/ /www.yeastgenome.org), C. glabrata (http://cbi.labri.fr/Genolevures/elt/ CAGL)
and C. albicans (http:/ /www.candidagenome.org) genomes, and the proteins detected by
BLAST analysis in NCBI. Also, the different patterns of motif that could be obtained were
used as a new query. In C. lusitaniae and C. guilliermondii only one YPS was detected.
Meanwhile in C. dubliniensis and C. albicans four YPS genes were detected, in C. tropicalis
two, and in C. parapsilosis six. Theoretical isoelectric point, molecular weight and amino acid
content were calculated using Antheprot 2000 version 5.2 (Table 6).

Prediction of motif sequences was performed with PROSITE (http://www.expasy.org)
(Falquet et al. 2002). Some of the proteins possess a typical molecular structure of aspartyl
proteases, but others have some differences in composition (Fig. 4; Table 6). Some of them
possess high Ser/Thr content in the amino terminal, suggesting that this zone is exposed at
the surface of the protein. The presence of Ser/Thr in the carboxyl terminal in almost all YPS
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is postulated to be heavily O-glycosylated. The exact function of this Ser/Thr-rich domain in
yapsins has not been investigated. However, O-mannosylation is important for proper cell-
wall biogenesis and integrity. It has also been proposed that clustered O-glycans create rigid
stalks that keep protein domains away from membranes or wall surfaces (Lipke & Ovalle,

1998).
Amino . .
Yps (AN) acid | MM | p MOTIF Signal peptide| .
. (kDa) (aa)
residues
98-109:
Yicgﬁsolc 569 60 | 45 VLV?;%%? Wl 21 XVII
ALLDSGTTLTYL
96-107:
VLVDTGSSDLWV
ScYps2 356-368:
YDR144C 296 642 143 | yLLDSGTTISYM 18 v
496-570:
SER
78-89:
VLLDTGSADLWV
ScYps3 285-296:
YLR121C . 545 | 84| A11DSGTTLTYL 20 XVl
439-470:
THR
82-93: LQLDTGSSDMIV
YSLC;{{&S;C 537 582 | 3.9 321-32: 24 IX
VMLDSGTTFSYL
71-82:
Y%E?F:gc 596 644 | 46 LLV%;’;_I;%SYINL 16 I\
ALLDSTSSVSYL
60-71:
ScBarl 587 VLEDTGSADFWV
YILO15W 284-295:
VLLDSGTSLLNA
CaYpsl 88-99: VLVDTGSSDLWI
601 63.8 | 50 375-386: 18 M
CAGLOMO04191g ALLDSGTTLTYL
82-92:
CgYps2 LLLDTGSSDMWYV
CAGLOE01419 591 632 | 44 ALL%%% 3T7T7{,5YL 18 E
66-79:
CgYps3 VQLDTGSSDLWE
CAGLOE01727 539 589 | 6.4 o S%Z %}& o 14 E
65-76:
CgYpsd VQLDTGSSDLWE
CAGLOE01749 482 532 | 84 - Sgé _%TSVL 15 E
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Yps (AN)

Amino
acid
residues

MM
(kDa)

Ir

MOTIF

Signal peptide
(aa)

CgYpsd
CAGLOE01771g

519

57.2

55

66-77:
VQLDTGSSDLWF
304-315:
ALLDTGTTYTYM
60-70:

LECT

15

CgYps6
CAGLOE01793g

516

55.9

4.6

65-76:
VQLDTGSADLWEF
301-312: ALIDSGTTISEF
62-68:

LECT

15

CgYps7
CAGL0A02431g

587

63.4

4.7

64-75:
LGLGLAQPYVWV
302-313:
VLLDPSFALSYL

18

CgYps8
CAGLOEO1815g

519

56.7

6.8

65-76:
VQLDTGSSDLWF
304-315:
ALLDSGTTLTVV

15

CgYps9
CAGLOEO01837g

521

56.9

51

65-76: LQIDTGSSDLFV
300-311:
TLLDSGSTISLL

16

CgYps10
CAGLOEO01859¢g

505

55.3

7.3

61-72:
AQLDTGSSDLWEF
298-309:
ALFDSGTSYSYV

13

CgYpsll
CAGLOE01881g

508

55.6

5.0

63-74:
LLVDTGSSDFWV
310-321:
ALLDTGSTDTHL

29

CgYpsl2
CAGL0J02288g

541

59.5

4.6

68-79:
LVLDTGSSDLWV
279-290:
ALLDTGSTLIEL
448-495:

SER

19

orfl9_852

365

39.6

54

73-84: LAADTGSWLIQI
245-256:
YTIDTGGRYGFL

17

orf19.6481

702

75.9

44

159-170:
LRLDLIQPEIWV
406-417:
VLLDSRASNFYL
565-662:

SER

20
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Amino . .
Yps (AN) acid rM P MOTIF Signal peptide
residues (kDa) (a2)
72-83: LSIDTGSWLTHI
244-255:
orf19_853 364 39.1 5.7 YTLDTGGGTGEFL 17 2
42-44.
RGD
53-64:

" VIVDSGSSDLMI
orf19_2082 436 47.7 3.8 999-940: 14 2
YQIDSGTNGFVP
72-82:
VVII-1IDTGSWLTHI
Cd36_18360 348-859: 17 2
YTLDTGGGNGYL
73-84:
TAADTGSWLTQI
246-257:
YTMDTGGGYGYL
149-150:

697 76.6 4.6 LRLDLIQPEIWVM 13 7
402-412: VILDSRASNFY
60-71:
Cd36_15430 440 487 40 VII-1VDSGSSDLMI 7 ’
236-47:
YQIDSGTNGFVP
151-162:
LRLDLIQPEIWV 20 7:407395-

401-412: 409464 -
VLIDSRSSYFYL
55-66:
VII-1VDSGSSDLMI
CTRG_01112 232-243: 2: 57814-
132 479 R8 YQIDSGSNGFLP 20 59109 -

392-423:

THR

72-83:
VMIDTGSWRLNV 139:296423
CPAG_04785 369 40.5 4.5 245056 20 907509
IGIDSGNPRLAF

251-262:
CPAG_04801 374 40.5 5.7 LALDTGNPGIGL 19
76-77: VFIDTGSWALNF
76-87:

CPAG_04802 371 40.4 6.1 | VVII-IDTGSWALNF 19
248-259:

Cd36_18370 365 40 5.6 17 2

Cd36_72090

CTRG_05014 690 74.8 4

139:334234
-335355 -

139:337822
-338934 +
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Amino . .
Yps (AN) acid | MM | pp MOTIF Signal peptide
. (kDa) (aa)
residues
LAFDTGSAGLIL
74-85:
VLLDTASTVLNV 126: 70630-
CPAG_03253 366 409 |64 it 15 iy
VLHDSGTPTMEL
74-85:
VLLDTASIVLNV 116:138449
CPAG_02564 366 405 |65 e, 15 b
VLHDSGTPTMAL
157-168:
LRLDLIQPEVWYV
CPAG_04713 700 755 | 45 417-428: 27
VLLDSRILYSYL
19-55: SER
81-92:
583 LRLDLTQPEIWV 6: 496161-
PGUG. 04882 635 | 41 oo 16 om0
LVQQGVIIKSSAY
63-74:
VLLDTGSSDLWV
275-286: 1: 1836367-
CLUG_00903 722 74 1 3 | ALLDSGTSLQYL 14 1838532 +
470-701: SER

540-638: THR

139:123872
-125971 +

Table 6. Aspartyl proteases GPI- linked to cell membrane in pathogenic Candida spp. AN:
Access number in the respective genome; MM: molecular mass in kilodaltons (kDa); IP:
Isoelectric Point; C: Chromosome/Contig or supercontig; the atypical amino acids in the
PROSITE motif are shown in black (Eukaryotic and viral aspartyl protease active site).

