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Surfaceome of pathogenic yeasts, Candida parapsilosis and
Candida tropicalis, revealed with the use of cell surface shaving
method and shotgun proteomic approach*
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In the course of infections caused by pathogenic yeasts
from the genus Candida, the fungal cell surface is the
first line of contact with the human host. As the surface-
exposed proteins are the key players in these interac-
tions, their identification can significantly contribute
to discovering the mechanisms of pathogenesis of two
emerging pathogens from this genus, C. parapsilosis and
C. tropicalis. Therefore, the aim of the present study was
to identify the cell wall-attached proteins of these two
species with the use of cell surface shaving and a shot-
gun proteomic approach. Different morphological forms
of C. parapsilosis and C. tropicalis cells obtained after
growth under various conditions were subjected to this
treatment. This allowed to indicate the most abundant
cell surface proteins on the basis of the normalized spec-
tral abundance factors. In case of yeast-like forms these
were, among others, proteins similar to a chitinase,
glyceraldehyde-3-phosphate dehydrogenase and an in-
ducible acid phosphatase for C. parapsilosis, and a con-
stitutive acid phosphatase, pyruvate decarboxylase and
glyceraldehyde-3-phosphate dehydrogenase for C. tropi-
calis. In case of pseudohyphal forms, proteins similar to
a cell surface mannoprotein Mp65, chitinase and glyco-
sylphosphatidylinositol-anchored transglycosylase Crh11
were identified at the cell surface of C. parapsilosis. The
Rbt1 cell wall protein, a hyphally regulated cell wall pro-
tein and proteins from agglutinin-like sequence protein
family were found as the most abundant on C. tropicalis
pseudohyphae. Apart from the abovementioned pro-
teins, several additional covalently bound and atypical
cell wall proteins were also identified. These results ex-
tend the current knowledge regarding the molecular ba-
sis of virulence of these two non-albicans Candida spe-
cies.
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INTRODUCTION

The most external part of microbial cells, such as the
fungal cell wall or bacterial envelope, confers their shape,
rigidity and mechanical strength, being also responsible
for proper growth, morphogenesis and reproduction.
Moreover, the cell surface also acts as a protective bar-
rier, providing a dynamic response to stress and changes
in environmental conditions. Because cell wall/envelope
for a variety of prokaryotic and eukaryotic pathogens
is also a key structure that participates in interactions

with the human host during infection, thus playing an
important role in pathogenesis, a progressively growing
number of studies has been devoted to different types of
molecules localized at the pathogens’ cell surface (Heck-
er et al., 2010; Silhavy et al., 2010; Free, 2013; Demuyser
et al., 2014).

At present, after the release of genome sequences for
a number of pathogenic microorganisms and due to the
expanding development of the PCR-based techniques,
the detection of changes in the gene expression correlat-
ed with infection process is often used in the studies of
bacterial or fungal pathogenesis (Sturtevant, 2000). How-
ever, one still should bear in mind a fact that mRNA is
only the short-time messenger and that translated pro-
teins might undergo different regulation and posttrans-
lational modifications, resulting in changes of their func-
tion, structure and localization. In fact, proteins are the
key players in the life of the cell under physiological and
pathological conditions; thus, their actual exposure at the
cell surface should be studied, not only the gene expres-
sion, especially in the case of atypical surface-associated
proteins devoid of typical signal for extracellular locali-
zation, for these reasons sometimes called “moonlight-
ing proteins” (Karkowska-Kuleta & Kozik, 2014). More
suitable combined approaches, employing a wide range
of proteomic techniques and genomic data, open new
perspectives to understand the molecular mechanisms of
host-pathogen interplay (Huang ez a/., 2002).

The complex characteristics of surfaceome — a set of
surface-associated proteins being the most variable and
complicated molecules that build the cells’ envelopes
— expand very rapidly, as a lot of data is now available
about the proteins identified at the surface of Gram-
positive and Gram-negative bacteria, non-pathogenic and
pathogenic fungi and even a few multicellular pathogens
(Desvaux et al., 2006; Solis & Cordwell, 2011; Olaya-
Abril et al., 2014). The identification of this type of pro-
teins with a classical proteomic approach involving frac-
tionation and two-dimensional electrophoretic separation
is not problem-free, because of their high glycosylation
state, low abundance, insolubility and anchoring in the
cell membrane or within the polysaccharide scaffold, as
well as due to the possible contaminations of samples
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with proteins from other cell compartments (Pitarch ez
al., 2002). Thus, there has been an insistent necessity to
develop new identification methods. A novel approach
used for discovering the secrets of pathogens’ cell sur-
face is the shaving of the live cells with trypsin for a
short period of time, with an assurance that the cells are
still not damaged and the cell membrane remains intact,
to avoid the cytoplasmic contamination (Olaya-Abril ef
al., 2014).

