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Abstract

The ability to switch from yeast to hyphal growth is essential for virulence in Candida albicans.
The cell surface is the initial point of contact between the fungus and the host. In this work, a free-
gel proteomic strategy based on tryptic digestion of live yeast and hyphae cells and protein
identification using LC-MS/MS methodology was used to identify cell surface proteins. Using this
strategy, a total of 943 proteins were identified, of which 438 were in yeast and 928 were in
hyphae. Of these proteins, 79 were closely related to the organization and biogenesis of the cell
wall, including 28 GPI-anchored proteins, such as Hyrl and Sod5 which were detected exclusively
in hyphae, and Als2 and Sap10which were detected only in yeast. A group of 17 proteins of
unknown function were subsequently studied by analysis of the corresponding deletion mutants.
We found that four new proteins, Pst3, Tos1, Orf19.3060 and Orf19.5352 are involved in cell wall
integrity and in C. albicans’ engulfment by macrophages. Moreover, the putative NADH-
ubiquinone-related proteins, Alil, Mci4, Orf19.287 and Orf19.7590, are also involved in osmotic
and oxidative resistance, yeast to hypha transition and the ability to damage and invade oral
epithelial cells.
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1. Introduction

The cell wall is the most external structure in fungi, confers organization and form to the cell
and protects the organism from physical and osmotic damage. Surface proteins play an
important role in the pathogenic process as they are the initial point of contact between the
cell and the environment. Candida albicans is an important opportunistic fungus that causes
a wide variety of diseases in patients, ranging from the superficial mucocutaneous
candidiasis (affecting the nails, skin, and oral and genital mucosae) to life-threatening
disseminated infections [1,2]. In patient in critical care, candidemia is the most important
fungi disease with a 30% mortality rate [3]. The C. albicans’ cell wall maintains structural
integrity and acts as intermediate between the cell and the environment. As the initial point
of contact with host cells, the cell wall is an obvious target for development of antifungals
and vaccines. It is composed of -1,3-glucan, p-1,6-glucan, a small percentage of chitin and
different wall proteins, most of them covalently attached to -1,6-glucan linkage through a
remnant of glycosylphosphatidylinositol (GPI) anchors [4-6]. The non-glucan-linked
proteins traffic to the cell surface by either the classical or alternative secretory pathway
[7,8]. These cell wall proteins maintain structural integrity, mediate adherence and/or
invasion of host cells, or function as enzymes [5,8]. One of these proteins is Ecm33p, a GPI-
linked cell wall protein whose absence affects both yeast cells and hyphal morphology and
results in an aberrant wall structure and reduced virulence in vitro and in vivo [9,10].
Another GPI-linked cell wall protein is the secreted yeast wall protein Ywplp, which is
covalently linked to glucans of the wall matrix and has the highest expression during yeast
exponential growth. The ywplA/A mutant has increased adhesiveness and biofilm formation
but no obvious change in growth, morphology or virulence, suggesting that Ywplp
promotes dispersal of yeast form cells in C. albicans [11]. Pir proteins (proteins with
internal repeats) are an additional group of C. albicans’ cell wall proteins and are linked
directly to B-1,3-glucan [12,13]. PIR1 is an essential gene and its abundance changes in
response to environmental conditions [13-15]. Among no covalent attachment proteins,
Bgl2p is involved in cell wall biogenesis [16]. It is themajor -1,3-glycosyltransferase and
bgl2A/A mutants have attenuated virulence inmice. Furthermore, Bgl2 is recognized by 1gG
antibodies from patients with invasive candidiasis, which has diagnostic and prognostic
usefulness [17]. Some secreted proteins, such as secreted aspartyl proteinase (SAP) and
phospholipase B (PLB) families, must pass through the cell wall and have been detected
there [18]. These proteins are hydrolytic enzymes which enable the organism to break down
proteins for nutrition, but their relative contribution to C. albicans’ pathogenicity is
controversial [19-23]. In addition, many proteins identified on the surface of C. albicans
lack classical secretion signal peptides and are dual function proteins, that function as
enzymes or chaperones in the cytoplasm and as adhesins, invasins, or immunogens when
expressed on the cell surface. These proteins include glyceraldehyde-3-phosphate
dehydrogenase (Tdh3), enolase (Enol) and heat shock proteins such as Hsp70 [24-26].

C. albicans is able to grow in different morphological forms. The ability to switch between
yeast and hypha is necessary for virulence [23,27,28]. Both morphological forms are
important during infection. The yeast form probably disseminates via the bloodstream,
spreading the organism to different host niches, while the hyphal form is invasive and
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enables the organism to evade phagocytic cells [29,30]. Consequently, C. albicans expresses
distinct cell surface proteins in these stages.

The study of cell surface protein composition of yeast and hypha morphologies and their
differences will help to find novel therapeutic targets. In recent years, the response of the
cell wall proteome to changes in ambient pH and with respect to yeast to hyphal transition
has been investigated [31-35]. These classical proteomic approaches involve several steps
based on subcellular fractionation which are time-consuming and laborious. Hernéez et al.
[36] and Vialés et al. [35] used a proteomic strategy based on cell shaving of extracellular
peptides to identify surface proteins in C. albicans yeast and hyphae forms, using Nano-LC
followed by off-line MS/MS for peptide separation and identification. By this method, many
novel surface proteins were identified that had not previously been reported as being on the
cell surface. These proteins included some with unknown functions and aerobic respiration-
related and ribosomal proteins, such as Rpl15A, Rps16A and Rps4A. In the present work,
growing yeast and hypha cells were analyzed using the same strategy and more sensitive
separation and identification equipment, enabling the identification of a larger number of
proteins in each sample. In addition, a phenotypic analysis in vitro and/or in vivo of mutants
with undescribed function of 17 identified proteins was performed to investigate their role in
cell wall biogenesis, stress and virulence.