The presence of a GPI attachment site, a characteristic feature of the yapsin family, was
determined with big-PI predictor (http://mendel.imp.univie.ac.at/gpi/gpi_server.html),
and GPI-SOM. GPI-anchor signals were identified by a Kohonen Self Organizing Map
(http:/ /gpi.unibe.ch/). A total of 36 protein sequences were analyzed, but GPI sites were
recognized only in 21 proteins. GPI sites were not detected in ScYps2 and CgYps2, although
both proteins have been previously confirmed as Yps proteins. The software programs must
be enhanced, but an experimental approach to confirm the cell location is necessary.

PSORTII (http://www.psort.org/) and Softberry (http://www.softberry.com) programs
were used to predict subcellular localization. All proteins detected seem to be extracellular,
which could be because of the presence of a signal peptide in the amino terminal extreme.
Nevertheless during their synthesis, yapsins are cotranslocated and modified by the
addition of GPI to the lumen of the endoplasmic reticulum (ER). Then proteins are
glycosylated in Golgi apparatus, associated to membrane vesicles and sent to plasma
membrane or the cell wall (Mayor & Rieaman, 2004; Caro et al. 1997). Softberry program
was also used to find exons, which were absent in all genes studied. A search was made for
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internal protein sequence repeats to detect possible internal duplication events, but none
were detected by TRUST (Szklarczyk & Heringa, 2004) even though it is likely were not

Fig. 4. Motifs of Candida spp. GPl-anchored aspartyl proteases (Yps). Rectangle boxes (SP):
amine terminal signal peptide; pentagon (ASP): aspartyl protease domains in agreement
with PROSITE,; circles (ASP): atypical aspartyl protease domains proposed as
[LIVMFGACTPSYF]-(LIVMTADNQSFH)-(LIVFSAE)-D-(STP)-(GS)-(STAV)-(STAPDENQY)-
X-(LIVMFSTNCGQ)-(LIVMFGTAW); hexagons: serine (SER), threonine (THR), lecithin
(LEC) rich regions; star: RGD motif; rhombus (C): cysteine residues, semicircles. Ca, C.
albicans; Cd, C. dubliniensis; Cg, C. glabrata; Cgu, C. guilliermondii; Cl, C. lusitaniae; Cp, C.
parapsilosis; Ct, C. tropicalis; Sc, S. cerevisiae. A) ScYps1 (YLR120C), ScYps6 (YLR139C),
CgYpsl (CAGLOMO04191g), CgYps2 (CAGLOE01419g), CgYpsll (CAGLOE(01881g); B) ScYps2
(YDR144C); C) ScYps3 (YLR121C); D) ScYps7 (YDR349C), CdYps (Cd36_18370), CpYps
(CPAG_04785), CpYps (CPAG_04801), CpYps (CPAG_04802), CpYps (CPAG_03253), CpYps
(CPAG_02564), CguYps (PGUG_04882), CgYps3 (CAGLOE01727g), CgYps4
(CAGLOE01749g), CgYps7 (CAGL0A02431g), CgYps9 (CAGLOE(01837g), CaYps (orfl9_852),
CdYps (Cd36_72090); E) CdYps (Cd36_15430), CaYps (0rf19.2082); F) CtYps (CTRG_01112);
G) CpYps (CPAG_04713); H) CgYps8 (CAGLOE01815g), CgYps10 (CAGLOE01859g); I)
ClYps (CLUG_00903); J) CtYps (CTRG_05014); K) CgYps5 (CAGLOE01771g), CgYps6
(CAGLOE01793g); L) CgYps12 (CAGL0J02288g); M) CaYps (0rf19.6481); N) CaYps
(orf19_853), CdYps (Cd36_18360).
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detected by TRUST (Szklarczyk & Heringa, 2004) even when it is likely that the Yps and Sap
superfamilies have duplicated aspartyl protease motifs.

The analysis of possible evolutive and molecular events that has given place to the presence
of different numbers of YPS in each pathogenic Candida species was made to establish the
COGs between Yps. Phylogenetic analysis was performed by an alignment of YPS
homologues identified in silico and those of the previously characterized. The alignment was
carried out using MUSCLE in SeaView 2.4 program (Galtier et al. 1996) with default
alignment parameter adjustments. The phylogenetic analyses were performed in the
MEGA4 program (Tamura et al. 2007) using minimum evolution computed with the Poisson
correction. A similitude and identity matrix were computed with the MatGAT4.50.2
software (Campanella et al. 2003). To corroborate support for the branches on trees,
bootstrap analysis (1,000 replicates) was performed. Synteny analysis was made to
recognize the putative COGs (Fig. 5).

Family

55 CgYps6 (CAGLOE01793g)
CgYps8 (CAGLOE01815g)
CgYps9 (CAGLOE01837g)
CgYps4 (CAGLOE01749g)
CgYps5 (CAGLOE01771g) A) CgYps2-6 y 8-11 (C. glabrata)

CgYps3 (CAGLOE01727g)

CgYps10 (CAGLOE01859g)

CgYps2 (CAGLOE01419g)

CgYps11 (CAGLOE01881g)

CgYps1 (CAGLOMO04191g)

ScYap1 (YLR120C) B) CgYps1 (C. glabrata);

ScYap2 YDR144C ScYps1-3y 6 (S. cerevisiae)
ScYap3 (YLR121C)

ScYap6 (YIR039C)

89

& ngép:r‘:z&?&?;&j;)zzsag) C)CgYps12 (C. glabrata) Bar1 (S. cerevisiae)
Cl (CLUG_00903) —> D) CIYps (C. lusitaniae)
60 100 Ca (orf19.6481)
o T Cd (Cd36_72090) E) Yps (C. albicans, C. dubliniensis,
100 (ét (?Jﬁfe_ogf;g) C. tropicalis, C. parapsilosis,
100 | Cg'tx (PGUG__04882) C. guilliermondii); CgYps7 (C. glabrata);

ScYps7 (S. cerevisiae)

100 CgYps7 (CAGLOA02431g)
ScYap7 (YDR349C)
100 — = |——ng(c(’<r:f<1126201852230) s o <
Ct(CTRG_01112) dubliniensis, C. tropicalis)

