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Mass spectrometry (MS) is a universal technique with a wide range of applications, including proteomic studies of different organisms, particularly
the characterization and sequencing of proteins isolated from specific cellular compartments. It is used for the identification of elements exposed on
the cell surface of microbial pathogens, which are involved in the initial contact with the human host, and then in the further development of
infection. 
Given the increasing frequency of invasive fungal infections caused by pathogenic yeast from the genus Candida, especially among patients with
severe immunological impairments, it appears advisable to study the diversity of cell wall proteins that arise during subsequent stages of infection and
that are responsible for several important phenomena correlated with pathogenesis.
This study employed a liquid chromatograph-coupled mass spectrometer equipped with an electrospray ionization source (ESI), and an ion trap
analyser. For tandem mass spectrometry, two approaches for fragmentation of ions - collision-induced dissociation (CID) and electron transfer dis-
sociation (ETD) - were used to analyse the mixtures of peptides generated after tryptic digestion of fungal cell wall proteins (i.e. the “bottom-up” ap-
proach). Several surface proteins from Candida spp. were identified which could be potential drug targets and candidates for vaccine development. 
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Introduction

Currently, one of the most important problems facing med-
icine is the increased incidence of invasive fungal infections
among immunocompromised patients, as a consequence of
acquired drug resistance by pathogenic fungi and the shortage
of effective prevention methods. At present, the dimorphic
fungus Candida albicans, responsible for serious systemic in-
fections, is still the most frequently isolated fungal pathogen
in humans, albeit that the prevalence of infections caused the
so-called “non-albicans” Candida spe cies is showing a ten-
dency to increase (Nawrot et al., 2013). Therefore, there is
urgent need to find new approaches to control the growing
incidence of candidiasis, with a particular priority being fo-
cused on the development of antifungal vaccines (Vec-
chiarelli, Pericolini, Gabrielli, and Pietrella, 2012). 

As it is an interactive interface between the host and the
pathogen, the cell wall from the fungal cell plays a signifi-
cant role in the development of infections owing to its con-
stant contact with the host. The candidial cell wall is 
a resistant, but easily adaptable and flexible structure, con-
sisting of different types of proteins (often highly O- and
N-mannosylated) and branched polymers of glucose
residues containing β-1,3 and β-1,6 linkages (β-glucans),
unbranched polymers of N-acetyl-D-glucosamine contain-
ing β-1,4 bonds (chitin) and lipids (Chaffin et al., 2008).
Proteins are anchored in different ways to the elastic frame-
work of microfibrillar polysaccharides (Pitarch, Nombela,
and Gil, 2008).

If the proteomic approach is accompanied by other
techniques, this enables the identification of proteinaceous
components located within the fungal cell wall, which are
responsible for the interactions with both host proteins and
tissues and the immune response during infection. Cur-
rently, the proteomic methods used have been based on the
chemical extraction of proteins from the cell wall with the
use of SDS (sodium dodecyl sulfate) and DTT (dithiothre-
itol) or β-mercapthoethanol as denaturing and reducing
agents, respectively, during incubation at 100˚C. Other
methods are based on HF-pyridine or mild alkali treatment
(Castillo et al., 2008). However, it should be remembered
that proteins obtained using above-mentioned procedures
lose their tertiary and secondary structure and most prob-
ably also their function. Consequently, another approach
was employed, comprising the direct tryptic digestion of
proteins connected with the fungal cell surface and the sub-
sequent analysis of the resultant peptides via mass spec-
trometry (MS) (Vialas et al., 2012). 

In the present study, the enzymatically isolated native
and functional candidial cell wall proteins (CWPs) were
separated via protein gel electrophoresis, digested with
trypsin and then the particular proteins were identified
using LC-MS/MS (liquid chromatography coupled with
tandem mass spectrometry). The use of such an extraction
method enabled the release of the cell surface proteins in a
form suitable for simultaneous analysis in terms of inter-
actions with various ligands. The bottom-up proteomic ap-
proach, which consists of both the generation of mixtures
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of peptides after tryptic digestion of fungal proteins and
their separation via ultra high performance liquid chro-
matography (UHPLC), was carried out with a Bruker Dal-
tonics HCT Ultra ETD II mass spectrometer, equipped
with an electrospray ionization source (ESI) and an ion trap
analyser extended with an electron transfer dissociation/
proton transfer reaction (ETD/PTR) module. Using this
novel approach, several CWPs were identified from unicel-
lular (“yeast-like”) forms of C. albicans.

