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Introduction 

The yeast-to-hypha transition is the most prominent morphological change in 
the C. albicans life cycle. Hyphal cells are important for the formation of bio-
films [1-3] as well as the invasion of host tissues, while yeast cells are thought 
to be important for dispersal in the host. The transition also triggers the secre-
tion of degrading enzymes [4] and the production of proteins that protect from 
oxidative stress [5]. Mutant strains locked in either the yeast or the hyphal mor-
photype have been shown to be avirulent [6] and efficient transition from one 
stage to the other is important for full virulence. 
The yeast-to-hypha transition is tightly regulated by a regulatory network, 
which includes among others the transcription factors Efg1, Cph1 and Tup1 
(reviewed in [7]), which are activated by morphogenetic stimuli such as the 
presence of serum, the amino sugar N-acetyl-glucosamine [8], or specific amino 
acids [9] as well as upon interaction with innate immune cells like macrophages 
or neutrophils [10]. Transcriptional studies have indicated that on the transcript 
level, the yeast-to-hypha transition leads to numerous changes in the expres-
sions of genes encoding proteins involved in both intracellular processes and the 
composition of the cell surface [11-13]. However, transcriptional studies only 
describe an up- or down-regulation of gene expression and not the abundance of 
the final protein. To date the comparison of genome-wide transcription and pro-
teomic studies is limited [14] and our understanding of the proteome dynamics 
is still in its infancy. 
In this study we present a comprehensive proteomic analysis based on highly 
accurate mass determination by Fourier Transform Mass Spectrometry (FTMS) 
and the use of an internal standard consisting of 15N-metabolically labeled wall 
proteins for the relative quantification of the changes in the wall proteome of C. 
albicans upon the yeast-to-hypha transition. We show that hyphal induction 
triggers a specific response of the wall proteome independent of the induction 
method. In addition, we identify four categories of wall proteins depending on 
morphotype and growth temperature. 
  

Relative quantification method for wall proteins 

A metabolically labeled 15N-reference culture enables relative quantification of 
unlabeled 14N-query cultures. These can originate from highly different growth 
conditions and sources such as planktonic cultures, biofilms, and infected tis-
sues and organs, irrespective of nitrogen sources. To obtain a wide representa-
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tion of wall proteins and since the culturing pH is known to have a strong effect 
on the mode of growth and the composition of the wall proteome [15], we used 
an acidic pH (pH 4) and a pH close to neutral (pH 7.4) for metabolic 15N-
labeling of C. albicans. This allows for systematically collecting que-
ry/reference ratios of individual wall proteins belonging to wall proteomes ob-
tained in this and later studies, and for a future meta-analysis of the data. To 
ensure maximal 15N-loading of the cells, we grew them in two consecutive 
overnight cultures with the stable nitrogen (15N) isotope present in the form of 
ammonium sulfate [16] as sole nitrogen source. We used tryptic shaving of the 
cell wall [17] for optimal release of covalently anchored wall proteins. The high 
FT-MS mass accuracy of better than 3 ppm together with a narrow elution time 
window allowed us to set strict rules for the identification of proteins. Our mass 
spectrometric analysis was dominated by a very abundant peptide (IYDQLPE-
CAK) derived from 3 proteins (Csa1, Pga10, Rbt5), yielding it unsuitable for 
quantification (see discussion below). 
 

