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Abstract

Candida albicanss an opportunistic fungal pathogen that is resjb@$or most of the
Candidainfections in humans. It can cause superficialahfms on the mucosa, nails or skin
and in severly immunocompromised individuals ilde to disseminate via the bloodstream
and infect deep tissues, which can lead to lifedtening situations. In order to improve the
treatment again$k. albicansinfections, a thorough understanding of the pathegis on a
molecular level is needed. The last two decadesgeh wall ofC. albicanshas been an
interesting object of research for investigatomuad the world, mainly because this structure
is not present in mammalian cells and therefoieat potential drug target. Moreover, the
upper layer of the cell wall consists of mannoprehat play an important role in the
infection process of. albicans

In this study we characterised Pga29p (Predictelda@éhored protein 29), a small
glycosylphosphatidylinositol modified cell wall gean (GPI-CWP) that is abundantly present
in the yeast cell wall of. albicans In a previous study, Pga29p was among a smalipgod
14 cell wall proteins (CWPs) that could be idestifiwith liquid chromatography-tandem
mass spectrometry (LC/MS/MS) (De Groot et al., J0P4tative homologs of Pga29p are
mainly found in pathogeniCandidaspecies, but their functional roles during human
infection are completely unknown so far.

For characterisation of Pga29p, we raised polyd¢laniserum against recombinant Pga29p,
which was used for studying the cell wall incorgama of the protein. Immunoblot analysis
of different groups of purified cell wall protei@{VP) fractions, showed that Pga29p is linked
to thep-1,3-glucan framework vifi-1,6-glucan.

As the yeast-to-hyphae transition is of major int@ce forC. albicansto establish an
infection, we monitored the transcriptional andslational levels oPGA29during hyphal
development. In addition, Pga29p levels were datexdhin a deletion mutant that is locked
up in the yeast form and lacks the transcriptiandis Efgl and Cphl, both of which are
known to be key-regulators of hyphae formation.iBgithe yeast-to-hyphae transition
PGA29gene products were strongly downregulated. Ineagent with this, Pga29p levels
were upregulated in tHeFG1/CPH1deletion mutant compared with the wild type strain
SC5314. Taken together, these data show that Pga2@pabundant, yeast-specific protein
that is covalently embedded into the cell wallCofalbicans

To elucidate its function, the level of Pga29pirporation in the cell wall was
systematically determined under different growthdibons and cell (wall) stresses . Only

6



yeasts that were exposed to the cell wall perturBaicofluor White (CFW) incorporated
higher levels of Pga29p in their cell wall, whicligit indicate thaC. albicansattempts to
stabilise its perturbed cell wall by upregulatingaR9p levels under this specific situation.

In order to study the function of Pga29p in mortailedpga294pga29deletion mutants

were generated by using a PCR-based transformagdinod. Possible structural alterations
in the cell wall of this deletion strain were exael by transmission electron microscopy and
by quantitiative determination of the differentlaglll components. These experiments
showed thaPGA29deletion had no direct effect on the thicknesthefcell wall and the

levels of chitin and protein. However, the mannglsebse ratio iMpga29/4pga29cell walls
was significantly reduced, indicating the abserfidega29p results in a reduced mannose
level in the cell wall. In order to determine whatRGA29deletion caused phenotypical
changes irC. albicangthat could be related to decreased cell wall intggve performed
assays in which growth, sensitivity to cell walesis and antimycotics were tested. We could
show that thedpga29/4pga29strain did not exhibit significant differences qoaned to the
control strains. Further investigation was conddi¢teexclude the possibility that the function
of Pga29p was compensated by its family membe@s3®gand Pga31p, or other CWPs.
Northern analysis showed tHaGA30andPGA31were not upregulated in the
Apga294pga29strain, indicating that theGA29gene is not redundant. This result was
confirmed on a translational level, by analysing il cell wall proteome of the
Apga29/4pga29strain making use of a “cell wall shaving” LC/MS/M&chnique. These
comprehensive proteomic analyses further showedthapregulation of other CWPs is not
taking place in the mutant, suggesting that Pga2@s not play a singificant role in
maintaining the cell wall integrity i€. albicansbut might have another function for the
yeast-form of this human pathogen.

In order to study a possible role of Pga29p inestablishment of. albicansinfection, the
Apga29/4pga29strain was tested in two virulence models: a monsdel of systemic
infection and the reconsituted human epitheliumERbral model. Both experiments showed
thatPGA29deletion results in a reduction of virulence. Toaditions in these virulence
models promote the formation of hyphae, a growtimfm whichPGA29is downregulated.
These data suggest that Pga29p is involved imihalistages of the infection, whe@e
albicansfaces the host in the yeast-morphology. Experimthat tested the adherence
capacity and abitlity to form hyphae of tApga29/4pga29strain showed that the reduction
of virulence was not dependent on these two viederharacteristics. As cell wall mannans

are known as important pathogen associated molegateerns (PAMPS), further experiments
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were conducted to investigate whether the reducathan in thelpga29/4pga29strain

could be responsible for altered host cell inteoast which may lead to the observed reduced
virulence. O-mannosylation of Pga29p by prot®imannosyltransferase 1 (Pmtlp) was
proven by analysis of CWP extracts fr@nalbicansmutants that are deficient in O-
glycosylation. RHE infected with thdpga29/4pga29strain showed a reduced expression of
proinflammatory cytokines. This diminished immuesponse could be related with the
decrease of mannan in the cell wall or the redtissde damage that was caused by
Apga294pga29strain.However, upon stimulation withpga29/4pga29mutants, murine
primary dendritic cells (mDCs) and human polymonpindear leukocytes (PMNSs) did not
show altered cytokine or oxidative burst levelspextively. These results indicate that the
reduced virulence may not be related to an altpatldogen host cross-talk via the mannans.
We propose that Pga29p is involved in the initiags of infection, prior to hyphae
development, which designates this protein asitbeyleast-specific CWP «. albicansthat
directly plays a role in virulence.



1. Introduction

The opportunistic funguSandida albicangs a major cause of human fungal infections.
These infections may be confined superficiallylte mucosa, but in immunocompromised
hosts they can develop systemically and ultimdesyg to life-threatening situations.
Although antifungal therapies are available an@néepidemiological studies reveal a stable
or a slightly decreasing trend of systemic infatsic. albicansis still a serious medical
problem. It is therefore of great importance toavet the molecular mechanisms that are
involved in the infection process of this pathogéereby revealing particular virulence
factors which might be putative targets for antffahdrugs development. In the last decade,
intensive research has led to a significant in@ed®ur knowledge abo@. albicans

Despite this fact, unfortunately, powerful therajpestrategies to combat systemic candidosis
did not arise yet. Nevertheless, researchers arthndorld are confident in finding a

solution and are steadfastly continuing their esadion.

In this introduction we will shortly discuss thexteomy, growth, morphology, genetics and
medical relevance @. albicans Furthermore we describe the cell wall with pautac
emphasis on the role of glycosylphophatidylinosialdified proteins (GPI-proteins) in

virulence.

1.1 C. albicans: classification, growth, morphology and genetics

1.1.1 Classification

The classification of fungi is primarily based dmacacteristics of spores and fruiting bodies
that are produced during sexual reproduction. Hanedue to the analyses of PCR-amplified
ribosomal RNA genes in the early 1990s (White ¢t1#190), the fungal taxonomy has been
undergoing a molecular revolution.

Candidaspecies are classified as yeasts and are subdividee phylum of théscomycota
The genugLandidacomprises more than a 150 species, of which ontynarity is medically
significant. For many years, the absence of anyadwrm was considered as the main
characteristic that was shared betweerChedidaspecies (Odds, 1988). However, it has

been shown thak. albicansis able to maten-vitro andin-vivo (Hull et al., 2000)



1.1.2 Growth

C. albicansis capable to adapt itself to a wide range of mmvhental conditions, for example
in vivo it can grow on the relatively acidic vaginal muggpH 4.5) and in the blood (pH 7.4),
whereasn vitro it is able grow in the pH range between 2.5 andrdd at temperatures
ranging from 5C to 46C (Odds, 1988; Hubbard et al., 1986). Optimum ghoeftC.
albicansis observed under aerobic conditions, but it is &b grow under anaerobic
conditions (Eklund and Jarmund, 1983) elevated eninations of C@(Iralu, 1971; Webster
and Odds, 1987). The maximal achieved doubling teyest under one hour (Odds, 1988).

1.1.3 Morphology

Already in the 18 century it was reported th@t albicansis able to grow as yeast,
pseudohyphae, true hyphae and chlamydospores (AuB87). A yeast cell (also known as
blastospore or blastoconidium) is the unicellutanf of C. albicans Cell division of yeast
cells is regulated by a process called ‘buddingthis process a parent cell (mother cell)
produces near one of its poles a new cellular camvth which is designated as the ‘bud’ or
‘daughter cell’. During its development, the budregmases in size and at a certain time point
mitosis occurs followed by the generation of septuound the bud-neck, which leads
ultimately to cell separation (Odds, 1988).

True hyphae are microscopic tubular structuresabatain cells that are separated by septa.
A hypha originates from a single elongated yeastlk®own as a ‘germ tube’, that
continuously grows by apical extension. From hyphes buds may develop that bud off
laterally just behind the septa (Odds, 1988). Sevfactors induce hyphal growth such as
temperature (3C), a neutral pH value, G@oncentration, nutrient deprivation and serum
(Odds, 1988).

Although pseudohyphae resemble true hyphae, thegaapo be an intermediate form
between yeast cells and hyphae. The developmergenfdohyphae emerges from a yeast cell
or hypha by a process that is very similar to yfpectl blastospore budding. However, in this
case each generation of buds remains attachedhoo#izer and the cells form an elongated
shape (Odds, 1988; reviewed by Sudbery et al.,)2004

Chlamydospores are spherical, thick-walled cetigt tan be three to four time larger than
yeast cellsC. albicansandC. dubliniensisare the only species that are able to producethes
structures of which the biological function remaiage elucidated (reviewed by Staib and
Morschhauser, 2007).
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1.1.4 Genetics

C. albicands considered to be the most important fungal geitiat causes infections in
humans and therefore it was one of the first eudarypathogens selected for genome
sequencing. Due to its widespread and increasiagnusolecular analyses, the genome of
the clinical isolate SC5314 was sequenced by tarf&id Genome Technology Center in
1998. The complete and annotated sequence wasipedblin 2004 by Jones et al. (2004) who
assembled the diploid genome. The release of thenge sequence facilitated the molecular
manipulation ofC. albicansand it enabled to establish transcript and proteqmofiling
projects, which resulted in a considerable incréaslee amount of biological data.

Two main differences distinguigb. albicansfrom other yeast species, such as the bakers
yeastSaccharomyces cerevisjaghich frequently was used as model@ralbicans For
instanceC. albicansdoes not follow the universal codon usage, becaussslates the CUG
codon in a serine instead of a leucine residuet{Saet al., 1993). This unusual codon usage
has to be taken into account for recombinant espyafC. albicansproteins. MoreoveiC.
albicansis a diploid organism; consequently two roundaltile disruption have to be
performed in order to delete a single gene. Duitlieglast decade, several systems have been
developed for gene deletion (Alani et al., 1987wGa al., 1994; Wilson et al., 1999;
Morschhéuser et al., 1999; Wilson et al., 2000;9Reaat al., 2004; Morschhauser et al., 2005).
Most studies that describe gene functions use eapoit strains in their gene disruption
methods. These strains are impaired in produciceytain compound (mostly an amino acid),
due to deletion of genes encoding enzymes thadiee in the respective metabolic
pathways. The auxotrophy is complemented with @ gisruption cassette that consists of
the respective auxotrophic marker and sequencemghemology with the gene of interest
at the 5" and 3’ ends. After gene disruption theatrophy is restored, enabling selection of
transformants on minimal medium. One potential f@obthat could arise by using this
method is that the ectopically inserted auxotropharker is not properly expressed from the
integration locus, which has been shown in caskedRA3marker gene. Changing the
location ofURA3results in an altered Ura3p activity (orotidsienonophosphate carboxylase
activity) (Lay et al., 1998; Cheng et al., 2003ai4d et al., 2004) and influences the
phenotypes o€. albicansmutants in virulence models (Lay et al, 1998; Bstial.,2001,
Sundstrom et al, 2002; Cheng et al., 2003; reviebeS8taab and Sundstrom, 2003).
However, directing theJRA3marker to the high-expressi®&PS10ocus RPS) can avoid
these problems (Brand et al., 2004). Another teplthat has been established by Reuss and
Morschhéauser (2004), circumvents all problems \aitkotrophy by utilizing a disruption
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cassette containing an antibiotic resistance mdhegrcan be excised out of the genome. In
this way, wild type strains can be used and thees@disruption cassette can be utilized
multiple times in order to delete the second altelether genes. This method has been
successfully applied in several studies; howeveneglisruption in auxotrophic strains is still
preferred by many scientists.

1.2  Medical relevance

1.2.1 C. albicansinfections and predisposing conditions

C. albicansand othelCandidaspecies are part of the normal flora of the skincous
membranes and gastrointestinal tract. During onsdter birth the mucosal surfaces of most
human beings are colonized and the risk of an esrtmgsCandidainfection is therefore
always present. An infection witbandidais referred to the term ‘candidiasis’ or
‘candidosis’. All forms of visible infections thate located at the surface, such as skin, nail,
oral and vaginal infections, are defined as ‘supmifcandidosis’. One of the most well-
known Candidainfection that occurs superficially is oral canokcs (also known as oral
thrush) which causes lesions on the tongue, lipsisgor palate. All other infections that are
located in the respiratory, urinary tract or orgaasld be classified as ‘systemic or invasive
candidosis’ (proposed by Odds, 1988). Systemicidast can occur in a single organ, but
the fungus can disseminate via the blood streansabsequently infect other organs (Odds,
1988). Another form of infection is the developmehbiofilms on implanted or indwelling
devices (for example catheters or prosthetic hedves), which has become an increasing
clinical problem, particularly because of the resise of biofilms against a wide range of
antifungal drugs (reviewed by Douglas, 2002).

The most important factor that contributed to theréase of candidosis over the last two
decades is the growing number of immunocompromiisgigiduals, which can be divided in
groups who suffer from mucosal or cutaneous badisguption, neutrophil dysfunctioning,
defects in cell-mediated immunity, metabolic disyedor have an extreme young or old age
(reviewed by Segal et al., 2006). Additionally, erthisk factors for infections are the increase
use of broad-spectrum antibiotics, cytotoxic chdmampies, and transplantation (reviewed by
Nucci and Marr, 2005, Pfaller and Diekema, 2004).

1.2.2 Epidemiology of invasive candidosis
Although the list of opportunistic fungi causingises life-threatening infections is steadily
increasing (reviewed by Walsh et al., 20@3andidaspecies are evidently the number one
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cause of systemic mycoses worldwide (reviewed lylétfand Diekema, 2007). More than
17 differentCandidaspecies have been reported to be agents of inveanaidosis in
humans (reviewed by Hazen, 1995; Pfaller and Dieke?@04). This number will continue to
grow as laboratories are forced to provide idegdtfon to the species level, as a facility in
optimizing therapy for candidal infections (revielay Rex and Pfaller, 2002; Pappas et al.,
2004; Pfaller and Diekema, 2004; Spellberg e806). The five most common species
albicans C. glabratg C. parapsilosisC. tropicalisandC. kruseiare ascribed to more than
90% of invasiveCandidainfections. Up to 70% are related@o albicans making it by far

the most frequently isolated species frGandidabloodstream infections (Pfaller and
Diekema, 2007).

Candidaspecies are the fourth leading cause of nosocdifaatistream infection in the
United States (Pfaller, 1998; Wisplinghofff et &004). The absolute number foandida
bloodstream infections in the US varies approximgdtetween 10,500 to 42,000 per year
(Pfaller and Diekema , 2007). These infectionsamsociated with a high mortality rate that
ranges from 46% to 75%, reflecting the severitihas iliness (Diekema and Pfaller, 2004;
Pfaller and Diekema, 2007). As a result of high taldy rates and prolonged length of
hospital staysCandidainfections also have their impact on health casgessavhich is
estimated at one billion dollar per year in the &&e (Rentz et al., 1998).

1.2.3 Medication

Several antifungal agents are used to treat systieimgalinfections. The three major groups
of drugs are the polyenes, azoles and the echidotan

The first described polyene with specific antifuhaetivity that could be used against
candidosis is nystatin (Hazen and Brown, 1950) tieitmost well known antifungal polyene
is amphotericin B, which has been used for manysyas a standard drug to treat life-
threateningCandidainfections (Odds, 1988). It binds ergosterol, rten sterol in fungal
membranes, causing membrane perturbation whiclitsesueakage of cellular contents. The
antifungal selectivity of amphotericin B is relatly low and therefore it is toxic to
mammalian cells, often causing nephrotoxicity (eexed by Odds et al., 2003).

Azoles are the largest class of drugs that are usaqtifungal therapies. They can be
classified in two groups, the imidazoles and triegoSimilar to the polyenes, the azoles are
causing disorganisation of the fungal membranelyeting the fungal cytochrome P-450,
which inhibts the 1d-demethylation of lanosterol in the ergosterol piaketic pathway

(Vanden Bossche et al., 1995). Depletion of ergoktauses an accumulation of several

13



14a-methyl-sterols thereby altering permeability aluidity of the fungal membrane with
secondary consequences for membrane-bound enziaeslfal et al., 1985)

Echinocandins are fungal secondary metabolitesctivatist of a cyclic hexapeptide core with
a lipid side-chain responsible for the antifungziwaty. They form a relative new class of
antifungal agents, that target a complex of enzywtgsh are responsible for synthesizing the
polysaccharid@-1,3-glucan for the fungal cell wall. The compontnivhich echinocandins
bind is the Fks1p protein, however, whether thitgin is the catalytic subunit involved in
glucan synthesis and whether the binding site @ifks internal or external to the cell
membrane remains to be clarified (Odds et al., 2a63he late 1990s, the echinocandin-
class compounds anidulafungin, caspofungin andfomggn were tested for clinical
development (Vanden Bossche, 2002). Several stoelestly showed that these three
compounds are relatively safe and effective forttbatment ofCandidainfections (reviewed
by Cappelletty and Eiselstein-McKitrick, 2007).

1.2.4 Resistance to antifungal agents

The resistance dfandidaspecies to antifungal agents is a notorious feattrieeds to be
encountered from different angles, such as comibim#terapies with different drugs and
revealing the mechanisms behind resistance. Altha@ligicians are not in exigencies,
Candidainfections should not be trivialized and shouldalsknowledged as a significant
medical problem. Therefore the identification oiwgotential drug targets is essential for

maintaining the mortality rates as low as possible.

1.2.5 Fungal vaccines

The persistent need for novel approaches to Caralidainfections eventuated in a growing
medical interest for fungal vaccine development Pphnciple of vaccination depends on
stimulation of the host immune system by usinggamts of the pathogen. Since most of the
fungal infections occur in patients with a deficieanmune system, the task of finding a
proper vaccine is difficult and will be the new tbage for the academic community in the
coming years (reviewed by Cassone, 2008).

Theoretically, antibody production against pathagé&mgi can be induced by vaccination in
at-risk patients before they become immunocomprethig)G antibodies might remain in the
body with a protective titre for several weeks tontihs (Cassone, 2008). Data show, that
vaccination before immunosuppression could workniany fungal infections (Gigliotti et al.,

2003, Zheng et al, 2005). However, vaccines, thelusively induce protective responses of
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shorter persistence (antifungal T cells, pro-inftaatory cytokines and activation of
macrophages or neutrophils), seem less suitabkifpurpose.

Passive vaccination with monoclonal recombinanibadies have shown to be a promising
tool to confer efficient protection against fung#kection (Beninati et al., 2000; Matthews et
al., 2003, De Bernardis et al., 2006; Selvakumait.e2006). A$-glucan is present in most
of the human fungal pathogens, the @gtucan antibodies are probably one of the best
option for therapeutic use (Bromuro et al., 2002sMoka, 2004; Torosantucci et al., 2005;
Cassone and Torosantucci, 2006). Nevertheles®aaytbased immunotherapy should
carefully be considered with respect to antibodyceity, affinity and isotype. For example,
antibodies with identical specificity but of diffant isotypes may result in a non-protective or

even a disease-enhancing effect in patients (Cashé¢ al., 2004, Beenhouwer et al., 2007).

1.3  Virulence factors ofC. albicans

The ability ofC. albicansto switch from a yeast to a hyphal form is consdeas one of the
most important virulence factors that cause inectn the host. Hyphae are able to penetrate
tissue cells of the host, thereby causing sevareda. As gene expression of other virulence
factors are co-regulated with hyphal morphogenédiss been difficult to assess the degree
of contribution of hyphae in virulence (reviewed kymamoto and Vinces, 2005). However,
thehgcldeletion mutant generated by Zheng et al. (200dyvsld the importance of hyphae
in the infection process. DisruptiondfsC1(G1 cyclin gene) results in an impaired hyphal
development, but does not effect the expressidgheohypha-associated gerndd/P1 HYR1
andECEL This indicates thadGC1encodes not a regulator of hyphal gene expreskidgra
component of the hyphal formation machinery. figeldeletion mutants cause decreased
lethality in mice, supporting the fact that hyplaae indeed an important virulence factor.
Hyphal morphogenesis and co-regulation of viruleiactors is regulated by a number of
transcription factors, of whichUP1, NRG1 RFG1 EFG1andCPH1are the most well
characterised (Braun and Johnson, 1997; Murad,&tG1; Braun et al., 2001; Kadosh and
Johnson, 2001; Khalaf and Zitomer, 2001; Stol@tlet1997; Liu et al., 1994). Deletion
mutants lacking UP1, NRGlandRFG1show filamentous growth under non-filamentous
growth conditions, suggesting these transcriptamdrs act as repressors of hyphal growth
(Braun and Johnson, 1997; Murad et al., 2001; Bedwah., 2001; Kadosh and Johnson,
2001). In contrast, deletion &FG1or CPH1results in defective hypha formation, indicating
that they are positive regulators (Lo et al., 19%7¢louble nullefglcphlmutant is unable to
cause mortality in mice (Lo et al., 1997), showihgt EFG1andCPH1 play an important
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role in virulence. The disability to generate probgphae is probably not the only cause for
the avirulent phenotype of this strain. Severalligtsi revealed that Efgl regulates a large
number of genes, including several that are aswatiaith virulence (Lane et al., 2001;
Nantel et al, 2002; Sohn et al., 2003; Doedt e&l04; Harcus et al., 2004). Virulence
factors that are controlled by Efgl are for exantipéesecreted aspartic proteases (SAPS),
which may degrade host proteins in the extracellmlatrix (Naglik et al., 2003), and GPI-
modified adhesins such as Alslp, Als3p and Hwpflfley a role in adhesion to host tissue
(Hoyer et al., 1998; Sharkey et al., 1999; Fu ¢t28l02). These adhesins all@valbicans
cells to be tightly attached to host tissue céftisreby facilitating the hyphae to invade tissue
by mechanical force (Kumamoto and Vinces, 2005gr&stingly, deletion mutants that
constitutively grow in filaments show a reducedulence as well (reviewed by Gow et al.,
2002), indicating that hyphae are not the only ghofwrm that is important for virulence. The
ability of C. albicansto switch from the yeast to the hyphal form antewersa is probably
necessary to infect the host. As described above 113 Morphology) this transition is
induced under certain conditions, howeyeralbicansis also able to spontaneously switch
back and forth between two different phenotypess plhocess is called ‘phenotypic
switching’, which is a shift between a yeast fotrattgrows as smooth and white colonies on
agar media (white phase) and an elongated, roddike that grows as flattened grey
colonies (opaque phase) (Rikkerink et al., 198&téhenko et al., 1994; Slutsky et al., 1985,
1987; reviewed by Soll et al., 1993; Soll, 199#isIchange can influence several
characteristics such as physiological charactesistidhesion to host cells, virulence and the
immune response of the host (Soll, 1997).

1.4  The cell wall ofC. albicans

The cell wall of the bakers yedSacchromyces cerevisi@ias been extensively studied over
the years which has led to a substantial amoumfa@fmation about its molecular

organisation (reviewed by Orlean 1997; Lipke andi@y 1998; Cabib et al, 2001; Klis et al,
2002, 2006 Lesage and Bussey, 2006) Due to thissibeen designated as a standard model
for cell walls of other ascomycetous yeasts, mgtaslecies and even for basidiomycetous
fungi (reviewed by De Groot et al., 2005).

Four major functions for the yeast cell wall haveeib described: (1) The stabilisation of
osmotic conditions within the cell; the cell wadlsists the osmotic pressure from the cell,
which results in a restricted water influx that yeets disturbance of the internal reaction
conditions and a rupture of the plasma membraneP(@tection against mechanical stress;
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the sturdiness and high elasticity of the cell vadiérs the cell protection against mechanical
stress. (3) Cell shape maintenance; the cell walkeeded for morphogenesis, for example in
C. albicansthe cell wall contributes to the shape of yeatiscepseudohyphae, true hyphae
and chlamydospores. (4) The cell wall as a scaffotdoroteins; the polysaccharides in the
cell wall can be considered as a supporting franmkviar the heavily N- and O-glycosylated
proteins that can for example reduce the permégaloiithe cell wall, thereby protecting the

skeletal network of polysaccharides against foremgcromolecules (Klis et al., 2006).

1.4.1 Molecular organisation of the cell wall

Electron microscopic data showed tlsatcerevisiaeand C. albicanshave a bi-layered cell
wall, consisting of an electron-dense fibrillar @utayer and an underlying transparent inner
layer (Chaffin et al., 1998; Tokunaga et al., 19B@pa et al., 1989; Hagen et al., 2004,
Osumi, 1998). Pioneer studies on the cell walboterevisiagevealed that the fibrils can be
removed by protease, whereas the inner layer istaes against proteolytic activity and can
be only digested bf-glucanases (Kopecka et al., 1974; Zlotnik et B984). These data
showed that cell wall ofS. cerevisiaecontains a protein-rich upper layer covering a
polysaccharide inner layer. Similar data have balgiained with other ascomycetous yeasts
and mycelial fungi (reviewed by De Groot et al.02) Tokunaga et al. (1990) showed ¢r
albicans that the outer fibrillar layer could attach withet membrane of human buccal
epithelial cells, indicating the presence of adhegiroteins in the cell wall.