2. Materials and methods

2.1. Strains and growth conditions

C. albicans SC5314 [37] was used as wild type in this work. C. albicans mutant strains used
in the in vitro and in vivo phenotypic studies were acquired from Noble collection [38]
stored in the Fungal Genetics Stock Center (Kansas City, Missouri USA) [39]. C. albicans
strains were maintained on YPD (1% yeast extract, 2% peptone, and 2% glucose) agar plates
at 30 °C. Yeast cells were pre-cultured in liquid YPD medium (10 g/l yeast extract, 20 g/l
peptone and 20 g/l glucose) in a rotary shaker at 200 rpm and 30 °C overnight. For the cell
surface study, yeast cells were collected at an OD of 0.6 £ 0.2, which corresponds to
logarithmic growth phase, and washed. A total of 5x 108 cells/mL were resuspended in Lee's
medium [40] (0.2 g/l magnesium sulfate, 2.5 g/l dipotassium phosphate, 5 g/l sodium
chloride, 5 g/l ammonium sulfate, 0.5 g/l L-alanine, 1.3 g/l Leucine, 1 g/l L-lysine, 0.1 g/l L-
methionine, 0.07 g/l L-ornithine, 0.5 g/l L-phenylalanine, 0.5 g/l L-proline, 0.5 g/l L-
threonine, 25 ml/l 50% glucose and 1 ml/l 0.1% biotin) at two different pHs, pH 4.2 for
yeast growth and pH 6.7 for hyhae growth, and incubated at 37 °C for 6 h. At the end of the
incubation period, cells were analyzed by light microscopy showing yeast shape at pH 4.2
and C. albicans hyphae at pH 6.7. To determine the generation time, strains were cultured in
liquid YPD at 30 °C with ODggg 0.1. Absorbance of the cultures was measured at 600 nm
every hour. Linear regression was used to calculate specific growth rate and generation time.
For phagocytosis and cytotoxicity assays, RAW 264.7 murine macrophages were cultured in
RPMI 1640 medium supplemented with antibiotics (penicillin 100 U/ml and streptomycin
100 pg/ml), L-Glutamine (2 mM) and 10% heat-inactivated fetal bovine serum (FBS) at 37
°C in a humidified atmosphere containing 5% CO,. The FaDu oral epithelial cell line was
obtained from the American Type Culture Collection and maintained in Eagle's minimum
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essential medium with Earle's balanced salt solution (Irvine Scientific) supplemented with
10% fetal bovine serum, 1 mM pyruvic acid 2 mM L-glutamine and 0.1 mM non essential
amino acids.

2.2. Surface shaving

For surface protein identification, Hernaez et al. [36] method was used. Briefly, after 6 h of
culture under different conditions, cells were collected and washed several times.
Subsequently, cells were resuspended in 800 pl of 25 mM ammonium bicarbonate buffer
(pH 8.0). A total amount of 5 g of trypsin (Roche) in the presence of 0.1 mM DTT was
added to the cell suspensions. After incubation at 37 °C for 5 min in a rotary shaker at 600
rpm, proteolytic reactions were stopped by adding 0.1% trifluoroacetic acid (TFA) v/v.
Samples were centrifuged and supernatants were collected. The peptide supernatants were
filtered through 0.22 um pore-size filters (Millipore). Cell lysis was controlled by propidium
iodide (PI) staining using flow cytometry in case of yeast and by fluorescence microscopy in
case of hyphae. Before mass spectrometry analysis, the peptide supernatants were cleaned
up with a microcolumn filled with Poros 50 R2 packing (PerSeptive Biosystems). Peptides
were eluted with 80% acetonitrile (ACN) in 0.1% TFA, dried in a Speed-vac and
resuspended in 0.1% formic acid. The samples were stored at —20 °C before nano-LC—-
MS/MS analysis.

2.3. LTQ-Orbitrap Velos analysis and protein identification

Prior to nano-LC-MS/MS analysis, all peptide samples were purified and desalted using
C18-Al ASY-column 2 cm pre-column (Thermo Scientific) and then eluted onto a
Biosphere C18 column (Nano-Separations). Peptides were separated with a 140 min
gradient (110min from 0 to 40% Buffer B; Buffer A: 0.1% formic acid/2% acetonitrile;
Buffer B: 0.1% formic acid in acetonitrile) at a flow-rate of 250 nl/min on a nano-Easy
HPLC (Proxeon) coupled to a nano-electrospray ion source (Proxeon). Mass spectra were
acquired on the LTQ-Orbitrap Velos (Thermo Scientific) in the positive ion mode. Full-scan
MS spectra (m/z 400/1400) were acquired in the Orbitrap with a target value of 1,000,000 at
a resolution of 60,000 at m/z 400 and the 15 most intense ions were selected for collision
induced dissociation (CID) fragmentation in the LTQ with a target value of 10,000 and
normalized collision energy of 38%. Precursor ion charge state screening and monoisotopic
precursor selection were enabled. Singly charged ions and unassigned charge states were
rejected. Dynamic exclusion was enabled with a repeat count of 1 and exclusion duration of
30s.

2.4. Protein identification and analysis

Protein identification from raw data was carried out using a licensed version of search
engine MASCOT 2.3.0 with Proteome Discoverer software version 1.4.1.14 (Thermo
Scientific). A database search was performed against the CGD21 database (6221 sequences).
Search parameters were oxidized methionine as variable modification, peptide mass
tolerance 10 ppm, 1 missed trypsin cleavage site and MS/MS fragment mass tolerance of 0.8
Da. In all protein identification, the FDR was b1%, using a Mascot Percolator [41], with a g-
value of 0.01. As an estimation of the relative protein abundances the normalized spectral
abundance factor (NSAF) was used [42], and the average of the normalized values was
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calculated. The MS output files have been submitted to PeptideAtlas through the
PeptideAtlas Submission System (PASS) with identifier PASS00446.

2.5. Low Temperature Scanning Electron Microscopy (LTSEM)

Untreated C. albicans cells were mechanically fixed onto the specimen holder of a
cryotransfer system (OxfordCT-1500), plunged into subcooled liquid nitrogen, and then
transferred to the microscope's preparation unit via an air-lock transfer device. The frozen
samples were cryofractured and etched for 2 min at —90 °C. After ice sublimation, etched
surfaces were gold sputter coated and the specimens were then placed on the cold stage of
the SEM chamber. Fractured surfaces were observed under a DSM960 Zeiss SEM
microscope at —135 °C.