100 Ca (orf19.852)
100 Cd (Cd36_18370) G) Yps (C. albicans,
99 Ca (orf19.853) C. dubliniensis)
74 Cd (Cd36_18360)

—1001_— Cp (CPAG_03253)
100 Cp (CPAG_02564)
Cp (CPAG_04785) H) CpYps (C. parapsilosis
e 100 Cp (CPAG_04801) )CpYps (C. parap )
Cp (CPAG_04802)

—
0.1

Fig. 5. Minimum evolution phylogenetic tree of GPI-anchored aspartyl proteinase (Yps)
superfamily of opportunistic pathogenic Candida species. Ca, C. albicans; Cd, C. dubliniensis;
Cg, C. glabrata; Cgu, C. guilliermondii; Cl, C. lusitaniae; Cp, C. parapsilosis; Ct, C. tropicalis; Sc,
S. cerevisiae. Bootstrap values > 50% are on branches. Curly brackets and arrows indicate the
Yps protein families defined by phylogenetic relationships, similitude percentage (> 50%),
synteny and motif array. Yps are grouped into 8 families. Family A, CgYps2-6 and 8-11;
family B, CgYpsl, ScYps1-3 and ScYps6; family C, CgYpsl2 and ScBarl; family D, ClYps (C.
lusitaniae); family E, CgYps7, ScYps7, CaYps (0rf19.6481), CdYps (Cd36_72090), CtYps
(CTRG_05014), CpYps (CPAG_04713) and CguYps (PGUG_04882); family F, CaYps
(0rf19.2082), CdYps (Cd36_15430) and CtYps (CTRG_01112); family G, CaYps (orf19.852),
CdYps (Cd36_18370), CaYps (orf19.853) and CdYps (Cd36_18360); family H, CpYps
(CPAG_03253, CPAG_02564, CPAG_04785, CPAG_04801 and CPAG_04802).
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Specie
(chromosome)

w_mzsw)—fﬁ_mzs | arc ] SeiX)

» &4

o e e Y e e e o S e

Sc (V)

Cg(E)

Sc(lv)

Cg(A)

Ca(l)

cd(7)

Ca(2)

cd(2)

PHHB H APM2 ) Ca(1)

F)

pue | aewz )  Cd(1)

Sc(IX)

Cg(V)

Fig. 6. Synteny of YPS genes of S. cerevisiae (Sc), C. glabrata (Cg), C. albicans (Caand
C.dubliniensis (Cd). A) ScYPS1 and CgYPS1; B) ScYPS2 and CgYPS2; C) ScYPS7 and CgYPS7;
D) CaYPS7 (orf19.6481) and CdYPS7 (Cd36_72090); E) CaYPS (Sap99), Cd (orf19.853 and
Sap98, orf19.852); F) CaYPS and CdYPS (Barl); G) CgYPS and ScBarl. CgYPS1, CgYPS7,
ScYPS1, ScYPS3, CaYPS7, CaSAP98, CaSAP99 and BAR1 are GPI anchored aspartyl
proteases; APC2 and CAGLOMO04235g, subunit of the anaphase-promoting; APT1, acyl-
protein thioesterase; ATP22, mitochondrial inner membrane protein; CAGLOMO04147g,
similar to low affinity vacuolar membrane, is a localized monovalent cation/H+ antiporter
protein; CAGLOM04169g, similar to cell wall glycoprotein involved in beta-glucan assembly;
CDH]1, cell-cycle regulated activator of the anaphase-promoting complex/cyclosome
(APC/C); CLF1, crooked neck-like factor; DOPI, protein essential for viability; EKLI,
ethanolamine kinase; FAF1, protein required for pre-rRNA processing and 40S ribosomal
subunit assembly; HAT, histone acetyltransferase; HXT3, low affinity glucose transporter of
the major facilitator superfamily; LDG3 and LDG4, leucine, aspartic acid, glycine rich;
MNN42, putative positive regulator of mannosylphosphate transferase; MNT3, alpha-1,3-
mannosyltransferase; MTQ2, S-adenosylmethionine-dependent methyltransferase; MRP1,
mitochondprial ribosomal protein of the small subunit; NOP16, constituent of 66S pre-
ribosomal particles; NTA1, amidase; orf19.2088, shared subunit of DNA polymerase (II)
epsilon and of ISW2/yCHRAC chromatin accessibility complex; PDR11, ATP-binding
cassette transporter, PEX7, peroxisomal signal receptor; PFK27, 6-phosphofructo-2-kinase;
PHHB, transposon mutation affects filamentous growth; PMI40, mannose-6-phosphate
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isomerase; POM152, nuclear pore membrane glycoprotein; RPL2B, protein component of the
large ribosomal subunit; SAN1, ubiquitin-protein-ligase; SBE2, protein involved in the
transport of cell wall components from the Golgi to the cell surface; SEC1, Sm-like protein
involved in docking and fusion of exocytic vesicles through binding to assembled SNARE
complexes at the membrane; SNL1, putative protein involved in nuclear pore complex
biogenesis and maintenance; SRN2, component of the ESCRT-I complex; SVF1, protein with
a potential role in cell survival pathways; SW15, transcription factor that activates
transcription of genes expressed at the M/G1 phase boundary and in G1 phase; TAF12,
subunit (61/68 kDa) of TFIID and SAGA complexes; TIR3, cell wall mannoprotein of the
Srplp/Tiplp family of serine-alanine-rich proteins; TMA20, protein associated with
ribosomes with a putative RNA binding domain; UGA11: gamma-aminobutyrate
transaminase (4-aminobutyrate aminotransferase); VID28, protein involved in proteasome-
dependent catabolite degradation of fructose-1,6-bisphosphatase (FBPase); v-SNARE,
component of the vacuolar SNARE complex involved in vesicle fusion; YCF1, putative
glutathione S-conjugate transporter; YLR126C, protein with similarity to glutamine
amidotransferase proteins; YMDS, putative nucleotide sugar transporter; ORF, APM2, BSCb,
CAGLOMO04125g, Cd36_72050, Cd36_72080, FMO02, IFK2, orf19.6482, RTC1, tRNA-Glu,
YDR352W, YDR348C and YLR125W and ORF, unknown predicted open reading frame.

The lack of SAP genes and the expansion of 12 CgYPS genes in C. glabrata, and the extended
family of SAP genes in C. albicans support the hypothesis that both protein superfamilies are
an example of convergent evolution. Although more research is necessary to reach definite
conclusions, apparently YPS of C. glabrata and SAP of C. albicans have developed some
equivalent physiological functions and roles in virulence. The rest of pathogenic Candida
species are less virulent, and, curiously, harbour less genes in their genomes than C. albicans.
These facts lead to the supposition that SAP and YPS have evolved in an independent way
for at least 700 million years. However, more SAP duplication events have happened in C.
albicans (Parra et al. 2009).