This new method designated as surfaccomics, com-
bined with a shotgun proteomic approach, was success-
fully used for studying the cell surface proteinaceous
components of different bacterial species, including Szep-
tococens pyogenes (Severin et al., 2007), Staphylococcus anreus
(Solis et al., 2010) and Escherichia coli (Walters & Mob-
ley, 2009). Also for the non-pathogenic yeast Saccharomy-
ces cerevisae (Insenser e al., 2010), opportunistic pathogen
Candida albicans (Hetnaez et al., 2010; Vialas et al., 2012;
Gil-Bona ez al., 2015b) and pathogenic fungus Cryptococcus
neoformans (Eigenheer et al., 2007), a number of surface-
exposed proteins was identified with this approach.

Nowadays, in addition to the two most common
fungal pathogens from the genus Candida — C. albicans

and C. glabrata — a problem of increased incidence of
severe infections caused by two other species with dif-
ferent virulence attributes — C. parapsilosis and C. fropi-

calis — has alarmingly emerged (Arendrup, 2013). The
latter two species together account for over one fourth
of all systemic candidiases in immunocompromised pa-
tients (Azie et al., 2012; Wang et al., 2014), which implies
an urgent need to better describe the molecular mecha-
nisms of their virulence. The structure and composition
of the C. albicans and C. glabrata cell wall — being the
first structure that contacts the host during invasion —
have been already fairly well characterized (de Groot ef
al., 2008; Castillo et al., 2008; Klis et al., 2009), contrary
to the two other non-albicans Candida species with great
clinical importance.

Apart from polysaccharides, such as chitin, $-glucans
and mannans, that serve as the mechanical scaffold of
candidal cell wall, several groups of covalently bound or
more loosely associated proteins are found at the Can-
dida spp. cell surface. They are not only involved in a
wide variety of physiological processes, but also act as
important virulence factors that mediate the adhesion,
biofilm formation, iron acquisition and proteolysis (Chaf-
fin, 2008; Modrzewska & Kurnatowski, 2015). The aim
of this work was to identify the cell surface-exposed
proteins at the cell walls of different morphological
forms of C. parapsilosis and C. fropicalis — unicellular,
yeast-like cells or filamentous pseudohyphae — observed
under different cultivation conditions that mimic cellular
stress, nutrient starvation or host invasion. Such a com-
prehensive characterization could be used in the future
to design new, broad-spectrum anti-candidal vaccines, as
well as differentiating diagnostic methods, or to design
new and effective antifungal therapy against candidiases
caused by non-albicans Candida species.

MATERIALS AND METHODS

Yeast strains and culturing. The C. parapsilosis strain
CDC 317 (ATCC MYA-466) and C. fropicalis strain T1
(ATCC MYA-344) were purchased from American Type
Culture Collection (Manassas, VA, USA). Cells were
grown as yeast-like forms in YPD medium, pH 6.0 (1%
yeast extract, 2% soybean peptone and 2% glucose) (Sig-
ma, St. Louis, MO, USA) at 30°C for 16 h. To induce

formation of pseudohyphal forms, both strains were cul-
tivated in a defined medium RPMI 1640, pH 7.4 (PAA
Laboratories GmbH, Pasching, Austria) at 37°C for 48
h or in YPD buffered medium with lowered content of
animal-derived peptone (YAPD), pH 7.0 (0.1% yeast ex-
tract, 0.2% peptone from animal proteins, 2% glucose
and 10 mM NaH,PO,) (Sigma) at 37°C for 48 h. In cer-
tain cases, a sterile filtered human plasma was added to
YPD or RPMI 1640 medium to a final concentration of
10% (v/v).

Cell surface shaving with trypsin. C. parapsilosis or
C. tropicalis cells (5% 10%), grown in the appropriate cul-
turing medium were separated by centrifugation (5 min-
utes, 3000 rpm), observed under microscope to confirm
their existence as the yeast-like form after YPD-cul-
turing or the filamentous form after YAPD- or RPMI
1640-culturing, and then washed three times with 1 ml
of 25 mM ammonium bicarbonate buffer (NH,HCO,).
The cell pellet was then resuspended in 100 pl of the
same buffer with 5 mM dithiothreitol (DTT). Sequenc-
ing-grade trypsin (10 pg) (Promega, Madison, WI, USA)
was added to the cell suspension for incubation at 37°C
for 5 minutes. After that, cells were centrifuged (5 min-
utes, 6000 rpm) and the supernatant was filtered through
a filter with 0.22 pm pores and subjected to further in-
cubation with trypsin for 5 hours at the same tempera-
ture. The cell membrane integrity of the remaining cells
was tested by staining with SYTOX® Green (Invitrogen
Life Technologies, Catlsbad, CA, USA) and Trypan Blue
(Sigma). After incubation, trifluoroacetic acid (TFA) (Sig-
ma) was added to the supernatant to a final concentra-
tion of 0.1%, to stop the enzymatic reaction. The sample
was then incubated on ice for 15 minutes and after that
centrifuged (15 minutes, 12 000 rpm), dried in a Speed-
Vac (Martin Christ, Osterode am Harz, Germany) and
frozen until further use.