Further extensive biochemical analysis showed ttiatcell wall ofS. cerevisiaeonsists of
an elastic three-dimension@1,3-glucan network, which is kept together throunyldrogen
bonds. To this framework covalently linked proteamsl chitin are attached. Cell wall studies
later proved that the cell wall &. albicanshas a similar structure (Figure 1) (Klis et al.,
2001).
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Figure 1. Molecular organisation of the cell wall ofC. albicans.

The covalently linked cell wall proteins (CWPs) dam classified in two groups: the GPI-
CWPs and the CWPs with an alkali sensitive linkg&®L), which include the Pir proteins.
GPI-CWPs form the majority of the covalently linkedoteins. TheGPI r is a lipidless
remnant of the GPl-anchor. The arrows represerdogidic linkages and point from the
reducing end of a macro molecule to a non-redueirdjof an acceptor polysaccharide. For
the sake of clarity non-covalently linked proteare not shown (Adapted from Klis et al.,
2006).

1.4.2 Non-conventional cell wall-associated protesn

Several studies showed the association of glyaotizymes and other abundant cytosolic
proteins with the cell wall (Chaffin et al., 1998glgado et al., 2003; Edwards et al., 1999,
Motshwene et al., 2003; Urban et al., 2003). Tipsteins can be easily released by reducing
agents, like mercaptoethanol, which explains tice tfzat they are not identified in cell walls
washed with a hot solution of SDS aanercaptoethanol (De Groot et al., 2004; Yin et al.
2005)

The absence of glycosylation and an N-terminal algrg peptide indicates that these
proteins might be transported to the cell surfageabnon-conventional export pathway.
However, other possibilities that could explain ithpresence in the wall have to be
considered (reviewed by De Groot et al., 2005). &@mple, aging or damaged cells could

release cytosolic proteins that are —due to tledatively high isolectric point- able to bind to
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the large number of negatively charged phosphateps; which are present as phophodiester
bridges in N- and O- carbohydrate side chainsenceill wall.

1.4.3 Covalently linked cell wall proteins and glyasylation

Covalently linked cell wall proteins (CWPs) are rnhpsheavily glycosylated with
polysaccharides consisting of mannose moleculesirfard that are either N-linked or O-
linked. N-linked glycosylation is initiated hy-glucosidases | and Il amdt1,2-mannosidase
in the endoplasmatic reticulum (ER) generatingdhgosaccharide Ma®IcNag to which

an outer chain consisting of up to 150 mannoseluesiis attached in the Golgi (reviewed by
Cutler, 2001). O-linked glycosylation is performled proteinO-mannosyltransferases (Pmt
proteins) that are located in the ER where theglgse the addition of mannose to serine or
threonine residues (reviewed by Lengler et al.,8200n the Golgi, the chain is further
extended up to five mannose residues bydte2-mannosyltransferases Mntlp and Mnt2p
(reviewed by Ernst and Prill, 2001).

Due to its outer location, mannans are readily gas®ed by the host immune system and
therefore they are considered as the most impopatitogen-associated molecular patterns
(PAMPs) of C. albicans The pattern recognition receptors (PRRs) thatiavelved in
recognising mannan structures are the mannosetoed®pR), Toll-like receptor 4 (TLR4),
Toll like receptor 2 (TLR2), DC-SIGN and the decfirreceptor (reviewed by Netea et al.,
2008). After recognising mannan, the receptors éadgeveral signalling cascades that
primarily induce the expression of T helper 1 (THlpe cytokines, which confer protection
against disseminated. albicansinfections (Netea et al., 2006, 2008: Mencac@lgt1994).
Although less exposed to the outside than manragiisyvall structures such as glucan and

chitin are likely to play a role in the recognitiohC. albicans(Netea et al., 2008).

Types of covalently linked cell wall proteins

The covalently linked CWPs are divided in two grsuiive GPI-proteins and the Proteins
with internal repeats (Pir proteins) or alkali-géms linkage (ASL) cell wall proteins (Figure
1).

1.5  Alkali-sensitive linkage proteins

The PIR CWPs (protein with internal repeatspoterevisiaavere the first proteins found to
be linked through a mild-alkali-sensitive linkagethep-1,3-glucan network (Kandasamy et
al., 2000, Kapteyn et al., 1999, Kapteyn et alQ@®Mrsa et al., 1997 and Toh-e et al., 1993).
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Later their presence has been confirmed in theaadllof C. albicansand other
ascomycetous yeasts (Frieman et al., 2002, JaadaZ@eco, 2004, Kandasamy et al., 2000,
Kapteyn et al., 2000 and Weig et al., 2004). AtNheerminal part PIR proteins consist of a
pro-peptide that is cleaved off in Golgi appardiyshe serine proteinase Kex2p. Furthermore
they contain in the central part repeats thatiarein the amino acid glutamine. The C-
terminal region contains the so-called four-cystelomain, in which four cysteines with
fixed spacing are conserved.

During the last years, experimental evidence hasraalated that PIR proteins play a major
role in cell wall strengthening. I8. cerevisiaa strong upregulation of PIR genes was
observed during cell wall stre®oorsma et al., 2004, Garcia et al., 2004, Kaptyad.,

2000 and Lagorce et al., 200Beletion mutants of PIR genes$n cerevisiaandC. albicans
show a defective growth phenotype and are sensdigempounds that affect cell wall
assembly (Mrsa and Tanner, 1999; Martinez at @042 All PIR proteins are probably
linked tof3-1,3-glucan via their repetitive sequences, whickhown by the release of Pirdp in
S. cerevisiaédrom the cell wall after deleting its single reijfee sequence (Castillo et al.,
2003). Recently, it has been shown that Pirdptéched to the cell wall via a glutamine
residue at position 74 within this repetitive satee(QIGDGQ4VQ); Ecker et al., 2006). The
authors proposed that between yrearboxyl of a glutamate (originated from the gihatae

74 residue) and a sugar hydroxyl an extremely idiamisible ester-linkage might be formed.
As other PIR members . cerevisia@ndC. albicanscontain more repetitive sequences,
multiple linkages can be formed that interconneeesalp-1,3-glucan chains, which
enhances cell wall stability.

It has been recently reported that cells wallS .oferevisia@andC. albicanscontain proteins
that do not show homology to PIR proteins, but alsocovalently linked to the cell wall with
an alkali-sensitive bond (De Groot et al., 2004 ¥i al., 2005), for example, the engd-,3-

glucanase Scwilp @.albicans

1.6  Glycosylphosphatidylinositol modified (GPI) prdeins

GPI-proteins are present in lower as well as ghar eukaryotic organisms (Eisenhaber et
al., 2001). InC. albicansand other fungi they are linked to the plasma nramd or

covalently incorporated in the cell wall, in whittfey perform various functions that range
from cell wall assembly to virulence (De Groot bt 2005; Richard and Plaine, 2007). Nearly
all GPI-proteins share common regions in their angiaid sequence: a N-terminal

hydrophobic signal sequence which is needed faresen, a sequence that is rich in serine or
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threonine residues and a C-terminal hydrophobicadomwhich is cleaved off and replaced
with a GPIl-anchor, a lipid that resides in the galdematic reticulum. It should be noted that
not all GPI-proteins contain the serine/threoniok domain (Richard and Plaine, 200Me
length C-terminal hydrophobic domain normally varetween 15 or 30 amino acids, which
(Udenfriend and Kodukula, 1995) contains a cleasige(thecw site) to which the GPI-
anchor is attached. Thesite could be an asparagine, serine, glycinejraaaspartic acid or
cysteine residue followed by two amino acids whibrs side chains. Thigrregion is

followed by a spacer region of 4 to 24 amino adollewed by an hydrophobic tail of
approximately 10 amino acids (De Groot et al., 3003

In the last decade, large-scale comparative-gersosticlies of fungal GPI-proteins have been
made possible due to the availability of fungala@ee sequences. The prediction whether
proteins contain a GPIl-anchor addition is basedhamacteristics described aboMewever,
the lack of a strict definition for these charaistiges, leads often to an identification of a
different numbers of GPI-proteins.

Five prediction studies o@. albicansGPI-proteins have been described so far (Sundstrom
2002; De Groot et al., 2003; Eisenhaber et al.42@arcera et al., 2003; Richard and Plaine
2007). Sundstrom (2002) predicted 152 ORFs toobléng for GPI-anchored proteins,
however, these data were obtained from the incamglenome assembly 6. De Groot et al.,
Eisenhaber et al. and Garcera et al. used assd@lgd predicted 102, 104 and 169 GPI-
anchored proteins, respectively. In the study ehBid and Plaine (2007) the former three
data sets were combined which resulted in a lidtléf GPI-anchored proteins. Strikingly, the
number of putative GPI-proteins identified@n albicansis considerably higher than those
identified inS. cerevisiagwhich could be explained by the different grodrtims ofC.
albicansor its virulence traits.

Several studies showed that some GPI-proteissaarevisiaeandC. albicansundergo

further processing and are transported from thenppamembrane to the cell wall (Caro et al.,
1997). InS. cerevisia& has been shown that GPI-cell wall proteins (G®VPs) share
common sequence motifs. Two different siggegjuences for cell surface localizatiorsin
cerevisiaehave beesuggested: (1) the specific amino acid residudaeaisoleucine, or
leucine athe sitew4 or w5 upstream of the GPI-attachment site (thsite) with tyrosine or
asparagine at the site2 acting as a positive signal for cell wall lozalion and?2) the

dibasic residues, arginine and lysine, for instaircéne regiorupstream of theo-site for
plasma membrane localization (Vossen et al., 1B@Mmada et al., 199Richard and Plaine

(2007) applied these signal sequence algorithrtiseto predicted list of 115 GPI-anchored
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proteins ofC. albicansand additionally to a previously published list5& GPI-proteins o§.
cerevisiagCaro et al., 1997). This analysis showed thaptreentages of cell wall and
membrane-bound proteins are similar$orcerevisia@andC. albicans however, in case @.
albicans these predictions are not necessarily in accaalaith subsequent experimental
data. Foexample, Dfg5p contains several dibasic amino agidsream of thputativew-site,
which predicts its localisation in the plasma meaner However, it is reported that Dfg5p is
localized in the plasma membrane as well as ircéievall (Spreghini et al., 2003), which
indicates that this algorithm might be less suéédblt predicting the localisation of GPI-
proteins inC. albicansor that additional signals might be present.

The approximately 100 predicted GPI-proteins fi@énalbicanscan be classified in four
groups: (1) the proteins with putative functioniated to cell wall biogenesis or remodeling,
(2) the proteins with putative functions relateaédl-cell adhesion and interactions, (3) the
proteins with enzymatic activity and (4) the pragewith unknown functions. The latter
comprises the largest group, represerdimgut two-thirds of the total number predicted GPI-
anchored proteins. Due to their putative localsatt the cell surface several of these
proteins might be involved e.g in mediating adhesibC. albicansto host cells, which

would designate them as an important class ofemeg factors. Additionally, revealing their
unique function might explain the highly adaptivehbviour ofC. albicansin the host, with
respect to the immune response.

It is believed that GPI-proteins in eukaryotic selfe mainly located in the plasma membrane
and possibly many of them are retained or altevabtiare directed to other cell organelles. It
has been shown that GPI-proteins are presentithrifts, which are specialized regions of
the membrane bearing higher levels of cholesterdlsphingolipids. However, among 29
identified proteins in lipid rafts dE. albicans only two are GPIl-anchored (Insenser et al.,
2006), which is rather a small number compared vatts of higher eukaryotes (Sharom and
Lehto, 2002). This low variety of GPl-anchored pins$ is also found in lipid rafts of
Cryptococcus neoformargSiafakas et al., 2006), indicating that this phreana could be
particularly related with fungi.

GPI-CWPs have also been identified directly froolased cell walls fronC. albicans
exponential-phase yeast cells (De Groot et al.4p@y using liquid chromatography-tandem
mass spectrometry (LC/MS/MS) analysis, De Groail.ef2004) identified 14 cell wall
proteins, of which 12 are predicted to be GPIl-anetioln view of the approximate 100
computational predicted GPI-anchored proteins atwB0 to 50% are predicted to be linked

to the cell wall, this number is surprisingly lodthough some proteins might not be
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detected because their glycosylated tryptic peptidi out of the range of the MS-analysis,
the authors suggested that these 12 identifiedp&Reins represent almost all the covalently
linked proteins in the cell wall of exponential-gle&. albicansyeast cells. This view is
supported by several facts: (1) The method thatusad is sensitive enough to identify a
protein even when 500 molecules per cell wall aesgnt. (2) The number of identified
proteins did not increase when 100 times morevealls were used. (3) With SDS-PAGE
only a limited number of proteins could be visuadiswhich was also previously shown for
cell wall proteins of5. cerevisia¢Cappellaro et al., 1998; Mrsa et al., 1997, 1989) In the
different morphologies df. albicansonly a particular set of genes that encode GPteprs

is expressed, for example Hwplp, Hyrdpd Als3p are specific for the hyphal form (Bailey
et al., 1996; Hoyer et al., 1998; Staab et al. 9)9&hereas Pga24Birlp, and Cht2p are
yeast specific and repressed during hyphal groiwéntel et al., 2002 ; Sohn et al., 2003).
The proteins that were identified by De Groot aadworkers originated from cells that were
cultured at one particular temperature®@pPand in one type of medium; different types of
medium and temperatures or other host driven camgdicould induce an up-regulation of

other GPI-proteins.

1.6.1 The role of GPI-proteins in the virulence o€. albicans

As described above (i3 Virulence factors ofC. albicans) several extracellular GPI-
adhesins are allowin@. albicanscells to adhere to host tissue, suggesting thedeips are
associated with virulence. However, in most caisés difficult to determine whether GPI-
proteins are directly or indirectly involved in thréection process. Apart from systems
biology, transcription analysis and proteomics,ghenotypical analysis of gene deletion
mutants is one of the classical and most relialdthods to get insight in the function of a
protein. Richard and Plaine (2007) reported invéere that a total 28 deletion mutants exist
for genes encoding GPIl-anchored protein€.ialbicans of which 15 have been tested in
virulence assays. Within this group, 3 mutants veesrgirulent as their reference strain and 13
mutants showed a reduction in virulence, which iogtés the role of GPI-proteins in the
virulence ofC. albicans It should be noted that most of these GPI-prstanme not directly
involved in the infection process, but their abseimcthe deletion mutants leads to secondary
effects that contribute to a reduced virulence.thermajority of the GPI-proteins the

function is not known, however, at the time of wgt several laboratories around the world

are engaged in generating mutants and testingpghemotypes in virulence models. In the
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section below, we briefly describe a numbe€CotlbicansGPI-proteins of which the
respective deletion mutants are reported to bewted in virulence.

Phrlp, Phr2p, Crhllp, Utr2p and Ecm33p are protbaisare involved in the assembly and
modelling of the cell wall (Saporito-lrwin et aL995; Ghannoum et al., 1995; Muhlschlegel
and Fonzi, 1997; Pardini et al., 2006; Martinez-¢ppt al., 2004, 2006). These GPI-CWPs
are necessary for proper cell separation and dalefithe encoding genes mostly has an
effect on the ability of generating hyphae, whisleiucial for virulence. Moreover, these
mutants have a modified cell wall structure or cosifion, which might alter recognition by
the host immune system and could lead to a redvicgiénce.

One important characteristic that distinguis@eslbicansfrom other yeasts is that it is able
to tightly adhere with host tissue (Borg-Von Zepelnd Wagner, 1995). Adhesion®©f
albicanscells to host cells is the initial step in thesiction process, which is mainly mediated
by the GPI-CWPs of the Als (Agglutinin like sequesgprotein family and Hwplp (Hyphal
wall protein 1). The firsALSgene was described in 1995 as a homologue ofuabkex
agglutinin inS. cerevisiaéHoyer et al., 1995). The Als family comprises 8mbers (Hoyer,
2001), of which each exhibits the typical featuséa GPI-protein with in addition a central
domain that consists of 36-amino acid tandem repedbyer, 2001; Zhao et al., 2003).
Interestingly, there is a high variation in the raenof tandem repeats and the C-terminally
located VASES (valine, alanine, serine, glutamid and serine) repeats between alleles of
the samé\LSgene or in sequences of the saxh&gene among different strains. For
example, in 66 differert. albicansstrains 60 different forms &LS7were found, generating
49 different genotypes (Zhang et al., 2003). Addiailly, an analysis of the genotype data
revealed that more tandem repeats are preserg getiome of the strains that were more
pathogenic. Not only the repeats vanAinSgenes, in a study by Zhao et al. (2003) it was
shown for theALS9gene that its two alleles vary from each othéh&5’ part of the ORF.
The repeats in the genome could favour genetiafésty of domains, resulting in CWPs
with new functions (reviewed by Verstrepen et2004). It has been shown f8r cerevisiae
that the variation in intragenic repeats, which tiyasccurs in CWPs, alters the phenotypes in
different strains (Verstrepen et al., 2005). ihad unlikely that this is also the case r
albicans which provides an escape mechanism for the fuagasst the host immune
response. On protein level the structural divensithin the Als family was also confirmed
and these variations were likely to be respongin¢he functional diversity within the family
(Sheppard et al., 2004)
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Deletion mutants have been generateddtd®81(Fu et al., 2002)ALS3(Zhao et al. 2004),
ALS4(Zhao et al., 2005ALS7(Nobile et al., 2003)) and an attempt to disilipS2has been
made, however the gene seems to be essen@alaiicansviability (Zhao et al., 2005). The
alslandals3null mutants show a reduced adherence and virelendifferent kinds of
models (Fu et al., 2002; Zhao et al., 2004).&lsd mutant has a reduced ability to adhere but
its virulence is comparable to that of the wildey@hao et al., 2005), which shows the
redundancy of functions within thLSfamily. It should be noted that these phenotypes
might depend on the background strain that is usethe sequencesAELSgenes greatly
vary among different strains. Moreover, a singfenence strain can evolve differently from
laboratory to laboratory, creating an even moremarated scenario to interpret data from
phenotypical analyses.

The reduced virulence and adherence exhibiteddlts deletion mutants suggests the Als
protein family is involved in cell-cell adherené@ther studies confirm this assumption, for
example, Als5 expression 8 cerevisiaeesults in a higher binding capacity to variety of
substrates, such as extra-cellular matrix-coatedifiehuman buccal epithelial cells and
various peptide sequences (Gaur et al., 1999, 2102 et al., 2004). This binding activity
seems not to be solely localised to the N-termimahunoglobulin like region, but also
depends on the tandem repeats domain (Rauceo 2066k).

Als3p has shown to be important for adhesion aaglgph crucial role in biofilm development

(Nobile et al., 2006; Nobile and Mitchell, 20059hab et al., 2003). Recently, this protein was
discovered as the first fungal invasin that minfiost cell cadherins and induces endocytosis
of C. albicansby binding to N-cadherin on endothelial cells &idadherin on oral epithelial
cells (Phan et al., 2007).

Another GPI-CWP that plays a role in adhesion it which is exclusively expressed in
germ tubes and true hyphae (Staab et al., 1998K300Uhis protein is known as an
unconventional adhesin that shares sequence digslavith mammalian small proline-rich
proteins, thereby mimicking human transglutamirmgsstrates. Due to this, covalent bonds
are established that enable stable attachment&éetiie germ tubes 6f albicansand the

host cells (Staab et al., 1999).

An important virulence factor df. albicansis its extracellular proteolytic activity, which i
produced by 10 members of the Sap family. In caht@athe secreted Saplp-Sap6p, which
degrade host proteins and cause tissue damagekdtagl., 2003), the GPIl-anchored Sap9p
and Sapl0p seem to target fungal cell surfaceipstBeletion ofSAP9andSAP10causes
misprocessing of. albicansCWPs, resulting in sensitivity against compouridd target the
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cell wall and an attenuated virulence in a modearaf candidosis. Furthermore, thap10

null mutant exhibits a reduced adhesion to bugaoihelial cells, whereas deletion 8AP9
resulted in an increased adhesion (Albrecht e2@0g).

Another protein family with enzymatic activity isé phospholipase B family (Plb),that
consists of 5 members of which Plb3p, Plb4p an&@Hre predicted to be GPIl-anchored.
PLB5expression is increased in hyphal growth condétiand deletion of the gene results in a
reduced organ colonisation in a mice model. Dunfigction, secreted and cell surface linked
Plbs are likely to come in close contact with lestue cells and therefore they could be
involved in the degradation of host cell membrafid®iss et al., 2006).

In order to proliferate during a systemic infectidnalbicansneeds to acquire several
nutrients, including iron. Iron acquisition play&ey role in the infection process and
therefore it is a major virulence factor. The twghhy homologues GPI-proteins Rbt5p and
Rbt51p (PgalOp) are upregulated during iron stemwatnd deletion of thRBT5gene leads

to a reduced ability of. albicansto use haemin and haemoglobin as iron sourceshwhi
suggests Rbt5p is involved in iron uptake (Weismamth Kornitzer, 2004).

While residing in the hos€. albicanscan encounter an oxidative burst from phagocytes,
which consists of several reactive oxygen spetiasreact with cellular components. This
leads to inactivation of enzymes, to disruptioom&mbranes, to mutations, and ultimately to
cell death (Halliwell and Gutteridge, 1990 and 19%®wever,C. albicansprotects itself

with superoxide dismutases (SOD) that detoxify ¢hemctive oxygen species. Mutants
lacking the GPI-protein Sod5p (Pga3p) are moreisem$o hydrogen peroxide and exhibit a
reduction in virulence in mice (Martchenko et 2D04).

The function of the hyphal regulated GPI-proteins and Rbtlpemains unclear, as the
respective deletion mutants do not show phenoty/diffarences compared with the wild
type (Bailey et al., 1996; Braun et al., 2000).

1.7  The Predicted GPl-anchored protein 29 (Pga29p)

ThePGA29gene was initially discovered in a transcriptiomlgsis, in which 6333 open
reading frames were investigated for differentiethg expression between the yeast and
hyphal form ofC. albicans(Nantel et al., 2002PGA29was identified as one of the genes
being most strongly downregulated Gyalbicansduring its transition from yeast to hyphae
and consequently it was designated as ‘Repressetyddyphae Development 3RHD3

Nantel et al., 2002). Nantel and co-workers nobed this gene encodes a putative membrane

protein which is rich in serine residues. This wasfirmed one year later by De Groot et al.
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(2003) who identified Pga29p in a genome-wide asialip predict GPI-proteins, which
indicated the protein is localized at the cell anef and is linked to the plasma membrane
and/or cell wall ofC. albicans With the aid of mass spectrometry, the preseh&ga29p in
isolated cell walls of exponential-phase yeassostis proven (De Groot et al., 2004). The
study revealed detailed information about the Mateal signal cleavage peptidase site for
Pga29p and SDS-PAGE showed that the protein isdamily present in yeast cell walls (De
Groot et al., 2004). Pga29p is small in size (theracessed protein consists of 204 amino
acids) and does not contain conserved domains amino acid sequence. De Groot and co-
workers (2004) reported that it might be needeahamntain the rigidity of the cell wall, which
is supported by the fact thRGA29is among the genes that are highly expressed in
protoplasts that regenerate their cell wall (Clasét al., 2006). In the literature Pga29p has
not been classified as a putative virulence faotd@@. albicans probably because its
expression is low in iron depleted (Lan et al.,£20&s well as in hyphal stimulating
conditions (Nantel et al., 2002), both of which em@wn to particularly induce the expression

of genes encoding virulence factors.

1.8  Aim of the study

Although our knowledge about the pathogenicitohlbicanson molecular level has been
considerably increasing over the last decade,tbetestrategy by which this fungal pathogen
infects humans remains unclear. In order to subabsgroliferate in the hosiC. albicans
needs an ample of genes that are either direcilydmectly related with virulence. Several of
these genes encode GPI-proteins that reside ipldlsena membrane and/or cell wall and are
therefore exposed to the extracellular environmafdywing them to contact host tissue
during infection. The function of approximately ttlurds of the predicted GPI-proteins is
still unknown. Though transcript profiling studigise researchers hints, speculating about
their putative function is often difficult becauskthe lack of functional homologs in other
fungal species. It is believed that a number af¢h@PI-proteins are involved in virulence
and therefore their characterisation will answpa# of the remaining questions concerning
the pathogenesis @f. albicans.

In this study we characterised Pga29p, an abur@BrCWP that belongs to the group of
GPI-proteins with unknown function. We generateti-Bga29p polyclonal antibodies with
which we studied the type of linkage through whda29p is connected to the cell wall and
the Pga29p incorporation in the cell wall@falbicanscells that had grown in different
conditions. Further analysis was carried out byiriggdouble deletion mutants in several
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phenotypic assays, including virulence models.Harmore, we attempted to obtain

information about the role of this protein in theshimmune response.
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2. Methods

2.1 Chemicals

Chemicals were purchased from Roth (Karlsruhe, @agy) Merck (Darmstadt, Germany),

Sigma Aldrich (Minchen, Germany). Media to cult@realbicanswere purchased from

Qbiogene and Difco (Merck) and cell culture medeevpurchased from Biochrom (Berlin,

Germany).

2.2  Kits, plasmids and enzymes

Enzymes and kits were purchased from Invitrogems(®&ga UK), New England Biolabs
(Ipswich, MA, USA), Novagen (Darmstadt, Germanyjpriega (Madison, WI, USA), Q-
biogene (Irvine, CA, USA), Qiagen (Hilden Germarigche Molecular Diagnostics

(Pleasanton, CA, USA) and Stratagene (Cedar Ciie€kUSA).

Table 1. Plasmids

Plasmids used in this study
pSTblue-1

pQE30

pQE30PGA29
pRS-ARG4ASpel
PGEM-HIS1

Clp10

Clpl0PGA29

Table 2. Enzymes

Enzymes used in this study

Restriction enzymes

Taqg DNA polymerase

KOD hot start DNA polymerase

Reverse transcriptase

Shrimp alkaline phosphatase

DNA Quick ligase

Quantazynylg™ ( recombinanf-1,3-glucanase)

Recombinan-1,6-glucanase

Source
Novagen, Darmstadt
Qiagen, Hilden
This study
Wilson et al. (1999)
Wilson et al. (1999)
Murad et al. (2000)
This study

Source
New England Biolabs
Roche
Novagen
Qiagen, Invitrogen
Roche
New England Biolabs
Q-biogene
Bom et al., 1998
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2.3 Table 3. Media used in this study

Media Components

LB * 59/l tryptone, 10 g/l yeast extract, 5 g/l NaCl
YPD * 10 g/l yeast extract, 20 g/l peptone, 20 g/l gleac
YNB * 6.7 g/l yeast nitrogen base (without amino acig

with (NH4).SQy), 20 g/l glucose

Sv

Sabouraud *

Purchased from Oxid

Limited iron medium (LIM, filter sterilised) *

1.9/l yeast nitrogen base without copper and
iron ions, 0.79 g/l complete supplement mixtur
209/l glucose, 5 g/l (NSO, 0.25 mM CuSO4
and supplemented with 100 mM of
bathophenanthroline disulphonic acid (Sigma
Chemical Co.).