2.6. Assays to test susceptibility to stressors

C. albicans wild type and mutant strains were grown overnight in liquid YPD medium at
200 rpm and 30 °C. Yeast suspensions were adjusted at ODggq 0.8 and serial 5 ul of 10-fold
dilutions were spotted on YPD agar plates. For heat-shock stress assay the plates were
incubated at 30 °C, 37 °C, 42 °C and 45 °C. For treatment with cell wall-, osmotic and
oxidative-perturbing agents, the plates were supplemented with Calcofluor white (28 pg/ml),
Congo red (175 pg/ml), sorbitol (1.5 M), KCI (1.2 M) and menadione (0.2 mM). Identical
plates of Cell wall perturbing agents were prepared supplemented with 1 M Sorbitol. The
wild-type and mutant strains were assayed for ability to withstand lethal dose of hydrogen
peroxide. Strains were grown at 0.8 OD at 600 nm on 5 ml YPD liquid media containing
hydrogen peroxide to a concentration of 100 mM incubated at 30 °C for 90 min. Five pl of
each culture was spotted on YPD plates at different periods of time: 0, 2, 5, 10, 15, 30, 60
and 90 min. To assay the utilization of the polyol mannitol as a carbon source, strains were
spotted onto mannitol agar plates (20 g/l mannitol, 5 g/l ammonium sulfate, 1.7 g/l nitrogen
base and 2.2 g/l amino acids mix). After incubation at 30 °C for 24-48 h, the plates were
imaged.

2.7. Filamentation assays

For invasive and filamentous growth on solid media, strains and wild-type were plated onto
Spider agar (2% nutrient broth, 2% mannitol, 0.8% KoHPQy, 5.4% Bacto Agar) and YPD
plates supplemented with 10% fetal bovine serum at a density of 30 CFUs/plate. Spider
plates were incubated at 30 °C and 37 °C, and 10% fetal bovine serum plates at 30 °C for 7
days.

2.8. C. albicans’ phagocytosis assay and cytotoxicity measurement

For phagocytosis assay, macrophages were plated onto 18-mm glass sterile coverslips
placed in 24-well plates. C. albicans strains were pre-labeled with 1 UM Oregon Green 488
(Molecular Probes) in the dark with gentle shaking (30 °C) for 1 h. Macrophages were
confronted with the yeast at a MOI (multiplicity of infection; macrophage/yeast ratio) of 1 at
37 °C and 5% CO,. Interaction was stopped after 45 min, 1.5 and 3 h and cells were then
washed with ice-cold PBS and fixed in 4% paraformaldehyde for 30 min. To distinguish
between internalized and attached/non-ingested yeasts, C. albicans cells were counterstained
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with 2.5MCalcofluorwhite (Sigma) for 15 min in the dark. The number of ingested cells
(green fluorescence) and/or adhered/non-ingested (Calcofluor white blue fluorescence) was
quantified by fluorescence microscopy with FITC and UV [43]. Three different replicates
with two different slides were prepared for each MOI and time point. At least 400 C.
albicans cells were scored per slide, and results were expressed as the percentage of yeasts
internalized by macrophages. For cytotoxicity measurement, macrophages were co-
incubated (in a new complete media without phenol red (pH indicator) to avoid the
background in the LDH test) with C. albicans strains at a MOI (multiplicity of infection;
macrophage/bacteria ratio) of 1 during 3 and 8 h. Staurosporine 5 mM was used as a positive
control. After the incubation, LDH was measured with the Cytotoxicity Detection Kit"L-US
(Roche) according to the manufacturer's protocol.

2.9. Endocytosis and damage assays

The number of organisms that were endocytosed by FaDu cells was determined using a
differential fluorescence assay as described previously [44]. Briefly, 2.5 x 10° FaDu
epithelial cells were grown on fibronectin-coated glass coverslips placed in a 24-well tissue
culture plate and were infected with 10 cells of either C. albicans in RPMI 1640 medium
the next day. After a 90 min incubation, the cells were rinsed once with PBS to remove the
organisms that were not cell-associated and then fixed in 3% paraformaldehyde. The non-
endocytosed organisms were stained for 1 h with an anti-C. albicans rabbit antiserum
conjugated with Alexa 568 (Meridian Life Sciences, Inc.). After rinsing with PBS, the FaDu
cells were permeabilized in 0.5% Triton X-100 for 10 min, and then the cell-associated
organisms (defined as the endocytosed plus non endocytosed organisms) were stained with
the anti-C. albicans rabbit serum conjugated with Alexa 488 (Molecular Probes). The
coverslips were observed with epifluorescence microscope. The number of organisms’
endocyted by the FaDu cells was determined by subtracting the number of cell-associated
organisms (labeled with Alexa 568, which fluoresced red) from the total number of
organisms (labeled with Alexa 488, which fluoresced green). Organisms that were partially
internalized were counted as being endocytosed. At least 100 organisms were counted on
each coverslip, and all experiments were performed in triplicate.