Wall protein characteristics and coverage 

Table 5.1 shows that we in total identified 25 wall-associated proteins with an 
N-terminal signal peptide, 22 of which are predicted to be GPI-anchored. Under 
our culture conditions we did not consistently detect peptide pairs for the GPI-
proteins Als1, Als2, and Rbt5 and the non-GPI-protein Coi1 (Supplementary 
tables 1-5). For example, we found that the levels of Als1 were increased ~5-
fold in the walls of cultures grown in the presence of the hyphal inducers fetal 
calf serum or N-acetyl-glucosamine compared to the reference walls, consistent 
with its presence in the hyphal base [18] (Supplemental tables 3 and 4). Howev-
er, it could not be identified with certainty in the other cultures. The remaining 
subset of 21 secretory proteins, 19 of which were GPI-proteins, was used for 
further quantitative, comparative analysis. Most of the GPI-proteins have a con-
served domain (CD) in the N-terminal region which is also the origin of almost 
all of the tryptic peptides we detected. Standard mass spectrometric techniques 
cannot detect all known covalently linked wall proteins. The tryptic peptides 
can be either too small or too large for the m/z window used as is the case for 
the tryptic peptides in the N-terminal domain of Hwp1 (Candida Genome Data-
base) [15,19]. Glycosylation can interfere with their identification as frequently 
happens in case of the C-terminal part of GPI-proteins, which is serine- and 
threonine- (S/T)-rich and predicted to be highly glycosylated. Chemical degly-
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cosylation can partially solve this problem as shown for Pga59 and Pga62 [20], 
but the currently available deglycosylation procedures have ill-defined side-
effects. This results in less efficient and reproducible identification of wall pro-
teins, and prevents their quantification (our unpublished data). Furthermore, as 
mentioned in the previous section, identification is sometimes partial, when on-
ly a single tryptic peptide is identified that belongs to several members of the 
same wall protein family.  
Under all growth conditions we identified two predicted cytosolic proteins in 
our wall preparations even after extensive extraction with hot SDS, namely Ssa2 
and Tdh3 (Supplemental Tables S1-S5). Ssa2 is a chaperone protein belonging 
to the Hsp70 family and evidence has been presented before that it is present at 
the hyphal surface [21]. We found it also in the cell walls of cultures grown at 
30°C and thus completely in the yeast form. Tdh3 is a glycolytic enzyme and 
has been detected at the cell surface of both yeast cells and hyphae [22]. Since 
they lack a classical signal peptide, it is unknown how these two proteins are 
retained by the walls and how they reach this location. 
 

Selection of three representative methods for hyphal induction 

A variety of conditions induce the yeast-to-hypha transition in C. albicans. We 
previously showed that culturing cells in the presence of sucrose instead of glu-
cose simulates a low-glucose extracellular environment while allowing high 
biomass yields [23]. While C. albicans remained in the yeast form at 30°C even 
at a hyphal-permissive pH of 7.4, a shift to 37°C induced some hyphal for-
mation. All growth conditions were tested for biomass formation after 18 h of 
incubation with an initial dry weight of 0.15 mg/ml (Table 5.2). At 30°C 7.6 
mg/mL biomass was obtained after 18 h, whereas at 37°C the biomass yield was 
reduced to 5.0 mg/mL. FCS has been the induction method of choice for dec-
ades but due to its animal origin it is not completely defined and varies from 
batch to batch. Over the 18-h incubation period used in this study in YNB-
S+10% FCS (6.9 mg/mL), reversal to the yeast form was common. Adding 5 
mM GlcNAc (6.4 mg/mL) to a culture led to strong hyphal induction with more 
than 90% hyphae after 18 h. We also tested YNB with 2% proline as sole car-
bon source but discarded this induction method because of its low biomass yield 
(2.5 mg/mL). To mimic physiological conditions more closely, we tested three 
FCS-free media regularly used for mammalian cell culture: IMDM-S (5.1 
mg/ml), α-MEM-S (4.8 mg/ml) and RPMI-1640-S (4.1 mg/ml). These media 
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maintain hyphal growth even when entering stationary phase with IMDM-S 
showing the strongest hyphal induction. Based on these results we selected the 
following hyphal induction media for further study: YNB-S+10% FCS, and two 
fully synthetic media, namely, YNB-S + 5mM GlcNAc and IMDM-S. 
 