Materials and methods

Yeast strains and culture conditions
C. albicans strain 10231 was purchased from the American
Type Culture Collection. It was precultured in Petri dishes
with YPD agar (1% yeast extract, 2% tryptone, 2% glucose
and 1.5% agar). Then, a single colony was transferred to li -
quid medium and unicellular yeast forms were grown at
30˚C for 16 h in YPD broth (1% yeast extract, 2% soybean
peptone and 2% glucose) to a stationary phase, as confirmed
by optical density at 600 nm. All reagents used were pur-
chased from Sigma, St. Louis, MO, USA.

Isolation of C. albicans cell wall proteins
C. albicans cell wall proteins were isolated as previously de-
scribed with slight modifications (Karkowska-Kuleta, Ko -
zik, and Rapala-Kozik, 2010). Briefly, unicellular forms of
C. albicans (3.8 g wet weight) were collected by centrifu-
gation, then washed twice with 10 mM Tris-HCl buffer
with 0.9% NaCl, pH 7.4 and twice with 50 mM Tris-HCl
buffer, pH 7.5. To release the CWPs, cells were resuspended
in 2 ml of 50 mM Tris-HCl buffer, pH 7.5, containing a
40 mM β-mercaptoethanol, protease inhibitor cocktail
(Roche, Basel, Switzerland) and incubated with 500 U (0.4
g) of β-1,3-glucanase (Sigma, St. Louis, MO, USA) for 1
h at 37˚C. Then, the cells were centrifuged and the super-
natant was collected and dialyzed against PBS, pH 7.4, for
48 h at 4˚C. SYTOX® Green (Invitrogen Life Technologies,
Carlsbad, CA, USA) staining was used to verify that after
this treatment at least 95% of C. albicans cells remained vi-
able. The protein concentration was measured according
to the Bradford method (Bradford, 1976). The isolated
proteins were separated by SDS-PAGE in a Laemmli sys-
tem (Laemmli, 1970) and visualized via Coomassie Bril-
liant Blue R-250 staining.

Protein identification via mass spectrometry
To identify the content of protein bands obtained after
SDS-PAGE separation of isolated CWPs (see above), the
gel pieces were manually excised, destained at 37˚C by se-
quential washing with water, 100 mM ammonium bicar-
bonate (NH4HCO3), 50% acetonitrile and 100% ace -
 to ni trile, and after that subjected to reduction with 10 mM
DTT in 100 mM NH4HCO3 at 60˚C for 1 hour and
alkylation with 55 mM iodoacetamide in 100 mM

NH4HCO3 for 45 minutes at room temperature in the
dark. Any excess of reagents was washed out with 100 mM
NH4HCO3. Then, the gel pieces were dehydrated in
100% acetonitrile, dried in an Alpha 1-2 lyophilizer
(Christ, Osterode, Germany) for 15 minutes and then dis-
solved in 15 μl of trypsin (Promega, Madison, WI, USA)
solution (15 μl of 0.1 μg/μl in 50 mM NH4HCO3 with
5 mM CaCl2) and incubated on ice for 45 minutes. After-
wards, additional 20 μl of 50 mM NH4HCO3 with 5 mM
CaCl2 were added. Digestion was carried out at 37˚C
overnight. Peptides were extracted in a sonication bath with
50% acetonitrile and 2.5% formic acid at 37˚C. Then, the
obtained peptides were analysed via mass spectrometry
(MS) using a Dionex UltiMate 3000 UHPLC system
(Dionex, Carlsbad, CA, USA) coupled with an HCT Ultra
ETD II mass spectrometer (Bruker, Bremen, Germany).
For this analysis, the peptides were separated on a 100 mm
x 2.1 mm Accucore C18 column (particle size 2.6 μm)
(Thermo Scientific, Carlsbad, CA, USA) using a 38 min
gradient of 80% acetonitrile with 0.1% formic acid (1-
45%). The mass spectrometer was operated in standard
MS/MS mode with simultaneous fragmentation of most
intensive precursor ions with CID and ETD. The resulting
lists of peaks were used to search against the SwissProt pro-
tein database with a taxonomy restricted to Fungi, using
an in-house Mascot server (v.3.0, Matrix Science, London,
UK). The following search parameters were applied: en-
zyme specificity – trypsin, permitted number of missed
cleavages – 1, fixed modification – carbamidomethylation
(C), variable modifications – oxidation (M), protein mass
– unrestricted, peptide mass tolerance – ±0.3 Da, and frag-
ment mass tolerance – ±1.3 Da. Accepted proteins were
those which had a Mascot score above 100. Assignment to
the specific functional categories was made with the use of
information included in the Candida Genome Database
(CGD).