The extent of damage caused by the various C. albicans strains to the FaDu cell line was
measured using a °1Cr release assay as described previously [45]. The host cells were grown
in a 96-well tissue culture plate containing detachable wells and incubated overnight with
Na,®1CrO, (MP Biomedicals, Inc., Irvine, CA) per well. The following day, the
unincorporated tracer was aspirated and the cells were washed with HBSS and then infected
with 10 organisms in RPMI 1640. To measure the spontaneous release of >1Cr, uninfected
FaDu cells were exposed to medium alone. After 3 h incubation at 37 °C, the upper 50% of
medium was removed from each well and then the wells were manually detached from one
another. The amount of 51Cr in the aspirates and the well was determined by gamma
counting. After correcting for the amount of 51Cr incorporated in each well, the specific
release of ®1Cr was calculated by the formula: (experimental release — spontaneous release)/
(total incorporation — spontaneous release). Experimental release was the amount of 51Cr
released into the medium by cells infected with C. albicans. Spontaneous release was the
amount of 51Cr released into the medium by uninfected host cells. Total incorporation was
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the sum of the amount of 51Cr released into the medium and remaining in the host cells.
Each experiment was performed in triplicate at least three different times.

model of oropharyngeal candidiasis

The virulence of the different C. albicans strains was assessed using the mouse model of
oropharyngeal candidiasis as described previously [46]. Briefly, five male BALB/c mice per
strain of C. albicans were immunosuppressed by subcutaneous injection with 225 mg/kg of
cortisone acetate (Sigma-Aldrich) on days —1, 1 and 3 relative to the day of infection. On the
day of infection, each mouse was anesthetized and inoculated sublingually for 75 min with a
swabs saturated with 10° cells per ml. After 5 days of infection, each mouse was sacrificed,
the tongue was excised, weighted, and homogenized, and the number of CFUs was
determined. The animal experiments were approved by the Animal Care and Use Committee
at the Los Angeles Biomedical Research Institute.

3.1. Global analysis of C. albicans yeast and hypha-surface proteins by cell shaving

In this work, a modified and optimized proteomic strategy to identify surface proteins in C.
albicans cells was followed [35,36]. Live cells were treated with trypsin to digest the cell
surfaces. Cell lysis was monitored by flow cytometry and fluorescence microscopy in yeasts
and hyphae, respectively, to control for cell lysis after trypsin digestion and avoid
intracellular protein contamination. Aliquots of cells were taken from each sample before
and after trypsin digestion and tested in each treatment. There was no significant increase in
the percentage of PI population after incubation with the trypsin, being always under 0.7%.
In addition, the cell surface was imaged by scanning electron microscopy after cryofracture
before and after trypsinization. Before digestion, the cell surface was smooth, and it became
wrinkled after digestion (Supplemental Fig. S1).

Proteomic analysis of yeast and hyphae was performed with proteins identified in at least
two replicates with more than two peptides in each and proteins identified with one peptide
in at least three replicates. A total of 438 and 928 proteins were identified in yeast and hypha
samples, respectively (Supplemental Tables S1 and S2). The data corresponded to three
biological replicates for yeast samples and four biological replicates for hyphal samples.
They are deposited in the PeptideAtlas database [47], and information on each protein can
be accessed through the CGD.

The identified proteins were classified in eight different categories based on their
extracellular localization and their function related to cell wall maintenance, stress resistance
or pathogenesis. These categories include GPI-anchored proteins, cell wall organization or
biogenesis related proteins, cell surface proteins, proteins involved in pathogenesis or stress
response, plasma membrane proteins, open reading frames (ORFs) and other identified
proteins (Table 1). The Orfs are proteins that are unnamed in CGD and include proteins with
verified feature type, meaning that there is experimental evidence for the existence of a gene
product, or uncharacterized, without experimental evidence. The ‘other identified proteins’
category includes proteins with no relationship to the other categories above (Table 1). In
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both samples, this category included almost 40% of the proteins identified. Table 1 also
includes the number of proteins in each type of sample and the corresponding percentage
based on the total number of proteins in the sample. Proteins were classified according to
Gene Ontology (GO) terms and the groups were ordered by importance in this work. This
categorization is hierarchical and mutually exclusive, meaning that proteins included in one
group are not classified again in any of the other groups.

3.2. Comparative analysis of C. albicans yeast and hyphae-surface proteins

Of the proteins identified, hyphae had slightly more GPI proteins than did yeast (Table 1).
The number of cell surface proteins is similar in the two different samples, however looking
at the percentage based on the total proteins identified per sample this group is more highly
enriched in yeast (13.7%) than in hyphae (6.9%). In the cell wall, pathogenesis and stress
response-related identified proteins twice asmany of these proteins were identified in hyphae
as compared to yeast, while the percentage of proteins in these categories was similar for
both morphologies. Moreover, three-fold more proteins in the plasma membrane and Orfs
categories were identified in hypha. In addition, the averaged normalized spectral abundance
factor (NSAF) [42] of each sample was performed to analyze the relative abundance of the
proteins. It was noticeable that in the top 20 proteins of both samples, 14 were present in
both yeast and hyphae, with six cell surface proteins (Tdh3, Adhl, Enol, Pgkl, Pdc11 and
Tall), three stress response-related (Ahpl, Hsp12 and Orf19.4216), one related to
pathogenesis (Wh11) and four categorized as other (Rpl38, Rpsl4b, Rps20 and Tef2) (Table
2). In the case of yeast, cell surface proteins were more abundant (seven) followed by other
surface proteins (six), stress-related (four), Orfs (two) and pathogenesis-related (one). The
distribution of hyphal was slightly different, with other surface proteins being the most
representative with nine proteins, followed by cell surface (seven), stress-related (three) and
pathogenesis-related proteins (one).

Venny analysis was carried out to find proteins common to both morphologies and proteins
identified exclusively in a cellular morphology. A total of 943 unique proteins were
detected. Of these, 423 proteins were present in both yeast and hyphae. The other 520
remaining proteins were found exclusively in yeast (15 proteins) and hyphae (505 proteins).
All of these proteins were re-ordered in the eight groups detailed above and according to the
morphology in which they were identified (common or exclusive to one of the
morphologies) (Table 3). Again, the results showed that a large proportion of the proteins
identified were present in both morphologies. The largest differences were found in cell
wall-, pathogenesis-, stress response- and plasma membrane-related proteins, and clearly in
the Orf's group, where more than twice as many proteins were identified in hyphae. In the
GPl-anchor protein group, the hypha-specific protein Hyrl was identified exclusively in this
morphology. Sap10 and Als2 were yeast exclusive GPI proteins. In the case of cell wall-
related proteins, the difference was higher, Xog1 was detected only in yeast, 28 proteins
were detected only in hyphae and 22 were present in both. Clearly, more proteins are
expressed on the surface of hyphae than on yeast. It is interesting to note that a high number
of Orf's were detected in both samples, with 172 proteins identified in hyphae (Table 1), and
with 53 in yeast (Table 3).
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3.3. Phenotypic and virulence analysis of interesting identified proteins