Modified Lee (filter sterilised)

35.7 g/l Hepes, 0.07 g/l arginine, Qi1
ZnSQx7H,0, 1uM FeCk, 0.2 g/l MgC}, 0.25
UM CuSQ, 0.147 g/l CaGl pH 4.5 or pH 6.7

SB (N-acetylglucosamine, filter sterilised)

3.3baj YNB without amino acids, with
ammonium sulphate, 4.5 g/l NaCl. With 1.1513
g/l L-Proline (10mM) or 0.553 g/l N-

acetylglucosamine (2.5 mM)

3

Rice-Tween-agar *

25 g/l rice, 1% (v/v) Tween 80

>

Spider * 10 g/l Nutrient Broth, 10 g/l mannitol, 2 g/l
K HPQO,.

mDC High glucose DMEM with glutamine
supplemented with 10% FCS, 100 U/ml
penicillin, 200ug/ml streptomycin and 5-10% X
conditioned medium as a source of GM-CSF.

D-MEM For adhesion assay: DMEM supplemented wit
1 mM sodium pyruvate and 1% gentamycin.

RPMI RPMI-1640

Modified RPMI RPMI-1640 w glutamine w/o bicarbona2®

mM HEPES, 0.02% Bovine Serum Albumin
(BSA), 20 mM Glucose, 10 mM NaOH, 20

pg/ml uridine.

*(In case of solid media: 2% agar, for spider medim 1.35%)
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2.4 Table 4.C. albicans strains used in this study

Strain Genotype Parental Reference
strain
SC5h314 wild type -- Gillum et al.
(1984)

BWP17 dura3::Aimm4344ura3::Aimm434 | SC5314 Wilson et al.
his1::hisG/his1::hisG (1999)
arg4::hisG/arg4::hisG

Apga2iipga29 Apga294pga?29, BWP17 This study
pga29::HIS1/pga29::ARGA4,
rpl0::URA3

4pga294pga29/PGA29 | Apga294pga29, BWP17 This study
pga29::HIS1/pga29::ARG4,
rpl0::PGA29-URA3

Apmtlpmtl Apmtl::hisG Apmtl::hisG CAIl4 (Fonzi | Prill et al.
Aura3::Aimm434/URA3 and Irwin, (2005)

1993)

Apmt2/PMT2 Apmt2::hisG/PMT24ura3:: CAl4 Prill et al.
Aimm434/URA3 (2005)

Apmtdidpmt4d dpmt4::hisGApmt4::hisG4ura3:: CAl4 Prill et al.
Aimm434/URA3 (2005)

Apmt5pmt5 Apmt5::hisGA pmt5::hisG CAl4 Prill et al.
Aura3::Aimm434/URA3 (2005)

Apmt6Apmt6 Apmt6::hisGApmt6::hisG CAl4 Prill et al.
Aura3::Aimm434/URA3 (2005)

defglidefgl Aura3:Aimma344ura3: Aiimm434 | CAl4 Lo et al.
efgl:hisG/efgl:hisG-URA3-hisG (2997)

defglitefgl cphl:hisGcphl:hisG CAl4 Lo et al.

Acphlécphl efgl:hisGdefgl:hisGURA3 (1997)

hisG
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Table 5.E. coli strains used in this study

Strain

Genotype

Source

DHb5a

F end Al hsd R17,{r m/) sup
E44 thi-1 Trec A1 gyr A96 rel
AlA(arg F lac ZYA) U 169
y80 A laczaM15

Qiagen, Hilden, Germany

M15 with plasmid pREP4 | F'proA'B" lacl® A(lacZ)M15

zzf::Trl0(Tef)/ fhuA2 ginv
A(lac-proAB) thi-14(hsdS-
mcrB)5

Qiagen, Hilden, Germany

NovaBlue Singles™ endAl hsdR1{, m’) supE44

thi-1 recAl gyrA96 relAl lac
F[proA'B" lacl’Z A
M15::Tn10] (Tefd)

Novagen, Darmstadt,

Germany

XL1-Blue supercompetent | recAl endAl gyrA96 thi-1

Stratagene, La Jolla, CA

cells hsdR17 supE44 relAl I§E”
proAB lacgZAM15Tn10
(Tetr)]

2.5 Primers that were used in this study

Table 6. Primers used for recombinant expression &#GA29 in E. coli

Primer name
ExCaPGA31-F
ExCaPGA31-R
PGA29-pm-F
PGA29-pm-R
PGA29-pm2-F
PGA29-pm2-R

Primer sequence

Localisation (in bp

CGGCGGATCCACCATCTCATCCATTCAATTATTTGCC 4472
GCGCAAGCTTACCTTCAAAGTTGGAAACAGAGGC 52355

CCGTTAGACAATTGTTCACTTTGGGTGGTG

CACCACCCAAAGTGAACAATTGTCTAACGG
CCGTTAGACAATCGTTCACTTTGGGTGGTG
CACCACCCAAAGTGAACGATTGTCTAACGG

227-256
227-256

227-256
227-256
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Table 7. Primers used to generate digoxigenin PCR@bes (Northern blot experiments)

Primer name
ActlF-RT
ActlR-RT
Pga29F-RT
Pga29R-RT
PGA30F-RT
PGA30R-RT
PGA31F-RT
PGA31R-RT

Primer sequence
ATGAAGCCCAATCCAAAAGAGGTA
GAAATCCAAAGCAACGTAACACAA
TCTGCTCTTGCTACCATCTCATCC
AGCAACAACAGCAGCCATACCA
CAAAACATACTGAAGCTCCAACTA
AATAGCAGCAGCAGCAAGAG
TAAAGGTGGTGATGGTGCTATTCC
ACCACCAGTGAGGGCGTTAG

Localisation (in bp)
122-145
601-624

34-57

579-600

491-514

800-819

597-620

995-1014

Table 8. Primers used for PCR based transformatioiiCapital letters represent the sequence of

the untranslated region ofPGA29)

Primer name
PGA31pGEM-F

PGA31pGEM-R

Primer sequence

TTAGTTCATTATAACAAAAAAACAAATTA
GTTATACCCATCAAATCAAACgttttcccagtcacgacgtt

TAGAATTAAAAGTCCGCAACGGATACATA
ATTAGTCTTGCTCTTGCTTTAtgtggaattgtgagcggata

Table 9. Primers used to generate theGA29 PCR product for complementation, to verify

mutants with PCR and to generate digoxigenin PCR mrbes (Southern blot)

Primer name
Kompl-PGA29-F
Kompl-PGA29-R
PGA29-F

HIS-R

HIS-F

PGA29-R
ARG4-R
ARGA4-F
RP10-1F
Clp10.2-R
PGA29-best-knk-F
URAS-F
RP10-3R
URAS3-R
ARGA4-S-F
ARG4-S-R

Primer sequence
gtcgacACAAATGGGTTCGGCTTCTT

acgcgtATTCTGACCGTTGTTGCCACTT

ATAGTGGTGGTGGAGGAGAACAA
GGACGATTATATTGACCATTTCTG
GAGTGGTGCCGATATACAGTTTAG
CCAACTTTGCGTGAGACCA
CCACAAAAGAAAAACCCTGACTCA
CCATTCTTGTCTGATTTGTTCTAA
TTTTAGGGGCAATCAGCAACATA
TGGAAAGCGGGCAGTGAG
GAAGTGGCAACAACGGTCAGA

CCTCACCAGTAGCACAACGAT
AATTTCCTGACTTTCTGTATCTA
TGTCATAATAAGCCAATCAAATCC
TGAGTCAGGGTTTTTCTTTTGTGG
TTAGAACAAATCAGACAAGAATGG

Localisation (in bp)
-898--878
+46486!

-827--804

605-628

87-110

+322-+341

874-897

217-240

-861--838

3175-3192
+364 -+385

47-67

+372-+395

592-615
874-897
217-240
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Table 10. RT-PCR primers used in infected RHE expément

Primer name
GAPDH-F
GAPDH-R
GM-CSF-F
GM-CSF-R
TNF-a-F
TNF-a-R
IL-1a-F
IL-1a-R
IL-1B-F
IL-1B-R
IL-6-F
IL-6-R
IL-8-F
IL-8-R

Primer sequence
GCACCACCAACTGCTTAGCACC
GTCTGAGTGTGGCAGGGACTC
GTGGCCTGCAGCATCTCTGCAC
CCTGGACTGGCTCCCAGCAGTC
GGGACCTCTCTCTAATCAGCCCTCTGG
GACGGCGATGCGGCTGATGG
CACTCCATGAAGGCTGCATGG
ACCCAGTAGTCTTGCTTTGTGG
CGATCACTGAACTGCACGCTCCG
GGTGAAGTCAGTTATATCCTGGCCG
CACAGACAGCCACTCACCTC
TTTCTCCGTGACCGTCTTTT
GCAGCTCTGTGTGAAGGTGCAG
GCATCTGGCAACCCTACAACAG

Table 11. RT-PCR Primers used in Candida- mDC intesiction assay

Primer name
ACT1-F
ACT-R
IFN-B-F
IFN-B-R
IFN-y-F
IFN-y-R
IL-10-F
IL-10-R
IL-12-F
IL-12-R
TNF-a-F
TNF-a-R

Primer sequence
GGTCATCACTATTGGCAACG
TCCATACCCAAGAAGGAAGG
TCAGAATGAGTGGTGGTTGC
GACCTTTCAAATGCAGTAGATTCA
TCAAGTGGCATAGATGTGGAAGAA
TGGCTCTGCAGGATTTTCATG
GGTTGCCAAGCCTTATCGGA
ACCTGCTCCACTGCCTTGCT
GGAAGCACGGCAGCAGAATA
AACTTGAGGGAGAAGTAGGAATGG
CAAAATTCGAGTGACAAGCCTG
GAGATCCATGCCGTTGGC

2.6  Basic Local Alignment Search Tool (BLAST)

To find homologs of Pga29p, the Pga29p protein secgl was used to search against the
NCBI database (http://blast.ncbi.nlm.nih.gov/Blegi), the FGICandidadatabase
(http://www.broad.mit.edu/annotation/genome/candgtaup/Blast.html) and théandida

dubliniensisdata base (http://www.genedb.org/genedb/cdublamsén
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2.7  Anti-Pga29p polyclonal antibodies

2.7.1 Cloning ofPGA29 in the pQE30 expression vector

The coding sequence BIGA29extending from codon 15 (at the signal cleavags) sit

codon 182 (before the predicted GPI-anchoring srees amplified with primers
ExCaPGA31-F and ExCaPGA31-R (Table 8). The amplas cloned as BamHHIHindlll
PCR fragment in the pQE30 vector, thereby geneygd@E30PGA29 In this way the ORF
included of a polyhistidine tag, which was neceg$air Ni-purification.C. albicansdoes not
follow the universal codon usage, for it transldtesleucine-specific CTG codon in a serine.
Because the CTG codon at position 193 is transkdducine irkE. coli, we introduced two
point mutations, using the primers PGA29-pm-F aGAP9-pm-R (Table 6) for the first
point mutation and the primers PGA29-pm2-F and P&p&2-R (Table 6) for the second
point mutation.unsing the QuickChange Il Site-dieelcmutagenesis kit (Stratagene). The
point mutations were confirmed by restriction as&ywith enzymévfel and by sequencing.
The pQE30PGA29vector was transformed in tle coli strain M15 and recombinant Pga29p

was isolated and purified under denatured condit{@8nVl urea).

2.7.2 PGA29 overexpression and purification

An overnight culture oE. coliM15 (with pREP4) with the pQE3RGA29vector was 50
times diluted in 1 liter LB broth containing 19@/ml ampicillin and 251g/ml kanamycin.

The culture was incubated at°®7with vigorous shaking until an optical density680 nm
(ODgpg) of 0.6 was reache®GA29expression was induced by adding IPTG to a final
concentration of 1 mM and the culture was furtimeubated for 5 hours. Cells were harvested
by centrifugation at 400@) for 20 min and were frozen with liquid nitrogdrhe cell pellet
was thawed on ice and cells were lysed by resuspgtizdem in buffer B (5 ml per gram wet
weight), which contains 100 mM NaPiO,, 10 mM Tris-Cl, 8 M urea, pH 8.0. The cells were
gently shaken for 1 hr at room temperature andespently the lysate was centrifuged at
10,000¢g for 30 min in order to pellet the cellular debii$ie supernatant was collected in 50
ml tubes and 1 ml of 50% Ni-NTA resin slurry waslad to 4 ml lysate. This mixture was
gently shaken for 1 hr at room temperature andesyuEntly loaded in empty columns. After
the flow-through was collected the Ni-NTA resin wa® times washed with 4 ml buffer C,
which contains 100 mM NaiRO,, 10 mM Tris-Cl, 8 M urea, pH 6.3. Recombinant F3ja2
was eluted from the Ni-NTA resin by adding 4 tinGeS ml buffer D (100 mM NakPO,, 10
mM Tris-Cl, 8 M urea, pH 5.9) followed by additioh 4 times 0.5 ml buffer E (100 mM
NaH,PO;, 10 mM Tris-Cl, 8 M urea, pH 4.5).
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2.7.3 Generation of anti-Pga29p polyclonal antibods.

Recombinant Pga29p was dialysed 3 times againsipplate-buffered saline (PBS) in order to
decrease the urea concentration. The immunisatmsegdure was performed by a commercial
company (Eurogentec, Liege, Belgium). Two New Zedle/hite rabbits were immunised
with the 200ug protein on day 0, 14, 28 and 50. On day 65 thbitewere sacrificed and
serum was collected. The serum was tested folRgaR9p activity by using immuno-blotting
with recombinant Pga29p and HF-pyridine cell watract as antigens.

2.8  Cell wall extraction, digestion and immuno blotnalysis

2.8.1 Cell wall isolation

For cell wall isolation we used a method that wexgetbped in the laboratory of Frans Klis
from the university of Amsterdam (De Groot et 2004). An overnight culture was diluted
up to an Olgyp of 0.1 in 300 ml YPD medium. The cells were hatedsn the mid-
exponential growth phase (@f3 = 2.0) with centrifugation for 10 min at 40€09at £C. The
cells were one time washed with 200 ml of distiNeater and centrifuged for 10 min at
4000xg at £C. Then the cell were washed in 200 ml of 10 mMs-HICI, pH 75 and
centrifuged for 10 min at 408Q at £C. In order to weaken the cells, cell pellets wiesgen

in liquid nitrogen and subsequently thawed. Thémalets were resuspended in 10 mM Tris-
HCI, pH 75 and divided over 6 screw-cap tubes. flibes were centrifuged for 1 min at
9000xg. After the supernatant was discarded, the céitgavere resuspended in 2(i010

mM Tris-HCI, pH 75. Cold glass beads with a diamefeapproximately 500 nm (Sartorius,
Gottingen, Germany) were added to the cells an@xbess of dry beads was discarded. In
total 30ul protease inhibitor was added to the cellsl(per tube). The tubes were cooled
down on ice and then transferred into the Fast Rrvaghine (Fastprep FP120, Biol101,
Savant). To break the cells the samples were sHak&® sec at speed 6 and were
subsequently transferred on ice. After 5 min capbn ice, the tubes were shaken again for
20 sec at speed 6. The samples were transferrieg @amd 1 M of ice-cold NaCl was added to
inhibit protease activity. The content of the tules collected in a 50 ml tube and the
supernatant was transferred in a second 50 ml Titleeremaining glass beads in the first tube
were six times washed by shaking vigoursly with|5frl M NaCl. After every washing step
the supernatant was collected in the second 5@Imel. fThis tube was centrifuged for 10 min
at 400&g and the cell wall pellet was one time washed withml of 1 M NaCl and two

times with 40 ml of distilled water. The cell wakllets were resuspended in 5 ml of distilled

water and was divided over 5 eppendorf tubes of. Zhe tubes were centrifuged for 5 min
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at 20,00&g. The pellets were resuspended in 1 ml SDS exirabuffer of pH 7.8 which
contains 50 mM Tris-HCI, 100 mM EDTA, 2% SDS and 10M 3-mercapto-ethanol. The
samples were boiled in a hot block for 5 min anossguently cooled down at room
temperature for 5 min. The samples were centrifiged min at 20,000g. Resuspending
and boiling the samples in SDS extraction buffes teo times repeated. Then the samples
were three times thoroughly washed in 1.5 ml destilvater. The cell wall pellets were
frozen in liquid nitrogen and freeze-dried overnigha freeze dryer (Edwards). After freeze-

drying the dry-weight of the cell wall pellets wastermined.

2.8.2 Cell wall digestions with enzymes and chemisa

For each cell wall digestion we routinely used 4ohgry-weight cell wall. In case of double
treatmentsf§-1,3-glucanase and subsequeftly,6-glucanase @-1,6-glucanase and
subsequently NaOH) 8 mg cell wall was used.

For3-1,3-glucanase digestion, cell walls were resuspetdn 20Qu 50 mM Tris-HCL, pH
7.4, 0.7ul B-mercapto-ethanol andé Quantazyme. Cell walls were incubated atGand
were shaken in an Eppendorf shaker at 850 rpmada of a second treatment Wi, 6-
glucanase, the supernatant was dialysed (Spec#tondtories, Canada, 3500 kDa MWCO)
overnight in 4 | of distilled water and subsequgittéeze-dried.

For3-1,6-glucanase digestion, cell walls were resuspeia 200ul Na,HPO, at pH 5.5, 2ul
protease inhibitor, 2,al B-1,6-glucanase. Cell walls were incubated &C3&nd were shaken
in an Eppendorf shaker at 850 rpm. Prior to a set¢atment with NaOH, cell walls were
two times boiled in SDS extraction buffer and thtieees washed in distilled water followed
by freeze-drying overnight.

Besided3-1,6-glucanase digestion a second method was adéxttate GPI-proteins from
the cell wall. Cell walls were resuspendend in BDBydrogen fluoride pyridine (HF-
pyridine, Fluka) and were incubated for three hrsoe. The samples were gently mixed
every 30 min. In order to quench the HF-pyridin@Q Bl of distilled water was added to the
samples. The samples were further diluted withnil.4f distilled water and were transferred
to a dialysis tube. Dialysis was done overnightireggalistilled water. In order to dialyse
efficiently, the water was changed several timas tihre samples obtained an appropriate pH
value. Samples were collected in 14 ml tubes (@r¢iand centrifuged at 408Q. The

supernatant was used for immuno-blot analysis.
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For mild alkali treatment cell walls were resuspamdlin 91ul of ice-cold 30 mM NaOH
solution and were incubated &Clovernight. The samples were neutralized by adtiogyul

of ice-cold 30 mM acetic acid.

2.8.3 Immuno-blot analysis

Three times Laemmli sample buffer pH 8.9 was add¢d1,3-glucanasg3-1,6-glucanase
and NaOH cell wall protein extracts and were heatelDOC for 5 minutes. After cooling
down at room temperature, samples were centrifag@0,00&g in order to pellet the cell
walls. For SDS-PAGE analysis g0 of the supernatant was loaded per lane, whigugigl to
the amount of protein released from 0.4 mg dry-Wweaogll walls. The proteins were
separated on 11% polyacrylamide gels with Laemuiffis and were transferred overnight to
polyvinylidene difluoride membranes.

To enhance specificity of Pga29p detection, mendwavere treated with 50 mM periodic
acid, 100 mM sodium acetate at room temperatur8@onin with shaking. This treatment
was not performed for membranes that would beddeaith Concanavalin A (Con A)
antibodies. The membranes were washed in PBS forid@nd were subsequently blocked
for 1 hour with a solution 5% skim milk powder iB8 pH 7.2 (for Con A antibody
treatment: blocking was performed in 3 % (w/v) B&ANM CaCiand 2.5 mM MnGlin

PBS pH 6.8). Membranes were incubated for 1-2 $waith anti-Pga29p polyclonal
antibodies (1000 times diluted) or with Con A antes in blocking buffer, were
subsequently washed three times in PBS and wenbated for 2 hours with Goat-Anti-
Rabbit-Peroxidase antibodies in blocking buffer $econdary antibody is needed for
membranes treated with Con A antibodies, for tla@edabelled with peroxidase).
Membranes were washed for 4 times in PBS and wetédated for 1 min with ECL
solutions (GE Healthcare, Buckinghamshire, UK).Higrformance chemiluminescence
films (GE Healthcare, Buckinghamshire, UK) were @sgd for 2, 5 and 10 min. Differences
in expression between the samples were determintbdhve program ScanPack 3.0 (Grus and

Nuske, Aachen, Germany).
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2.9 PGA29 expression in hyphae

2.9.1 RNA isolation fromC. albicans

An overnight culture was diluted up to an §gof 0.1 in 20 ml YPD medium. The cells were
harvested at an Q) of 1 or further incubated at 3Z with 10% fetal calf serum (FCS) for
15 min, 30 min or 45 min. The samples were cergatufor 5 min at 400€q at £C.

The cell pellets were resuspended in 1 ml DEPC4veatd transferred to 2 ml eppendorf
tubes. The samples were centrifuged for 1 min 4@Bg and the pellets were resuspended
in 600l TES, which contains 10 mM Tris-HCI pH 7.5, 10 niADTA and 0.5% SDS. To

this 600pul acidic phenol were added followed by 20 sec ataxing. The samples were
incubated for 60 min at 88 and were vortexed every 15 min for 10 sec. Thertubes were
incubated for exactly 10 sec in a mixture of ethamal dry-ice and were subsequently
centrifuged for 10 min at 20,089. Five hundreqlll of the water phase were collected in new
tubes and 500l acidic phenol were added. The samples were vediésr 10 sec and
incubated for 10 sec in a mixture of ethanol andicde. Then the samples were centrifuged
for 10 min at 20,000y and subsequently 4Q0 of the water phase were collected in a new
tube. To this 40Qul neutral phenol/chloroform/isoamylalcohol (25:24wlere added,

followed by 10 sec of vortexing. The samples wenaticfuged for 10 min at 20,08 and
300ul of the water phase were collected in a new t&MA was precipitated with 3@l of 3

M sodium acetate pH 5.2 and 7l0100% ethanol. The samples were gently mixed aggkw
incubated for 5 min in a mixture of ethanol and-i®. To collect the RNA the samples were
centrifuged for 10 min at 20,089 and were subsequently washed in gDOf 70% ethanol.
The RNA pellets were air-dried and dissolved inib0f DEPC-water. The concentration of

the RNA was measured spectrophotometrically atriz60

2.9.2 Northern blot analysis

For Northern blot analysis we used|2) RNA per sample, which was dissolved in .20
DEPC-water. To the samples RNA sample buffer was added, which containeMOPS
buffer, 5<blue juice loading dye, 5.7% formaldehyde and 30t8fthamide. Then the
samples were incubated at’65for 10 min and were cooled on ice for 5 min. Thenples
were loaded on a 1.2% agarose gel (150 ml), whoctiained ¥MOPS buffer and 2.7 ml of
37% formaldehyde. Electrophoresis was performdgbat in IxMOPS buffer. Prior to
blotting, the gels were two times washed for 20 mig50 ml DEPC-water in order to

remove the formaldehyde. RNA was transferred fohrston a nylon-membrane (Hybond-
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N+, GE Healthcare) with a 23SC solution. After transferring the RNA, the meartas

were washed in 8SSC and UV-treated with 700 kJ for 30 sec (Hoef¢C500 UV
Crosslinker, MA, USA) in order to cross-link the RNob the membranes. The membranes
were incubated for 1 to 2 hrs at°@in prehybridisation solution, which contained 50%
formamide, &SSC, %Denhardts reagent, 0.5% SDS and fui§hering sperm DNA (5 min
boiled prior to adding). Five to 3@ of the digoxygenin PCR probeBGA29 PGA3Q
PGA31andACTZ for primer sequences see Table 7.) were dilutekdDul water and boiled
for 5 min followed by the addition of 1Q@ of formamide. The probes were incubated on ice
for 5 min and were subsequently added to the pratightion solution. After an overnight
incubation at 42C, the membranes were washed two times for 20 rd@°& in 200 ml
washing buffer containingXx5SC and 0.5% SDS. Then the membranes were washed tw
times for 30 min at 6% in a washing buffer containing &2SC and 0.5% SDS. The
membranes were equilibrated for 1 min in washini@eowhich contained 0.1 M maleic acid,
0.15 M sodium chloride and 0.2% Tween pH 7.5. Tleentoranes were incubated for 1 to 2
hrs with a blocking buffer which was produced d®fes: 5 g of milk powder was dissolved
in 20 ml distilled water. Then 1 M of sodium hydide& solution was added and the mixture
was heated till a light brownish color appearece $blution was cooled down and 5 ml of 1
M maleic acid was added, resulting in a final coniction of 50 mM maleic acid. Under
constant stirring the solution was titrated witMHCI to a pH of 8.0. To remove precipitated
caseine, the solution was centrifuged at 4@0&nd the supernatant was collected.

After blocking, the membranes were incubated wititcking buffer and 1Qul of anti-
digoxigenin-POD Fab fragments (Roche) per 10 mtkilogy buffer was added. After 1 hr of
incubation, the membranes were two times washddwashing buffer which contained 0.1
M maleic acid, 0.15 M sodium chloride and 0.2% Tweél 7.5. Then the membranes were
briefly washed in one time PBS, pH 7.2 and werelated for 1 min with ECL solutions
(GE Healthcare). Exposure times to high performaesniluminescence films (GE
Healthcare, Buckinghamshire, UK) ranged from 20 toit6 hrs.

2.10 PGA29 deletion

2.10.1 Generation of gene disruption cassettes

To knock-out both alleles ®#GA29 gene disruption cassettes were generated by BB u
the primers PGA31pGEM-F and PGA31pGEM-R (Tabler@g plasmids pGEM-HIS1 and
pPRS-ARG4ASpel (Wilson et al., 1999) were used as a tempheteselectable markers we
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usedARG4andHIS1with flanking regions of 50 bp that share homolegth the

untranslated regions 8fGA22 To complement thERA3auxotrophy in the double deletion
mutants, we used the Clpl10 (Murad et al., 2000)¢hvimtegrates in thRPS10ocus.