Results

Candida albicans yeasts in their unicellular forms were
mildly treated for one hour with β-1,3-glucanase, which
resulted in the release of a collection of proteins derived
from cell walls. This enzyme allowed the hydrolysis of the
glycosidic bonds in the β-1,3-glucan component of the
fungal cell wall without prejudice to the proteins, while β-
mercaptoethanol facilitated the release of proteins from the
polysaccharide network, and the mixture of protease in-
hibitors protected proteins from proteolytic degradation.
The staining with SYTOX® Green showed that almost all
cells remained viable after this treatment, without any ad-
verse permeability of cellular membranes. The concentra-
tion of proteins obtained from 3.8 g of wet cells was 800
μg/ml. Fig. 1 shows the scheme of the applied approach. 

After electrophoretic separation of 16 μg of CWPs in
the Laemmli system and staining with Coomasie Brilliant
Blue, ten pieces of gel with different protein bands were ex-
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cised and subjected to digestion with trypsin (A-J). The
range of the molecular masses of the tested proteins was
from ca.15 kDa up to 200 kDa, as shown in Fig. 2.

The two most frequently used methods in the pro-
teomic approach are the “top-down” procedure, in which
direct analysis of intact proteins is performed, and the “bot-
tom-up” procedure, used in this work, which consists of an
analysis of the separated mixture of peptides after tryptic

digestion. Although one of the weaknesses of the second
method is its relatively low sequence coverage, its high sen-
sitivity in terms of peptide detection is its main advantage
(Wu, Hühmer, Hao, and Karger, 2007). Prepared digested
proteins were analysed using on-line LC-MS/MS treat-
ment. Use of formic acid during chromatographic separa-
tion allowed the performance of positive, multiple
ionization of distributed peptides in an electrospray ion
source, which, thus, enabled the analysis of fragment spec-
tra of the tested compounds in two different modes: CID
and ETD, which can be simultaneously performed in the
ion trap analyser. Conventional CID fragmentation enables
collisions between precursor ions and helium atoms and
prefers weak bond cleavages mostly generating b- and y-
ions (peptide backbone cleaved between peptide bonds).
This type of fragmentation is best suited for fragment spec-
tra of the 2+ ions and the identification of peptides with 
a molecular mass up to 2.5 kDa. Thus, the analysis was
greatly aided by the ETD module, which allowed for the
identification of a number of peptides with a molecular
mass larger than 3 kDa, as this type of fragmentation pre -
fers charge stages above two. The main assumption of the
fragmentation of peptides via ETD is the generation of an
excess of radical anions from fluoranthene (C16H10) in 
a negative chemical ionization (nCI) mode. These accumu-
lated anions are introduced to multiply charged peptide
cations, previously isolated in the ion trap. In contrast to
CID fragmentation, the ETD reaction strongly correlates
to the charge state, but not to m/z ranges. The faster the
reaction, the higher the charge multiplicity is. In conse-
quence, this reaction generates large stretches of c- and 
z-type fragment ions (peptide backbones cleaved between
a nitrogen atom and a carbon atom, but not at the peptide
bond), which in combination with CID fragmentation re-
sults in an improved sequence alignment of proteins. It is
noteworthy that as the molecular mass of the peptide be- C
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Fig. 1. The workflow of the procedure used for the identi-
fication of cell wall-connected proteins from C. albicans
yeast cells

Fig. 2. The SDS-PAGE separation of a protein mixture ob-
tained from C. albicans cell walls after treatment with 
β-1,3-glucanase. Proteins once extracted were separated
on 12% gel of the Laemmli SDS-PAGE system and visual-
ized by Coomassie Brilliant Blue staining. Excised bands
were marked as A-J (Lane 2). Lane 1 presents the sepa-
ration of molecular mass standards

Fig. 3. The functional classification of identified cell wall
proteins. The functions were assigned on the basis of in-
formation from the Candida Genome Database (CGD)
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comes larger, the required charge state of the peptide for
effective ETD fragmentation increases (Wu et al., 2007).