Among the identified proteins, 17 were selected to investigate their possible involvement in
the formation of the cell wall as the outermost structure of the cell, due to their being
proteins of unknown function, their implication in the interaction with the host and the fact
that they have been characterized only in large-scale studies. The availability of the mutants
and the morphologic form of the organism in which the protein had been identified were
also used as criteria to select the proteins. These 17 proteins are listed in Table 4 and they
are classified in the following categories: GPI (two), cell surface (one), stress related (one),
plasma membrane (six) and Orf's (five). Two proteins classified in the “‘Other identified
proteins’ category were selected to be studied, Mci4 and Ptp3. The first was selected
because its feature type at CGD is uncharacterized and the second because it is more
abundant in hypha.

With this purpose, the homozygotic mutants were acquired from the Fungal Genetics Stock
Center (FGSC) and different phenotypic assays were carried out. Strain SC5314 was used
for the study of surfome. Although the wild type of the mutant collection is the SN250, we
validated that both strains have the same behavior under all conditions tested, thus SC5314
can be used as a reference strain.

The assay conditions were separated into the broad categories of stress (including
temperature, cell wall perturbing agents, osmotic and oxidative stress), morphology and
nutrition. The sensitivity of the mutants to 175 pug/ml Congo red and 28 pg/ml Calcofluor
white, compounds that interfere in the cross-linking of cell wall components [9,48], was
tested. Several mutants were shown to be sensitive to those compounds, with alilA,
0rf19.287A, orf19.30604, orf19.5352A and pst3A sensitive to both Calcofluor white and
Congo red, and orf19.7590A and tos1A slightly sensitive to Calcofluor white (Fig. 1 and
Table 5). Sensitivity to these compounds was suppressed on osmotic medium stabilized with
sorbitol 1M, suggesting that the sensitivity observed was due to a defect in the cell wall [49].
Heat shock stress was tested growing the strains at different temperatures. All strains grew
well at 37 °C, while at 45 °C alilA, orf19.287A, orf19.30604, 0rf19.3290A, orf19.7590A
and pst3A had an altered growth (Table 5).

Oxidative stress was tested using 0.2 mM menadione, which can generate reactive oxygen
species (ROS) by redox cycling which leads to stress, and 100 mM H,0,, a ROS that
damages cellular components, as described in Section 2. Three mutants were sensitive to
both H,O, and menadione, alilA, orf19.287A and the orf19.7590A. The pst3A mutant was
sensitive just to menadione and mci4A and ycp4A just to H,0, (Fig. 2 and Table 5). Strains
were also exposed to osmatic stress by adding 1.5 M sorbitol and 1.2 M KCI to the medium.
The alilA, orf19.3290A and mci4A mutants were sensitive to both compounds while the
orf19.287A mutant was sensitive only to KCI (Fig. 2 and Table 5).

In addition, the capacity of the mutants to form filaments was studied. When growing on
YPD agar supplemented with 10% serum the alilA, orf19.75904, orf19.287A and mci4A
mutants had a completely smooth colony morphology showing a severe defect in the yeast
to hypha transition (Fig. 3A and Table 5). On Spider agar, the same mutants grew very
poorly and very small, barely visible colonies appeared (Fig. 3B). This phenotype could be
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due to inability to metabolize the mannitol carbon source in Spider medium. For this reason,
growth in mannitol agar plates was assayed. As expected, the mutant strains exhibit
impaired growth on this medium, showing that they had an impaired ability to use mannitol
as a carbon source (Fig. 3C and Table 5). In addition to investigating the growth of these
mutants under different stress conditions, we also tested their growth at 30 °C to determine
if any had a global growth defect. All strains had approximately the same growth rate to the
parental strain, with the exception of alilA, orf19.75904, orf19.287A and mci4A mutants,
which grew more slowly than the wild-type strain (Table 5).

Based on these results, the subsequent analyses were focused on the following eight
mutants: alilA, mcidA, orf19.287A, orf19.75904, pst3A, tos1A, orf19.3060A and
orf19.5352A. These mutants were sensitive to cell wall disturbing agents, oxidative stress
and osmotic stress, and in the case of alilA, mci44, orf19.287A and orf19.7590A had
filamentation defects and were unable to use mannitol as a carbon-source (Table 5). The
interaction of the eight C. albicans mutants and the parental C. albicans SC5314with
RAW264.7 macrophages was studied. Phagocytosis by RAW264.7 macrophages were
evaluated at an MOI of 1:1 and at different interaction times. As shown in Fig. 4A, at earlier
time points, the alilA, mci4A, orfl19.287A, pst3A, tos1A and orf19.3060A mutants were
phagocytosed statistically significant more than the wild-type strain. This difference was no
longer evident at the 3 h time point for all strains tested.

To determine the capacity of the different C. albicans mutants to damage RAW 264.7
macrophages, the lactate dehydrogenase (LDH) cytotoxicity detection kit was used to
measure the amount of LDH released from the damaged cells into the medium. As shown in
Fig. 4B, C. albicans mci4A, orf19.287A, pst3A and orf19.3060A caused significantly more
damage to the macrophages as compared to the wild-type strain at one or both time points.

Fungal invasion of the superficial epithelial lining of the oral mucosa is an important feature
of oropharyngeal candidiasis [50]. For this reason, the interactions of these mutants with the
FaDu oral epithelial cell line in vitro were tested. After 90 min of infection, the number of
cell-associated (adherent) organisms was similar to that of the wild type strain for all the
mutants (Fig. 5A). At this time point, the endocytosis of the alilA, mcidA, orf19.287A,
0rf19.3060A and orf19.7590A mutants was significantly less than that of the wild-type strain
(Fig. 5A). Of note, the alilA, mci4A and orf19.287A mutants germinated poorly on the FaDu
cells and grew mainly as yeast, which likely explains their impaired endocytosis.