Protein identification with LC-MS/MS and fur-
ther statistical analyses. The peptides were separated
and analyzed with a HCTUltra ETDII ion-trap mass
spectrometer equipped with an electrospray ionization
ion source (Bruker, Bremen, Germany) and coupled to
an ultra-high-performance liquid chromatography Di-
onex Ultimate 3000 system. All peptide samples were
first dissolved in 100 pl of loading buffer (10% ace-
tonitrile with 0.1% formic acid), centrifuged (10 min-
utes, 10000 rpm) and, after transferring to fresh vials,
separated on a 100 mm X2.1 mm Accucore C18 col-
umn (particle size of 2.6 um) (Thermo Fisher Scien-
tific, Waltham, MA, USA), with a gradient of 10-60%
of 0.1% formic acid in 80% acetonitrile for 60 min-
utes with a flow rate of 0.2 ml/min. The mass spec-
trometer was operated in a standard MS/MS mode
with simultaneous fragmentation of the most intensive
precursor ions by collision-induced dissociation and
electron-transfer dissociation. Mascot Generic format
(mgf) files were generated by pre-processing the raw
data with Data Analysis 4.0 software (Bruker). The lists
of obtained peaks were searched against the nonredun-
dant protein database of the NCBI with taxonomy re-
striction to Fungi (26 490 256 sequences for all entries,
1 935 595 sequences for fungal proteins) or SwissProt
protein database with taxonomy restriction to Homo
sapiens (548 872 sequences for all entries, 20 282 se-
quences for human proteins) using an in-house Mascot
server (v.2.3.0; Matrix Science, London, UK). The fol-
lowing search parameters were applied: enzyme speci-
ficity — trypsin; permitted number of missed cleavages
— 2; fixed modification — carbamidomethylation (C);
variable modifications — oxidation (M); protein mass
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— unrestricted; peptide mass tolerance of £0.3 Da and
fragment mass tolerance of £0.5 Da.

After peptide identification a final dataset was created
on the basis of the classical mathematical normalization,
named the normalized spectral abundance factor (NSAF)
that allows to estimate the relative protein abundances.
The NSAF was calculated using the following formula

SpC

NSAF= —Lt—

where the total number of spectral counts (SpC), divid-
ed by the protein’s length (I) was divided by the sum
of the total number of MS/MS spectra for all proteins
identified in the experiment in one sample.

RESULTS

Identification of C. parapsilosis and C. tropicalis cell
surface-exposed proteins

A rapid and simple approach — cell surface shav-
ing with trypsin, combined with shotgun proteomics
— was applied in the present study to identify the cell
surface-exposed proteins from different morphological
forms of two opportunistic pathogens, C. parapsilosis and
C. tropicalis (Fig. 1). Our observations indicated that in
rich, complete YPD medium, the cells of both species
existed as unicellular, yeast-like forms, while in the two
other media, as filamentous pseudohyphal forms. The
YAPD medium, characterized by the reduced amount of

Candida tropicalis or Candida parapsilosis culture -
growth under different conditions inducing morphological transition

YPD RPMI 1640 YAPD
30°C 37°C 37°C
optionally in the presence
of human serum S
Y

’ yeast-like cells ‘ ’ pseudohyphal forms ‘

l separation of cells by centrifugation l

cell surface shaving with trypsin
- release of surface-exposed or surface-bound proteins

separation of cells by centrifugation
collecting the supernatant

~
~
Y

verification of cells’ integrity

shotgun proteomic approach
additional digestion of released proteins
with trypsin for 5 hours

|

LC-MS/MS analysis followed by
protein identification with
in-house MASCOT server

| J

indication of
surface-bound
human serum proteins

calculation of normalized
spectral abundance factors
(NSAF) for fungal proteins

Figure 1. The workflow strategy for the identification of fungal
surface-exposed proteins or human proteins bound to fungal
surface, using the cell surface shaving method and shotgun
proteomic approach.

nitrogen due to the animal peptone, primarily stimulates
the production of proteinases (Rapala-Kozik ef af., 2010),
although at the temperature of 37°C and pH 7.0 it also
causes the generation of filamentous forms. However, in
YAPD medium the cells were elongated to a relatively
lesser extent than in the case of the other growth condi-
tions used — a defined, cell cultivating medium RPMI
1640 — that is typically used for inducing pseudohyphal
growth of Candida spp. at 37°C (Hoyer et al., 1995).