After efficient separation of peptides, 24 proteins were
identified with Mascot scores higher than 100 and an ad-
ditional two with lower scores, but with a high sequence

coverage or a high number of identified peptides. Table 1
presents a list of identified proteins. The listed proteins pos-
sess different functions, starting from cell wall biogenesis
and organization, metabolism and cell rescue, up to viru-
lence and interactions with the host. Some are equipped

10

Table 1. Proteins from the cell wall of C. albicans yeast cells, identified via LC-MS/MS. After SDS-PAGE, particular
protein bands (A-J, as marked in fig. 2) were excised and analysed with a Dionex UltiMate 3000 UHPLC coupled with
a Bruker HCT Ultra ETD II mass spectrometer, and identified by searching the SwissProt protein database through 
a Mascot server. 
MM – molecular mass. SC – sequence coverage. The functional classification was based on CGD: M – metabolism, CW
– cell wall biogenesis and maintenance, V – virulence and interactions with the host, P – protein fate.
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with the signal peptide responsible for participation in the
classical pathway of secretion through the endoplasmic
reticulum and Golgi apparatus, and some have the glyco-
sylphosphatidylinositol (GPI) attached during post-trans-
lational modification, which anchors the protein to the cell
membrane (Chaffin, 2008). Example of proteins which
possess both a signal peptide and a GPI anchor include
Cht2p, an important enzyme for the remodelling of chitin
(McCreath, Specht, and Robbins, 1995), and glycosidase
Phr2p. Both these proteins are involved in fungal cell wall
biosynthesis and maintenance. Another identified protein
with a similar function is 1,3-beta-glucosyltransferase
Bgl2p; however, this protein has the signal peptide, but is de-
void of the GPI anchor. The typical fungal adhesin Als2p,
which is a GPI-linked protein (De Groot, Hellingwerf, and
Klis, 2003), plays a significant role in adhesion and biofilm
formation (Hoyer, 2001); therefore, it is significantly in-
volved in fungal virulence. The last, but not least identified
virulence factor was Plb1p, an enzyme secreted from the hy-
phal tip during the infection of host tissues and involved in
host cell penetration (Ghannoum, 2000).

The most abundantly represented group contained pro-
teins responsible for cellular metabolism, often with the ex-
pected cytoplasmic localization and evolutionarily con -
served functions in terms of glycolysis and gluconeogenesis
or other metabolic cycles (Fig. 3). Nevertheless, they are
also frequently localized on the cell surface with quite dif-
ferent assigned functions. Therefore, this group of proteins
is often called “moonlighting proteins” (Chaffin, 2008).
Their secretion occurs through still unrecognized export
pathways (Nombela, Gil, and Chaffin, 2006). It should be
emphasized that within this group many proteins possess-
ing antigenic functions have been observed, e.g., Eno1p,
Met6p, Pgi1p, Hxk2p, Sah1p, Tkt1p, Fba1p, Grp2p,
Ipp2p, Gpm1p, and Tpi1p (Fernández-Arenas et al., 2004;
Pardo et al., 2000; Pitarch et al., 2004). 

The second largest identified group contained proteins
involved in protein synthesis and folding. In addition to
translation and elongation factors, this group also com-
prised the heat shock proteins from the Hsp70 family:
Ssb1p, Ssa1p, and Ssa2p. The latter is present at the cell
surface as well as at the outer surface of the plasma mem-
brane, extending through the cell wall and, occasionally,

appearing to reach the cell surface via channels (López-
Ribot, Alloush, Masten, and Chaffin, 1996).

Finally, the two last excised bands (I, J) contained prod-
ucts of the proteolytic degradation of larger identified pro-
teins. Proteolytic processing can also be proposed as an
explanation of the presence of proteins with a theoretically
larger molecular mass in bands of smaller apparent molec-
ular mass, although it is conceivable that some proteins
might be composed of subunits. On the other hand, some
proteins of lower molecular mass can be identified in higher
molecular mass bands, possibly owing to the formation of
poorly dissociable aggregates.