Next, the extent of damage caused by the different C. albicans mutants to FaDu oral
epithelial cells was investigated. The alilA, mci4A, orf19.287A and orf19.7590A mutants
caused significantly less damage to the cells compared with the wild-type strain (Fig. 5B).
Interestingly, the orf19.3060A mutant caused slightly increased epithelial cell damage as
compared with the wild-type strain.

The diverse phenotypes shown in the mutant strains’ in vitro test suggest that these mutants
might have increased virulence during oropharyngeal infection. This hypothesis was tested
using a mouse model of OPC. The oral fungal burden of mice infected with either pst3A,
tos1A, orf19.3060A or orf19.5352A strains was similar to that of mice infected with the
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wild-type strain (Supplemental Fig. S2). Therefore, these proteins do not appear to be
involved in virulence during oropharyngeal candidiasis.

4. Discussion

4.1. Cell shaving for the identification of C. albicans yeast and hyphae surface protein

profile

This work is mainly based on the comprehensive study of the surface proteome of C.
albicans and the selection of some identified and unknown-function proteins to analyze their
relevance in the cell surface, stress and virulence. For the identification of surface proteins
of both yeast and hyphae, a proteomic approach based on cell surface shaving through live
cell trypsin digestion and identification by MS was used. A total of 438 and 928 proteins
were identified in yeast and hyphae morphology, respectively (Supplemental Tables S1 and
S2). Other previously published proteomic analysis of C. albicans surface in yeast and/or
hyphal morphology reported a smaller number of detected proteins [31-36]. Even using the
same methodology optimized to identify surface proteins in C. albicans yeast cells by
Hernaez et al. [36] and by Vialas et al. [35], the number of proteins identified in this work is
much higher. Thus the proteomics approximation used has been validated and improved in
this work by using LTQ-Orbitrap Velos, an ultra-high resolution mass analyzer with
increased sensitivity, versus the MALDI TOF/TOF used in previous works. Moreover, also
the proportion of proteins identified in each of the more interesting categories is more
enriched. Among the new identified proteins Als2, Cht2, Crh11, Ihdl, Pirl and Sap9-10
were found. All of these were described as GPI-anchored proteins by Richard and Plaine [4].

Several of the identified proteins are classical metabolic cytoplasmic proteins, such as Enol
or Tdh3. They have been described at the C. albicans and Saccharomyces cerevisiae cell
wall using different proteomic approaches [35,36,51-54]. In all cell surface protein studies
of different microorganisms using the shaving approach, this type of proteins was detected
(reviewed in [55]). The mechanisms used for this type of proteins to reach the cell wall are
under study and different possibilities have been proposed: non classical exporting/secretory
mechanisms, membrane-vesicle structures in which proteins are trapped and residual cell
lysis [55]. A recent work describes that C. albicans extracellular vesicles contains several
classical cytoplasmic and membrane proteins, such as Enol, Gpm1, Met6, Pdc11, Pgkl,
Ssa2 or Tdh3 [18] suggesting that they could pass through the cell wall inside these vesicles.
In the present work, more classical cytoplasmic proteins or proteins described as located at
intracellular membranes were detected. This might be related with the more sensitivity of
this study, but also, although cell lysis controls were carried out, a very low contamination
of intracellular proteins cannot be absolutely discarded.

Regarding the different profiles of C. albicans cell surface proteins of yeast or hyphae,
Heilmann et al. [33] proposed Rhd3, Sod4 and Ywp1 as indicative of yeast cells while in
this work Rdh3 and Ywp1l were identified in both morphologies as in Sosinska et al. [34].
However, Als2 and Sap10 were detected only in yeast. For proteins exclusively detected in
hyphae, some are adhesins and lytic enzymes associated with virulence and hyphal growth,
such as Als3, Hyrl or Sod5 [56-60] (Table 3). The detection of some of these proteins only
in one of the morphological forms might suggest that they have a role in this morphology,
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but other factors can also regulate their expression; for example the pH could influence the
composition of these proteomes. It is known that environmental pH has effects on C.
albicans morphology and its ability to respond to stress [61]. In addition, proteins have a pH
optimum for activity, thus their functionality depends on the media conditions, including
secreted and surface exposed proteins. For example, the homologous PHR1 and PHR2 genes
encode pH regulated cell surface glycosidases. Although Phr2 mRNA and protein levels are
higher preferentially at acidic pH and Phrl at neutral [34,62,63], here both proteins were
identified in the two morphologies obtained at different pHs (Table 3). Consistent with our
results, recent works, in which an enhanced mass analyzer with increased sensitivity was
used, have described the increase in abundance of both proteins under wall stress and
different pHs, strongly at pH 7.4, in the cell wall [64,65]. Furthermore, the expression of
these proteins together with others such as Alslor Ihdl, is enhanced, but not exclusive, at
determined pHs [66,67].

It is important to highlight the large number of Orf's identified (annotated as verified or
uncharacterized at CGD), which totalled 175; the vast majority identified just in hyphae.
Due to their implication in cell is unknown and based on published data and mutant
availability, 17 mutants were selected to examine their involvement in different cellular
roles and virulence.

4.2. New identified C. albicans proteins relevant for dimorphic transition, cell wall
maintenance, oxidative or osmotic stress responses

The response of the selected mutants to different stresses, including temperature, oxidative,
osmatic or cell wall stress, was analyzed. Half of the mutants did not show any sensitivity to
the compounds or temperatures studied (eight out of 17, ihd1A, orf19.3335A, 0rf19.6553A,
orf19.7196A, orf19.7238A, pgad5A, ptp3A and ycp4Ad), meaning that these proteins do not
have a relevant cell role in responding to these stresses. The other nine mutant strains, alilA,
mci44, orf19.287A, orf19.30604, orf19.3290A, orf19.5352A, orf19.75904, pst3A and tos1A,
presented sensitivity to some of the stresses tested.