A slightly modified method for digestion of fungal
surface-exposed proteins was used in this study in com-
parison to that described previously for C. albicans by
Hernaez et al. (2010), Vialas ez al. (2012) and Gil-Bona ez
al. (2015b). Namely, proteins released from the cell wall
during the five-minute incubation with trypsin, after sep-
aration of the supernatant from fungal cells, were further
incubated with trypsin at 37°C for additional five hours
to improve tryptic-digestion efficiency and to increase
the number of peptides produced. The crucial condition
during the whole treatment was to maintain the intact
cell membrane without cell lysis, in order to avoid cy-
toplasmic contamination; therefore the cell integrity was
confirmed after each experiment with specific staining.

This applied approach allowed us to identify 16, 9 and
12 proteins for C. parapsilosis and 13, 13 and 10 proteins
for C. tropicalis, assigned to cells grown in YPD, YAPD
and RPMI 1640 medium, respectively. The calculation of
NSAF for each protein identified in a particular sample
enabled us to select and rank the relatively most abun-
dant fungal proteins for each growth medium (Zybailov
et al., 2007). All abbreviated names and protein descrip-
tions included in this study were taken from NCBI pro-
tein database and Candida Genome Database (CGD)
(Inglis ez al., 2012). Although the genome sequences for
these two particular Candida spp. strains were recently re-
leased (Butler e# al., 2009), their proteome is still poorly
characterized and described, therefore the identified
C. parapsilosis and C. tropicalis hypothetical proteins were
compared and assigned to orthologous genes and/or
proteins from C. albicans.

As shown in Tables 1 and 2, some of the identified
proteins were common for all tested conditions, such as
C. parapsilosis orthologs of Phr2, Mp65, Pirl and Ecm33,
and C. #ropicalis ortholog of Tdh3. Some proteins were
unique, as for example proteins similar to C. albicans
Rbel, PIb5, Engl and Tosl identified in C. parapsilosis
and proteins similar to C. albicans Rbtl, Hyr3 and Alsl
identified in C. f#ropicalis, which were present at the cell
surface only after growth in the RPMI 1640 medium.

Within the particular sets of proteins derived from the
cells cultured under defined conditions, the percentage
content of proteins equipped with glycosylphosphati-
dylinositol (GPI) anchor that links them covalently to
the cell wall was determined on the basis of structural
annotations located in CGD. For both investigated spe-
cies, the highest content of GPI-linked proteins was
detected for the cell walls of pseudohyphae grown in
RPMI 1640 medium. It was 50% and 30%, respectively
— which corresponds to 6 and 3 proteins — for C. par-
apsilosis and C. tropicalis. What is more, for the latter spe-
cies, no additional GPI-anchored protein was identified
for other tested conditions, whereas for C. parapsilosis 4
(25%) and 2 (22%) proteins found at the surface of cells
grown in YPD or YAPD broth, respectively, were as-
signed as equipped with GPI remnant.

In order to determine the functional characteristics of
identified proteins, for each of them the specific function
was assigned on the basis of manually curated Gene On-
tology (GO) annotations from CGD. The results of these
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analyses are summarized in Fig. 2, demonstrating some
dependence between the functional profile of fungal surfa-
ceome and the type of culture conditions and medium used.
In case of C. parapsilosis cells, grown in RPMI 1640 me-
dium, the most abundant group of proteins was that con-
taining the adhesins and other virulence factors (41%). For
C. parapsilosis cells cultured in YPD or YAPD, the patho-
genesis-related proteins were also the most frequent (31%
and 34%, respectively). However, for unicellular, yeast-like
forms two groups of proteins — those involved in the cell
wall maintenance or in the basic metabolism — were also
strongly represented (both at 25%). What drew our particu-
lar attention in case of C. parapsilosis cells cultured in YAPD
— a nitrogen-deficient medium with lysate of animal pro-
teins — was that the largest number of proteins involved
in the stress response (22%) was present at the fungal cell
surface in compatison to other conditions applied. Similarly,
for C. tropicalis cells grown in YAPD medium, 23% of pro-
teins were assigned as molecules involved in cell response
to stress conditions and, moreover, it was the only sample
wherein proteins from this group were found. Apart from
that, about half of all identified proteins (54%) were en-
zymes from basic metabolic pathways.

A comparable number of C. #ropicalis proteins was
identified as responsible for both physiological metabo-
lism and pathogenesis (38% and 31%, respectively) in
case of yeast-like forms grown in YPD broth. Impor-
tantly, 50% of proteins present at the cell surface of
C. tropicalis pseudohyphae generated in RPMI 1640, were
assigned as playing a role in the pathogenesis and adher-
ence. It should be noted, however, that almost in each
tested sample from both species there were some pro-
teins with unknown/unassigned function and for this
reason the described proportions could possibly slightly
change after further characterization of these proteins.