Phylogenetic analyses of Yps deduced protein sequences of Candida spp. and S. cerevisiae
allow for the definition of 8 Yps families, A-H (Fig. 5). In particular, CgYps1-12 proteins of
C. glabrata were clustered in four families. Family A was constituted exclusively of nine Yps
of C. glabrata (CgYps2-6 and CgYps8-11) encoded in chromosome E. With exception of
CgYps2, all codifying genes of these proteins are organized in tandem, and possibly derived
from at least eight recent duplication events that occurred exclusively in the C. glabrata
genome. Apparently these recent duplications led to the emergence of a paralogous gene
family with novel or slightly different functions. No pseudogenes were detected in CgYPS1-
11 genes, but in their deduced proteins a moderate amino acid similitude (48-53%) and
identity (36-38%) were retained. Frequently, very high similitudes are maintained by
concerted evolution in paralogous members of some multigene families (L&szlo, 1999).
However, in CgYPS genes, this evolutive phenomenon is not evident. Previously, CgYPS4
and CQYPS11 were recognized as GPI anchored aspartyl proteases (Kaur et al., 2007), but
comparative studies of the regulatory region and expression of each CgYPS genes are
necessary to clearly define the physiological role and orthology relationships of each gene.
Family B was formed by a set of Yps proteins, detected exclusively in S. cerevisiae (ScYps2-3
and ScYps6), and a highly similar putative orthologous pair (ScYPS1/CgYPSI) (Fig. 6A).
Also, the partial synteny observed between the ScYPS2/CgYPS2 gene pair supports the
hypothesis that those protein-coding genes are probable orthologous (Fig. 6B). Family C was
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integrated by CgYpsl2 and ScBarl of S. cerevisiae, a putative orthologous pair with low
similitude synteny, but with a clear ancestor-descendant relationship (Fig. 6G). Finally,
family E was formed by a representative of each Candida spp. Yps, CgYps7 and ScYps7. This
family forms a sub tree with the same topology as those phylogenies constructed with
ribosomal and other protein sequences (Diezman et al., 2004). The CgYPS7 and ScYPS7
genes exhibited an extensive synteny (Fig. 6C), but no synteny with CaYPS (orf19.6481) and
CdYPS (Cd36_72090) was observed (Fig. 6D). In C. albicans and C. dubliniensis genome
databases these YPS are described as ScYPS7 orthologous genes (Schaefer et al., 2007).
Nevertheless, both YPS exhibited low similarity with ScYPS7 (37.2-38.7%) and no-synteny.
The final decision to consider family E as an orthologous family will depend on comparative
analyses of functional features not yet performed.

Families C, F, G and H have not any C. glabrata or S. cerevisiae Yps representative protein.
Families C and H were formed only by one ClYps gene of C. lusitanize and seven CpYps
genes of C. parapsilosis, respectively (Fig. 5). Curiously, C. lusitaniae is the species that
harbours the fewest CIYPS (n=1) and SAP (n=3) genes, and its isolation frequency from
clinical samples ,as well as its virulence, are lower than the other Candida species (Abi-Said
et al. 1997). This evidence supports a hypothesis of relevance of aspartyl proteases in
virulence. That is, species with numerous aspartyl proteases in virulence; species with broad
aspartyl proteases are more virulent than those with a limited number of these proteins.
Family F harboured C. albicans, C. dubliniensis and C. tropicalis yapsins organized
congruently according to the ribosomal phylogenetic tree. The C. albicans CaBarl
(0rf19.2082) and C. dubliniensis CdBarl (Cd36_15430) gene, found in family F, has been
described as orthologous to S. cerevisine BAR1 (Schaefer et al., 2007) found in family C. In
both species, C. albicans and S. cerevisiae, the protein is involved in alpha pheromone
degradation and secreted to the periplasmic space of mating alpha-type cells. These proteins
help cells find mating partners by cleaving and inactivating the alpha factor, which allows
cells to recover from alpha-factor-induced cell cycle arrest (Mackay et al., 1988). The in silico
analysis performed in this work established that these proteins and the Barl from C.
dubliniensis are extracellular, but anchored to the cell wall or cell membrane. Also,
phylogenetic analysis shows that Barl from C. albicans and C. dubliniensis belongs to the Yps
superfamily, with a similarity of 40%, and are not grouped with CgYpsl12 of C. glabrata
(CgYpsl2 or CgBarl) and Barl of S. cerevisiae. The reason for which an aspartyl protease,
that apparently is secreted, is groupedwith the yapsines superfamily could be a mistake in
the cell location method because almost all software use the signal peptide, transmembranal
regions, and the GPI site in the C-terminal, to predict the cell location. In C. albicans it has
been detected that aspartyl proteases are associated with the plasmatic membrane, or to
both the plasmatic membrane and cell wall. This makes the experimental corroboration of
the cell location necessary. The Barl protein of C. albicans has been described as a protein
with three domains: 2 aspartyl protease domains and another unidentified. Apparently, this
GPI-membrane anchored domain determines that Bar proteins are not secreted, but
anchored to cellular membranes, and their two actives sites are oriented to cellular
membranes, and their two actives sites are oriented to the exterior to inactivate alpha
pheromone, which is secreted by Mat-alpha cells. In C. albicans, the degradation of secreted
alpha pheromone is not exclusive to Barl. CaYPS7 (orf19.6481) of family E also encodes for
this function with lesser efficiency (Schaefer et al., 2007). This physiological redundancy has
not been demonstrated in S. cerevisiae ScYps7. C. albicans can mate under some in vitro and in
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vivo conditions when alpha pheromone is degraded (Hull et al., 2000; Magee & Magee, 2000)
and C. glabrata harbours homologous genes of S. cerevisiae that control the mating (Srikantha
et al., 2003). Nevertheless, in C. glabrata a cell cycle has not been demonstrated, and the
participation of CgYps7 of C. glabrata in alpha pheromone inactivation has not been
demonstrated. No possible gene orthologous to possible gene orthologous to ScBarl was
detected in C. guilliermondii, C. lusitaniae, C. parapsilosis, C. tropicalis, C. guilliermondii or C.
lusitaniae. All these yeasts have a heterothallic sex cycle (cross-mating only), but C.
parapsilosis and C. tropicalis mating has never been observed (Butler et al., 2009).

Family G is formed by two C. albicans/C. dubliniensis Yps protein pairs with high similitude
(>88%), located in tandem in chromosome 2 and with very similar synteny. All this data is
evidence from the recent speciation of both species (Fig. 6E). According to the Candida
genome database (http://www.candidagenome.org/cgi-bin/locus.pl?locus=0rf19.852) Cal
orf19.852 and Cdu Cd36_18370 sequences are described as CaSAP98 and CASAP98 genes,
respectively, and have their best hits with PEP4 of S. cerevisiae (Pra protein). S. cerevisiae PrA
is a vacuolar protease, and clearly C. albicans/C. dubliniensis Yps are not phylogenetically
grouped with PrA. In our opinion no orthology relationship among these proteins exists.
Cal 0rf19.853 and Cdu Cd36_18360 formed a second pair, described as CaSAP99 and
CdSAP99 genes, which had their best hits with ScYPS3 of S. Cerevisiae. Similarly, it is clear
that CaSAP99 has no synteny, phylogenetic relationship, or possible common physiological
role with ScYPS3.