In addition, alilA, mcidA, orf19.287A and orf19.7590A showed filamentation defects in 10%
serum agar plates and growing defects in the Spider plates containing mannitol. Indeed,
these mutants were unable to grow using this C-source. These four proteins are described in
CGD as putative NADH-ubiquinone oxidoreductases (Alil, Orf19.287 and Orf19.7590) and
a putative NADH-ubiquinone dehydrogenase (Mci4), and no S. cerevisiae orthologs are
described. Previous work showed that C. albicans uses mannitol only after the exhaustion of
glucose, increasing the activity of NAD-linked mannitol dehydrogenase [68]. A possible
relation between this activity and the four NADHubiquinone-related proteins remains to be
investigated. In fact, little is known about the mannitol catabolic process: just one protein
has been directly related to it, Zcf7, a predicted Zn(11)2Cys6 transcription factor, to date
[69]. Thus, it can only be suggested that these four proteins appear to be linked to the use of
mannitol and to link specific cues in environment to colony phenotype. In addition, these
strains showed sensitivities to the vast majority of stresses studied.

Out of the 17 initial mutants, eight had a marked increase in susceptibility to a diverse panel
of stressors, correspond to eight proteins identified in hyphae, including the four NADH-
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ubiquinone related proteins noted before (Alil, Mci4, Orf19.287 and Orf19.7590),
0Orf19.3060, Orf19.5352 and Pst3, and Tos1 that were detected in both morphologies. The
Tos1 mutant, tos1A, together with alilA, orf19.287A, orf19.30604A, orf19.5352A,
orf19.7590A and pst3A, presented sensitive to cell wall-disturbing agents and this sensitivity
was suppressed in osmotic medium stabilized with sorbitol 1 M, suggesting that the
sensitivity observed was due to a defect in the cell wall [49]. Pst3 protein has an ortholog in
S. cerevisiae, Pst2, described in the plasma membrane by electronic annotation in CGD, and
curiously it was also identified in the DIGE proteomic analysis of C. albicans yeast-to-
hypha transition, that analyzed mainly soluble proteins, but in this case Pst3 was detected as
less abundant in hypha than in yeast cells [70]. S. cerevisiae Pst2 was also identified in a
proteomic approach for the study of cell wall biogenesis, in accordance with the sensitivity
shown for pst3A to the cell wall-disturbing agents [71] and is similar to a family of
flavodoxin-like proteins which is in agreement with the increased oxidative stress sensitivity
of pst3A mutant strain. It is important to note that orf19.30604, orf19.5352A, and tos1A
mutant strains only presented defects when they grew in the presence of the cell wall-
disturbing agents; thus, they seem to have a cell wall-specific defect. The Orf19.5352 is an
uncharacterized protein with a predicted magnesium transporter domain located in the
membrane and no S. cerevisiae ortholog is described [72]; and therefore, it is difficult to
correlate this predicted function with the cell wall damage. On the contrary, the orf19.3060A
is defective in a protein with a possible role in protein N-linked glycosylation according to
the function of its ortholog in S. cerevisiae, Swpl, a 30 kDa type | transmembrane [73];
which would lead to a weaker cell wall according to our results. Tosl is a protein similar to
an alpha-agglutinin anchor subunit. It was previously detected in extracellular vesicles and
proteins secreted by C. albicans in different studies, but its function is not known [18,74-76]
and according to our results would be involved in cell wall maintenance.

Of the other 10 proteins, where the mutant strains did not present any sensitivity to the
stressors tested, or only to osmotic stress such as orf19.3290A, little is known about their
function to date. The IHD1 gene was defined as part of the core filamentation network
although Ihd1 is not essential for hyphal development according to current work [77].

4.3. C. albicans mutant strains produce different degrees of cell damage in host—pathogen
interaction assays

Phagocytosis analysis reveals that six of the eight mutants used in this study showed an
increase in engulfment by this type of immune cell. The mutation of these proteins could
affect the composition of specific components of the C. albicans cell wall, leading to an
increase in recognition by macrophages, as occurs with different O-linked and N-linked
mannan-deficient strains in which the recognition by macrophages is increased [73]. Of
these more phagocytized mutants, unexpectedly, the mcidA, orf19.287A, pst3A and
orf19.3060A mutants, showed an increase in their ability to cause damage in the host cells.
The increase in the amount of phagocytized yeast is crucial for macrophages in order to
contain and kill Candida. The clearance of the internalized cells seems to be less efficient at
increasing cytotoxicity to the macrophages, as occurs in macrophages co-incubated with C.
albicans at different MOIs where the higher MOls are more cytotoxic to the macrophages
[78]. The orf19.3060A mutant showed the most important differences in phagocytosis. As
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commented above, this mutant strain is defective in a protein with a role in protein N-linked
glycosylation. McKenzie et al. [73] assessed the contribution of C. albicans cell wall
glycosylation in macrophage response and related the lack of MSN1 (N-glycosylation
defect) with an increase in macrophage recognition and phagocytosis according to our data.
The higher rate of orf19.3060A cells phagocyted and their normal hyphal formation can
explain the increase in macrophage damage. The most cytotoxic strain was orf19.287A,
which was more than 50% more cytotoxic than the wild type. Although this mutant strain is
deficient in yeast-hypha transition, the large number of phagocyted cells could cause the
increased damage by another mechanism, such as high secretion of proteins or enzymes
involved in virulence. It is known that C. albicans is able to induce an apoptotic signal in
macrophages during the interaction in the ratio of 1:1 [79]; thus, another possibility is that
under the circumstances in which the number of phagocyted cells is higher than usual, the
apoptotic damage caused to the immune cells could be greater. In the case of alilA and
orf19.7590A, macrophages had a higher ability to phagocytize and kill them. As these
proteins are membrane oxidoreductases, and the mutants are more sensitive to oxidative
stress, this result suggests a role for these proteins in avoiding the damage produced by
reactive oxidative species inside the macrophages that would be impaired in the mutant
cells.