Name Function Protein informationa Peptide  CD % 

  AA SP CD S/T rangeb  

 GPI proteins       

Als1c Adhesin 1260 1-17 18-299 330-GPI 19-254 ~11-19 

Als2c Adhesin 2362 1-17 18-299 330-GPI 19-310 ~23 

Als3 Adhesin, ferritin receptor 1155 1-17 18-299 330-GPI 19-316 ~31-54 

Als4 Adhesin 2100 1-17 18-299 330-GPI 19-291 ~13-28 

Cht2 Chitinase, GH18e 583 1-19 20-303 300-GPI 99-299 ~40-43 

Crh11 Transglycosylase, GH16 453 1-21 22-275 280-GPI 29-246 ~36-46 

Ecm33 Role in wall integrity 423 1-18 19-357 350-GPI 139-341 ~20-28 

Hwp2 Unknown 908 1-20 Undef. Undef. 21-25  

Hyr1 Exo-α-sialidase-like 919 1-20 211-335 350-GPI 250-260 ~8 

Pga4 Transglycosidase, GH72 451 1-18 19-322 370-GPI 69-385 ~26-41 

Phr1 Transglycosylase, GH72 548 1-20 21-477 480-GPI 21-452 ~29-41 

Phr2 Transglycosylase, GH72 544 1-22 23-464 480-GPI 23-438 ~4-13 

Plb5 Phospholipase 754 1-19 96-754 Undef. 120-123 ~1 

Rbt1 Unknown, Flo11 CD 721 1-20 86-198 270-GPI 75-234 ~38-68 

Rbt5c Iron aquisition 241 1-20 47-112 120-GPI 47-92 ~49 

Rhd3 Unknown, Flo11 CD 204 1-15 Undef. None 16-150  

Sap9 Yapsin-like protease 544 1-17 19-519 480-GPI 294-439 ~2-11 

Sod4 Superoxide dismutase 232 1-15 27-172 170-GPI 40-117 ~9-14 

Sod5 Superoxide dismutase 228 1-15 27-171 170-GPI 26-140 ~12-42 

Ssr1 Wall structure,CFEM 234 1-22 23-84 80-GPI 23-79 ~68 

Utr2 Transglycosylase, GH16 470 1-23 30-309 370-GPI 75-310 ~25-33 

Ywp1 Role in host dispersal 533 1-21 Undef. 160-410 87-339  

 non-GPI proteins    

Coi1 Fluconazole induced 324 1-25 Undef. Undef. 236-306  

Mp65 Transglycosylase, GH17 378 1-17 127-378 60-110 142-363 ~24-35 

Pir1 Glucan cross-linking 346 1-18 174-346 None 249-346 ~28-33 

Table 5.1. Wall-associated secretory proteins and their characteristics. 
a AA: length of the protein in amino acids; SP: predicted signal peptide (SignalP3.0 
[24]; CD: Conserved domain (CGD-CDART [19]); CD (%): sequence coverage (%) of 
the conserved domain; S/T: serine/threonine-rich domain; b Region of tryptic peptides. 
The identified peptides are listed in Supplementary tables S1-S6.c Peptide pairs were not 
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consistently detected for Als1, Als2, Rbt5, and Orf19.7104 (Supplementary tables 1-5) 
and were therefore not used for quantitative, comparative analysis in Table 3. d Als2 is 
described as a GPI-anchored protein but has no predicted GPI-anchor attachment site 
according to the Big-PI Fungal predictor [25]. e Glycoside hydrolase family # (CAZy 
database [26])  

Condition °C 
Biomass mg/mL 

(SE*, n=3) 
Hyphal 

formation 
YNB-S 30 7.6 ±0.11 -† 
YNB-S 37 5.0 ±0.24 + 
YNB-S + 10% FCS 37 6.9 ±0.24 + 
YNB + 2% Proline 37 2.5 ±0.08 + 
RPMI-1640-S 37 4.1 ±0.26 ++ 
α-MEM-S 37 4.9 ±0.42 ++ 
YNB-S + 5mM GlcNAc 37 6.4 ±0.08 +++ 
IMDM-S 37 5.1 ±0.09 +++ 

Table 5.2. Biomass and degree of hyphal formation after 18 h. 
* SE: standard error † - no hyphae, + moderate hyphal formation, ++ intermediate hyphal 
formation, +++ strong hyphal formation 