Discussion

Among currently used antifungal drugs, four main groups
can be distinguished, based on their mechanism of action
and specific target localization within the fungal cell. Poly-
ene and azole antifungals target ergosterol located in the
cell membrane, echinocandins inhibit the synthesis of glu-
can in the cell wall and 5-fluorocytosine inhibits the syn-
thesis of nucleic acids in the nucleus (Sanglard & White,
2006). At the moment, no commonly used drug is directed
against proteins exposed at the fungal cell surface, which
often play a substantial role in interactions with the host
by spreading pathogens within an organism and developing
infection. The most recent suggestions for new proteina-
ceous targets in the candidial cell wall have emerged from
studies on the effects of potential drugs on the expression
and exposition at the hyphal surface of a few important
proteins responsible for biofilm formation and adhesion to
the host. These mainly include Hwp1p (hyphal cell wall
protein) and Als3p proteins. For instance, it has been
shown that phorbasin H, a diterpene acid of a bisabolane-
related skeletal class isolated from the marine sponge Phor-
bas sp., is able to decrease hypha-specific HWP1 and ALS3
mRNAs (Lee et al., 2013). Furthermore, strategies based
on either suppressing the expression of these proteins via
the activity of cis-2-dodecenoic acid (BDSF, a diffusible
signal factor from Burkholderia cenocepacia) and trans-2-
dodecenoic acid (trans-BDSF) (Zhang et al., 2011) or the
down-regulation of ALS3 genes in response to the addition
of EFG1-specific 19-nucleotide siRNA (Efg1p is the main
positive regulating transcription factor) (Moazeni et al.,
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2012) offer a promising approach to prevent fungal adhe-
sion and further development of infections. In contrast,
there is a lack of corresponding data in relation to Als2p,
another protein from the agglutinin-like sequence protein
family identified in this work at the cell surface of unicel-
lular forms of C. albicans and engaged in interactions with
human epithelial and endothelial cells (Sandovsky-Losica,
Chauhan, Calde-rone and Segal, 2006; Zhao, Oh, Yeater
and Hoyer, 2005). Therefore, further investigations and
search for substances capable of interfering with Als2p func-
tions might be a promising way to counter disseminated can-
didiasis, since unicellular forms of yeasts are responsible for
the spread of pathogens within a host organism.

Discovering safe, fast and effective methods for the pre-
vention of fungal infections, especially in the field of vac-
cinations, is another problem. Advanced technologies, such
as the LC-MS/MS technique with proteomic tools, may be
useful instruments in the search for new potential targets
of immunization. Nowadays, a few major proteinaceous
candidates for vaccines are under consideration, e.g., se-
creted aspartic proteinase 2 (Sap2p), Als3p, Hsp90, Eno1p
and Tpi1p (Vecchiarelli et al., 2012; Fernández-Arenas et
al., 2004). However, continued identification of new pro-
teins exposed at the fungal cell surface is the key challenge
in the development of novel methods for the treatment of
candidiasis. Preclinical studies in mice and on-going clinical
trials have established that Als3 (the main antigen in the
NDV-3 investigational vaccine) can induce a protective im-
mune response against C. albicans. As has been mentioned,
several proteins identified in our study, including Eno1p,
Met6p, Pgi1p, Hxk2p, Sah1p, and Fba1p, show antigenic
functions, so they might act as potential vaccination targets
to be tested in the future. A quite promising candidate
seems to be enolase, identified at the surface of C. albicans
single cells, which could potentially be used as a construct
for an oral vaccine against candidiasis (Montagnoli et al.,
2004; Shibasaki et al., 2013).