Five out of the eight mutants examined were shown to be of important significance in
regulating C. albicans interactions with oral epithelial cells in vitro (alilA, mci4A,
0rf19.287A, orf19.3060A and orf19.7590A). However, while almost all of them showed
decreased endocytosis and reduced capacity to damage the oral epithelial cell line,
0rf19.3060A showed decreased endocytosis but a significant increase in cell damage
compared with the wild type. As mentioned above, the glycosylation status of the C.
albicans cell wall is critical in host—pathogen interaction. Moreover, besides being involved
in phagocytosis, it is also critical for the stimulus and regulation of epithelial responses [80].
Moreover, tos1A showed high variability in both assays with FaDu cells, showing slightly
increased endocytosis and acting similarly to the wild-type strain in the damage assays,
suggesting that Tos1 is not essential for adhesion and endocytosis by FaDu cells. As
happens with tos1A, the orf19.5352A mutant showed a high variability in the results. As
predicted by their in vitro results in host—cell interactions, no difference was observed in
virulence in the mouse model of OPC (Supplemental Fig. S2). Therefore, these proteins de
not appear to be necessary for virulence during oropharyngeal candidiasis.

5. Conclusions

The combination of proteomics studies with functional analysis of selected mutant strains
allowed the identification of proteins involved in relevant cellular processes such as cell wall
maintenance, osmotic and oxidative stress resistance and host—pathogen interplay. More
studies are needed to understand the complexity of the C. albicans surface to find new drug
targets and biomarkers for Candida infections.
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Biological significance

This work describes the identification of surface proteins of C. albicans when grown in
the yeast and hypha forms using a cell shaving treatment followed by peptide separation
and protein identification using LC-MS/MS methodology. Significant protein differences
were observed between the morphologies. The number of detected proteins is the most
extensive and complex published up to now using this strategy. This methodology has
allowed detecting new proteins related to relevant functions in the host such as cell wall
integrity, stress resistance and host-pathogen interaction, verified by phenotypic and
virulence assays in vitro and in vivo using 17 mutant strains.
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Figure 1. Phenotypic analysis of C. albicans mutants to cell wall perturbing agents
Sensitivity to Calcofluor white and Congo red of the wild-type strains SC5314 and SN250

and C. albicans mutants.
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Figure 2. Oxidative and osmotic-perturbing agents assays in C. albicans mutants
Mutants were exposed to oxidative-perturbing agents (H,O, and menadione) and osmotic-

perturbing agents (KCI and sorbitol) onto YPD plates containing the indicated amounts of
the compound to be tested.
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Figure 3. Yeast-to-hypha transition assays in C. albicans mutants

Page 23

(A) Yeast-tohypha transition in YPD plates supplemented with 10% serum incubated at 37
°C for 7 days. (B) Yeast-to-hypha transition in Spider plates incubated at 37 °C for 7 days.
(C) C. albicans mutants with growth defect on Spider plates exhibited a reduced growth rate

on the C-source: mannitol medium.
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Figure 4. Murine macrophage response to C. albicans mutants
(A) Quantification of phagocytosis of C. albicans yeasts at 45 min, 1.5 and 3 h of

coincubation. (B) Cytotoxicity of the different mutants of C. albicans in RAW 264.7
macrophages at 3 and 8 h of coincubation. Data are represented as mean = SD (n=3), and
statistical significance relative to wild-type is indicated (*, p<0.05; **, p<0.01; ***,
p<0.001).
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Figure 5. Role of the proteins for the adherence, invasion and induce damage to FaDu oral
epithelial cells

(A) The indicated strains of C. albicans were incubated with the FaDu oral epithelial cell
line for 90 min, after which the numbers of endocytosed and cell-associated organisms were
determined by a differential fluorescence assay. (B) The indicated host cells were loaded
with 31Cr and then incubated with the indicated strains of C. albicans for 3 h. The extent of
host cell damage was measured by the release of >1Cr into the medium. Results are the mean
standard deviation of three experiments, each performed in triplicate. Data are represented
as mean + SD (n=3), and statistical significance relative to wild-type is indicated (*, p<0.05;
** p<0.01; ***, p<0.001).
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Number and percentage distribution of different proteins identified by shaving C. albicans SC5314 yeast and

hyphae cells.
Yeast Hypha

Categories

N° of proteins % N° of proteins %
GPl-anchored 19 4.34 26 2.8
Cell wall organization or biogenesis 23 5.25 50 5.39
Cell surface 60 13.7 64 6.9
Pathogenesis 13 2.97 34 3.66
Stress 53 12.1 119 12.82
Plasma membrane 24 5.48 87 9.38
Orf's 53 12.1 172 18.53
Other identified proteins 193 44.06 376 40.52
Total 438 100 928 100

Proteins were classified in the 8 designated protein categories according to Candida Genome Database.
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Ranking of the top twenty proteins according to the averaged normalized spectral abundance factor (NSAF) in
yeast and hyphal C. albicans cells.

Yeast Hyphae
Protein NSAF | Protein NSAF
Tdh3 0.0230 | Tdh3 0.0238
Wh11 0.0213 | Adhl 0.0089
Hspl2 0.0171 | Enol 0.0087
0Orf19.4216 0.0170 | Pgkl 0.0084
Pgkl 0.0127 | Whil 0.0083
Enol 0.0113 | Pdcl1 0.0082
Rps14b 0.0102 | Rpl38 0.0078
Crd2 0.0098 | Rpsl4b 0.0075
Mp65 0.0094 | Tef2 0.0073
Cypl 0.0089 | Orf19.4216 | 0.0070
Orf19.3690.2 | 0.0087 | Hspl2 0.0070
Pdc11 0.0087 | Tall 0.0066
Tall 0.0083 | Ahpl 0.0065
GIx3 0.0082 | Rpsl 0.0064
Tef2 0.0074 | Rpl14 0.0063
Orf19.6415.1 | 0.0073 | Rps20 0.0062
Rpl38 0.0073 | Rps3 0.0061
Rps20 0.0072 | Ecel 0.0061
Ahpl 0.0071 | Rpl23a 0.0060
Adhl 0.0070 | Rps13 0.0059

In grey, proteins that appear in both hits.
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