3. Conclusion

Why have C. albicans/C. dubliniensis and C. glabrata/S. cerevisiae been suffering some genetic
duplication events in their Sap and Yps superfamilies? This is something that has not been
resolved, but it is clear that the decrease in virulence in null mutants, in both CaSAP and
CQYPS, endorse the idea that the presence and expansion of SAP and YPS families is
necessary for adaptation to the host, and therefore for survival and virulence. Also, species
with broad aspartyl protease families are more virulent than those with a limited number of
these proteins. C. glabrata belongs to a phylogenetic group with no pathogenic yeast, and its
virulence attributes could be evolving independently from the CTG clade, where C. albicans
is the main opportunistic pathogenic species. The expansion of the CgYPS gene superfamily
of C. glabrata maintains a parallelism with the expansion of the SAP gene superfamily of C.
albicans, and constitutes a possible example of convergent evolution. The transition from a
commensally life style to a successful opportunistic pathogen could be related to gene
expansion that encodes for each kind of aspartyl protease. A lot of experimental
methodologies must be performed to recognize the orthologous gene families, as well as the
virulence, participation and transition commensal-pathogen roles of aspartyl proteases,
including Sap and Yps.

4. Acknowledgment

We are grateful for the financial support from CONACyT-CB-13695, CONACyT-69984,
SIP201005214 and SIP20113066. BPO is a fellow of CONACyT and PIFI-IPN. Thanks to
Dr. Bernard Dujon (Institut Pasteur and Université Pierre et Marie Curie) for donating
strains. Thanks also to Bruce Allan Larsen for reviewing the use of English.

www.intechopen.com



308 Gene Duplication

5. References

Abi-Said, D., Anaissie, E., Uzun, O., Raad, 1., Pinzcowski, H. & Vartivarian, S. (1997). The
epidemiology of hematogenous candidiasis caused by different Candida species.
Clin Infect Dis. Vol. (24): 1122-1128.

Albrecht, A., Felk, A., Pichova, 1., Naglik, J., Schaller, M., de Groot, P., MacCallum, D., Odds,
F.,  Schafer, W. Klis, F, Monod M. & Hube, B. (2006).
Glycosylphosphatidylinositolanchored proteases of Candida albicans target proteins
necessary for both cellular processes and host pathogen interactions. | Biol Chem.
Vol. (281): 688-694.

Almirante, B., Rodriguez, D., Park, B., Cuenca-Estrella, M., Planes, A., Almela, M., Mensa, J.,
Sanchez, F., Ayats, J., Giménez, M., Saballs, P., Fridkin, S., Morgan, J., Rodriguez-
Tudela, J.,, Warnock, D. & Pahissa, A. (2005). Epidemiology and predictors of
mortality in cases of Candida bloodstream infection: results from population-based
surveillance, Barcelona, Spain, from 2002 to 2003. | Clin Microbiol. Vol. (43): 1829-
1835.

Anaissie, E., Vartivarian, S., Abi-Said, D., Uzun, O., Pinczowski, H. & Kontoyiannis, D.
(1992). Fluconazole versus amphotericin B in the treatment of hematogenous
candidiasis: a matched cohort study. Am | Med. Vol. (101): 170-176.

Arendrup, M., Horn, T. & Frimodt-Moller, N. (2002). In vivo pathogenicity of eight medically
relevant Candida species in an animal model. Infection. Vol. (30): 286-291.

Bautista, M., Boldo, X., Villa-Tanaca L. & Hernandez-Rodriguez, C. (2003). Identification of
Candida spp. by randomly amplified polymorphic DNA and differentiation
between Candida albicans and Candida dubliniensis by direct PCR methods. | Clin
Microbiol. Vol. (41): 414-420.

Biasoli, M., Tosello, M. & Magaro, H. (2002). Adherence of Candida strains isolated from the
human gastrointestinal tract. Mycoses. (45): 465-459.

Bordallo, J. & P. Suarez-Rendueles. (1993). Control of Saccharomyces cerevisiae
carboxypeptidase S (CPS1) gene expression under nutrient limitation. Yeast. Vol.
(9): 339-349.

Bodey, G., Mardani, M., Hanna, H., Boktour, M., Abbas, J., Girgawy, E., Hachem, R.,
Kontoyiannis, D. & Raad II. (2002). The epidemiology of Candida glabrata and
Candida albicans fungemia in immunocompromised patients with cancer. Am | Med.
Vol. (112): 380-5.

Brockert, P., Lachke, S., Srikantha, T., Pujol, C., Galask, R. & Soll, D. (2003). Phenotypic
switching and mating type switching of Candida glabrata at sites of colonization.
Infect Immun. Vol. (71): 7109-7118.

Butler, G., Rasmussen, M., Lin, M., Santos, M., Sakthikumar, S., Munro, C., Rheinbay, E.,
Grabherr, M., Forche, A., Reedy, J., Agrafioti, I., Arnaud, M., Bates, S., Brown, A.,
Brunke, S., Costanzo, M., Fitzpatrick, D., de Groot, P., Harris, D., Hoyer, L., Hube,
B., Klis, F., Kodira, C., Lennard, N., Logue, M., Martin, R., Neiman, A., Nikolaou,
E., Quail, M., Quinn, J.,, Santos, M., Schmitzberger, F., Sherlock, G., Shah, P.,
Silverstein, K., Skrzypek, M., Soll, D., Staggs, R., Stansfield, 1., Stumpf, M., Sudbery,
P., Srikantha, T., Zeng, Q., Berman, J., Berriman, M., Heitman, J., Gow, N., Lorenz,
M., Birren, B., Kellis, M. & C. A. Cuomo. (2009). Evolution of pathogenicity and
sexual reproduction in eight Candida genomes. Nature. Vol. (459): 657-662.

www.intechopen.com



Evolution of GPI-Aspartyl Proteinases (Yapsines) of Candida spp 309

Byrne, K. & Wolfe, K. (2005). The Yeast Gene Order Browser: combining curated homology
and syntenic context reveals gene fate in polyploid species. Genome Res. Vol. (15):
1456-1461.

Campanella, J., Bitincka, L. & Smalley, J. (2003). MatGAT: an application that generates
similarity/identity matrices using protein or DNA sequences. BMC Bioinformatics.
Vol. (4): 29.

Caro, L., Tettelin, H., Vossen, J., Ram, A., van den Ende, H. & Klis, F. (1997) In silicio
identification of glycosylphosphatidylinositol-anchored plasma-membrane and cell
wall proteins of Saccharomyces cerevisiae. Yeast. Vol. (13): 1477-1489.