A number of proteomic studies have already been con-
ducted for the above-mentioned purposes, although with
the use of different extraction methods than the one used
in this work, in which native and functional proteins are
obtained, enabling their further functional analysis. The
total number of proteins extracted from fungal cell walls
reported by different groups varies greatly depending not
only on the protein isolation method employed, but also
on the method and type of mass spectrometer used to
analyse peptides obtained after tryptic digestion. One pre-
viously used approach comprised the direct digestion of ex-
posed fungal proteins during a short treatment of intact
cells with trypsin, followed by peptide separation and iden-
tification with the use of nano-LC, off-line MS/MS and
MALDI TOF/TOF instruments (Hernáez et al., 2010;
Vialás et al., 2012). Vialás et al. identified a total of 131
proteins among all tested conditions and different morpho-
logical forms: 38 proteins specific only to yeast cell forms,

26 specific proteins for hyphae forms and three specific
proteins for biofilm. In these groups of proteins, some pro-
teins were also found in our study, e.g., Cht2p, Bgl2p,
Eno1p, Gpm1p and Met6p, which definitely confirms
their presence in the cell wall. Interestingly, among the pro-
teins identified by Vialás et al., there was a large group, in-
cluding ribosomal proteins, involved in the synthesis of
other proteins. However, their role on the cell surface is so
far unclear. Another approach involves the preparation of
cell walls by breaking the whole hyphal cells or unicellular
yeast forms with glass beads, followed by extraction of cy-
toplasmic contaminants and tryptic digestion of the pro-
teins remaining within the cell wall and analysis with an
ApexQ FT ion cyclotron resonance mass spectrometer
equipped with a 7T magnet and a CombiSource coupled
to an Ultimate 3000 HPLC system (Heilman et al., 2011).
This assay allowed for the identification of 21 GPI-linked
proteins, including Cht2p and Als2p. In this study, adhesin
Als2p was also identified at the surface of yeast cells. Given
that adhesins are significant in terms of the C. albicans vir-
ulence mechanisms, identification of their localization and
function appears to be essential for the discussion and de-
sign of their further use in the treatment of candidiasis. It
is worth pointing out that many proteins which were orig-
inally assigned to the group responsible for metabolism
(“moonlighting proteins”) and non-covalently attached to
the cell wall are also involved in the adherence to host pro-
teins and cells and particular ligands are identified for
them. A good example of these proteins is enolase, which
is abundant at the surface of many types of prokaryotic and
eukaryotic cells and is responsible for plasminogen and
kininogen binding (Jong et al., 2003; Seweryn, Pietkiewicz,
Szamborska, and Gamian, 2007; Karkowska-Kuleta et al.,
2011). Moreover, another protein we identified, Fba1p,
was indicated in a screening for putative cell wall proteins
that bind to human plasminogen (Crowe et al., 2003). In
addition, Gpm1p is described as a cell surface protein that
binds host complement Factor H, FHL-1, plasminogen
and kininogen (Poltermann et al., 2007; Karkowska-Kuleta
et al., 2011). The ability possessed by pathogens to hijack
and activate important proteolytic cascades responsible for
homeostasis in a host organism, i.e. the fibrinolysis system
and the contact (kinin-forming) system, and to affect this
directly through their secreted proteinases or other surface-
connected components involved in the adhesion to differ-
ent host proteins can facilitate invasion and promote
disease. Thus, our results shed some light on the important
problem of the identification of native and functional pro-
teinaceous components of cell walls derived from unicel-
lular morphological forms of Candida spp., participating
in the first stages of infection and invasion. This study is
also part of a current trend in the search for and identifica-
tion of the individual constituents of the cell wall in order
to help create a complete picture of this important com-
partment of fungal cells.
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In conclusion, we have established a strategy to study
the cell wall proteome of Candida albicans yeast cells, but
this approach could be successfully applied to other, “non-
albicans” Candida species and different morphological
forms, e.g. hyphae and pseudohyphae. A major advantage
and novelty of this method is that it offers a possibility to
perform further studies on the relationships between par-
ticular cell wall proteins and their functions through simul-
taneous analyses with the use of other techniques. After
fractionation of cell wall proteins with different chromato-
graphic techniques, particular sets of identified proteins
originating from the same sample and from the same cell
culture might be useful for testing its ability to interact with
a variety of host proteins, i.e. kininogen or extracellular ma-
trix proteins. For these purposes different experimental
methods can be employed, e.g. enzyme-linked ligand sor-
bent assays (ELLSA), ligand blotting or label-free interac-
tion analyses via surface plasmon resonance measurement
systems. This enables a major current challenge to be tack-
led, i.e. the discovery of new targets for the development
of antifungal drugs and effective vaccines. 
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