For complementation ??GA29 aSall-Mlul PGA29PCR fragment of 1900 bp was amplified
with primers Kompl-PGA29-F and Kompl-PGA29-R (TaBl¢ and was subsequently
digested and cloned in the Clp10 plasmid, genag&iipl0PGA29 ThePGA29fragment
consisted of 898 bp promoter region and 486 bpitextor region. For transformation Clp10
and Clp10PGA29were linearized with the restriction enzy@til

2.10.2 Transformation ofC. albicans

For the most part, we used the transformation pativsom Walther and Wendland (2003).
From an overnight culture, the BWP17 strain wasutated in 50 ml YPD medium
supplemented with 80 mg/ml uridine at an yf 0.2. Cells were incubated at°8at 200
rpm. After reaching an Odg, of 1.0, cells were collected by centrifugationiwAt00g at
4°C and were one time washed in 30 ml sterile w&ebsequently cells were washed with
30 ml TEL, which contains 10 mM Tris-HCI, 1 mM EDTakd 100 mM lithium acetate, pH
7.5. The cell pellet was resuspended in 1.5ml THie transformation mixture contained 100
I cells, 100ug (10ul) Yeast Maker Carrier DNA (Clontech), 60040% Polyethylene
glycol 4000 in TEL and 10-1fg knock-out cassette dissolved in 25-10@ater.

After vortexing, the transformation mixture wasubated overnight at 3C. The next day
heat shock was performed at@4for 15 min. Cells were pelleted with 8apand were
subsequently resuspended in RIODE, which contains 10 mM Tris-HCl and 1 mM EDTA,
pH 7.5. Cells were plated out on YNB+2% glucose agadium, which was supplemented
with 20 ug/ml arginine, 2Qug/ml histidine and 4@g/ml uridine as required and were

incubated at 3. After 2 to 4 days colonies were subculturedgiemomic DNA isolation.

2.10.3 DNA isolation fromC. albicans

To harvest cells, a 10 ml overnight YPD culture westrifuged in a 50 ml tube for 5 min at
4000xg. The cell pellet was washed with 1 ml of 1 M stmband the cells were divided over
two 2 ml eppendorf tubes. The samples were cegedifor 5 min at 20,00@. Then the

cells were resuspended in 1 ml zymolyase solutanch contains 0.64 M sorbitol, 30 mM
potassium phosphate pH 7.5, 6.4 mM DTT and 0.25nhgymolase 20 T (Seikagaku
Corporation, Tokyo, Japan). The samples were ineabat 37C for 1.5-2 hrs and were
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gently mixed every 20 min. Then the samples wengrifeged for 1 min at 20,00@ and the
pellets were subsequently washed with 1 ml of lokbisol. After 5 min centrifugation for 5
min, the samples were resuspended in @@ 50 mM EDTA/0.2 % SDS solution followed
by addition of 60Qul of phenol/chloroform. The samples were vortexad20 sec and were
subsequently centrifuged for 10 min at 20,0§0Five hunderqll of the water phase were
collected and transferred to a new tube. The pleamotroform extraction was repeated and
400l of the water phase was collected. Then @o6f chloroform were added to the
samples and after vortexing for 10 sec the sanwpbes centrifuged for 10 min at 20,049
Three hundregll of the water phase was collected and transféoednew tube. For
precipitation, 3Qul of 3 M sodium acetate pH 5.2 solution and @60f 100% ethanol were
added to the samples. The samples were gently naix@davere incubated for overnight at -
20°C. The next day samples were centrifuged for 10ah20,008g and were subsequently
washed with 50qQu of 70% ethanol. The DNA pellets were air-driediavere subsequently
dissolved in 5Qu water. To remove the RNA, dl of 10 mg/ml RNAse A was added to the
samples. After mixing, the samples were storedroght at £C. In order to estimate the

DNA concentration, Jul of each sample was checked visually on a 1% agagel.

2.10.4 Southern blotting

Eight ug digested genomic DNA per sample and 12.6f the digoxygenin DNA molecular
weight marker were loaded on a 0.8% agarose gettiephoresis was performed overnight
at 20 V. In order to depurinate the DNA, the gabwashed in 0.25 M HCI solution. Then
the gel was washed two times for 20 min in denagusiolution, which contains 1.5 M NaCl
and 0.5 M NaOH, followed by two times washing fOrrRin in neutralisation solution which
contains 1.5 M NaCl and 0.5 M Tris-HCI pH 8.0. DMas transferred for 16 hrs on a nylon-
membrane (Hybond—N+, GE Healthcare) with a28C solution. After transferring the
DNA, the membranes were washed ¥86&C and UV-treated with 700 kJ for 30 sec (Hoefer
UVC500 UV Crosslinker, MA, USA) in order to crosal the DNA to the membranes. The
membranes were incubated for 2 hrs &C3in prehybridisation solution (see Northern
blotting). Five to 1Qul of the digoxygenin PCR probeARG4 HIS1andURA3 for primers
see Table 9.) were diluted in 1QDwater and boiled for 5 min followed by the adalitiof
100l of formamide. The probes were incubated on icé&fmin and were subsequently
added to the prehybridisation solution. After aeronvght incubation at 3T, the membranes

were washed two times for 20 min a@7n 200 ml washing buffer containing3SC and
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0.5% SDS. Then the membranes were washed two fon&9 min at 63C in a washing
buffer containing 0.4SSC and 0.5% SDS. The membranes were equilibirafeBS pH 7.2
for 1 min at room temperature followed by 1 hr ldog in 5% milk powder, 0.1% Tween
and PBS pH 7.4. Then 10 anti-digoxigenin-POD Fab fragments (Roche) penil0
blocking buffer were added. After 2 hrs of incubatithe membranes were washed three
times for 10 min with PBS and 0.1% Tween pH 7.2 the membranes were incubated
with ECL solutions and high performance chemilursgence films (GE Healthcare,

Buckinghamshire, UK) were exposed for 7-60 min.

2.11 Cell wall composition analysis

2.11.1 Electron microscopy

Cells were harvested at 2000 rpm using a Stat Mpiroprep 2 table top centrifuge.

The pellet was resuspended with 10% Dextran. A dfdhe paste was placed on a flat
embedding specimen holder (Leica Microsystems, \&et®-35578 Germany) and frozen in
a Leica EM PACT high pressure freezer, and Autotrfateeze Substitution Unit (AFS). The
samples were substituted at -90°C in a solutionainimg anhydrous acetone, 0.1% tannic
acid for 24 hrs and in anhydrous acetone, 2% sfQadditional 8 hrs. After a further
incubation over 20 hrs at -20°C samples were wanapetd +4°C and subsequently washed
with anhydrous acetone. The samples were embeddedra temperature in Agar 100 (Epon
812 equivalent) at 60°C over 24 hrs. Images wekentén a Philips CM120 electron
microscope (Philips Inc.) using a TemCam 224A stoan CCD camera (TVIPS, Gauting,
Germany).

2.11.2 Chitin determination

For each strain 4 mg of dry weight cell walls wasuspended in 100 pl 1 M NaOH solution
and were subsequently boiled for 10 min in ordesximact proteins. After cooling at room
temperature, 1 M of HCI was added followed by aérgation for 5 min at 20,00Q). The
supernatant was collected for protein determinafitre cell wall pellets were hydrolysed in
1 ml of 6 M HCI at 100C for 17 hrs. A standard curve was generated witardnt
concentrations of D(+)-glucosamine. The HCI waspevated by air stream at 1T The
samples were resuspended in 1 ml distilled watdnere centrifuged for 10 min at
20,000¢g. The supernatants were tranferred to new eppéndmes. To 0.1 ml sample
(supernatant) 0.1 ml Solution A was added, whialt@ios 1.5 M NgCOs solution and 4%
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acetylacetone. The samples were incubated &CLfiy 20 min, subsequently cooled down at
room temperature and 0.7 ml of 96% ethanol wasatmwed by the addition of 0.1 ml
solution B, which contains 1.6 g pfdimethyl-aminobenzaldehyde, 30 ml of concentrated
HCl and 30 ml of 96% ethanol. After incubation dfilat room temperature, the OD was

measured at 520 nm.

2.11.3 Protein determination

The protein concentration of cell walls was detedi with the bicinchoninic acid protein
assay (BCA assay, Pierce Biotechnology). Tqll6f the supernatant (see Chitin
determination) 1ml of BCA solution was added. Ansl@rd curve was generated with
different concentrations of BSA (0-1@®). The samples were 30 min incubated &C3and

were measured spectrophotometrically at 563 nm.

2.11.4 Determination of the mannose/glucose ratio

In order to determine the glucose/mannose rattbetell walls, the polysaccharides in cell
wall preparations were hydrolyzed by usingsBy (sulphuric acid) (Dallies et al. 1998). For
each strain 3 independent cell wall samples weed.WBriefly, 4 mg of dry weight cell walls
were incubated with 100l 72% (v/v) HSO, for 3 hrs at room temperature. Samples were
then diluted with 57% distilled water to obtain a 2 M 430, solution, and incubated for 4
hrs at 100°C. Samples were analyzed by HPLC (LKBR ®REZEX organic acid analysis
column (Phenomenex, Torrance, CA) at 40°C withn?\ sulphuric acid as eluent, using a
RI 1530 refractive index detector (Jasco, Greatrban, UK). The chromatograms were
analyzed using AZUR chromatography software andpaoed with chromatograms of

known amounts of mannose and glucose.

2.11.5 Cell wall proteome of thedpga29/4pga29 mutants

2.11.5.1 Sample preparation for MS analysis

Samples for in-solution digestions were desaltetirabuffered with 50 mM NEHCO; by
using 0.5-kDa-cutoff centrifugal filters (Millipoyeln-solution digestion with trypsin
(sequencing grade; Roche Diagnostics, Indianagdalis) was carried out overnight at 37°C
using a CWP/trypsin ratio of 50:1.
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2.11.5.1 MS analysis

After digestion, peptides were desalted and cabbcin Omix Gg pipette tips (Varian),
washed with 0.1% formic acid, and eluted with 608étanitrile—0.1% formic acid.

Proteolytic digests derived from 3@ of freeze-dried cell walls were fractionated alb8-

mm by 75um (lengthxinner diameter) reversed-phase capillary columpif Gs;

Dionex) using an Ultimate nano-LC system (Dion@¥)e peptides were separated over a
period of 30 min with a two-step linear gradien0dab 50% acetonitrile plus 0.1% formic
acid, and the outflow at 300 nl/min was directlgattosprayed into the Q-Tofl (Waters)
operating in data-dependent MS and MS/MS mode Mégslynx software (Waters) was
instructed to select ions ranging franfz 350 to 1,500 with a charge state of at least 2wvabo
a base peak intensity (BPI) ion count threshold®for collision-induced fragmentation
using argon as the collision gas. The resultingMépectra were processed with the
Biolynx tool of the Masslynx software program, whiigenerated a peak list (.pkl file) with all
precursor and product ions calculated to the cpaeding MH charge state. Each
LC/MS/MS run was repeated at least twice, theref@jueling abundant ions from previous
runs. For protein identification, the resulting sjpa and amino acid sequences were analyzed
using MASCOT software and compared withsilico digests of the CandidaDB protein
database (http://genolist.pasteur.fr/CandidaDB#)s Tatabase was created by the European
Union-funded consortium Galar Fungail by performindependent annotation of sequence
data (contig assembly 19) obtained from the Stanfanome Technology Center

(http://www-sequence.stanford.edu/group/candida).

2.12 Phenotypic analysis

2.12.1 Growth determination at different pH values

To determine the growth rate we cultured our sgrarliquid YPD medium with 1% glucose
at different pH values. Medium was buffered withri® CH;COONa (for pH 4.0 and 5.0),
10 mM NahPQ, (for pH 6.0 and 7.0) and 10 mM Tris-HCI (for pHO&nd pH 9.0).
Overnight cultures were diluted with water unttuabidity of 0.5 McFarland units was
reached. Cells were diluted 100 times and subséiguEs0 ul cells were mixed with 100l

of 2 times concentrated medium. The cells wereaucedt in 96-wells plates at 30 and ORgo

was measured at 15 min time intervals.
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2.12.2 Growth rate determination with microdilution spot assay

An overnight YNB culture was diluted up to an §gof 0.2 and incubated at 3D, 200 rpm.
After reaching an OR of 1.0, the cells were diluted to a cell densitB®x10° in 50 mM
Tris-HCI, pH 7.5. This cell suspension was seridilyted using 1/5 dilution steps. In this
way, six different dilutions were made and of edgh was spotted on the surface of the YPD
or YNB agar medium that was supplemented with Qg7ml Calcofluor White (CFW) or
0.01-0.05% sodium dodecyl sulphate (SDS).

2.12.3 B-1,3-glucanase sensitivity assay

To determine the sensitivity f&1,3-glucanase of the mutants we used the recomit{saa, 3-
glucanase Quantazym. From an overnight YNB cultiuesh cultures were inoculated to a
starting ORyo of 0.1 and were subsequently grown &tC@Il an ODsgp 0f 2.0 was reached.
Then the cultures were collected by centrifugatiashed one time in 50 mM Tris-HCI, pH
7.5 and resuspened in the same solution. Thewetks diluted to an O of 1.0 in 50 ml of
Tris-HCL, pH 7.5 an@-mercaptoethanol was added to a final concentratigl® mM. After
an incubation of 1 hour at room temperature, 5 uméntazym was added and the samples
were incubated in a water bath af@7150 rpm. The decrease of the gf3vas measured
over a time period of 1 hour. The experiment wagaged two times and from the average

values a curve was generated

2.12.4 Determination of antimycotic susceptibilityusing E-test

The E-test (Inverness, Cologne) was used to assesisceptibility to Fluconazole,
Intraconazole, Voriconazole, Caspofungin, 5-Fluosyt and Amphotericin B. Five colonies
from Sabouraud agar were collected and resuspeandeater. The cells were diluted to 0.5
McFarland units and were streaked out on RPMI agatium supplemented with 0.05%
methylene blue. E-test strips were laid on tophefdagar medium and the plates were
incubated for 24 hrs at 36. Growth inhibition was determined visually acdogito the

suggestions of the manufacturer.

2.12.5 Yeast-to-hyphae transition
The ability of the mutants to generate hyphae wstetl in several media. Serum induced
hyphae formation was tested in liquid or solid YRBdium. For liquid medium, yeast cells

were grown to the mid-log phase (b= 0.5) at 30C in YPD medium. The cells were then
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harvested by centrifugation and two times washdeB6&. The cells were resuspended in pre-
warmed YPD medium + 10% FCS, pH 7.0 (unbuffered) ianubated at 3@ and 37C for 5
hours. Every 30 min the cells were observed wghtlmicroscopy in order to check germ
tube development. For hyphae formation on solid YR&lium with 10% FCS, a liquid
overnight culture of yeast cells was two times vegisimn PBS. To determine the number of
cells per ml, cells were counted in a Neubauer togrthamber. The cell suspension was
diluted accordingly and 200 cells per Petri dislmeygated out. The cells were incubated at
30°C and 37C for 7 days.

For testing pH-regulated hyphal formation we usedlifired Lee’s medium (Buffo et al.,
1984). Briefly, cells were plated out on YNB platesd incubated overnight at“8D The

next day single colonies were collected and werahated in modified Lee’s medium, pH
4.5 at 28C for 24 hours. To induce hyphae, 0.5 ml of thisure was diluted in 25 ml of
modified Lee’s medium, pH 6.7. Over a time peridd dours, every 30 min hyphal
formation was checked with light microscopy.

For N-acetylglucosamine induced hyphal formatioroaernight YPD culture was harvested
by centrifugation and two times washed with PBSIsGeere resuspended at an §§¢= 1.0

in 25 ml pre-warmed SB medium with 10 mM prolindtek 1 hour incubation at 3C, cells
were inoculated at an Qg of 0.1 in 25 ml pre-warmed SB medium with 2.5 M
acetylglucosamine. The cells were incubated &3ar 5 hours and every 30 min hyphal
formation was checked with light microscopy.

Nutrient-deprived hyphal induction was performathvpider medium with mannitol as a
sole carbon source (Liu et al., 1994). An overnigRD culture was two times washed in
PBS. To determine the number of cells per mlsosire counted in a Neubauer counting
chamber. The cell suspension was diluted accorgiangll 200 cells were plated out per Petri
dish. The cells were incubated for 7 days aC30r 37C.

Quorum sensing-based induction of hyphae was daotiéin YPD, pH 7.5 buffered with a
correct proportion of NddPQO, and NaHPO, to a 100 mM final concentration. Cells were
grown either at 3T or 37C to the stationary phase. Hyphal growth was triggdy diluting
these cultures to an Qg3 of 0.5 in fresh pre-warmed buffered YPD (Enjall@artd Whiteway,
2005). The cells were observed every 30 min ovana period of 5 hours.

Chlamydospore formation was tested on Rice-Twean. &gom YNB agar colonies were

collected with a loop and were streaked out onHiween agar. In order to reduce the
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oxygen concentration, a coverslip was placed orcéile and were incubated at°25for 5

days.

2.12.6 Hyphae-to-yeast-transition

Hyphal growth was induced in 10 ml YPD + 10% FCSlescribed above. After 3.5 hours of
hyphal growth, hyphae were collected by centrifiogaiind three times washed iRPBS. In
order to stimulate blastoconidia growth, hyphaeewesuspended in 20 ml YPD and
incubated at 3W. Blastoconidia formation was observed every 3 awer a time period of

7 hours.

2.12.7 Adhesion assays

Three different adhesion assays were used inftilnily sin the first assay the colony forming
units were counted after incubating thealbicanscells with plastic or Caco-2 cells
(Dieterich et al, 2002). Caco-2 cells were growDHMEM medium supplemented with 10%
FCS in 24-well polystyrene plates. The cells wabated at 3T in a 5% CQ, 95%
humidity atmosphere and grown to a confluent st&galbicansstrains were grown at 30

to the mid-log phase or stationary phase and wiareed in 2504 D-MEM medium
supplemented with 10% FCS without the additionrdftaotics to a concentration of 400
cells/ml. The cells were distributed in the 24-ws#tes and incubated at°®7 5% CQ for

15, 30, 45, 60 and 120 min. Non-adherent cells wellected by vigorously shaking of the
plates followed by aspirating the media. The medth non-adherent cells was plated out on
YPD agar. In addition each well was washed with RB& this was also plated out. Adherent
cells were scraped off using a cell scraper (LRSsktiences) and 3Q0 PBS. The cells were
plated out on YPD agar and incubated &30vernight. The next day colony forming units
were counted.

In the second assay, adhesiorCoflbicansyeast cells was determined on tissue culture-
treated and non-treated polystyrene Petri dishelss @ere grown in YPD at 3C or 37C

for 24 hours and were diluted in YPD or PBS, pHt6.4n ORgyo of 2.0. Cells were spotted

in 25l drops on the plates and were incubated for 8,ahd 24 hrs in a humidified chamber
at 30C or 37C. The drops were carefully aspirated and on tieht cells 2% of 0.1%
crystal violet solution was spotted. After an inatibn of 30 min at room temperature, cells
were washed with water or a 1 M NaCl solution. @dbesion of cells was visually

determined.
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For the hyphal adhesion assay, cells were growfPiD at 30C or 37C for 24 hours and
were diluted in modified RPMI to a concentrationl@0 or 200 cells/ml. The cells were
distributed in tissue culture treat2d-well plates (1 ml per well) and were incubated@aC

in a humidified chamber. Cells were incubated folags and adhesion was examined at
intermediate times by gently shaking the plateser®ghaking, the proportion of adherent and

non-adherent colonies was assessed.

2.13 Phenotypic analysis in infection models

2.13.1 Mouse model for systemic candidosis

For infection studies, parental and mutant straiese grown at 30°C in YED agar plates (1%
Difco Yeast extract, 2% glucose, and 2% agar). rA2 hrs, cells were harvested, washed
twice with PBS and diluted to the desired densitthie same buffer for injection into the lateral
tail vein of the mice at a volume of 0.5 ml.

Both male and female BALB/c mice, ranging in agerfrl2 to 16 weeks and with a weight of
about 18 g, were used in the virulence studies. ahlimal studies were carried out in

cooperation with the Animal Facilities of the Schaaf Medicine at the Universidad

Complutense of Madrid.

2.13.2 Reconstituted Human Epithelial model basedhooral candidosis
Well-established models of reconstituted human epéehelium (oral RHE), based on the
buccal epithelial carcinoma cell line TR146, wenpied by SkinEthit.aboratories, Nice,
France (Rupniak et al., 1985). Strains were cultaneer 3 days in order to obtain
synchronized yeast populations. Strains were stigbakit on Sabouraud agar medium and
were incubated for 24 hours at°87 Colonies were collected with a loop and were
resuspended in 5 ml 0.9% NacCl solution. The cedsawvashed three times in 0.9% NaCl
solution and were resuspended in 5 ml water. THeleasity was determined with a
Neubauer counting chamber and the suspensionsdivered to 10° cells/ml. The cells
were collected by centrifugation and were resuseéma 10 ml YPD medium. Cultures were
grown in 15 ml Falcon tubes for 16 hours at@5200 rpm. The next day the cells were 3
times washed as described above and the suspensiomsliluted to 410° cells/ml. The
cells were collected by centrifugation and resudpdrin 10 ml YPD. The cultures were
grown in 15 ml Falcon tubes for 24 hours at@G,7200 rpm. Cells were 3 times washed in
1xPBS and the cell suspensions were adjusted td@@ells in 50ul 1xPBS. Oral RHE
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samples were incubated with or without 2 X &élls in 50 pl PBS for 24 h at 37°C with 5%
COyat 100% humidity. All experiments were performedha absence of antibiotics and

antimycotics.

2.13.3 Light microscopy

Light microscopical studies were performed as nesty described using paraffin-embedded
oral RHE specimens (Schaller et al. 2002, 2004¥fBr a part of each specimen was fixed,
postfixed and embedded in glycide ether, and daguan ultramicrotome (Ultracut). Semi-
thin sections (1 pm) were studied with a light mgmope after staining with 1 % toluidine
blue and 1 % pyronine G (Merck). The histologidahieges of the mucosa were evaluated on

the basis of 50 sections from five different sitaseach infected epithelium.

2.13.4 Epithelial cell damage assay

In all experiments, the release of LDH from epiiletells into the surrounding medium at 24
hours was used as a measure of epithelial cell gani@H activity was analysed
spectrophotometrically by measuring the reducedtimamide adenine dinucleotide
disappearance rate at 340 nm as a main wavelengtigdhe LDH-catalysed conversion of
pyruvate to lactate according to Wréblewski andnJ@®55). The determination of the LDH
activity was performed by using the CytotoxicitytBetion Kit (Roche).

2.13.5 RNA isolation and quantitative RT-PCR

Total RNA was isolated from oral RHE samples ushegNucleoSpin RNA 1lI-kit (Macherey-
Nagel, Duren, Germany) including DNA digestion. Bssessing RNA concentration and
purity, UV spectroscopy was used (Bio Photometppdadorf). cDNA was synthesized
using the Superscript lll first-strand synthesipesmix for gRT-PCR (Invitrogen) according
to the manufacturer's instructions. Real-time PE&ttions were performed on a Light Cycler
480 instrument with LightCycler 480 SYBR Green |d#k (Roche Molecular Diagnostics)
in a total reaction volume of 10ul. Primer pairattivere used for amplification are listed in
table 10. Data on the expression level were obdaiméhe form of crossing point (CP) values
based on the ‘second derivative maximum’ methocbasputed by the LightCycler 480
software (Roche Molecular Diagnostics). Both stad@ad experimental samples were
performed in triplicate and the average Cp readsef. Fold difference in gene expression
was normalized to the housekeeping genes YWHAZG®ID, since detailed preliminary
investigations using 10 different housekeeping géA&DOA, B2M, G6PD, GAPDH,
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HMBS, POLR2A, SDHA, TBP, UBC and YWHAZ) indicatelat these genes showed the

most constant level of expression.

2.13.6 Determination of cytokine release

Culture medium was collected after 24 hrs of infecand assayed for GM-CSF, IL-6, IL-8,
and TNFe, using commercially available ELISA kits (DuoSB&D Systems, Minneapolis,
MN, USA).

2.14 Interaction assays with immune cells

2.14.1 Primary culture myeloid dendritic cells (mDCs)

This protocol is based on method described prelydusinaba et al. (1992). The bone
marrow isolation was performed as described abovenMPs. Black six mice (6-8 weeks
old) were dissected, bones were rinsed with 70%nethand PBS and subsequently kept on
ice in ice-cold PBS. At the knee joint, the femoddibia were separated and the bone
marrow was flushed by using a 20 ml syringe wigv&X374 needle with DMEM with 10%
FCS, 100 U/ml penicilin and 1Q@y/ml streptomycin. The bone marrow cell suspensiaa
centrifuged at 70€g for 7 min. The pellet was resuspended in 1 nmedfcell lysis buffer, pH
7.2, which contained 10 mM KHGO150 mM NHCI and 0.1 mM EDTA. Lysis was
immediately stopped with 1 ml of mDC medium. Cellsre collected by centrifugation at
700xg for 7 min and the pellet was resuspended in B\ RC medium. The cell density was
determined and the suspension was distributeciaell plate with 1.810° cells per well in
1 ml. Cells were incubated at®7in a 5% CQ, 95% humidity atmosphere and grown for 4
days. Then 0.5 ml was removed from each well amd 4f fresh mDC medium was added.
After 3 days, non-adherent mDC aggregates wereatelll by flushing the medium against
the well wall with a 1 ml Pipet set at 800 in order to limit the amount of adherent cedls t

be taken up. All cells were pooled and replated tiesired cell density.

2.14.2 In vitro interaction of mDCs with C. albicans strains.

Overnight YPD cultures of th€. albicansstrains were diluted in 25 ml YPD medium

to an ORgo of 0.2-0.3 and were incubated afBQuntil ODsyo of 1.0 was reached. The cells
were collected by centrifugation at 12@0for 5 min and were washed one time in PBS. After
centrifugation the cells were resuspended in 1frRBS and the cell density was determined

by using a CASY cell counter (Innovatis, Bielefelékrmany). The fungal cells were diluted
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in pre-warmed high-glucose DMEM medium without pblered so that that the fungal-
mammalian cell interaction was performed at a rati@d fungal cells per mDC (multiplicity
of infection ration, MOI).