Human proteins bound at the cell surface of
C. parapsilosis and C. tropicalis

An approach similar to that described above, based
on the shaving of the cell surface with trypsin followed
by additional, prolonged digestion, was also applied to

YAPD

RPMI 1640

Figure 2. Functional classification of C. parapsilosis or C. tropicalis surface-exposed proteins identified with the cell surface shaving
method and mass spectrometry.
Protein functions have been assigned on the basis of descriptions from NCBI protein database and orthologs’ description in the Candida
Genome Database.

C. parapsilosis and C. tropicalis cells grown in YPD or
RPMI 1640 medium in the presence of human plasma
at 37°C for 48 hours. The final identification of peptides
obtained was classified as derived from human plasma
proteins that were apparently adsorbed to the fungal cell
surface and, as previously, from fungal proteins exposed
at the cell surface of pseudohyphae (Table 3). A signifi-
cantly lesser amount of candidal proteins found in these
peptide samples as compared to the above-described
determinations — six for C. parapsilosis and three for
C. tropicalis — was probably a result of quite a large
number of bound human proteins, apparently covering
the surface of fungal cell and reducing its availability for
trypsin. However, in spite of such difficulties, we were
capable to indicate three proteins from each investigat-
ed Candida species, whose exposure at the cell surface
was at least three-fold higher in the medium with hu-
man plasma than at the same conditions but without
plasma. The differences have been calculated on the ba-
sis of NSAF obtained for the tested peptide samples. In
case of C. parapsilosis, a protein from CFEM family and
proteins similar to Eecm33 and Pirl — two typical cell
wall proteins — were more abundant at the cell surface
after fungal contact with human plasma. In the case of
C. tropicalis, apart from atypical protein Tdh3, two cell-
surface proteins — a protein similar to Rbtl and an
adhesin from agglutinin-like sequence protein family —
were indicated as exposed at the cell surface in greater
quantities, if pseudohyphae were formed in plasma-con-
taining medium.

In addition, interesting results were obtained after
searching the SwissProt protein database with restric-
tion to human proteins in order to find molecules at-
tached to the surface of fungal cells after growth under
these “bloodstream infection-mimicking” conditions. 20
different proteins for C. parapsilosis and 19 for C. tropi-
calis were identified as adsorbed to the surface of fun-
gal cells. The referred sets of identified human proteins
were rather comparable in case of both investigated
species, indicating a significantly shared preference for
apolipoproteins and complement components in bind-
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Table 3. Identification of human plasma proteins attached to the cell surface of C. parapsilosis and C. tropicalis cells grown in YPD
broth or RPMI 1640 medium supplemented with 10% of human plasma and indication of fungal proteins, whose exposure at the cell
surface under these conditions was at least three-fold higher than in a medium without plasma (marked with 1).

After cell surface shaving, peptides were analyzed using the Dionex Ultimate 3000 UHPLC system coupled to an HCTUltra ETDII mass
spectrometer. The obtained lists of peaks were searched against the NCBI protein database and SwissProt protein database using an in-

house Mascot server.

Surface-bound human proteins

Surface-exposed fungal proteins

alpha-1-antitrypsin
alpha-2-HS-glycoprotein
apolipoprotein A-1
apolipoprotein A-ll
apolipoprotein A-IV
apolipoprotein B-100
apolipoprotein E

clusterin

complement C3
complement C4-A
complement C5
complement component C9
complement factor B
fibrinogen chain alpha
gelsolin

fibrinogen chain beta
heparin cofactor 2
fibrinogen chain gamma
paraoxonase/arylesterase 1
vitronectin

serum albumin

serum amyloid A-4 protein

C. parapsilosis

hypothetical protein CPAR2_407410, similar to C. albicans cell
surface mannoprotein (Mp65)

hypothetical protein CPAR2_502140, similar to C. albicans
GPI-linked chitinase (Cht2)

hypothetical protein CPAR2_806490, similar to C. albicans protein
with internal repeats (Pir1) 1

hypothetical protein CPAR2_400860, similar to C. albicans
GPl-anchored cell wall transglycosylase (Crh11)

hypothetical protein CPAR2_108560, similar to C. albicans
GPl-anchored cell wall protein (Ecm33) 1