Castafio, I., Cormack, B. & De Las Pefias, A. (2006). Virulence of the opportunistic pathogen
mushroom Candida glabrata. Rev Latinoam Microbiol. Vol. (48): 66-69.

Castafio, 1., Pan, S., Zupancic, M., Hennequin, C., Dujon, B.,, & Cormack, B. P. (2005).
Telomere length control and transcriptional regulation of subtelomeric adhesins in
Candida glabrata. Mol Microbiol. Vol. (55): 1246-1258.

Cawley, N., Chino M., Maldonado A., Rodriquez Y., Loh Y. & Ellman, J. (2003). Synthesis
and characterization of the first potent inhibitor of yapsin 1. ] Biol Chem. Vol. (278):
5523-5530.

Chaffin, W., Lopez-Ribot ]., Casanova, M., Gozalbo M. & Martinez J. (1998). Cell wall and
secreted proteins of Candida albicans: identification, function, and expression.
Microbiol Mol Biol Rev. Vol. (62): 130-180.

Chakrabarti, A., Nayak, N. & Talwar, P. (1991). In vitro proteinase production by Candida
species. Mycopathologia. Vol. (114): 163-168.

Copping, V., Barelle, C., Hube, B.,, Gow, N., Brown, A. & Odds, F. (2005). Exposure of
Candida albicans to antifungal agents affects expression of SAP2 and SAP9 secreted
proteinase genes. | Antimicrob Chemother. Vol. (55): 645-654.

Csank, C. & Haynes, K. (2000). Candida glabrata displays pseudohyphal growth. FEMS
Microbiol Lett. Vo. (189): 115-120.

Dayhoff, M. (1979). Atlas of protein sequence and structure, vol. 5, Suppl. 3, National
Biomedical Research Foundation, Silver Springs, 978-0912466071, Maryland, p.
353-358.

Diezmann, S., Cox, C., Schonian, G., Vilgalys, R. & Mitchell. T. (2004). Phylogeny and
evolution of medical species of Candida and elated taxa: a multigenic analysis. | Clin
Microbiol. Vol. (42): 5624-5635.

Falquet, L., Pagni, M., Bucher, P., Hulo, N., Sigrist, C., Hofmann, K. & Bairoch, A. (2002).
The PROSITE database. Nucleic Acids Res. Vol. (30): 235-238.

Feng, Z., Jiang, B., Chandra, J., Ghannoum, M., Nelson, S. & Weinberg, A. (2005). Human
beta-defensins: differential activity against Candida species and regulation by
Candida albicans. | Dent Res. Vol. (84): 445-450.

Fidel, P., Vazquez, ]J. & Sobel, J. (1999). Candida glabrata: review of epidemiology,
pathogenesis, and clinical disease with comparison to C. albicans. Clin Microbiol Rev.
Vol (12): 80-96.

Galtier, N., Gouy, M. & Gautier, C. (1996). SeaView and Phylowin, two graphic tools for
sequence alignment and molecular phylogeny. Comput Appl Biosci. Vol. (12): 543-
548.

www.intechopen.com



310 Gene Duplication

Gasch, A., Spellman, P., Kao, C., Carmel-Harel, O., Eisen, M., Storz, G., Botstein, D. &
Brown, P. (2000). Genomic expression programs in the response of yeast cells to
environmental changes. Mol Biol Cell. Vol. (11): 4241-4257.

Ghannoum, M. (2000). Potential role of phospholipases in virulence and fungal
pathogenesis. Clin Microbiol Rev. Vol. (13): 122-143.

Gilfillan, G., Sullivan, D., Haynes, K., Parkinson, T., Coleman, D. & Grow, N. (1998).
Candida dubliniensis: phylogeny and putative virulence factors. Microbiology. Vol.
(144): 829-838.

Goodman, J., Winston, D., Greenfield, R., Chandrasekar, P., Fox, B. & Kaizer, H. (1992). A
controlled trial of fluconazole to prevent fungal infections in patients undergoing
bone marrow transplantation. N Engl | Med. Vol. (326): 845-851.

Helmerhorst, E., Venuleo, C., Beri, A. & Oppenheim, F. (2005). Candida glabrata is unusual
with respect to its resistance to cationic antifungal proteins. Yeast. Vol. (22): 705-714.

Hicke, L. & Riezman, H. (1996). Ubiquitination of a yeast plasma membrane receptor signals
its ligandstimulated endocytosis. Cell. Vol. (84): 277-87.

Hoyer, L., Fundyga, R., Hecht, J., Kapteyn, J., Klis, F. & Arnold, J. (2001). Characterization of
Agglutinin-like Sequence Genes From Non-albicans Candida and Phylogenetic
Analysis of the ALS Family. Genetics. Vol. (157): 1555-1567.

Hube, B. (1998). Posible role of secreted proteinases in Candida albicans infections. Rev
Iberoam Micol. Vol. (15): 65-68.

Hube, B. & J. Naglik. (2001). Candida albicans proteinases: resolving the mystery of a gene
family. Microbiology. Vol. (147): 1997-2005.

Hube, B., Sanglard, D., Odds, F., Hess, D., Monod, M., Schéfer, W., Brown, A. & Gow, N.
(1997). Disruption of each of the aspartyl proteinase genes SAP1, SAP2, and SAP3
of Candida albicans attenuates virulence. Infect Immun. Vol. (65): 3529-3538.

Hull, C., Raisner, R. & Johnson, A. (2000). Evidence for mating of the “asexual” yeast
Candida albicans in a mammalian host. Science. Vol. (289): 307-310.

Kalkanci, A., Bozdayi, G., Biri, A., & Kustimur, S. (2005). Distribution of secreted aspartyl
proteinase using a polymerase chain reaction assay with SAP specific primers in
Candida albicans isolates. Folia Microbiol. Vol. (50): 409-413.

Joly, S., Maze, C., McCray, P. & Guthmiller, ]J. (2004). Human betadefensins 2 and 3
demonstrate strain-selective activity against oral microorganisms. | Clin Microbiol.
Vol. (42): 1024-1029.

Jones, E. (1991). Three proteolytic system in the yeast Saccharomyces cerevisiae. | Biol Chem.
Vol. (266): 7963-7966.

Kaur, R., B. & Cormack, B. (2007). A family of glycosylphosphatidylinositollinked aspartyl
proteases is required for virulence of Candida glabrata. Proc Natl Acad Sci USA. Vol.
(104): 7628-7633.

Klionsky, D. & Emr, S. (2000). Autophagy as a regulated pathway of cellular Degradation.
Science. Vol. (290): 1717-1721

Kremery, K. (1999). Torulopsis glabrata — an emerging yeast pathogen in cancer patients. Int |
Antimicrob Agents. Vol. (11): 1-6.

Krcmery, V., Oravcova, E., Spanik, S., Mrazova-Studena, M., Trupl, J. & Kunova, A. (1998).
Nosocomial breakthrough fungaemia during antifungal prophylaxis or empirical
antifungal therapy in 41 cancer patients receiving antineoplastic chemotherapy:

www.intechopen.com



Evolution of GPI-Aspartyl Proteinases (Yapsines) of Candida spp 311

analysis of etiology risk factors and outcome. | Antimicrob Chemother. Vol. (41): 373-
380.