One day prior to the interaction assay, the mDQOwkated at a cell density of 1.0-1A%°
cells/cnf in a volume of cell culture medium of 0.2-0.4 mifcand were incubated at %7 in
a 5% CQ, 95% humidity atmosphere.

The media from the mDC culture dishes were asplratel were replaced with high-glucose
DMEM without phenol red with or withou® . albicans TheCandida mDCs interaction was
performed at a 2:1 MOI in a 2 ml volume in 6 cmheis. TheCandidacell suspension was
simply added to the mDC media in a 300/0lume. The dishes were incubated &t@h a
5% CQ, 95% humidity atmosphere for a 20 min ‘infectiarige’. After the infection pulse

cells were either collected or further incubateddio additional 90 min time period.

2.14.3 RNA isolation from mDCs and quantitative RTPCR

The dishes were placed on ice and the media wasviesmcell layers were collected by
scrapping in 1751 RNA lysis buffer (Promega). The samples were iiiged at 11,0089

for 8 min and the supernatants were collected. RXt#action was performed with the SV
Total Isolation System (promega), according toitis¢ructions of the manufacturer. Samples
were eluted in 5@ RNase-free sterile water. The RNA concentrati@sweasured at an
ODys0 and the quality of the samples was checked on ag&tose urea-TBE gel.

Reverse transcription was performed withdltotal RNA. Real-time PCR reactions were
performed on &ight Cycler 480 instrument with LightCycler 480 BR Green | Master

(Roche Molecular Diagnostics). Primers that wersdusr amplification are listed in table 11.

2.14.4 Determination of oxidative burst in PMNs upa interaction with C. albicans.

To determine the oxidative burst of human PMNs uipteraction with oucC. albicans
strains, we used a method which is based on theecsion of Dichlorfluorescein Diacetat
(DCFH-DA) to the green fluourescent Dichlorfluorest(DCF) by oxygen radicals (Radsak
et al., 2004). Th€andida— PMN interaction was performed at a MOI of 1:15dk in 96-

well plates with 25 uM DCF-DA in 100 pul RPMI 1640pplemented with 5% FCS. As a
positive control we incubated the PMNs with 50 nigaimorbol 12-myristate 13-acetate
(PMA). The relative fluorescence units (RFU) wereasured every 5 minutes in an ELISA-
reader (GENios, Tecan, Crailsheim) at@G7or 145 min. Experiments were repeated four

times.

52



3. Results

Pga29p was identified in a genome-wide screenudtative GPI-proteins i. albicans(De
Groot et al., 2003). The extracellular presencenefprotein was confirmed with mass
spectrometry, revealing that it resides in the welll via a covalent linkage (De Groot et al.,
2004). Interestingly, cell wall protein extractafrsed with Coomassie stained SDS-PAGE
gels showed that Pga29p is abundantly presentingth wall of yeast cells (De Groot et al.,
2004), which is reflected in the M8entification of a large number of peptides froell ¢

walls treated with trypsin. The Pga29p family corsgs the three members Pga29p, Pga30p
and Pga31p which are small GPI-CWPs that are cotrgléinked in the cell wall (De Groot

et al., 2003, 2004; Castillo et al., 2008). Pgal®ares 50% and 45% sequence identity with
Pga30p and Pga31p, respectively (Castillo et @082and the encoding genes are located at
chromosome 4 within a range of 7467 base pairsrder to obtain information about the
distribution of Pga29p homologs in other fungalses, we performed BLAST searches with
the Pga29p protein sequence against the NCBI prdagabase, the Fungal Genome Initiative
Candidadatabase at the Broad institute and@aadida dubliniensislatabase. In order to
obtain a selective group of proteins a stringenakte cut off of 1.810%was used. We found
homologs in other human pathogeAscomycete<C. dubliniensisC. guilliermondij C.
parapsilosis C. tropicalis C. lusitaniag Lodderomyces elongisporasd inDebaryomyces
hanseniiandPichia stipitis(Table 16, Appendix). For none of these identifiemnologs
functional characteristics do exist so far. Addiably, these BLAST results show that

homologs of Pga29p are widespread among well-knomtrent Candidaspecies

3.1  Antibody generation against Pga29p

In order to study Pga29p in detail, we generatdgcpmnal antibodies against this protein.
This was achieved by clonii®RGA29 adapting the sequence for the altered codon usage
performing targeted point mutations and producegmbinant Pga29p ia. coli. The
purified protein was subsequently used for rabbinunisation. Briefly, we cloned a
truncated form of th®GA290open reading frame that extended from codon 'sdon 182,
thereby omitting the hydrophobic N-terminal sigaatl GPI-anchor motif sequencz.
albicansis aCandidaspecies that translates the leucine CUG codoarines Consequently,
we introduced two point mutations in the CTG codbposition 193 oPGA29 generating a
TCG codon which is translated i colias a serine. We overexpressed the trund2@a29
in E. coliand verified the protein production with SDS-PA&talysis (not shown).
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Recombinant Pga29p was bearing<&lg-tag, which facilitated the purification with Ni

NTA resin (Figure 1A). The purified recombinant R§p was used for rabbit immunisation
(described in the methods section) and the presaraati-Pga29p antibodies in the collected
rabbit serum samples were tested with immuno-biatysis. The strong signal on the
membrane showed that the antibodies against recamtiPga29p were successfully
generated (Figure 1B). In order to investigate Weethese antibodies specifically recognize
endogenous Pga29p, we first treated isolated @dlswf theC. albicanswild type SC5314
with the chemical HF-pyridine, which specificallieaves phosphodiester bonds, through
which GPI-CWPs are linked f&1,6-glucan chains (De Groot et al., 2004). ThispyFdine
cell wall extract was separated by SDS-PAGE anustesred to a PVDF membrane, which
was treated with our anti-Pga29p serum. We obsexgkcific signal (Figure 1C), that was
of identical size as the Pga29p band in the Coamasdiant blue stained SDS-gel from De
Groot et al. (2004) (Figure 1D), thereby confirgpihat the serum contained polyclonal

antibodies that specifically recognise Pga29p.

A kba B 1 : kba C__ kDa kDa
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Figure 1. Generation of anti-Pga29p polyclonal antiodies.

(A) SDS-PAGE analysis (11%, Coomassie brillianebdtained) of purified recombinant Pga29p.
(B) Immuno-blot analysis with rabbit anti-Pga29puse and recombinant Pga29p as an antigen.
Lane 1) Rabbit serum before immunisation. Lanea@)b® serum after immunisation. (C) HF-
pyridine cell wall extract was separated with SDSE analysis (11%) and analysed with
Immuno-blot analysis by using anti-Pga29p serum3D$-PAGE analysis (Coomassie brilliant
blue stained gradient gel 2-20%) of HF-pyridind welll extract, from which the 29.2 kDa band
was identified as Pga29p (De Groot et al., 2008 Mumbers at the right of the figures indicate the
sizes of standard molecular mass markers.
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3.2 Pga29p incorporation into the cell wall

Different treatments can be used to release CWiPs [iurified cell walls such as HF-
pyridine orp-1,6-glucanase to release GPI-protefi4,3-glucanase to release GPI- and
proteins with an alkali sensitive linkage and 30 MIBIOH to exclusively release proteins
with an alkali sensitive linkage (Klis et al., 2Q@igure 2A). In 2004, De Groot and co-
workers mass spectrometrically identified Pga29purified cell walls ofC. albicans
indicating that the protein is covalently attached

To unequivocally verify how Pga29p is incorporait the carbohydrate backbone of the
cell wall , we treated yeast cell walls wjkl,3-glucanase d3-1,6-glucanase and analysed
the supernatants of these samples with immunoalskdys. Digesting cell walls wifl,6-
glucanase released Pga29p (Figure 2B, lane 1) eabeligesting cell walls wifB+1,3-
glucanase released a high molecular weight smaae 3). Thg3-1,3-glucanase extract was
dialysed and subsequently used for a second treatmiin 3-1,6-glucanase, which shifted
the signal to 30 kDa (lane 4) indicating the re¢eaSPga29p from a bigger complex: in the
high molecular smear in lane 3 is Pga29p attaahéalge fragments ¢-1,3-glucan.
Digesting these fragments wihl,6-glucanase resulted in the release of Pga29e 4),
which proved that this protein is covalently linkied3-1,3-glucan vig3-1,6-glucan chains.
The cell wall protein Cwplp i8. cerevisia@ndC. glabratais either single linked vif-1,6-
glucan or double linked vi@-1,6-glucan and through an alkali labile linkagefieyn et al.,
2001; Weig et al., unpublished data). In ordertovg whether this is also the case with
Pga29p we additionally treated (8}-1,6-glucanase digested cell walls (lane 2) and (i
untreated cell walls (lane 5) with 30 mM NaOH toawel a possible second linkage which is
alkali labile. However, no signal was detectedjaating that Pga29p no additional linkage to

the cell wall via an alkali labile bond.
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Figure 2. Covalent incorporation of Pga29p in the el wall of C. albicans.

(A) Covalently linked cell wall proteins (CWP) céae liberated from the cell wall with different
chemicals and enzymes, which are shown in blue bldek arrows indicate glycosdic linkages and
point from the reducing end of a macro molecula ton-reducing end of an acceptor
polysaccharide. The dashed line indicates the e@duikage by which some GPI-CWPs are linked.
ASLandGPI r indicate the alkali sensitive linkage and the GIhmant, respectively.

(B) Cell wall proteins were separated by SDS-PAGE/4) and analysed by immuno-blotting using
anti-Pga29p polyclonal antibodies. Land31},6-glucanase extract. Lane 2) NaOH extract df cel
walls previously treated witd-1,6-glucanase. Lane B}1,3-glucanase extract. Lanef}#},3-
glucanase extract treated wfikl,6-glucanase. 5) NaOH extract. Sizes of stanciécular mass
markers are shown at the right

3.3 Pga29p is a yeast-specific protein

3.3.1 PGA29 expression during the yeast-to-hyphal transition

The CWP incorporation drastically changes upomtbephological transition of. albicans
from the yeast to the hyphal form, an importantcpss for virulence (Sohn et al., 2003;
Ebanks et al., 2006; Castillo et al., 2008). Furtiare, the expression of several genes that
encode GPI-proteins is related with particular gtoferms, for examplélWP1lis

exclusively expressed in the hyphal form (Staadl.et1999). Yeast wall protein 1 (Ywpl,
Pga24p) is an example of a GPI-protein that spedifi related to the yeast from Gf
albicans(Nantel et al., 2002; Solet al., 2003; Granger et al., 2005). We showedipusly
that Pga29p is abundantly present in the yeast &t albicans(De Groot et al., 2004). To
examine whether the protein level changes duriegrdmsition from yeast to hyphae, cell
walls were isolated frorg. albicanscells that were induced to develop hyphae by détian
with 10% serum and a temperature shift from 30°@7RL. After two hours of hyphal
induction the Pga29p level in the cell wall cleattbcreased, but remained detectable even
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after 4 hours of hyphal growth (Figure 3A). Additadly, Northern blot analysis showed that
PGA29transcript levels rapidly decreased within 45 nesduring the yeast-to-hyphae
transition (Figure 3B). These data show that PgaR @pyeast-specific protein, though the
protein retains in the cell wall for several hoafter hyphal induction.
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Figure 3. PGA29 expression in yeast-to-hyphal transition.

Immuno-blot (A) and Northern blot (B) analyses wesed to study the expressionREEA29during
the transition from yeast to hyphae. (A) In the inmo-blot analysis, Pga29p was detected with the
generated anti-Pga29p polyclonal antibodies. Each Was loaded wifB-1,6-glucanase extract
derived from 0.4 mg dry-weight cell walls. (B) ImetNorthern blot analysi®GA29transcript was
detected with a digoxygenin probe. As a loadingrab@ probe againgtCT1transcript was used.
The numbers indicate the time in minutes after aypiduction.

3.3.2 PGA29 expression in deletion mutants that are impairedn hyphal development
EFGlandCPH1encode transcription factors that regulate thesiteon from yeast to hyphae
in C. albicans Nantel et al. (2002) showed an increased exmesgiPGA29in defgldefgl
(2.5 times)anddefglefglAcphl14cphl1(3.9 times) mutants. Both strains are impaired in
their ability for hyphal development. In order tvestigate whether Pga29p is highly
incorporated in the cell wall of these mutants,amalysed-1,6-glucanase CWP extracts
with immuno-blot analysis (Figure 4). This revealbdt the cell wall of thelefgl4efgl
mutant (lane 1) contained 1.17 times aledg1/4efgl Acphl/4cphlmutant (lane 2) contains
2.28 times more Pga29p than the wild type (lanevBjch supports the idea that Pga29p is a
yeast-specific protein and that Efglp and Cphl@amegly regulate its expression.

To determine whether these transcription factoghindirectly regulat® GA29expression

we searched bin silico analysis for their potential binding sites in tBe&kb region upstream
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of the start codon d?GA29 Efglp was shown to bind to the consensus seqaelBBINTG
(known as E-box) (Leng et al., 2001). The exactlinig site for Cphlp is not known,

however for our studies we used the consensus segU&AAACA, which is a specific
binding site for theés. cerevisia¢ranscription factor Ste12p, a homologue of CpWip.

found in total 8 E-box sequences (Figure 5) upstreithePGA290RF which suggests that
Efglp might directly regulateGA29via these binding sites. Stel2 binding sites wete
identified with the preliminary approach descrilzdmbve. However, it should be stressed that
this approach is based on information derived foakers yeast and therefore this result does
not reliably exclude Cphl as a direct regulatdPGiA29

30 kDe¢

Figure 4. Pga29p incorporation in cell walls ofC. albicans Aefg/defgl and Aefgl/Adefgl
Acphl/Acphl mutants.

B-1,6-glucanase cell wall protein extracts of thaants and of the control strain were separated by
SDS-PAGE (11%) and analysed by immuno-blotting gisinti-Pga29p polyclonal antibodies. Lane
1) defglilefgl Lane 2 defglilefglAcphlidcphl Lane 3) SC5314.

NTG

Figure 5. E-boxes in thdPGA29 promoter sequence.

We searched for E-boxes (CANNTG) 2000 base pastre@m of the start codon BGA29 In total
8 E-boxes were found, which were mainly locatethefirst 1000 base pairs of the promoter
region. E-box #1) 177. #2) 411. #3) 501. #4) 6(.840. #6) 968. #7) 1006. #8) 1104 (in base
pairs)
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3.4  Functional analysis of Pga29p

3.4.1 Pga29p upregulation under cell wall stress

In order to elucidate the function of Pga29p, wegba for conditions in which Pga29p is
upregulated. Pga29p is a small protein without@mserved domains, therefore it seems
possible that this GPI-protein may have a struttata for maintaining cell wall integrity in
C. albicans To investigate this, we analyspél,6-glucanase protein extracts from yeast cell
walls which were isolated from cells that underwesit wall stress during growth. The level
of incorporated Pga29p increased 2.2 times in tediswere grown in YPD supplemented
with 25 pug/ml CFW, a compound which induces cell wall pdyation due to its binding to
chitin in the cell wall (Figure 6, lane 2). Howey®ga29p upregulation was not observed
during growth in the presence of SDS (Figure 6el8)) a detergent that penetrates the
plasma membrane and consequently disorganisdsutsise. Our data suggest that Pga29p

upregulation is more related with perturbationtd tell wall and

30 kD¢

Figure 6. Pga29p incorporation under CFW and SDS s¢ss.

C. albicanswild type SC5314 cells were grown underl8bCFW or 0.01% SDS and were
harvested when an Qg of 2.0 was reached. Isolated cell walls weretéetavith3-1,6-
glucanase and the extracts were analysed by imiblatiing using anti-Pga29p polyclonal

antibodies. Lane 1) Wild type SC5314 grown in YPBdmm at 30C. Lane 2) Wild type
SC5314 grown under CFW-stress. Lane 3) Wild typ3@ grown with 0.01% SDS

We also searched for growth conditions that indim&nregulation of Pga29p. As mRNA
levels ofPGA29decrease during the yeast-to-hyphal transitionselected two factors that
play a role in hyphal development. A neutral pH artdmperature of 3T are two major
factors for hyphal development. Downregulation wasobserved when cells were grown at
a pH 7.5, whereas a strong downregulation was wbdemder high temperatures of @7

and 42C (Figure 7).
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30 kC

Figure 7. Pga29p incorporation under different pH \alues and temperatures.

C. albicanswild type SC5314 cells were grown at different yidues and temperatures. After
ODggp Of 2.0 was reached, cells were harvested andvedld were isolated. Cells walls were
treated with3-1,6-glucanase and extracts were analysed by irarbloiting using anti-Pga29p
polyclonal antibodies. Lane 1) pH 4.0. Lane 2)5Fb. Lane 3) pH 7.5. Lane 4)°&7 Lane
5)42C.

3.5  Generation ofPGA29 deletion mutants

To more deeply explore the function of Pga29p, mduced double allele deletions in the
triple auxotrophic strain BWP17 (Wilson et al., 99%y using PCR products as disruption
cassettes that consist of a selectable maHi&1(or ARG4 and at both ends 50 base pairs
that share homology to tiRGA29untranslated genome sequence. To complemehiRAS
auxothrophy in thelpga294pga29mutants, we directed the linearized Clp10 vectdahéo
RPS1docus, which facilitates appropriate expressiotBA3(Brand et al., 2004). This
locus was also used to generate the revertdptga94pga29/PGA29with the linearized
Clpl0-PGA29vector.

3.5.1 Verification of PGA29 deletion

The first allele oPGA29was disrupted with BIS1knock-out cassette (Figure 8), of which
the integration at theGA29locus was confirmed by two different PCRs. Foreotr
integration at the 5 prime region a PCR was peréarmvith the primers PGA29-F (binding
position: -827- -804) and HIS-R (binding positi@®5-628) that resulted in a product of 1799
base pairs (Figure 9A, lane 2). For correct integnaat the 3 prime region a PCR was
performed with the primers HIS-F (binding positi@&7-110) and PGA29-R (binding
position: +322 - +341) that resulted in a 2433 bpdpct (Figure 9A, lane 1). Sequencing of
both PCR products confirmed correct integratiothefHIS1 knock-out cassette. Southern
blot analysis was performed in order to verify sirggle integration of thellS1 knock-out
cassette in the genome. Genomic DNA of mutantsdigessted with the restriction enzyme
EcoRl which cuts up- and downstream of the knock-ossete at the positions -854 and

+2122, respectively (Figure 8). The expected fragmnsee of 4890 base pairs was confirmed
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by using a probe againdtS1, which was generated with primers HIS-F and HIg-Rure
9B).

728 bp 2626 bp 341 bp
EcoRl A AL EcoRl
-854 [ A\ ™ +2122
| HIS1 e |
— — -« -«
PGA29-F HIS-F  HIS-R PGA29-R

Figure 8. Verification of the integration of theHIS1 knock-out cassette with PCR and
Southern blot analysis.Schematic representation BA29deletion with theHIS1 knock-out
cassette. The yellow region representsHi®l ORF. The green regions represdifsl promoter,
HIS1terminator and plasmid (pGEM-HIS1) sequences.drhews indicate the primer binding
positions.EcoRIcuts in thePGA29untranslated regions at positions -854 and +2%&2s of the
knock-out cassette and untranslated regions aieated in base pairs (bp).
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Figure 9A and B. Verification of the integration ofthe HI S1 knock-out cassette with PCR and
Southern blot analysis(A) Two different PCRs were performed which resdlite products that
included the genome amtiS1 cassette sequences. The PCR products were vesilibljsagarose gel
electrophoresis. Lane 1) PCR of 3 prime region.el2nPCR of 5 prime region. (B) Detection of
the 4890 bEcoRIfragment with Southern blot analysiscoRIdigestion of genomic DNA from the
mutant (lanel) and from the parental strain BWRiEQé&tive control) (lane2). The numbers at the
right indicate the size of standard markers in lpades.

The second allele was disrupted with &RG4knock-out cassette (Figure 10), which
integrated in the anti-sense direction of B@&@A29locus. Correct integration was confirmed
by amplifying the 5 prime region with the primer&&29-F (binding position: -827- -804)
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and ARG4-R (binding position: 874-897), which reéedlin a product of 1453 base pairs
(Figure 11A, lane 1). Additionally, the 3 prime i@gwas amplified with the primers ARG4-
F (binding position: 217-240) and PGA29-R (bindpwgition: +322 - +341), which resulted
in a fragment of 1119 base pairs (Figure 11A, @En&oth PCR products were sequenced
and confirmed correct integration of tARG4knock-out cassette. For Southern analysis,
genomic DNA of the mutants was digested with ttstrietion enzymeMifel, which cuts up-
and downstream of th®RG4knock-out cassette at positions -1253 and +33Rju(€ 10).
This Mfel fragment of 6738 base pairs was detected by @sprgbe againssARG4(Figure
11B, lane 1), which was generated with the pridR&4-S-F and ARG4-S-R. An additional
signal was observed of 2942 base pairs (Figure [BHH®, 2), which is due to the binding of
the ARG4probe with remaining sequences of &RRG4locus. This was confirmed by using

Mfel digested genomic DNA from the parental strain BWWB4 control.

728 bp 2160 bp 341 bp

Mfel A A A Mfel
1257 r A\ ™~ [ ) +332¢

| ARG — - |

— - — -

PGA29-F ARG4-R ARG4-F PGA2¢-R
—_— <
ARG4-S-F ARG4-S-R

Figure 10. Verification of the integration of theARG4 knock-out cassette with PCR and

Southern blot analysis.Schematic representation®GA29deletion with theARG4knock-out
cassette. The yellow region representsAR&40RF. The green regions represARG4promoter,
ARG4terminator and plasmid (pRS-ARG8pe) sequences. The arrows indicate the primer binding
positions Mfel cuts in thePGA29untranslated regions at positions -1253 and +33&&s of the
knock-out cassette and untranslated regions aieaied in base pairs (bp).
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Figure 11A and B. Verification of the integration d the ARG4 knock-out cassette with PCR
and Southern blot analysis(A) Two different PCRs were performed which redtilite products
that included the genome aA&G4cassette sequences. The PCR products were vexiialys
agarose gel electrophoresis. Lane 1) PCR of 5 pregien. Lane 2) PCR of 3 prime region. (B)
Detection of the 6711 bidfel fragment with Southern blot analydigfel digestion of genomic
DNA from the mutant (lane 1) and from parental BWRfrain (lane2). ThARG4probe hybridized
with remaining sequences in the orgiA&G4locus, which resulted in an extra signal withze sf
2942 bp. The numbers at the right indicate the giztandard markers in base pairs.

3.5.2 Verification of URA3 and PGA29 complementation

The integration of the Clp10 plasmid in tR®S10ocus was verified by two different PCRs
and Southern analysis (Figure 12). The 5 and 3eregions were amplified with the primers
RP10-1F (binding position:-861- -838) and Clp10.2bknding position in Clp10: 3175-
3192) and URA3-F (binding position: 47-67) and RBEO(binding position: +372 - +395),
which resulted in the fragments of 1971 and 176&elpairs (Figure 13A), respectively. Both
PCR products were sequenced and this confirmedadntegration of the Clp10 plasmid.
For Southern blot analysis, genomic DNA of the mtdavas digested with the restriction
enzymeEcoR| which cuts in the cassette and further downstrgatime genome sequence at
positions 133 of th&dRA3ORF and +2130 of the RP10 untranslated regioru(Ei§2). The
expected fragmericoRlof 3422 base pairs was detected by using a prghiestURA3
(Figure 13B), which was generated with the priméRA3-F (binding position: 47-67) and
URAS3-R (binding position: 592-615).

The integration of the Clp1BGA29plasmid in theRP10locus was confirmed by two
different PCRs and Southern analysis (Figure 1di) cBrrect integration at the 5 prime
region a PCR was performed with the primers RP10irling position:-861- -838) and
PGA29-best-knk-F (binding position: +364 - +385)ierhresulted in a 1746 bp product
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(Figure 11B). For correct integration at the 3 m@imgion the PCR was performed as
previously described for Clp10 integration (Figatd). Sequencing of both PCR products
confirmed correct integration of the ClpB@&A29plasmid. Southern blot analysis was
performed in order to verify the single integratmfrthe Clp10PGA29plasmid (Figure 15B).
This was performed as previously described for Gliptegration.

1971 bp 1767 bp
A A
I e I
—_ -« —_ -« -«
RP1(-1F Clp10.:-R URA3-F URA3-R RP1(-3R
RP1( URAZ RP1(
I
EcoRl EcoRl
133 +2183

Figure 12. Verification of the integration of Clp10with PCR and Southern blot analysis.
Schematic representation of ti®A3complementation in thdpga294pga29strain with the
linearised CIp10. The yellow region representsURA3ORF. The green regions represgiasmid
sequences of Clp10. The red regions represe®Bi®loci. One extr&RP10locus was generated
with Clp10 integration. The arrows indicate themm@t binding position€EcoRIcuts in thd JRA3
ORF at position 133 and in the RP10 untranslatgithng(3 prime) at position +2122. Sizes of the
knock-out cassette and untranslated regions aieated in base pairs (bp).
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Figure 13A and B. Verification of the integration d Clp10 with PCR and Southern blot
analysis.(A) Two different PCRs were performed which resdilite products that included the
genome and Clpl10 sequences. The PCR products iseedised by agarose gel electrophoresis.
Lane 1) PCR of 5 prime region. Lane 2) PCR of gprregion. (B) Detection of the 3422 BpoRI
fragment with Southern blot analysis witlRA3probe. Lane 1 and 2) EcoRI digestion of genomic
DNA of two transformants. The numbers at the rigbicate the size of standard markers in base
pairs.
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Figure 14. Verification of the integration of Clp10-PGA29 with PCR and Southern blot
analysis.Schematic representation of tR€A29andURA3complementation in the
4pga29/pga29strain with the linearised ClpIPGA29 The yellow region represents tR&A29
gene andURA3ORF. The green regions represgliaismid sequences of Clp10. The red regions
represent th&P10loci. One extrd&RP10locus was generated with Clp10 integration. Thevasr
indicate the primer binding positioriscoRIcuts in thdJRA30ORF at position 133 and in the RP10
untranslated region (3 prime) at position +2122eSiof the knock-out cassette and untranslated
regions are indicated in base pairs (bp).
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Figure 15A and B. Verification of the integration d Clp10-PGA29 with PCR and Southern

blot analysis.(A) Two different PCRs were performed which restlit® products that included the
genome and Clp1lPGA29sequences. The PCR products were visualised bgssgel
electrophoresis. Lane 1) PCR of 5 prime region.el2nPCR of 3 prime region. (B) Detection of
the 3422 becoRIfragment with Southern blot analysis witiRA3probe. Lane 1 and 2) EcoRl
digestion of genomic DNA of two transformants. Thenbers at the right indicate the size of
standard markers in base pairs.
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In order to confirm that the deletion mutants weodonger able to produceP&5A29gene
product, we performed Northern blot (not shown) emochunoblot analysis. These analyses
showed that thépga294pga29mutants lacke®®GA29expression and the reconstituted
strains properly express@fA29(Figure 16).

e -

Figure 16. Generation ofPGA29 deletion mutants.