CFEMS5, putative membrane protein with unknown function 1

alpha-1-antitrypsin
angiotensinogen
apolipoprotein A-1
apolipoprotein A-IV
apolipoprotein B-100
apolipoprotein C-llI
apolipoprotein E
clusterin

complement C3
complement C4-A
complement C5
complement component C9
fibrinogen chain alpha
gelsolin

fibrinogen chain beta
hemoglobin subunit beta
fibrinogen chain gamma
heparin cofactor 2
paraoxonase/arylesterase 1
vitronectin

serum albumin

C. tropicalis

predicted protein similar to C. albicans cell wall protein with
similarity to Hwp1 (Rbt1) 1

conserved hypothetical protein similar to C. albicans cell-wall
agglutinin-like sequence protein (Als1) 1
glyceraldehyde-3-phosphate dehydrogenase (Tdh3) 1

ing to the cell surface of C. parapsilosis and C. tropica-
Jis as compared to other plasma proteins. In addition,
the alpha-1-antitrypsin (a protease inhibitor from ser-
pin family), three chains of fibrinogen, and vitronectin
— a glycoprotein found not only in plasma, but also
in extracellular matrix — as well as the most abundant
plasma protein, namely albumin, were also found at the
cell surface of both investigated species. A noticeable
difference between these two species concerned alpha-
2-HS-glycoprotein (cystatin type 3) and serum amyloid
protein identification in case of C. parapsilosis cells and
hemoglobin beta subunit- and angiotensinogen binding
noticed in the case of C. fropicalis cells.

DISCUSSION

The candidal cell wall is a dynamic and complicated
structutre, in the large part built of polysaccharides but
the proteins are thought to be the main players in the
initiation of the contact with host proteins and cells,
and in further development of infection (Chaffin, 2008).
Therefore, the identification of surface-exposed proteins
of two emerging fungal pathogens — C. parapsilosis and

C. tropicalis — might provide new, important insights
into molecular determinants of their pathogenesis. Re-
cently, the cell wall proteomes of several pathogenic
fungi have been extensively studied using a broad range
of different fractionating methods combined with mass
spectrometry (Karkowska-Kuleta & Kozik, 2015). Nev-
ertheless, the complete proteomes of C. parapsilosis and
C. tropicalis are not yet fully recognized; however, some
first reports of the presence of enolase, elongation factor
1-beta, heat shock protein Ssbl, fructose-bisphosphate
aldolase and glyceraldehyde-3-phosphate dehydrogenase
at the cell surface of C. parapsilosis yeast-like cells under
conditions of oxidative stress have recently been pub-
lished (Ramirez-Quijas ¢# al., 2015).

In this work, an uncomplicated and fast method based
on tryptic digestion of proteins exposed at the cell sur-
face of live cells was used, enabling us to characterize
the surfacecome of two investigated Candida species. In
comparison to the most recent studies concerning the
cell surface shaving of C. albicans yeast and hyphal cells
(Gil-Bona ez al., 2015b), our analyses showed both simi-
larities and differences between this most widespread
opportunistic pathogen and the two investigated non-
albicans Candida species. Among the twenty most abun-
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dant surface-exposed proteins indicated by Gil-Bona
et al. (2015b) for C. albicans yeast forms, we found or-
thologs of Tdh3 and Enol in both non-albicans Candida
species and, additionally, of Mp65 and Adhl in C. parap-
silosis, and of Pgkl and Wh11 in C. #ropicalis. However, in
comparison to the most abundant proteins identified at
the cell surface of C. albicans filamentous forms, in the
present study only Tdh3 ortholog was found in the high-
est abundance among C. #ropicalis proteins. Nevertheless,
many other proteins identified by us at the cell surface
of C. parapsilosis and C. tropicalis have their orthologs at
the surface of C. albicans yeast or hyphae listed by Gil-
Bona et al. (2015b) as proteins present at the cell wall
with a lower abundance.

Because Tdh3, Enol, Pgkl and Adhl are enzymes
derived from cytoplasm and involved in glycolysis, glu-
coneogenesis and fermentation, their presence at the
cell surface, although usually considered as atypical, is
often described in literature on C. albicans (Gil-Navarro
et al., 1997; Urban et al., 2003; Lépez-Villar et al., 2006;
Karkowska-Kuleta & Kozik, 2014). These proteins are
also reported as immunogenic during infections in hu-
mans (Pitarch e/ al., 2001; Fernandez-Arenas e/ al., 2004,
Pitarch e# al., 2004) and as molecules involved in binding
of human host proteins, i.e., plasminogen, kininogen, in-
tegrins and extracellular matrix proteins (Gozalbo e/ al,
1998; Klotz e al., 2001; Jong et al., 2003; Crowe et al.,
2003; Karkowska-Kuleta ¢ al, 2011). Admittedly, a ques-
tion how such proteins are exported from cytoplasm is
still relevant. Different mechanisms have been proposed
to clarify this issue, including secretion of extracellular
vesicles, membrane flipping, ineligible entry to secretory
vesicles or exosome release (Nombela 7 a/., 2006; Nickel
& Rabouille, 2009; Gil-Bona ¢t al, 2015a). On the oth-
er hand, there is still a concern, that such cytoplasmic
proteins might originate from damaged cells; however,
a strict control of cell viability during experiments pet-
formed in this study allowed to largely avoid such arti-
facts.