Krysan, D., Ting, E., Abeijon, C., Kroos, L. & Fuller, R. (2005). Yapsins are a family of
Aspartyl Protease required for cell wall integrity in Saccharomyces cerevisiae.
Eukaryot Cell. Vol. (4): 1364-1374.

Lachke, S. Joly, S., Daniels, K. & Soll, D. (2002). Phenotypic switching and filamentation in
Candida glabrata. Microbiology. Vol. (148): 2661-2674.

Laszl6 Patthy (1999). Protein Evolution. Blackwell Science Ltd, ISBN 0-632-04774-7, London.

Lermann, U. & Morschhauser, J. (2008). Secreted aspartic proteases are not required for
invasion of reconstituted human epithelia by Candida albicans. Microbiology. Vol.
(154): 3281-3295.

Lesage, G., Sdicu, A., Menard, P., Shapiro, J., Hussein, S. & Bussey, H. (2004). Analysis of -
1,3-glucan assembly in Saccharomyces cerevisize using a synthetic interaction
network and altered sensitivity to caspofungin. Genetics. Vol. (167): 35-49.

Li. L., Kashleva, H. & Dongari-Bagtzoglou, A. (2007a). Cytotoxic and cytokine inducing
properties of Candida glabrata in single and mixed oral infection models. Microb
Pathog. Vol. (42): 138-147.

Li, L., Redding, S. & Dongari-Bagtzoglou, A. (2007b). Candida glabrata, an emerging oral
opportunistic pathogen. ] Dent Res. 86: 204-215.

Lipke, P. & Ovalle, R. (1998) Cell wall architecture in yeast: new structure and new
challenges. | Bacteriol. Vol. (180): 3735-3740.

Loaiza-Loeza, S., Parra-Ortega, B., Bautista-Mufioz, C., Casiano-Rosas, C., Herndndez-
Rodriguez, C. H. & Villa-Tanaca, L. (2007). The proteolytic system of Candida
dubliniensis. Am | Infect Dis. Vol. (3): 76-83.

Loaiza-Loeza, S., Parra-Ortega, B., Cancino-Diaz, J]., Illades-Aguiar, B., Hernandez-
Rodriguez, C. & Villa-Tanaca, L. (2009). Differential expression of Candida
dubliniensis secreted aspartyl proteinase genes (CdSAP1-4) under different
physiological conditions and during the infection of a keratinocytes culture. FEMS
Immunol Med Microbiol. Vol. (56): 212-22.

Luo, G. & Samaranayake, L. (2002). Candida glabrata, an emerging fungal pathogen, exhibits
superior relative cell surface hydrophobicity and adhesion to denture acrylic
surfaces compared with Candida albicans. APMIS. Vol. (110): 601-610.

Manzano-Gayosso, P., Hernandez-Hernandez, F., Bazan-Mora, E., Mendez-Tovar, L.,
Gonzalez-Monroy, ]. & Lopez-Martinez, R. (2000). Identification and typing of
yeast isolates from hospital patients in Mexico City. Rev Argent Microbiol. Vol. (32):
1-6.

MacKay, V., Welch, S., Insley, M., Manney, T., Holly, ]., Saari, G. & Parker, M. (1988). The
Saccharomyces cerevisine BAR1 gene encodes an exported protein with homology to
pepsin. Proc Natl Acad Sci USA. Vol. (85): 55-59.

Magee, B. & Magee, P. (2000). Induction of mating in Candida albicans by construction of
MTLa and MTLalpha strains. Science. Vol. (289): 310-313.

Mayor, S. & Riezman, H. (2004). Sorting GPI-anchored proteins. Nat Rev Mol Cell Biol. Vol.
(5): 110-120.

Méan, M., Marchetti, O. & Calandra, T. (2008). Bench-to-bedside review: Candida infections
in the intensive care unit. Crit Care. Vol. (12): 1-9.

www.intechopen.com



312 Gene Duplication

Monod, M., Hube, B., Hess, D. & Sanglard, D. (1998). Differential regulation of SAP§ and
SAP9 which encode two new members of the secreted aspartyl protease family in
Candida albicans. Microbiology. Vol. (244): 2731-2737.

Morrow, B., Srikantha, T. & Soll, D. (1992). Transcription of the gene for a pepsinogen,
PEP1, is regulated by white-opaque switching in Candida albicans. Mol Cell Biol. Vol.
(12): 2997-3005.

Naglik, J., Albrecht, A., Bader, O. & Hube, B. (2004). Candida albicans proteinases and
host/pathogen interactions. Cell Microbiol. Vol. (6): 915-926.

Naglik, J., Challacombe, S. & Hube, B. (2003). Candida albicans secreted aspartyl proteinases
in virulence and pathogenesis. Microbiol Mol Biol Rev. Vol. (67): 400-428.

Naglik, J., Moyes, D., Makwana, J., Kanzaria, P., Tsichlaki, E., Weindl, G., Tappuni, A.,
Rodgers, C., Woodman, A., Challacombe, S., Schaller, M. & Hube, B. (2008).
Quantitative expression of the Candida albicans secreted aspartyl proteinase gene
family in human oral and vaginal candidiasis. Microbiology. Vol. (154): 3266-3280.

Nikawa, H., Nishimura, H., Yamamoto, T. & Samaranayake, L. (1995). A novel method to
study the hyphal phase of Candida albicans and to evaluate its hydrophobicity. Oral
Microbiol Immunol. Vol. (10): 110-114.

Palmer, G. (2007). Autophagy in the Invading Pathogen. Autophagy. Vol. (3): 251-253.
Addendum to: Palmer, G., Michelle, N. & Sturtevant, J. (2007). Autophagy in the
Pathogen Candida albicans. Microbiology. Vol. (153): 51-58.

Palmer, G., Kelly, M. & Sturtevant J. (2005). The Candida albicans vacuole is required for
differentiation and efficient macrophage killing. Eukaryot. Cell. Vol. (4): 1677-1686.

Parr, C., Keates, R., Bryksa, B., Ogawa, M. & Yada, R. (2007). The structure and function of
Saccharomyces cerevisiae proteinase A. Yeast. Vol. (24): 467-80.

Parra-Ortega, B., Cruz-Torres, H., Villa-Tanaca, L., Herndndez-Rodriguez, C. (2009).
Phylogeny and evolution of the aspartyl protease family from clinically relevant
Candida species. Mem Inst Oswaldo Cruz, Rio de Janeiro. Vol. (104): 505-512.

Pfaller, M. & Diekema, D. (2007). Epidemiology of Invasive Candidiasis: a Persistent Public
Health Problem. Clin Microbiol Rev. Vol. (20): 133-163.