Cell walls were isolated from mid-log phase ce®dfq,0f 2.0) and were treated wifi11,6-
glucanase. Proteins were separated by SDS-PAGE)@d&wmnalysed by immuno-blotting using
anti-Pga29p polyclonal antibodies.Lane 1) Wild t#@5314. Lane 2ipga29/PGA29Lane 3)
4pga294pga29 Lane 4)Apga294pga29/PGA29

3.6  Cell wall composition of thedpga29/4pga29 mutants

Pga29p is abundantly present in yeast cell wadlkrgffore its absence in the deletion mutants
might effect the cell wall composition. In orderdoravel morphological differences in the
structure of the cell wall between tdpga29/4pga29and control strains, mid-log phase yeast
cells were high-pressure frozen (cryofixation), andlysed with transmission electron
microscopy. Structural differences were quantifiwdneasuring the thickness of the fibrillar
and glucan layer (Figure 17). No differences wdrgeoved between the cell walls of the
mutant and revertant strain, which implies the walll structure is not affected up&GA29
deletion (Table 12). Additionally, differences wédoeind in the thickness of both cell wall
layers between the wild type SC5314 aipdja294pga29/PGA2%train (Table 12), which is
probably due to the background strain used anddcalab be related to the ectopic expression
of the auxothropic markeRG4 HIS1andURA3(see4. Discussiol.
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Figure 17. EM photograph ofC. albicans cell wall.

The upper fibrillar layer consists of mannoproteinkereas the inner layer consists mainly of
glucan.The thickness of the two layers was measuaradotal of 100 individual cells of the mutant,
revertant and wild type strain, respectively

Table 12. Thickness of the glucan and mannoproteiayer
Of each strain 100 cells were selected to meakerthickness of the glucan and
mannoprotein layer. The numbers indicate the medres in nn

Strain Glucan Mannoprotein
Apga294pga29 114.31 51.71
Apga29/pga29/PGA29 115.01 50.47
SC5314 98.19 76.85

Next, we determined the composition and possibéanghs in the concentration of chitin,
protein, and the mannose/glucose ratio in thevealll of the dpga29/4pga29strain in
comparison to the control strains. To quantify¢hiin concentration, cell walls were treated
with HCI which resulted in the release of N-aceliybpsamine residues that were
colorimetrically measured. A difference in chitioncentration was not observed for our
strains (Table 13; Figure 18A).

To determine the protein concentration, cell wase treated with a boiling NaOH solution.
This treatment hydrolyses CWPs and releases samgleo acids, that can be quantified using
a colorimetric assay. We did not observe any sicanit differences in the CWP concentration
between the strains (Table 13; Figure 18A).
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Next, we measured the mannose/glucose ratio, btiigecell walls with HSO, which
hydrolyses polysaccharides. The samples were athlygh HPLC on an organic acid
analysis column and the ratios between the difftesegars were determined. The
Apga294pga29mutants showed a significant reduction in the negerglucose ratio

compared with the control strains (Table 13; Figl88), which indicates a reduction of

mannan in the mutants cell wall.

Table 13. Cell wall composition.

Cell walls of each strain were isolated from twffedent cultures. The samples were analysed in
triplo from which the mean values were calculaféte chitin and protein concentration was
determined in percentage. Mannose and glucosesralees divided in order to obtain the
mannose/glucose ratio (M/G). SD indicates the sarstgndard deviation.

A4pga29/Apga29 A4pga29/Apga29/PGA29 SC5314

mean SD mean SD mean SD
Chitin (%) 515 0.34 5.37 0.65 466 1.02
Protein (%) 10.60 0.69 9.53 112 9.14 0.73
M/G 0.309 0.0025 0.513 0.0033 0.470 0.0105
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Figure 18. Cell wall composition analysis of thelpga29/4pga29 strain.

TheC. albicansstrains were cultured under conditions in wHtgBA29is abundantly expressed
(YPD medium at 3TC) and harvested at an @pof 2.0. The isolated cell walls were treated with
NaOH, to release protein, with HCI (Chitin) andiw#,SO, (mannan, glucan) to release
monosaccharides. Protein and chitin were quantifgédg a colorimetric assay. Mannose and
glucose were determined with HPLC.

(A) Chitin and protein concentration (indicated4) and (B) mannose/glucose ratio in cell walls of
4Apga294pga29 Apga294pga29/PGA2%and wild type SC5314rhe asterisk indicates a significant
lower mannose/glucose ratio compared with the obstrains T-test,P<0.05)

3.7  Phenotypic analysis o0PGA29 deletion mutants

3.7.1 Growth rate of 4pga29/4pga29 mutants

We determined whether deletionP&A29affected the growth rate in tkdpga294pga29
strain. Becaus€. albicanss capable to grow in a wide pH range, we testedstrains for
growth in a pH range from pH 4.0 to pH 9.0. Thassays showed thRGA29deletion did
not alter the growth rate at the different pH values indicated by a comparison of the

4dpga294pga29deletion mutant and the revertant (Figure 19).
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Figure 19. Growth rate determination of the4pga29 mutants.

Growth rate of mutant, revertant and wild type watermined at different pH values. From
overnight cultures, cells were inoculated in 96hpdtes and incubated at<&€D Two
independentpga294pga29strains and twalpga294pga29/PGA29strains were used. From
each strain 6 cultures were grown. Theggivas measured at 15 minutes time intervals from
which the average slope was calculated.

3.7.2 CFW and other cell wall stress

The observed upregulation of Pga29p under CFWss(reégure 6) could imply a
compensatory effect induced By albicansin order to fortify its cell wall. To analyse this
possiblity,Apga294pga29mutants were cultured under different CFW concéioima on

YPD or YNB agar (Figure 20) in order to monitor thgact on the growth. Interestingly, no
increased CFW-sensitivity was observed betweemiltants and the revertant strains.
Applying additional stresses, for example an insee@0C) or decrease (2B) in

temperature and an increase in osmolarity, dicsigptificantly alter the sensitivity of the
mutant for CFW. Subsequently, tHpga29/4pga29strain was tested for SDS-sensitvity as
well, which did not reveal an altered phenotypéhefdpga294pga29strain. These data
suggest that Pga29p is not involved in the fundaah@maintenance of the cell wall integrity
in C. albicans In all microdilution spot assays the wild type53@4 appeared more resistant
than the mutant and revertant strains. As mentiafede in the cell wall composition
analysis odpga294pga29mutants (se8.6), we speculate that this could be explained by the

ectopic expression of the auxotrophic markers énnttutant and revertant.
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Figure 20. Microdilution spot assay screening for EW sensitivity in 4pga29/4pga29 mutants.
For each strain six different concentrations ofiatery phase or mid-log phase cells were spotted
on YPD or YNB agar supplemented with concentratiwin€FW that were ranging between 0-
75ug/ml. Cells were incubated at different tempera &5 C -not shown-, 3T, 37C -not shown-
and 40C). Additional stress was induced by adding highcemtrations (0.7-1.0 M) of NaCl or by
incubating at low (28C) or high (40C) temperatures. Two independeipiga294pga29strains and
two independentipga294pga29/PGA29strains were used in each experiment. (1) wild type

SC5314. (2¥pga294pga29/PGA29strain. (3)4dpga294pga29strain.

3.7.3 [B-1,3-glucanase sensitivity assay

The mannoprotein layer can serve as a protectitrgy gainst foreign macromolecules and
degrading enzymes. As Pga29p is abundantly prasgetst cells, we investigated the
possibility whether this protein might serve agatgctive shield for the inner glucan layer.
Our strains were grown to the mid log-phase ane&weubated in 50 mM Tris-HCI wit-
1,3-glucanase (Quantazyme), a recombinant enzyateltfgrades the polysaccharide
backbone of the cell wall. Over time in a hypo-ostaric solution this leads to cell lysis that
can be monitored photospectrometrically. Lysis determined and compared by measuring
the ODyoo OVer a time period of 60 minutes (Figure 21). Tpga294pga29mutants did not
show increased sensitivity f31,3-glucanase, suggesting that Pga29p does noaplae as

a protective entity in the mannoprotein layer iis tiespect.
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Figure 21.B-1,3-glucanase sensitivity assay

Strains were grown to the mid-log phase till ansgdDf 2.0 was reached. For the assay cells were
adjusted to an Ofg, of 0.7, which is indicated as 100% in the graphieadding Quantazym, the
decrease in the QR was measured over a time period of 60 min. Thekx@nt was repeated two
times and the mean values were used to generaggaple.

3.7.4 Sensitivity against antimycotics

We tested whether deletion of Pga29p affectedehsiBvity against selected clinically
relevant antimycotics using the E-test formatcBhazole, Intraconazole, Voriconazole, , 5-
Fluocytosin and Amphotericin B and the cell walliae substance Caspofungin. The mutant

strain showed similar sensitivity compared with teeertant strain (Table 17, Appendix).

3.8 Is Pga29p redundant?

3.8.1 PGA30 and PGA31 expression indpga29/4pga29 mutants

In order to investigate whether the lack of obvioah wall phenotypes in the
Apga294pga29mutants is based on the fact tHBA29is a redundant gene, we examined
the expression d#GA30andPGA31(two identified homologs dPGA29 in the
Apga294pga29strainby using Northern analysiBGA31was shown to be highly
upregulated in protoplasts that regenerate thdinedl and is therefore a potential candidate
for taking over the function d#GA29 Increased expression BGA30andPGA31was not
observed in mutant cells grown in YPD medium &tGQFigure 22, 1a) as well as in cells
grown under CFW stress (Figure 22, 1b). In caserlV stressPGA31transcription was
upregulated in both, the mutant and in the wilcetgfrain, whereaBGA30transcripts could

not be detected in both conditions.
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Figure 22.Comparison of PGA30 and PGA31 expression betweedlpga29/4pga29 mutants and
in wild type strains

C. albicanscells were grown to the mid-log phase @yof 2.0) and harvested or incubated with
CFW for 15 min. Northern blot analysis was perfodméth PGA3Q PGA31andACT1digoxigenin
probes. ACT1 was used as a loading control.

1a) Apga294pga29 2a)dpga294pga29/PGA293a) Wild type SC5314. 1)pga294pga29
grown in 25ug/ml CFW. 2b)4Apga29/4pga29/PGA2Yrown in 25ug/ml CFW. 3b) Wild type
SC5314 grown in 2kg/ml CFW

3.8.2 Cell wall proteome of thedpga29/4pga29 mutants

To determine whetheZ. albicansattempts to compensate #8GA29deletion by

upregulating other CWPs or by incorporating a ddfe set of CWPs into the cell wall, we
analysed the full cell wall proteome of thpga29/4pga29mutant with the aid of liquid
chromatography-tandem mass spectrometry (LC/MS/W&hle 14). We extracted cell walls
from stationary phase-yeast cells that were culture PD medium at 2% or 37C. CWPs
were released from the cel wall by using the ‘elll shaving method’, in which extracted
cell walls are directly digested by trypsin (Yinadt, 2008).

In total 24 CWPs were identified, which includedi@Bhesins (Alslp, Als2p, Als3p and
Als4p), proteins that are involved in cell wallegtity or assembly (Cht2p, Crh11p, Ecm33p,
Pgadp, Phrlp, Phr2p, Pirlp, Sap9p, Scwlp, Ssrlpagd), proteins that are involved in
iron aquisition (Rbt51p/PgalOp and Rbt5p), supe®xiismutases (Sod4p/Pga2p and
Sod5p/Pga3p) and proteins with unknown functiorsal®, Hyrlp, Pga29p and Pga36p). The
yeast form wall protein 1 (Ywplp) seems to plapla in dispersal of. albicansin the host
(Granger et al., 2005). It should be noted thalPswvas identified with only one peptide
sequence, ‘IYDQLPECAK’, which occurs seven timeshis protein, but is also present one

time in Rbt5p and Rbt51/PgalOp. In Csalp, thesedeepequences are followed by a proline
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residue, which can prevent cleavage of trypsingestyng the identification of Csalp has not
been fully proven.

Interestingly, several CWPs were shown to be sjpatly upregulated at 2& or 37C, as
indicated by the number of identified peptides.2blpeptides were exclusively identified in
cell walls from cells that were cultured at’€5 whereas the proteins Als3p and Hyrlp were
only found at 37C.

Twenty tryptic peptides from Pga29p were identifieonfirming that it is abundantly present
in the cell wall ofC. albicans As expected, the MS results confirmed that thienad|s of the
deletion mutandpga294pga29did not contain Pga29p, whereas the control srdid. The
family members Pga30p and Pga31p were not ideshiifi@ny strain, which coincides with
our data deduced from Northern blot analysis.

Although the performed LC/MS/MS analysis is a quadifve rather then a quantitative
method, the data for the cell walls of igga29/4pga29strain that was grown at 25

indicate that the mutant contains less Als4p araipgindpga294pga29cell walls, only
three tryptic peptides from Als4p were identifigdhereas nine and ten peptides from this
protein were identified in the revertant and wigé strains, respectively. In addition, only
one peptide from Pgadp was founddoga294pga29cell walls, compared to four peptides in
the revertant and wild type strains. These dataniiglicate that Als4p and Pga4p are
downregulated upoRGA29deletion. However, this has to be confirmed witjuantitative
approach. Upregulation of other CWPs in #ipga29/4pga29strain was not observed,

suggestingC. albicansdoes not compensate f8GA29deletion.
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Table 14. LC/MS/MS analysis of the cell wall proteme from Apga29/Apga29, Apga29/Apga29/PGA29 and SC5314 cell walls.
Cell walls were extracted from yeast cells thatengnrown for 24 hours at 25°C or 37°C. Cells wathgies were treated with trypsin
and the supernatants containihg solubilised peptidesere analysed with LC/MS/MS. Identified peptides andicated a ‘+'.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C
Alsl 68-76 TLNMPCVFK +
77-92 YTTSQTSVDLTADGVK + + + +
176-188 STVDPSGYLYASR + + + + + +
237-254 GLNDWNYPVSSESFSYTK + + + + +
265-279 YQNVPAGYRPFIDAY + + +
303-311 SQSKPFTLR + + +
Als2 18-34 KVITGVFNSFDSLTWTR + + +
35-41 AGNYAYK + +
42-76 GPNRPTWNAVLGWSLDGTSANPGDTFTLNMPCVFK +
45-76 RPTWNAVLGWSLDGTSANPGDTFTLNMPCVFK +
77-92 FITDQTSVDLTAEGVK + + +
93-111 YATCQFYSGEEFTTFSSLK +
112-123 CTVSNTLTSSIK +
153-166 AGTNTVTFNDGDKK + + +
166-175 KISIDVDFEK + + +
291-305 YTNDYACVGSSLQSK + + +
291-310 YTNDYACVGSSLQSKPFNLR + + +
Als3 50-76 AVLGWSLDGTSASPGDTFTLNMPCVFK +
77-92 FTTSQTSVDLTAHGVK + + +
108-123 STLTCTVSNTLTPSIK +
124-149 ALGTVTLPLAFNVGGTGSSVDLEDSK + + +
133-149 AFNVGGTGSSVDLEDSK + +
135-149 NVGGTGSSVDLEDSK + +
150-166 CFTAGTNTVTENDGGKK + +
166-175 KISINVDFER + + +
167-175 ISINVDFER
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Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C
Als3 182-188 GYLTDSR + +
196-236 VSTLFVAPQCANGYTSGTMGFANTYGDVQIDCSNIHVGITK +
208-236 GYTSGTMGFANTYGDVQIDCSNIHVGITK + + +
217-236 ANTYGDVQIDCSNIHVGITK + +
237-254 GLNDWNYPVSSESFSYTK + + +
255-266 TCSSNGIFITYK + + +
289-305 TLSYANEYTCAGGYWQR + + +
291-305 SYANEYTCAGGYWQR +
295-305 EYTCAGGYWQR +
307-312 APFTLR + + +
1344-1350 VIPSLNK + + +
Als4 18-38 KVITGIFDSFNSLTWTNAASY +
55-76 SLDGATASAGDTFTLDMPCVFK + +
77-91 FITDQTSIDLVADGR + + + +
92-107 TYATCNLNSAEEFTTF +
113-123 TVTTTMTADTK +
157-175 TVTFNDGDTSISTTVDFEK +
217-254 STAGTGATIDCSTVHVGISNGLNDWNYPISSESFSYTK +
237-254 GLNDWNYPISSESFSYTK + +
255-273 TCTSTSVLVTYQNVPAGYR +
255-275 TCTSTSVLVTYQNVPAGYRPF +
255-279 TCTSTSVLVTYQNVPAGYRPFVDAY +
255-284 TCTSTSVLVTYQNVPAGYRPFVDAYVSATR +
260-284 SVLVTYQNVPAGYRPFVDAYVSATR +
266-284 QNVPAGYRPFVDAYVSATR + +
268-284 VPAGYRPFVDAYVSATR +
274-284 PFVDAYVSATR +
285-291 VSSYAMR + + +
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Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C
Cht2 20-39 SASNQVALYWGQNGAGGQER +
22-39 SNQVALYWGQNGAGGQER + + + + +
75-91 TFESGLLHCSQIGADIK + + +
99-121 TVLLSLGGGVGDYGFSDVASATK + +
122-129 FADTLWNK +
185-200 PQCPYPDASLGDLLSK +
229-236 FADSAPNK +
240-258 LFVGVPATSNIAGYVDTSK + + +
259-267 LSSAIEEIK + + + +
268-290 CDSHFAGVSLWDASGAWLNTDEK +
268-299 CDSHFAGVSLWDASGAWLNTDEKGENFVVQVK +
278-299 WDASGAWLNTDEKGENFVVQVK +
Crh11 29-45 SSDCSPVPALGSSFLEK + + + + +
45-58 KFDNGLGPHFESLK +
46-58 FDNGLGPHFESLK + +
46-59 FDNGLGPHFESLKK + +
60-75 QGTIDSGSNGLSLTMK +
77-84 RFDNPSFK + + + + + +
78-84 FDNPSFK + +
148-158 GGYHDIANPLK + + + + + +
159-169 DYHTYVIDWTK + + +
170-182 DAVTWSVDGSVIR + + + +
236-246 SVLVADYSSGK + + +
247-261 QYSYSDQSGSWESIK + + + +
271-279 YDQAQDDIK + +

77



Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C
(Csal) 53-62 IYDQLPECAK + + +
(244-253)
(576-585)
55-62 DQLPECAK + +
(246-253)
(416-423)
(578-585)
Ecm33 139-168 TGLTAGITSAESVVISDTGLSSLTGINVFK +
246-262 VELAELTSIGNSLTINK +
246-273 VELAELTSIGNSLTINKNDDLTELDFPK + +
276-290 TIGGALQISDNSELR + + + + +
291-297 SFSGFPK + + + + +
321-329 RVSGGFILK + + +
334-341 LSCSAFNK + + + + + +
Hyrl 31-41 GGIQGFHGDVK + + +
135-142 STAYLYAR +
143-157 EWTNNGLIVAYQNQK + +
181-189 HQDFVPATK + + +
192-205 GTGCVTADEDTWIK +
206-222 LGNTILSVEPTHNFYLK + +
278-286 AAALPQYFK + + +
Pga4 24-37 VEGNAFWDSESGDR +
42-65 GVDYQPGGSSELEDPLADTNVCER +
69-79 YFQELGINTIR + + + + +
99-116 AGIYVILDVNTPHSSITR + + +
199-214 LPSGLYFNCGDDDMAR + + + +
215-241 IDMYGINDYSWCGDASMTTSQYSQQMK +
302-315 GDSVTTNDDFDNLK + + +
321-332 TKNPSGDGGYLK + + + +
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Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C

Pga4 343-357 SNIWNVTEEIPDTPK +

365-385 GLAEPTGHGFDAYVQGNCNAK +
PgalO/Rbt51  47-56 IYDQLPECAK + + +

50-56 QLPECAK +

61-92 QSTSNTPCPYWDTGCLCVMPQFGGAIGDCVAK + + + +
Pga24/Ywpl 331-339 TVVACDEHK + +

329-339 VITVVACDEHK + + + + +
Pga29 16-25 TISSIQLFAK + + +

26-39 SDDSKVDGLGLYSK

27-39 DDSKVDGLGLYSK + + +

29-39 SKVDGLGLYSK +

31-39 VDGLGLYSK + +

40-58 HEGAAIDYLFLGKNGADLK +

64-71 KQIFQELK +

72-78 TSSITVR + +

65-71 QIFQELK +

72-78 TSSITVR + + +

79-103 QSFTLGGDVYELGATDNFIPVTINK + +

82-103 TLGGDVYELGATDNFIPVTINK +

104-114 DGTLSFTGDDK +

104-119 DGTLSFTGDDKVYASK +

106-119 TLSFTGDDKVYASK +

120-126 NVNDPYR + + +

127-137 YSESEYAVSNK + + +

127-138 YSESEYAVSNKK + +

138-150 KTDDSAPITIVAK + + + +

144-150 PITIVAK +
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Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29
25°C  37°C 25°C 37°C
Pga36 20-34 ADQICNDHCSNAYQK +
35-52 QQSCGGTDDVSSQSATLK + +
Phrl 21-35 KFESSTPPVEVVGNK + +
49-70 GIAYQQDAAGSVSSGYDADPNR + +
99-113 VYAIDPDKDHEECMK +
138-147 PEWNLDLYKR +
175-184 SNTDASAFVK + + +
201-215 QIPVGYSSNDDEEIR + +
280-291 LFQEIGTLYSDK + + +
387-423 SLECVVADDVDKEDYGDLFGQVCGYIDCSAISADGSK +
424-437 GEYGVASFCSDKDR + +
438-452 LSYVLNQYYLDQDKK + +
439-452 SYVLNQYYLDQDKK +
Phr2 23-34 EDLPAIEIVGNK + +
164-174 KSNTDASAFVK + + +
165-174 SNTDASAFVK + +
191-205 SIPVGYSANDDSAIR + + + +
193-205 PVGYSANDDSAIR +
228-238 MYEWCGDSSYK +
239-250 ASGYESATNDYK + +
270-292 KFTEVATLFGDQMTPVWSGGIVY
316-325 DYSYYSSEIK + +
Pirl 249-266 ACSSANNLEMTLHDSVLK + + +
251-266 SSANNLEMTLHDSVLK + + +
253-266 ANNLEMTLHDSVLK +
255-266 NLEMTLHDSVLK + + +

80



Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C
Pirl 272-281 WGAIVANHQF +
272-284 WGAIVANHQFQFD +
272-294 WGAIVANHQFQFDGPIPQAGTIY +
272-301 WGAIVANHQFQFDGPIPQAGTIYSAGWSIK + +
295-301 SAGWSIK + +
316-331 CLSGDFYNLYDENVAK + +
317-331 LSGDFYNLYDENVAK + +
Rbt5 47-56 IYDQLPECAK +
49-56 DQLPECAK +
61-92 QSTSSTPCPYWDTGCLCVMPQFAGAVGNCVAK +
71-92 WDTGCLCVMPQFAGAVGNCVAK +
78-92 VMPQFAGAVGNCVAK +
82-92 FAGAVGNCVAK + +
Sap9 307-319 AGSILFGAIDHAK +
Scwl/MP65 128-141 GITYSPYSDNGGCK +
142-160 SESQIASEIAQLSGFDVIR +
311-322 NVLITETGWPSR +
334-344 SNQQAAISSIK +
Sod4/Pga2 105-117 TPAALELGDLSGR + +
Sod5/Pga3 118-127 HGNIMGESYK +
118-140 HGNIMGESYKTEYDDSYISLNEK +
Srrl 23-31 APPACLLAC + +
24-34 PPACLLACVAK +
25-34 PACLLACVAK +
41-51 CSGLNDLSCICTTK + + +
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Table 14. Continued.

Protein Name  Residues Peptide sequence Apga29Apga29 Apga29Apga29/PGA29 SC5314
25°C  37°C 25°C  37°C 25°C  37°C
Srrl 64-79 EICPNGDADTAISAFK + + + + +
utr2 34-61 HCPEDKPCCSQFGICGTGAYCLGGCDIR +
75-85 MSTFQESFDSK +
245-253 YDYPQTPSR + + + + +
254-268 IQFSLWPGGDSSNAK +
269-286 GTIEWAGGLINWDSEDIK
269-287 GTIEWAGGLINWDSEDIKK + +
273-287 WAGGLINWDSEDIKK +
288-296 YGYYYAHIK + + + + +
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3.9 Pga29pisinvolved in systemic candidosis

Our phenotypic screens do not support the hypathikat Pga29p plays a major role in
maintaining the cell wall integrity ¢&. albicans However, we experimentally confirmed that
Pga29p is one of the most abundant GPI-depender @\Whe yeast form . albicans
and, as shown above, we found homologs of Pga28ihar pathogeni€andida sppTo
investigate whether Pga29p might be required ftalbdishingC. albicansinfections, we
examined thedpga294pga29strain in a mouse model of systemic candidosissyssemic
candidosis starts witGandidaentering into the bloodstream, BALB/c mice were
intravenously infected with thdpga29/4pga29strain and control strains. Standard death
curves were obtained after the infection (Figurg 2®ich showed thahe virulence of the
Apga29/4pga29strain is slightly but significantly reduced comgamwith the control strains,
indicating that Pga29p does play a role in thebdistament ofC. albicansinfections.

100 A OApga29Apga29
Tg 80 BMApga29Apga29/PGA29
s + SC5314
@ 60 -

5
8 40 +
[}
O 20 -
O L] L}
0 5 10 15
day

Figure 23. Systemic infection model.

Ten BALB/c mice were intravenously infected via thteral tale vein with 1.0*1eC. albicans
cells. The median survival times were 6.5, 5.5 4Bddays for thelpga294pga29strain,
4pga29/pga29/PGA2%ind SC5314 strains, respectively.