Apart from those four abovementioned proteins,
some other cytoplasmic proteins have been identified
in this study at C. parapsilosis or C. tropicalis cell surface,
including heat shock proteins, elongation factors and
subunits of ATP synthase, especially in nitrogen-limited
medium YAPD. The increased presence of this group of
proteins at the cell surface might lead to a conclusion,
that these particular growth conditions not only induce
filamentation, but might also stimulate the fungal cell’s
response to environmental stress and trigger the adaptive
changes within the cell wall (Lee ez al, 2014; Rane ez al.,
2014; Ramirez-Quijas ¢# al., 2015).

Furthermore, a well represented group of proteins
involved in the cell wall building and maintenance was
observed in this study both for C. #ropicalis and C. parap-
sifosis cells. These proteins are mainly covalently bound
to the cell wall, in contrast to those discussed above.
Therefore, they are often called typical or classical cell
wall proteins. There are at least three main types of link-
ages between proteins and a polysaccharide scaffold,
including GPI-anchoring, alkali-sensitive linkages (ASL)
and disulfide bridges; however, there is a large body
of evidence that different mixed types of bonds occur
within such the complicated structure of the cell wall (de
Groot et al., 2004; Pitarch ez al., 2008; Klis ez al., 2009;
Boisramé ¢# al., 2011). Several of these typical proteins
can be involved in adhesion to host proteins, thus con-
tributing to fungal virulence and invasion of a human
organism. One example is glucanase Mp65, a cell surface
mannoprotein bound to C. albicans cell wall via ASL. and

disulfide bridges (Caminero ef al, 2014) that also acts as
an antigen and an adhesin strongly related to C. albicans
virulence (Sandini e a/., 2011). We found an orthologous
protein similar to Mp65 both at the surface of C. parap-
silosis yeast-like cells and pseudohyphae — where it was
the most abundant protein — as well as at the surface
of both morphological forms of C. #ropicalis. As MpG65 is
involved in the adhesion to plastics (Sandini ez af., 2007),
this observation might partially elucidate the high ability
of C. parapsilosis to adhere to and form biofilms at the
artificial surfaces, including a variety of medical devices
(Trofa et al, 2008). Other important proteins involved
in the cell wall maintenance were identified at the cell
surface of non-albicans Candida species with the use of
trypsin shaving. For C. parapsilosis, at least the follow-
ing orthologous proteins should be mentioned: Cht2,
Ecm33, Phr2 and Crh11 anchored to cell wall via GPI
remnant (de Groot ¢ al, 2004; Castillo ez al, 2008),
Engl and Bgl2 attached to the cell wall iz ASL and/or
disulfide bonds (Caminero e/ al., 2014) and Pirl, a struc-
tural protein attached to cell wall B-1,3-glucan through
ASL (de Groot et al, 2004). An ortholog of the latter
was also identified in C. #ropicalis cell wall.

Among some interesting putative GPI-anchored pro-
teins, in this study we identified a protein similar to Plb5
at the surface of C. parapsilosis pseudohyphae. At the cell
surface of C. fropicalis pseudohyphae, apart from an or-
tholog of Rbtl — a GPI-linked protein with a similar-
ity to Hwpl, required for fungal virulence (Braun ez al,
2000) — we also found two proteins from distinct large
families gathering important adhesins, namely agglutinin-
like sequence (Als) protein family and Iff/Hyr protein
family. This observation suggests that like in the case of
C. albicans, C. tropicalis filamentous forms possess strongly
adhesive properties that help this pathogen to invade the
host organism. It is well known that formation of fila-
mentous forms is the essential step for full fungal patho-
genicity (Diez-Orejas ef al., 1999; Thompson e al., 2011).

The important role in C. fropicalis of a protein similar
to Rbtl, a protein from Als protein family, and addition-
ally Tdh3 during the invasion might be confirmed by the
observed increase of the quantity of these proteins at
the cell surface after growth in the medium containing
human plasma, which mimics — to some extent — the
contact with host proteins during bloodstream infection.
In case of C. parapsilosis, an analogous effect was found
for proteins similar to Pirl, Ecm33 and CFEMS5. On the
other hand, the investigation of surfacecome under these
conditions preliminarily revealed a set of human proteins
that can adhere to the fungal cell surface. Among them,
as expected, the most abundant human plasma protein
— albumin — was found, but several apolipoproteins,
complement components and other proteins were also
identified, not only ones most abundantly present, but
also those less frequently represented in the plasma (An-
derson & Anderson, 2002). Because a key role of the
complement cascade in innate immunity is to recognize
and eliminate pathogenic microorganisms from blood-
stream after their opsonization or perforation of their
cellular membranes via membrane-attacking complex en-
gaging complement component C9 (Peitsch & Tschopp,
1991), its function for host defense during disseminated
candidiasis is essential (Boxx e a/, 2010). Hence, the
identification at the C. parapsilosis and C. tropicalis cell sur-
face of several complement components — C3, C4-A,
C5, C9 — after the contact of fungal cells with human
plasma might be related to triggering the complement
pathways activation, following the binding of its compo-
nents to the fungal surface. However, it is well known,
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at least in the case of C. albicans, that some surface-ex-
posed proteins, such as Pral, Gpml and Gpd2, might
be involved in the binding of a few complement factors
and regulators — C4BP, factor H and FHL1 — thereby
participating in gaining control over this system by the
fungus in order to inhibit complement activation and
to facilitate immune evasion (Poltermann ez al, 2007,
Luo et al, 2011; Luo et al, 2013). There is also some
evidence, that representatives of the second, most abun-
dant group of proteins shown herein as bound to C.
parapsilosis and C. tropicalis cell surface — namely apoli-
poproteins — might play an important role in the host
resistance against fungal infections (Vonk ez al, 2004).
What is more, the plasma amyloid protein, found here
as adhered to the cell surface of C. parapsilosis, is also a
chemoattractant for polymorphonuclear cells, increasing
their antifungal action (Badolato 7 a/., 2000).