Robinson, J., Klionsky, D., Banta, L. & cEmr, S. (1988). Protein sorting in Saccharomyces
cerevisiae: isolation of mutants defective in the delivery and processing of multiple
vacuolar hydrolases. Mol Cell Biol. Vol. (8): 4936-4948.

Roetzer, A., Gregori, C., Jennings, A., Quintin, J., Ferrandon, D., Butler, G. Kuchler, K.,
Ammerer, G. & Schiiller, C. (2008). Candida glabrata environmental stress response
involves Saccharomyces cerevisiae Msn2/4 orthologous transcription factors. Mol
Microbiol. Vol. (69): 603-620.

Safdar, A., Van Rhee, F., Henslee-Downey, J., Singhal, S., Mehta, ]. & Bone, M. (2001).
Candida glabrata and Candida krusei fungemia after high-risk allogeneic marrow
transplantation: no adverse effect of low-dose fluconazole prophylaxis on incidence
and outcome. Bone marrow Transplant. Vol. (28): 873-8.

Samaranayake, Y., MacFarlane, T., Samaranayake, L. & Aitchison, T. (1994). The in vitro
proteolytic and saccharolytic activity of Candida species cultured in human saliva.
Oral Microbiol Immunol. Vol. (9): 229-235.

www.intechopen.com



Evolution of GPI-Aspartyl Proteinases (Yapsines) of Candida spp 313

Sanglard, D., Hube, B., Monod, M., Odds, F. & Gow, N. (1997). A triple deletion of the
aspartyl proteinase genes SAP4, SAP5, and SAP6 of Candida albicans causes
attenuated virulence. Infect Immun. Vol. (65): 3539-3546.

Sanglard, D., Ischer, F., Calabrese, D., Majcherczyk, P. & Bille, J. (1999). The ATP binding
cassette transporter gene CgCDR1 from Candida glabrata is involved in the
resistance of clinical isolates to azole antifungal agents. Antimicrob Agents
Chemother. Vol. (43): 2753-2765.

Scannell, D., Butler, G. & Wolfe, K. (2007). Yeast genome evolution the origin of the species.
Yeast. Vol. (24): 929-942.

Schaefer, D., Cote, P., Whiteway, M., & Bennett, R. (2007). Barrier activity in Candida albicans
mediates pheromone degradation and promotes mating. Eukaryot cell. Vol. (6): 907-
918.

Schaller, M., Bein, M., Korting, H., Baur, S., Hamm, G., Monod, M., Beinhauer, S. & Hube, B.
(2003). The secreted aspartyl proteinases Sapl and Sap2 cause tissue damage in an
in vitro model of vaginal candidiasis based on reconstituted human vaginal
epithelium. Infect Immun. Vol. (71): 3227-3234.

Schaller, M., Mailhammer, R., Grassl, G., Sander, C., Hube, B. & Korting, H. (2002). Infection
of human oral epithelia with Candida species induces cytokine expression
correlated to the degree of virulence. | Invest Dermatol. Vol. (118): 652-657.

Schaller, M., Schiéfer, W., Korting, H. & Hube, B. (1998). Differential expression of secreted
aspartyl proteinases in a model of human oral candidosis and in patient samples
from the oral cavity. Mol Microbiol. Vol. (29): 605-615.

Sobel, J. (2006). The emergence of non-albicans Candida species as causes of invasive
candidiasis and candidemia. Curr Infect Dis Rep. Vol. (8): 427-433.

Srikantha, T., Lachke, S. & Soll, D. (2003) Three mating type-like loci in Candida glabrata.
Eukaryot Cell. Vol. (2): 328-340.

Szklarczyk, R., & Heringa, J. (2004). Tracking repeats using significance and transitivity.
Bioinformatics. Vol. (20): 311-317.

Tamura, K., Dudley, J., Nei, M. & Kumar, S. (2007). MEGA4: Molecular Evo-lutionary
Genetics Analysis (MEGA) software version 4.0. Mol Biol Evol. Vol. (24): 1596-1599.

Taylor, B., Staib, P., Binder, A., Biesemeier, A. Sehnal, M., Rollinghoff, M., Morschhauser, J.
& Schroppel, K. (2005). Profile of Candida albicans-secreted aspartic proteinase
elicited during vaginal infection. Infect Immun. Vol. (73): 1828-1835.

Teichert, U., Mechler, B., Muller, H. & Wolf D. (1989). Lysosomal (vacuolar) proteinases of
yeast are essential catalysts for protein degradation, differentiation, and cell
survival. Rev. Microbiol. Vol. (6): 2500-2510.

Trick, W., Fridkin, S., Edwards, J., Hajjeh, R. & Gaynes, R. (2002). Secular trend of hospital-
acquired candidemia among intensive care unit patients in the United States during
1989-1999. Clin Infect Dis. Vol. (35): 627-630.

Wei, X., Rogers, H., Lewis, M., & Williams, D. (2011). The role of the IL-12 cytokine family in
directing T-cell responses in oral candidosis. Clin Dev Immunol. Vol. (2011): 1-10.

White, T. & Agabian, N. (1995). Candida albicans secreted aspartil proteinases: isoenzyme
pattern is determined by cell type, and levels are determined by enviromental
factors. | Bacteriol. Vol. (177): 5215-5221.

www.intechopen.com



314 Gene Duplication

White, T., Miyasaki S. & Agabian, N. (1993). Three distinct secreted aspartyl proteinases in
Candida albicans. | Bacteriol. Vol. (175): 6126-6133.

Wolfe, K. (2006). Comparative genomics and genome evolution in yeasts. Philos Trans R Soc
Lond B Biol Sci. Vol. (361): 403-412.

Wiinschmann, J., Beck, A. Meyer, L., Letzel, T. Grilll E. & Lendzian, K. (2007)
Phytochelatins are synthesized by two vacuolar serine carboxypeptidases in
Saccharomyces cerevisiae. FEBS Lett. Vol. 17:1681-7.

www.intechopen.com



Gene Duplication

GENE DUPLICATION Edited by Prof. Felix Friedberg

Edved by Felin Friedberg

ISBN 978-953-307-387-3

Hard cover, 400 pages

Publisher InTech

Published online 17, October, 2011
Published in print edition October, 2011

The book Gene Duplication consists of 21 chapters divided in 3 parts: General Aspects, A Look at Some Gene
Families and Examining Bundles of Genes. The importance of the study of Gene Duplication stems from the
realization that the dynamic process of duplication is the "sine qua non" underlying the evolution of all living
matter. Genes may be altered before or after the duplication process thereby undergoing neofunctionalization,
thus creating in time new organisms which populate the Earth.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Berenice Parra-Ortega, Lourdes Villa-Tanaca and César Herndndez-Rodriguez (2011). Evolution of GPI-
Aspartyl Proteinases (Yapsines) of Candida spp, Gene Duplication, Prof. Felix Friedberg (Ed.), ISBN: 978-953-
307-387-3, InTech, Available from: http://www.intechopen.com/books/gene-duplication/evolution-of-gpi-
aspartyl-proteinases-yapsines-of-candida-spp

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