3.10 PGAZ29 deletion does not affect morphology or adhesion @. albicans

Our next objective was to better elucidate the odlBga29p in the infection process. The
ability of C. albicansto transit between different morphological fornmsl o adhere to host
cells is essential for establishing a systemicamnd®. We investigated whether the reduced
virulence of thedpga29/4pga29strain was caused by a deficiency in morphologieadsition

or by a reduced ability to adhere to different ptasurfaces and host cells.
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C. albicandgs a polymorphic fungus that is able to grow assygaseudohyphae, true hyphae
or chlamydospores. This ability for morphologiaalrsition has been related to the virulence
of C. albicans To study a possible role of Pga29p in the mormpdichl transition and
morphological plasticity o€. albicans we tested the ability of thdpga294pga29strain to
grow in the above mentioned growth forms in varibgsid and agar media. Different
inducers of hyphal growth were used to test thestyerhyphae transition: serum (YPD
medium with 10% serum), neutral pH (Lee mediumpdétylglucosamine (SB medium),
nutrient deprivation (Spider medium) and low coricaions of farnesol, which is a quorum
sensing molecule that is excreted®yalbicansand prevents mycelium development
(Hornby et al., 2001.). The formation of yeast£&lbm hyphae was tested by incubating
serum-induced hyphae in YPD medium at@®or several hours. The ability to form
chlamydospores was tested on rice-Tween agar medinepga29/4pga29strain showed
normal development for all growth forms in thessags. An example is shown in figure 24,

which depicts ou€. albicansstrains that were grown on Spider agar.

Figure 24. Morphology assay to screen for the abili of the Apga29/4pga29 mutants to develop
hyphae.

From an overnight cultur€. albicanscells were plated out on Spider agar, in ordentluce
nutrient-deprived hyphal development. The cellsanecubated at 3€ or 37C for 5-7 days. (A)
Apga294pga29strain. (B)4pga294pga29/PGA2%train. (C) wild type SC5314.

The ability of the mutants to adhere to severdiasas, which included plastic and epithelial
cells, was tested in three different assays. Iditheassay, we incubatégl albicansyeast

cells with Caco-2 cells and quantified number afiaolherent and adherent cells (Dieterich et
al, 2002). After 15, 30, 45, 60 and 120 minutesi-adherent cells were aspirated and
adherent cells were scraped off the bottom of thiSE& wells. To determine the adherence
ability of the strains, non-adherent and adherehs gvere plated out on YPD agar and after
24 hours the colony forming units were counted.sidmificant differences were observed
between the strains (not shown).
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C. albicanscan adhere to a variety of plastic materials,udirlg polystyrene, which is a

model system to study the adhesion of this fungiqggen to medical devices. It has been
shown that the adherence ability@falbicansgerm tubes to polystyrene is correlated with
the presence of a fibrillar layer which containetiesins (Tronchin et al., 1988). The
adherence ability ofpga294pga29stationary-phase yeast cells to plastic was tesitd

tissue culture-treated and non-treated polystyRate dishes (Granger et al., 2005). The cells
were incubated at 3Q or 37C for 3, 4, 6 and 24 hours and were stained wighdiye crystal
violet (CV) (Figure 25). In the assays no significdifferences were observed between the
Apga294pga29and control strains.

To study the adhesion of hyphae to polystyrendipsiary phase yeast cells were diluted in
modified RPMI medium and were distributed in tissu#ture treated 24-well plates. During
an incubation period of 3 days, the adhesion ohhypolonies was checked by gently
shaking the plates, thereby distinguishing the remolb non-adherent colonies from the
adherent ones. No significant differences in tesag were observed (data not shown). Taken
together, the data obtained by the adhesion ass@gest that the adherence is not altered by
the deletion oPGA29in C. albicans
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Figure 25. Adhesion assayCV staining of C .albicans on polystyrene. Stationary phase cells
were spotted on non-treated (A) or tissue culgatéd (B) polystyrene Petri dishes and incubated

for different time periods at 3€ or 37C. Cells were stained with 0.1% CV. 1+2.)
4pga294pga293+4.) dpga294pga29PGA29 5) wild type SC5314

B

3.11 Reconstituted Human Epithelial as model for @l candidosis.

We used the Reconstituted Human Epithelium (RHEnamfection model, to study more in
detail the interaction of thdpga29/4pga29strain with host cells. The model is developed by
culturing transformed human keratinocybéshe cell line TR146 derived from a carcinoma
of the orakpithelium (Rupnialet al, 1985). This three-dimensioregithelial tissue simulates
very well the oral mucosa vivoand can be supplemented with polymorphonuclear
leukocytes (PMNSs), which enhance the upregulatiohHi-cytokines and protect the
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epithelium by inhibitingC. albicansgrowth (Schaller et al., 2004). After 12 hours of
infection, light microscopic pictures showed thet lpga294pga29strain caused a reduced
tissue damage to the epithelium (Figure 26B) coegbarith thedpga294pga29/PGA29
strain (Figure 26C) and the wild type strain SC5@igure 26D). To more accurately
qguantify and compare the degree of epithelial da@nag assay was performed in which the
release of lactate dehydrogenase (LDH) from damagételial cells measured. These
analyses revealed a statistical discrepancy ihbié release betweedpga294pga29strain
and the control strains (Table 15 and Figure 2§ quantitative difference between
4dpga294pga29strain and the control strains, although staadliycsignificant, is moderate,
which is in accordance with the data obtained ftbeamouse model. The LDH activity from
RHE supplemented with PMNs was overall lower th&tERvithout PMNs, which confirms
the protective effect of these immune cells agdhstlbicangTable 15 and Figure 27).
Taken together, these data from the RHE-model carthat Pga29p plays a role in the

establishment of. albicansinfection.

Figure 26.4pga29/4pga29 mutants show an attenuated virulence in a RHE modef oral
candidosis.

RHE was infected with 2xA0° C. albicanscells and was examined by light microscopy afer 1
hours. (A) Non-infected (Blpga294pga29strain. (C)dpga294pga29/PGA29strain. (D) SC5314
wild type. The experiment was three times performét two independentlpga294pga29strains
and two independeripga29/4pga29/PGA29strains. RHE infected with the mutant showed a

reduced damage. In case of the revertant and yyke $train tissue damage was severe, showing clear

oedema and vacuolisation of the epithelium.
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Table 15.Determination of LDH activity in the RHE model.
The activity of LDH that is liberated from the dagea epithelial cells was measured for RHE infected

24 hours withdpga294pga29 Apga294pga29PGA29and wild type SC5314. Experiments were
three times performed, from which the mean valuessample standard deviations (SD) were

determined

LDH (U/l) LDH (U/l)

without PMNs with PMNs

mean SD mean SD
Control (PBS) 18 2.65 19 4.24
Apga29/Apga29 134 8.14 97 8.89
Apga29/4pga29/PGA29 190 7.02 142 8.96
SC5314 197 9.45 152 4.95

250,0 -
200,0 -
= 150,0 - :
=) m without PMNs
I .
with PMNs
8 100,0 - -
50,0 -
00 . N
Control Mutant Revertant WT
(PBS)

Figure 27. Determination of LDH activity in the RHE model.

The activity of LDH that is liberated from the dagea epithelial cells was measured for RHE infected
with Apga294pga29 Apga294pga29PGA29and wild type SC5314. RHE that was supplemented
with PMNs after 12 hours of infection, showed aerall lower LDH activity. The asterisks indicate
significant lower LDH activity compared with thertool strains T-test,P<0.05)
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3.11.1 PGA29 expression inC. albicans infected RHE

The observed reduced virulence of #ipga294pga29strain is clearly caused by the deletion
of thePGA29gene. In order to obtain insight whetl&A29is directly or indirectly

involved in virulence, the expressionPGA29in the RHE model was examined by isolating
MRNA from 24 hours infected tissue and subsequeherating cDNA with reverse
transcriptase PCR. Using this cDNA as a templaBCR with specific primers for the open
reading frame oPGA29was performed. Analysis of the PCR by agaroselgetrophoresis
did not show any signal (not shown), corroboratimgdata of Zakikhany et al. (2007) who
performed genome wide transcript profiling@falbicansRHE infection, which showed the
lack of PGA29geneexpressionAs C. albicansyeast cells rapidly develop germ tubes during
the incubation with RHE, it is not surprising tleipression of the yeast-speciRGA29was
decreased in this model. This result indicatesPga29p might be important during a short

period of time in the initial stage of infectiormjqr to the yeast-to-hyphae transition.

3.12 Pga29p is a potential PAMP

Important structural features by which GPI-protetas be identified are serine and threonine
rich domains that are heavily O-glycosylated withrman (Richard and Plaine, 2007). O-
linked mannan is an important PAMP that is recogphisy the host via the TLR4 receptor,
which in turn induces the release of TH1-cytoki(iéstea et al., 2008). The Pga29p amino
acid sequence consists of 18% serine and threoesndues, which could serve as O-
glycosylation sites. Pga29p does not contain thheesgce N-X-S (X is any amino acid except
proline), excluding that it is N-glycosylated. Ttaet that Pga29p (expected size of the mature
protein is 18 kDa) migrates with SDS-PAGE at apprately 30 kDa and that cell walls of
Apga294pga29mutants show a reduced mannose/glucose ratior@-igl), suggests that
several serine/threonine residues are indeed myglated. In order to investigate whether
Pga29p is O-mannosylated and therefore could mtempal PAMP, we analyseiil,6-
glucanase CWP extracts of defined mutants thadefreient in O-glycosylation (Figure 28).
The selected mutants have deletionBMT1, PMT2 PMT4, PMT5o0r PMT6, which encode
protein mannosyltransferases that are responsibkediding the first mannose to a serine or
threonine residue. Immunoblot analysis of ke, 6-glucanase-released CWPs showed a
downward shift of the Pga29p band (lane 2), whmhficms O-mannosylation by Pmtlp. No
downward shift was observed in case of the otherrRatants (lane 3-6), which indicates that

Pmt2p, Pmt4p, Pmt5p and Pmt6p do not target Pga29p.
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Figure 28. O-glycosylation of Pga29p it€. albicans Pmt deletion mutants.

B-1,6-glucanase cell wall protein extracts were spd by SDS-PAGE (11%) and analysed by
immuno-blotting using anti-Pga29p polyclonal antlies. Lane 1 and 7) wild type strain SC5314.
Lane 2)dpmtldpmtl Lane 3)dpmt2/PMT2 Lane 4)dpmtdidpmtd Lane 5 Apmt54pmta Lane 6)
Adpmt6Apmt6

3.13 Immune response against thdpga29/4pga29 strain

We showed that Pga29p is glycosylated with O-mariRagure 29), a sugar that was shown
to be recognised by the host immune system witfPlRR TLR4. Deletion oPGA29

probably results in a reduction of O-linked man@igure 18B), that could cause an altered
host-pathogen cross-talk, which may result in aigished immune response. In addition to
that, it seems also possible tRg&A29deletion and consequent lack of the abundant Rga29
in the cells wall leads to the exposure of otheM®A& to the outside environment and
therefore could be readily recognised by the immaystem. This in turn could lead to an
increased immune response. In order to study tleeofd®ga29p during host cell interactions
in more detail, we examined the immune responskeoRHE upon infection with the
PGAZ239deletion and the control strains. In addition, fipga29/4pga29strain was tested in

interaction assays with different immune cells.

3.13.1 Immune response dE. albicans infected RHE

The immune response of human oral epithelia has Wed studied in the past. Using the
RHE as a model, it has been shown thadlbicansstimulates a strong expression of TH1-
cytokines at the mRNA and protein level. The exgigsof these cytokines is correlated with
the degree of virulence (Schaller et al., 2002pgkementing this model with
polymorphonuclear leukocytes (PMNSs) revealed thigtimmune response is associated with
the chemoattraction of the PMNs, which protectapghelial cells and enhance the TH1-type
immune response (Schaller et al., 2004).

To more closely examine the interaction of Apga294pga29mutant with the RHE, we

studied the immune response of the epithelial egl&nst our strains by quantifying mRNA
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levels for the TH1 cytokines: granulocyte-monoaydony stimulating factor (GM-CSF),
tumor necrosis factor alpha (THNJ; interleukin-1 alpha (IL-@), interleukin-1 beta (IL-f),
interleukin-6 (IL-6) and interleukin-8 (IL-8). Asxpected, epithelial cells that were infected
with the reconstituted and wild type strains showiggh expression levels @GM-CSF, TNF-

a, IL-8 and moderate levels df-1a, IL-15 andIL-6 (Figure 29A). Challenging the RHE
with the dpga294pga29mutant strains resulted in a significant reducguression for these
cytokines (Figure 29A). In order to investigateetiter the cytokine mRNA levels coincide
with their translational level, we determined thedls of GM-CSF, IL-6, IL-8 (Figure 29B)
and TNFx (Figure 29C) with ELISA. RHE infected with the maat strain released significant
reduced levels for these cytokines, which coincidits the mRNA levels.

In addition, we studied the expression and cytolewels of infected RHE supplemented with
PMNSs. In both experiments only minor discrepanerese observed between the
Apga294pga29and control strains, which suggests a protectifeeeof the PMNs (Figure
30).
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Figure 29. Cytokine
expression in RHE (A)

RNA was isolated from RHE
that was infected witle.
albicansfor 24 hours. Gene
expression was examined for
several cytokines that are
known to be expressed in
keratinocytes upo@andida
infection.

(B) GM-CSF, IL-6, IL-8
and(C) TNFa protein
release was quantified from
24 hours infected RHE.
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expression in RHE
supplemented with
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infection, RNA was
isolated from RHE that
was supplemented with
PMNs. Gene expression
was examined for several
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to be expressed in
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Candidainfection .(B)
GM-CSF, IL-6, IL-8and
(C) TNFa protein release
was quantified from 24
hours infected RHE that
was supplemented with
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3.13.2 Interaction ofC. albicans with PMNs and primary dendritic cells

We further investigated whether tdpga29/4pga29strain induced a different immune
response in interaction assays with two differgpés of immune cells: murine primary
dendritic cells and human PMNSs. Dendritic cells @@&re antigen presenting cells that are
able to promote the initiation of T-cell-dependeninunity and can stimulate the immune
response by the secretion of cytokines (Netea €2@08) Due to their location at sites where
C. albicansinvasion frequently occurs, such as mucosal sesfaod in the skin, it is believed
that dendritic cells play an important role in immity againstC. albicans

Primary DCs were obtained by isolating DC preswg$mm mice bone marrow that were
cultured for 7 days in mDC medium. We determinebkipe expression of murine primary
dendritic cells stimulated witdpga29/4pga29mutants. The cytokine expression was
examined by quantifying mRNA levels of TH1 cytoksné&N{3, TNF-, IL-12, IFN-y and

the TH2 cytokine IL-10 of primary dendritic cellsat were incubated with our strains for 20
or 110 minutes. No significant differences wereeastisd between the strains (example given
for IFN-$3, Figure 31).

IFN-beta expression

20 1 O Non-induced
BWT

- W Apga29/Apga29
o
a O Apga29/Apga29/PGA29
o 10 1
o
=
(3

20 min

Figure 31. Cytokine expression of primary DCs upointeraction with the Apga29/4pga29
strain.

Primary DCs were stimulated for 20 minutes with Alpga294pga29 4Apga294pga29/PGA2%nd
wild type strain. Th&€andida DCs interaction was performed at a 2:1 MOI inralZ/olume in 6 cm
dishes. RNA was isolated and cytokine expressianaxamined by RT-PCR.
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The oxidative burst is an important mechanism aft iimmune cells to kilC. albicans(Netea
et al., 2008). Consequently, we measured the axelhtrst of human PMNs upon
interaction with thedpga294pga29and4pga294pga29/PGA2%trains (Figure 32), that
were grown at 28 or 37C. C. albicansgrown at 37C were stimulating the PMNs more
than cells grown at 2&, however no significant difference was observetiveen the
Apga294pga29anddpga294pga29/PGA2%trains. Our data indicate that the reduced

virulence may not be related to an altered pathdgsih cross-talk via the mannans.

Mutant 28C

Revertant 28C
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mm Revertant 37C
mm 50 ng/ml PMA
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0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 15

time (min)

Figure 32. Determination of oxidative burst in inteaction assay between PMNs and the
A4pga29/4pga29 mutant strain.

C. albicansstrains that were grown at ZBor 37C were incubated with human PMNs and the
oxidative burst was measured at@7ver a time period of 145 minutes. As a postimatiol 50
ng/ml phorbol 12-myristate 13-acetate (PMA) wasduBelative fluorescence units (RFU) were
measured every 5 minutes.

94



4, Discussion

C. albicandgs a human pathogenic fungus that normally exrsteé host as a commensal
organism, but can cause severe infections whemtmeine system is weakened.

Infections can occur superficially on the skin araosa, but can emerge systemically as well,
causing damage to organs, which can lead to theadecf the patient.

Since the completion of the. albicansSequencing Project at the Stanford Genome
Technology Center in 1998, molecular analysesisfgathogen have been considerably
facilitated. As a consequence of this, the genanaif gene deletion mutants and
development of DNA-microarray and proteome projeafsdly increased, which resulted in a
ampleness of data that already have started toagiseers to several questions regarding the
function of particular genes.

C. albicansresearch has been mainly focussing on the ideatidin of virulence factors and
their role in host-pathogen interactions. Cell vipmtiteins (CWPs) are known to be involved
in virulence and several of them are necessargdtablishing an infection. In this study, we
characterised the GPI-CWP Pga29p, an abundantiptbsd is covalently linked in the cell

wall of the yeast form of. albicans with the aid of different molecular techniques.

4.1  Pga29p incorporation into the cell wall

There are two types of CWPs that are covalentkelihto the cell wall o€. albicans ASL-
CWPs and GPI-CWPs. ASL-CWPs are directly attacbetdp-1,3-glucan framework,
presumably via an alkali sensitive ester-linkagekéf et al., 2006). GPI-proteins contain at
their C-terminal part a hydrophobic domain, whisltleaved off and replaced by a
glycolipid, the GPIl-anchor. After being processetgh the secretory pathway, GPI-
proteins finally arrive in the extracellular spacieile they remain attached to the plasma
membrane via their GPl-anchor.@ albicans GPI-proteins can be further processed to be
linked to the cell wall via §-1,6-glucanB-1,3-glucan heteropolymer (Kapteyn et al., 1995,
2000).

De Groot et al. (2004) could identify Pga29p inrasts from cell walls treated with HF-
pyridine and3-1,3-glucanase, thereby proving that this proteimcorporated into the cell
wall. In this study, we attempted to reveal to whpolysaccharides in the cell wall Pga29p is
covalently linked. First, a recombinant form of R§p was produced and isolated fr&mn

coli, which was used to generate an anti-Pga29p polgtkntibody that specifically
recognisedC. albicansPga29p. To release CWP fractions from SDS-exidawté walls of
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the wild type SC5314, the enzyng4,3-glucanasd3-1,6-glucanase and a 30 mM solution
of NaOH were used. The supernatants were analysedrbuno-blotting and showed that
cell walls that were treated wifl11,6-glucanase released Pga29p, resulting in éedamnd

on the membrane at 30 kDa. In contrast, supernfitamtcell wall samples that were treated
with 3-1,3-glucanase resulted in a high molecular snidas.3-1,3-glucanase extract was
additionally treated witlf8-1,6-glucanase, which resulted in a migration efglgnal to a size
of 30 kDa. This proved that Pga29p is linked tofikg3-glucan layer vig-1,6-glucan.
Treatment of cell walls with NaOH did not releag@aP9p, which showed that the protein is
not linked via a mild alkali sensitive linkage. $hiesult is in agreement with the lack of Pir-
like sequences (QIGDGQVQ) in the amino acid sega@&idga29p, through which
presumably the GPI-CWP Cwplp 9f cerevisia@andC. glabratais linked to the3-1,3-
glucan (Kapteyn et al., 2001; Weig et al., unputgdcs data).

4.2  Pga29p is a yeast-specific protein

4.21 PGA29 expression during the yeast-to-hyphal transition

Under certain conditions, the yeast forntofalbicansis able to develop hyphae, a process
that is regulated via several pathways and trgotsen factors (reviewed by Liu, 2001). The
morphological transition from the yeast to the hgliorm strongly affects the composition of
the cell wall proteome. For example, Sohn et &108 showed with microarrays that the cell
wall genesyWPlandHWP2are specifically expressed in the yeast and hyfoinad,
respectively.

In this study, we were able to show that Pga2%pyieast-specific protein i@. albicans by
monitoring the downregulation of the gene produttsme during yeast-to-hyphal transition.
Northern analysis showed that tAR&A29transcript rapidly decreased over a time period of
45 minutes, indicating that the expression of theegis particularly related to the yeast form
of C. albicans In addition, we confirmed with immuno-blot anaby/that this decrease occurs
also on translational level, though over a muclyértiime period. After 2 hours of hyphal
induction, Pga29p levels in the cell wall starsignificantly decrease and could even be
detected after 4 hours, which coincides with stofdRuiz-Herrera et al. (2002) who observed
in a pulse-chase experiment that cell wall protegycling did not occur within a time period
of 4.5 hours. However, it should be noted thatRga29p signal that is detected after 4 hours
of hyphal growth might orginate from yeast cellattare still in a small number present in the
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culture. From these data, we conclude that PgaR8yyeast-specific CWP and that its

turnover is probably very slow upon hyphal inductio

4.2.2 Expression in thedefgl/4efgl and Aefgl/defgl Acphl/Acphl mutants

The transcription factolSFG1andCPH1 encode transcription factors that play a majoe rol
in hyphal development and virulenceGnalbicans(Lo et al., 1997). Transcription analysis
revealed thaPGA29expression is increased4lefgldefglanddefglidefgl Acphlidcphl
mutants (Nantel et al., 2002). We proved that higimeounts of Pga29p are incorporated in
the cell wall of these mutants in comparison whté wild type strain SC5314. This suggests
that both transcription factors act as repressbPGA29transciption in yeast cells @f.
albicans Transcription profiling of putative cell wall ges in adefgl/4efglmutant revealed
that Efg1l controls the expression of yeast as aglyphae specific genes and acts as a strong
repressor of cell wall genes, which particularlysvehown foRBE1(Sohn et al., 2003). It has
been reported that Efgl specifically binds to amo&-in vitro, which has the consensus
sequence CANNTG (Leng et al., 2001). We determthechumber of E-box sequences by
searching in the regulatory region for the consesgguence CANNTG 2 kb upstream after
the start codon d?GA29 In our search we found 8 E-boxes, which suggesisEfgl

directly regulate® GA29via these sites. However, it should be noted theaB-box
consensus sequence occurs frequently by chancer(@mget al., 2007) and the vivo
transcriptional regulation of Efgl via E-boxes haser been proven, which suggest that
PGA29may be indirectly repressed by Efgl.

Sohn et al. (2003) showed in tHefgl4efglAcphl4cphlmutant that cell wall gene
expression depends more on Efgl and Cphl playsaomiyior role. However, in our study
we show that Pga29p incorporation is two times netegated in thelefglidefgl
Acphlécphlthan in thedefglidefglstrain, indicating Cphl strongly influences the
expression of this gene. Cphl is the homologudeifISfromS. cerevisiagwhich binds to

the specific sequence TGAAACA (Dolan et al., 1989)ese motifs could be putative
binding sites for Cphl i€. albcians In order to determine the presence of poteniralibg
sites for Cph1l in the promoter regiBGA29 we searched for Stel2 binding motifs. Although
we did not find any Ste12 motifs, we cannot excltide Cph1l is able to directly affect
PGA29expression by binding to other motifs. A recentigtshowed that overexpression of
CPHZ1under the control of th@DH1 promoter results in a increased expressidn@A29
under hyphal growth conditions (YPD with 10% serain37C), which refutes the idea that
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Cphl solely acts as a repressorR@A29expression (Huang et al., 2008). Moreover this

result shows that the transcriptional regulatioPGA29by Cphl is rather complex.

4.4  Expression under different conditions

Transcription analysis of cell wall genes may gavatrong indication about their function. For
example when the cell wall is experimentally weadimS. cerevisisaby incubating the

cells with the enzymd-1,3-glucanase or is genetically altered in defetiautants, several

cell wall genes that have a role in cell wall intggor modelling were found to be

upregulated (Jung and Levin, 1999; De Nobel e800; Lagorce et al., 2003; Boorsma et
al., 2004; Garcia et al., 2004). Another examptéas under iron starvatiad. albicans
upregulates a number of genes that encode GPIlupspseiggesting they may be involved in
the uptake of iron (Lan et al., 2004). Cell walhge=xpression can also be investigated on the
translational level for example by studying proteicorporation using Western analysis. For
example, Weissman and Kornitzer (2004) generatédaghies against Rbt5p, a GPI-protein
that facilitates the uptake of haemin and haemagla@mnd subsequently showed with Western

analysis that this protein is strongly induced toyistarvation.

4.4.1 Expression under cell wall stress

Pga29p is a small CWP and it does not consist md@wed domains that propose enzymatic
or adhesive properties. Therefore, it is possitée this protein has a structural purpose by
maintaining the cell wall integrity. Consequentlg investigated Pga29p incorporation in the
cell wall of cells that underwent cell wall streBgia29p incorporation was increased in cells
that were grown in YPD medium which was supplemémtgh CFW, a well-known cell wall
perturbant that binds to chitin. Culturi@y albicanscells in YPD with the membrane
perturbant SDS did not result in elevated levelthefprotein in the cell wall. It has been
shown forC. albicansand other fungi that a reduced cell wall porokfds to a decrease in
SDS sensitivity (Turchini et al., 2000; Coca ef 2000; Rowbottom et al., 2004). Reducing
the cell wall porosity can be established by insmegthe concentration of cell wall
components, such as mannoproteins (De Nobel €t98Q). These data suggest that Pga29p
upregulation is more related to cell wall stres thirectly affects the cell wall organisation,
as shown for CFW stress. It is likely ti@&atalbicansattempts to compensate the
disorganisation of the cell wall by increasing Bga29p incorporation, which might indicate
that this CWP plays a role in maintaining the digbof the cell wall. This suggestion is
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supported by the study of Castillo et al. (2006pwhowed with micorarrays thRGA29is

among the seven highest expressed genes in prst®ghat regenerate their cell wall.