Apart from these strongly represented groups of hu-
man proteins — the complement components and apoli-
poproteins — fibrinogen and vitronectin were also iden-
tified as attached to the C. parapsilosis and C. tropicalis cell
surface. As the latter is the important, adhesive protein
present not only in plasma but also in the extracellular
matrix, its binding may promote fungal adhesion to host
tissues during the first step of infection and further dis-
semination of fungal cells within the organism via a cir-
culatory system (Lopez e al., 2014). It should be noted
that hijacking the important host system such as the
coagulation cascade by pathogens greatly facilitates their
pathogenicity and it is a well known process occurring
during bacterial infections (Rivera ez al., 2007).

One of the surface-bound human proteins identified
in the case of C. #ropicalis was hemoglobin, being not
only the necessary and important source of iron for mi-
croorganism, but also the stimulator of increased adhesin
exposute (i.e., of Hwpl) at the fungal cell surface and
development of the hyphal forms as it has been previ-
ously described for C. albicans (Yan et al., 1998; Pendrak
& Roberts, 2007). Quite similar results, corroborating
with data obtained for C. parapsilosis and C. tropicalis and
concerning the host plasma proteins’ binding to fungal
cell surface, were described for another important fun-
gal pathogen of humans, Paracoccidioides brasiliensis. In the
case of this species, complement factor C3, albumin,
vitronectin, fibrinogen, alpha-1-antitrypsin, angiotensino-
gen, apolipoproteins B-100 and A-1, paraoxonase/ary-
lesterase 1 and alpha-2-HS-glycoprotein were identified
(Longo et al, 2013). Due to such reports it now be-
comes possible to recognize more thoroughly the vari-
ous aspects of interactions between fungal pathogen and
a human host.

To our knowledge, this work is the first study describ-
ing the surfaccome — the proteome of cell surface —
of two non-albicans Candida species, i.c., C. parapsilosis
and C. tropicalis, albeit for the former species there is
now some information available about a few proteins ex-
posed at the cell surface of the yeast-like cells during the
oxidative stress (Ramirez-Quijas ez al, 2015). Revealing
the Candida spp. cell wall protein composition with the
use of proteomic methods and mass spectrometry is a
very important contribution to the exploration of poten-
tially new virulence attributes of these fungi. However,
addressing the physiological and functional questions re-
lated to the known proteome is also of a great impor-
tance. Recently, important attempts to indicate the im-
munogenic proteins of C. parapsilosis and C. tropicalis were
made, with a finding of twelve proteins for each species
as inducing the antibody response (Lee ef al., 2014a; Lee
et al., 2014b). In the current study we confirmed the

presence of some of them at the cell surface of C. par-
apsilosis cells, i.e., proteins similar to Adhl, Atpl, Enol,
Tdh3 and Pdcl1, and C. #ropicalis cells, i.e., proteins simi-
lar to Atp2, Enol, Tdh3 and Tpil.

As the particular species of Candida genus are consid-
ered to differ from each another in molecular mecha-
nisms of pathogenicity, drug resistance, epidemiology,
risk factors among various groups of infected patients
and the level of mortality (Krcmery & Barnes, 2002),
these differences might be reflected in the set of proteins
exposed at their cell surface. In the case of C. #ropicalis,
the frequent presence of alkaline and acid phosphatases
was particularly interesting and correlated with previous
findings (Sangar ez al., 1975), and this feature distinguish-
es C. tropicalis from other Candida species diagnostically.

To summarize, the obtained results might markedly
contribute to a better understanding of the complicated
phenomenon — the host-pathogen interaction during
candidal infections — and significantly expand the scope
of designing new antifungal drugs, vaccines and diagnos-
tic methods for other species of the Candida genus.
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