4.5  Generation ofPGA29 deletion mutants

In order to generateRGA29deletion mutant and a reconsituted strain, we &sed-based
transformation, a technique that is based on thaication of the knockout cassette by
PCR. Gene deletion was performed in strain BWP1ils@W et al., 1999), a widely used
derivative of theC. albicanswild type isolate SC5314 which has a triple auxaphy due to
the deletion oARG4 HIS1andURA3 We used the marker gen@BG4andHIS1 for
deleting both alleles d#GA29and the subsequent deletion mutants were comptenh&rith
URAS3in order to restore the uracil auxotrophy. Theereant strain was generated by
directing one copy dPGA29together withURA3in theRPS10ocus ofdpga294pga29
mutants. Ectopic expressionldRA3can influence the virulence phenotypes and protemime
C. albicansdeletion mutants (Staab and Sundstrom, 2003). Arbislem can be solved by
targetingURA3at theRPS10ocus, from which it is well expressed (Brand let2004).

Phenotype related problems have not been repatexRG4andHIS1 marker genes.

4.6  Cell wall composition of thedpga29/4pga29 mutants

As described above, Pga29p is abundantly preséheipeast cell wall where it can play a
role maintaining the cell wall stability. Its absenndpga294pga29mutantscould induce
compensatory mechanisms that result in the increiadecrease of cell wall components. In
order to unravel any possible differences in tHeweall structure, we analysed the
Apga294pga29 Apga294pga29/PGA2%nd wild type SC5314 strains with transmission
electron microscopy. Prior to electron microscamalysis, the yeast cells were fixed with
the high pressure freezing technique (cryofixatiahich is an essential fixation method to
maintain the upper mannoprotein layer of the call wmtact (Tokunaga et al., 1986). By
measuring the thickness of the glucan and manneiprtatyer we observed no significant
difference between thdpga294pga29anddpga294pga29/PGA2%train, suggesting
PGAZ29deletion does not lead to gross changes in thevedistructure inC. albicans

A more detailed analysis of the cell wall compasitivas carried out by measuring the
concentrations of cell wall components. It is knawat deletion of cell wall genes that are
involved in cell wall integrity or assembly can u#ésn altered levels of chitin, glucan and cell

wall proteins. For example, deletion of the glydasies"HR1andPHR2 which are part of
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the cell wall assembly i€. albicans result in a 5-fold increase of chitin (Fonzi, 8991In
contrast, deletion of a family memberR&A29, PGA3lleads to a 2-fold decrease of the
chitin concentration in the in the cell wall (Plaiat al., 2008). An increase in the amount of
-1,3-glucan was detected in deletion mutants lap&8R1which encodes a GPI-protein
that has a structural purpose in the cell wall (8 et al., 2003, 2005).

To determine the levels of chitin, glucan, mannaah protein in thedpga29/4pga29strain,

cell walls were treated with the chemicals HCI 6B, and NaOH in order to hydrolyse
glycosidic and amide bonds, respectively. The cotmagons of monosaccharides and amino
acids were measured in a colorometric assay orilRthC. No changes in the concentration
of chitin or protein were detected in the cell walldpga294pga29mutants, however, the
mannose/glucose ratio was significantly reducedpga29/4pga29strain, compared with the
revertant and wild type strain. This suggests ¢fther the mannan amount is decreased or the
glucan amount is increased in the cell wall. lisre plausible that the mannan amount is
decreased since Pga29p is O-mannosylated}(8€&®&a29p is a potential PAMB and
Apga294pga29mutants did not show an increased sensitivitytierenzymes-1,3-

glucanase. In case of a decrease in mannan, ofteasaume that the structure of the fibrillar
mannoprotein layer should be strongly affectedigyreduced mannan level. Indeed, the N-
glycosylation mutantglochl4/ochland4 pmrl/idpmrlare almost lacking their fibrillar

layer, however, @mntlmntlAmnt2Amnt2mutant that lacks the four terminal O-linked
mannosyl residues, shows a normal fibrillar lay@npared to the wild type strain (Netea et
al., 2006). These data indicate that O-mannosylasimot responsible for the appearence of
the fibrillar layer.

It should be noted that in our electron microsc@malysis of the cell wall structure, a
significant difference was observed in the thiclenesthe cell wall layers between the wild
type SC5314 and the generated mutant stedpgs29/4pga29anddpga294pga29/PGA29
This discrepancy might be explained by the ectegjression of the auxotrophic markers
which might change the cell wall composition in thatant and revertant. Although this
phenomenon has never been directly shown, seveliabtions are described in previous
studies for th&JRA3marker. For example, adherence to host cells;tarféhat is dependent
on the CWP composition, is affected by changindabkation or by the absence URA3
(Cheng et al., 2003; Bain et al., 2001). The inseelaawareness among scientists about the
problem of misleading phenotypes (Lay et al, 1%4in et al.,2001; Sundstrom et al, 2002;
Cheng et al., 2003; reviewed by Staab and Sunds&668), led to the development of a new
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gene knockout methodology (Brand et al., 2004}his method th&JRA3gene is solely used
to select revertant strains, by directing the C)ghét contain$JRA3and the gene of interest,
to the high-expression loc&P1Q Although BWP17 has genetic differences (such as
aneuploidy) compared to its parental strain SCEBb4che et al. 2004: Selmecki et al., 2005;
Ahmad et al., 2008), this strain together with@ip10 system is still considered as a
valuable model system to knockout genes and shalyetispective mutants.

4.7  Phenotypic analysis o0PGA29 deletion mutants

Deleting cell wall genes that are implicated inl eall stability or organisation may lead to
changes in cell wall composition (described abowel),morphology and increased sensitvity
to cell wall stress. For instance, deletion of smgjle allele oPIRI results in elongated and
abnormal formed cells that have a tendency to agdee This mutant was highly sensitive to
CFW and transformants that lack both alleles cowlidbe obtained, indicating that this cell
wall protein is necessary for the viability ©f albicangMartinez et al., 2004). Examples for
GPI-proteins are thERHfamily (CRH11 CRH12andUTR2 (Pardini et al., 2006 ;HT2
(Dunkler et al., 2005CM33(Martinez-Lopez et al., 2004) al®8RR1(Garcera et al., 2003)

of which the respective deletion mutants showechgbsa in cell morphology or increased
hypersensitivity to agents that effect cell waBasbly.

The upregulation of Pga29p during growth in YPD@emented with the cell wall perturbant
CFW indicated that the protein might stabilise ¢cie# wall upon cell wall stress. However,

the 4Apga294pga29strain did not induce compensatory mechanismdehatto alterations of
chitin or glucan levels in the cell wall, nor diceixhibit any cell wall defective phenotypes or
changes in morphology . Furthermore the mutanhdicshow increased sensitivity ffel,3-
glucanase, which excludes the possibility that Bgag needed to limit cell wall porosity in
order to protect thp-1,3-glucan layer (Zlotnik et al., 1984; De Nobehg, 1990). To
determine whether Pga29p is redundant, the expressitwo family member$?GA30and
PGA3], was analysed under normal growth conditions aRd/GtressPGA31seemed to be

a potential candidate for taking over the funced?GA29 since this homolog is the second
highest upregulated gene (18.2 fold increase)dgenerating protoplasts (Castillo et al., 2006)
and its deletion results in hypersensitivity to CBWI caspofungin, an antifungal drug that is
inhibiting the synthesis of beta-1,3-glucan (Planal., 2008). Northern analysis showed that
PGA31lwas expressed under CFW stressR@&30expression was undetectable under both

conditions. However, we did not observe an incré&eA30or PGA31lexpression in our
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mutant strains, indicating these genes do not cosgie for th&®GA29deletion. Moreover,
Pga30p and Pga31p were not identified in our LCMtSAnalysis of thelpga294pga29

cell wall proteome (see below), neither upregulatbother CWPs was detected.
Conclusively, our data show that Pga29p is notlweain maintaining the cell wall integrity

in C. albicans

4.8 Pga29p is involved in the virulence dt. albicans

C. albicansis a polymorphic fungus that is able to grow iyeast as well as in a hyphal form.
The formation of hyphae is strongly related tovthalence of the fungus, which has been
shown by the reduction of virulence of mutants dratdefective in hypha formation
(reviewed by Kumamoto and Vinces, 2005). Co-reguadf numerous virulence factors
during hyphal morphogenesis plays an importantirotee establishment of@ albicans
infection. For example, Hwplp, a GPIl-adhesin tlzat & major role i€. albicansinfection
(Tsuchimori et al., 2000), is expressed in gernesudnd hyphae, but not in yeast cells and
pseudohyphae (Staab et al., 2003b). Although hygdaatlopment has been shown to be
crucial to cause tissue damage that leads to substedeath (Bendel et al., 2003; Saville et
al., 2003), little is known about the role of theagt form ofC. albicansn virulence.
Indications about a significant contribution of teast form have been deduced
experimentally by mutants that were unable to dgvélyphae, that still could enter tissues
via blood vessels (Bendel et al., 2003; Savillalet2003) and could cause death in severly
immunocompromised mice (Saville et al., 2008).a$ bheen proposed that yeast cells,
because of their compact size and shape, may Iptealdfar free dissemination within the
circulation (Gow et al., 2002).

PGA29deletion mutants exhibited a moderate, but sigaii reduction in virulence in a
mouse model for systemic candidosis, which sugdkatdga29p is involved in the virulence
of C. albicans To study more in detail the role of Pga29p imbénce, we selected the RHE
model. This model is widely used (Schaller etE398, 1999) to te<E. albicansdeletion
mutants for their ability to establish oral candio In this model, the virulence Gt
albicansstrain can be monitored microscopically and gdigatiaccurately by measuring
levels of LDH activity from damaged epithelial eelFurthermore, RNA can be readily
isolated from the RHE, thereby enabling to invesggene transcription from the host or
pathogen during infection (Schaller et al., 19982¢ et al., 2004; Schaller et al., 2002; Zhao
et al., 2005; Zakikhany et al., 2007). Another adage of using this model is that defective
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growth, such as diminished hyphae formation, castbéied with microscopy during
infection.

Light microscopic pictures showed that after 12rsaf infection thedpga294pga29

mutants induced significantly less tissue damageg the revertant and wild type SC5314
strains. This reduction of tissue damage was acaareg by a moderate, but significant
reduction of LDH activity, confirming that thdpga29/4pga29strain is reduced in virulence.
We propose that Pga29p is the first yeast-spe@Giit-: CWP that is directly involved in the
virulence ofC. albicans

PGA29transcript levels could not be detected in 24 sanfiected epithelium, which is in
agreement with the data of Zakikhany et al. (20079 did not observBGA29expression in

a genome wide transcript profiling Gf albicansRHE infection at different time points.
During RHE infection most of th€. albicanscells germinate and produce hyphae, which
coincides with a rapid downregulationtA29transcript levels as we showed with
Northern analysis. These data suggest that Pga2d8pdlved in the initial stage of infection,
prior to germ tube development. In the literatungants have been described that are not able
to form hyphae while infecting RHE, for example #ED1deletion mutanshowed a
superficial invasion of epithelial cells, but remed trapped intracellularly due to its inability
to germinate (Zakikhany et al., 2007). We exclugighsscenario for theGA29deletion; after
several hours of infection the majority of thpga294pga29cells was able to develop
normal hyphae, which is in accordance with theltegtom the yeast-to-hyphae transition
assays. These results provide support to the hgpstthat the yeast form plays a significant
role in the pathogenesis Gf albicans

Another possible cause for the reduced virulencgdcoe a change in the cell wall protein
pool, which for example could alter the abilitytbé mutant to adhere to the epithelium. With
the aid of LC/MS/MS analysis, we identified lespipaes of the GPI-CWPs Als4p and Pga4p
in Apga294pga29cell walls that were extracted from stationaryggheells cultured at 26,
which might indicate®GA29deletion results in a downregulation of theseqirnst Although
ALS4andPGA4are transcribed i€. albicansduring the RHE infection (Green et al., 2004;
Eckert et al., 2007), deletion of these genes doesesult in a reduced virulence in this oral
model (Zhao et al., 2005; Eckert et al., 2007),ctexcludes a role for Als4p and Pga4p in
the observed reduction in virulence. Moreover,7aC3 the temperature used during the RHE
experiment, no significant differences were foumthe CWP composition of our strains,

which shows the diminished virulence of tygga29/4pga29strain is the result of the lack of
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Pga29p in the cell wall. We cannot exclude the ipddg that the cell wall proteome of
hyphal cell walls, however, since Pga29p is a yspstific protein this seems rather unlikely.
In order to pinpoint the mechanism that is resgaador the reduced virulence, the ability of
Apga29/4pga29strain to adhere to Caco-2 epithelial cells ardid was determined. In case
of the adherence assay with Caco-2 cells, shaubiion periods (15, 30 and 45 minutes)
were selected as well, in order to study the adinesi yeast cells prior to their germ tube
development. To study the adherence ability of yealés and hyphae to plastic, untreated
and cell culture-treated polysytrene was usedsasface. These assays showed no
differences in adherence between fipga29/4pga29strain and control strains, indicating

that not altered adherence, but another facta@sigansible for the reduced virulence.

4.9 Pga29p is a potential PAMP

The Pga29p amino acid sequence consists of 18¥%esand threonine residues and migrates
with SDS-PAGE at a higher molecular weight tharexpected size. Furthermore, deletion of
PGAZ29resulted in a reduced mannose/glucose ratio icghavall, which gave us a hint that
Pga29p is mannosylated.

We investigated further whether the mannosylatioRga29p could be the essential factor
that determines the interaction with host cells @r@dvirulence phenotype. @. albicans

Pmt proteins are responsible for O-glycosylatioraliging mannose to serine or threonine
residues. The O-mannosylation o€7albicansproteins have been studied previously by
usingPMT deletion mutants. These analyses showed thaethsucface proteins Alsl, Pir2p,
Kre9p and Hwplp are mannosylated by the enzyme Phitipel et al., 1998; Prill et al.,
2005; Staab et al., 2004), the ER membrane pr&eo20p by Pmtl and Pmt4 (Weber et al.,
2004) and the membrane protein AxI2p by Pmt4 (Btildl., 2005). Irs. cerevisiagthe yeast
that originally was used as model foralbicans 14 proteins have been shown to be O-
mannosylated by different Pmt proteins. The majarftythese proteins are targeted by Pmtlp
and/or Pmt2p (reviewed by Lengler et al., 2008).

We studied the O-mannosylation of Pga29p by anay€\WP extracts d?MT1, PMT2

PMT4, PMT5andPMT6 deletion mutants using immuno-blot analysis. Thstadies revealed
that Pga29p is indeed O-mannosylated and targgt&arblp. Previous studies reported that
pmtlandpmt4double mutants show a cell separation defectggregation phenotype, a
decreased hydrophobicity and an altered cell vaatimosition (Timpel et al., 1998; Prill et

al., 2005; Kapteyn et al., 2000). Moreover, thesgamits as well as thdomt2ZPMT2 strain
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show an increased sensitivity against severaluargdl drugs and cell wall-destabilising
agents (Prill et al., 2005). These data suggesPimilp, Pmt2p and Pmt4p are responsible
for most of the O-glycosylation activity @. albicans while Pmt5p and Pmt6p play a less
prominent role and may specifically target a srgedlup of proteins (Lengler et al., 2008).
Pmtlp accounts probably for most O-mannosylatioprofeins that reside in the cell wall,
which is supported by the fact that most cell watiteins studied so far i@. albicansare
mannosylated by Pmtlp (Timpel et al., 1998; Ptillle 2005; Staab et al., 2004 and this
study).

4.10 Immune response against thdpga29/4pga29 strain

O-mannan is a major PAMP @f. albicans which can induce cytokine production in immune
cells upon TLR4 recognition (Tada et al., 2002;ddett al., 2006). TLR4 activation results in
the induction of two pathways that initiate tramgiion via the transcription factors NF-kB or
IRF3, which leads to a strong stimulation of prlammatory cytokines (Netea et al., 2008).
TLR4 recognition is lost during the yeast to hyphaesition, which results in a TLR2
dependent anti-inflammatory response (Van der Getal., 2005). This implies that TLR4 is
involved in the recognition of yeast cells, thewgtio form in which Pga29p is abundantly
present. As shown above, Pga29p is O-mannosylgtéarivl, which designates this GPI-
protein as a potential PAMP.

4.10.1 Immune response of the RHE

In order to protect itself againGandidainfection, the RHE induces a TH1 type immune
response by expressing proinflammatory cytokinet s GM-CSF and IL-8 (Schaller et al.,
2002), which play a role in the recruitment of mephilsin vivo. To examine the immune
cross-talk between the epithelial cells and4dhga294pga29strain, we determined the
transcript and protein levels of TH1 cytokines thad usually expressed in RHE ugon
albicansinfection (Schaller et al., 2002). Compared with tontrol strains, we observed a
decrease of all studied cytokines in RHE that waéected with thd®GA29deletion mutant.
There are two possible explanations for this radac{1) As a consequence of the reduced
mannose level in the cell wall, the TLR4 receptmmghe epithelia cells are less activated,
which in turn leads to a decrease in pro-inflammatytokine production. (2) Another
possibility is that the degree of virulence is tethto the degree of cytokine expression; the

Apga294pga29strain causes a diminished epithelial damageetber a lower cytokine level
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is needed to protect the tissue. In view of tha d&iSchaller et al. (2002), who showed that a
reduced cytokine expression in the RHE seem teelade with the degree of virulence of
differentCandidaspecies, the last explanation is very plausibletddver, it could be that
cell wall components are not involved in inducirygokine expression in epithelial cells,
since heat-killecC. albicansfailed to induce an immune response in RHE (Sehali al.,
2002). However, thegg. albicanscells were heated at 90 for 30 minutes, which could
cause denaturation of CWPs and lead to an alteledall structure that fails to initiate an
immune response in the epithelial cells.

The addition of PMNs t€andidainfected RHE results in an enhanced TH1 type imenun
response and a downregulation of the TH2 immungorese. This is associated with a
protective effect again§andidainduced tissue damage (Schaller et al., 2004).atad&ion

of PMNs to RHE that was infected for 12 hours wviita Apga294pga29strain and control
strains resulted in high cytokine levels of ILv#ich is known a chemoattractant and
promotes degranulation and othetifungal activities of PMNs (Djeu et al., 199Qylkerg et
al., 1999). However, in this experiment #ygga294pga29strain did not show great
discrepancies between the cytokine expressionateiprlevels compared with the controls.
This is might be the effect of the direct immunadad crosstalk between the epithelium and
PMNs (Schaller et al., 2004, Weind| et al., 2007).

4.10.2 Immune response of immune cells

The decreased cytokine expression in the RHExhatinfected with theélpga29/4pga29
strain, urged us to investigate further the poksitof a link betweerPGA29deletion and a
reduction of TLR4 mediated cytokine expression. dwer, the lack of Pga29p in the cell
wall could lead to the exposure of other PAMPst #na hidden in wild type strains and
thereby stimulating the immune response. To ingati more in detail the immune response
of the innate immune system againstflpga294pga29strain, interaction assays were
performed with two types of immune cells, DCs aiIN3. The expression of the cytokines
IFN-B, TNF-, IL-12, IFN- and IL-10 were examined in DCs tharey stimulated for 20 or
110 minutes with thelpga294pga29 Apga294pga29/PGA2%nd SC5314train. No
differences were observed in expression betweemttiant and control strains, indicating
Pga29p does not have influence on the immune respafifDCs. At the time of writing, it has
been reported that human DCs recognise N-linkecharawith the lectin receptors DC-SIGN
and MR, which results in binding and internalisatas C. albicangCambi et al., 2008). In
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addition, interaction assays with albicansglycosylation mutants showed that only N-linked
mannan stimulates the production of the pro-inflatory IL-6 in human DCs (Cambi et al.,
2008). Hence, it is likely that the lack of O-limkenannan in our mutant strain does not
change the immune response of the DCs.

Upon-glucan recognition, the PRR Dectin-1 induces thidative burst against fungi
(Kennedy et al., 2007). To determine whether thieah layer in cell walls of the
Apga294pga29strain are more exposed to the outside environmenincubated
Apga294pga29mutants with human PMNs and measured the oxidativst. No differences
in this assay were observed, indicating Pga29p doeshield thg3-1,3-glucan layer against
Dectin-1 recognition. These data are in line with3-1,3-glucanase sensitivity assay, in
which was shown that thpga29/4pga29strain was equally sensitive fel,3-glucanase
compared to the control strains. Our interacticgags suggest that the reduced virulence may
not be related to an altered pathogen host crdissitathe mannans. However we cannot

fully exclude that Pga29p is recognised by othpesyof immune cells.

4.11 Conclusion

In this study the abundant GPI-CWP Pga29p of tmedrufungal pathoge@. albicanswas
characterised. Homologs of this protein are widesgpramong well-known virule@andida
species, but so far their functional charactesstiave not been investigated. Pga29p was
shown to be covalently linked in the cell wall keef3-1,3-glucan framework vig-1,6-glucan.
During the yeast-to-hyphae transition this GPI-C/Btrongly downregulated, which proves
that Pga29p is a yeast-specific protein. AlthoughZ®p was upregulated in cells that were
grown in the presence of the cell wall perturbaRWC it is unlikely that this protein has a
major role in maintaining the cell wall integrity G. albicans This was shown by the
unchanged sensitivity of 4pga29/4pga29deletion strain against agents that induce cdll wa
stress, such as CFW, SDS d#d,3-glucanase. In addition, tiipga294pga29strain did not
exhibit an altered thickness of the inner cell vieyler or a changed chitin concentrations, a
phenomenon that is frequently observed after deledf cell wall genes that play a role in
cell wall integrity or assembly. Furthermore, Nerh and LC/MS/MS analysis of the
Apga294pga29cell wall proteome showed th@t albicansdid not compensate f6fGA29
deletion by upregulating the homolo§;A30andPGA31 or other CWPs. By using two
virulence models (systemic infection model andRiE oral model), we could clearly show

that thedpga294pga29strain exhibited a significant diminished virulend he
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environmental conditions in these two virulence elsdtimulate filamentation &.

albicans a growth form in which Pga29p is downregulatee® hgve therefore reason to
believe that Pga29p is involved in the initial say infection, prior to germ tube
development from the yeast cells. To our knowledga29p is the first yeast-specific CWP in
C. albicansthat directly plays a role in virulence. Additidlyathis study supports the theory
that the yeast cell &. albicansis not merely a commensal growth from, but is atsolved

in pathogenesis. However, the role of Pga29p leirce is not related to an altered
adherence ability or a changed morphological @i#gtindicating another mechanism is
responsible. For instance, Pga29p might facilitlaéeendocytosis df. albicansyeast cells by
endothelial or epithelial cells via host cell retep that recognise particular amino acid
sequences of Pga29p.

More research is needed in order to extend oughitsinto the exact function of Pga29p and
to understand the role of the yeast fornCiralbicanspathogenesis. In view of this, further
characterisation of Pga29p homologs that are praseell walls of otheCandidaspecies,
might be helpful to answer the remaining questansut Pga29p and its role in virulence.
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Appendix

Table 16. Homologs of Pga29p

Species/proteins Description Identity in % E-value

C. dubliniensis

Cd36_43810 uncharacterized cell wall proteinapue 69 2e-71
Cd36_43780 uncharacterized cell wall proteinapue 52 2e-33
Cd36_43790 uncharacterized cell wall proteinapue 46 2e-30
Cd36_24390 putative protein 36 7e-22
Cd36_72060 Candidaconserved, putative 39 2e-21
Cd36_46120 conserved putative protein 40 Be-1
Cd36_72070 Candidaconserved, putative 34 4e-19
Cd36_46110 conserved hypothetical protein 38 e-14
Cd36_62260 conserved hypothetical protein 31 e-13
Cd36_05950 putative 28 3e-05
C. quilliermondii

PGUG_01942 predicted protein 33 6e-09
C. tropicalis

CTRG_00299.3 conserved hypothetical protein 46 le-31
CTRG_00352.3 conserved hypothetical protein 44 8e-27
CTRG_00350.3 conserved hypothetical protein 43 le-21
CTRG_00348.3 conserved hypothetical protein 35 le-14
CTRG_03792.3 conserved hypothetical protein 36 le-13
CTRG_00349.3 conserved hypothetical protein 33 3e-13
CTRG_02903.3 conserved hypothetical protein 34 8e-09
CTRG_03785.3 conserved hypothetical protein 33 le-13
CTRG_03793.3 conserved hypothetical protein 33 4e-08
CTRG_04251.3 conserved hypothetical protein 31 2e-06
CTRG_02904.3 conserved hypothetical protein 25 1le-06
CTRG_04264.3 conserved hypothetical protein 30 2e-05
CTRG_04263.3 conserved hypothetical protein 24 2e-05
CTRG_04252.3 conserved hypothetical protein 26 7e-05

C. lusitaniae

CLUG_02844.1 conserved hypothetical protein 34 1le-09
C. parapsilosis

CPAG_04045.0 conserved hypothetical protein 45 4e-27
CPAG_04046.0 conserved hypothetical protein 44 3e-28
CPAG_00197.0 conserved hypothetical protein 34 2e-16
CPAG_00195.0 conserved hypothetical protein 34 3e-15
CPAG_00196.0 conserved hypothetical protein 30 7e-13
CPAG_00194.0 conserved hypothetical protein 30 5e-09

D. hansenii

DEHAODO08261g hypothetical protein 35 9e-15
L. elongisporus

LELG_04425 conserved hypothetical protein 43 e-32
LELG_04426 conserved hypothetical protein 42 e-28
LELG_02548 conserved hypothetical protein 36 e-29
LELG_05729 conserved hypothetical protein 37 e-26
LELG_04428 predicted protein 33 2e-07
LELG_ 04429 predicted protein 33 4e-06
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Table 16. Continued.

Species/proteins Description Identity in % E-value
P. stipitis

PICST_43383 hypothetical protein 43 5e-20
PICST_57358 hypothetical protein 37 4e-15

Table 17.Sensitivity against antimycotics.

Sensitivity against antimycotics was tested by gisie E-test format. Thdpga294pga29

Apga294pga29/PGA29cells were diluted to 0.5 McFarland units and wareaked out on RPMI

agar medium supplemented with 0.05% methylene HEltest strips were laid on top of the agar

medium and the plates were incubated for 24 hg&°at. The minimal inhibitory concentrations were

determined visuallyp@/ml).

Apga294pga29 Apga294pga29/PGA29
Fluconazole 0.5 0.5
Intraconazols 0.0275 230
Voriconazole 0.012 0.008
5-Fluocytosin 0.0275 320
Amphotericin|B 0.047 0933
Caspofungin 0.125 0.125
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