 
Of the three induction methods used for quantification, FCS showed the weak-
est hyphal induction after 18 h judging by both visual inspection (Table 5.2) and 
the abundance of hyphal indicator proteins (Table 5.3). FCS is usually not used 
for long-term induction, because of increasing reversal to the yeast form in time. 
GlcNAc at millimolar concentrations was shown to be a strong inducer of hy-
phal growth even for a prolonged period of time. IMDM-S was the strongest 
hyphal inducer in our study. The abundances of proteins related to hyphal 
growth (Als3, Hwp2, Plb5, Sod5 and especially Hyr1) were strongly increased 
in IMDM-S induced walls while levels of yeast-associated protein (Sod4, Rhd3 
and Ywp1) were strongly decreased (Table 5.3). IMDM-S grown cells showed 
in addition to these proteins an increase of Cht2, Phr1 and Sap9. A third catego-
ry of proteins showed relatively limited variation in abundance under all induc-
tion conditions. This category mainly consists of proteins involved in cell wall 
maintenance and remodeling ( e.g. Crh11, Ecm33, Mp65, Pga4, Phr2, Ssr1, and 
Utr2). Conceivably, these proteins serve a core function required for both yeast 
and hyphal growth and therefore are required to be maintained at a certain level. 
Figure 5.1B shows a relative comparison of protein abundances in IMDM-S at 
37°C with YNB-S at 37°C. The separation into hypha-, yeast-associated and 
morphotype-independent proteins is representative of all inducers (see also Ta-
ble 5.3). 
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Figure 5.1A: Workflow to obtain both peptide passports and 14N/15N-peptide pair 

ratios of the 14N-query culture with respect to the 15N-labeled reference culture. 

The 15N internal standard is cancelled out when two 14N-query cultures are compared 

with each other. 

Figure 5.1B: Representative comparison of a hyphal induction condition with a 

non-induced control.  

Positive values for a protein indicate a strong increase in abundance upon hyphal induc-

tion and vice versa. 

 

The wall proteome response of IMDM- and GlcNAc-cells is similar 

Ranked correlation analysis [27] of their quantified wall proteomes  revealed a 
strong positive correlation (RS=0.88; P=1*10-7). These data suggest that the wall 
proteome response is mainly dependent on the presence but not the character of 
a hyphal inducer. This is supported by the observation that also the combination 
of FCS/IMDM and FCS/GlcNAc showed a significant positive correlation 
(RS=0.67, P=0.001, and RS=0.57, P=0.008, respectively). Consistent with the 
considerable reversal to the yeast form and the low relative abundance of hyphal 
indicator proteins, FCS is the only inducer showing a significant correlation 
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with YNB-S at 37°C (RS=0.56; P=0.01), while both GlcNAc and IMDM-S are 
not significantly correlated with YNB-S at 37°C. 
 

Yeast-, hypha- and low-temperature-associated proteins 

Our data show that Als3, Hwp2, Hyr1, Pbl5 and Sod5 are good indicators of 
hyphal growth (Table 5.3) as also suggested by earlier transcriptional studies 
[13,28-30]. These proteins increased upon the temperature change from 30 to 
37°C and increased even more when an inducer was added, showing mor-
photype association. Rhd3, Sod4 and Ywp1 are indicative of yeast cells because 
they showed the inverse relationship as indicated by earlier studies concerning 
Rhd3 and Ywp1 [31,32]. On the other hand, Als4 and Pir1 levels were sharply 
decreased upon increasing the temperature from 30 to 37°C and did not change 
significantly when inducers were added, indicating association with low tem-
perature (Table 5.3). These results agree qualitatively with transcriptional data, 
which show that the expression of ALS4 [33] and PIR1 [12] decreases strongly 
upon switching the temperature from 30°C to 37°C. Pir1 is essential in C. albi-
cans and is involved in wall regeneration and wall organization [34] and proba-
bly also in β-1,3-glucan cross-linking [35], while Als4 is important for the in-
fection of buccal epithelial cells [36]. Interestingly, these proteins have also 
been shown to be contact-dependent, suggesting that they are involved in infec-
tions of the skin, where the body temperature is generally lower [37]. 
Although transcript levels are expected to correlate with protein synthesis rates, 
it seems rather unlikely that they show a linear correlation with actual protein 
levels, especially, when the environmental conditions are unstable. Transcript 
levels are thus expected to provide information in which direction the incorpo-
ration levels of wall proteins will move but to be much less valuable in predict-
ing the actual changes in protein levels. A variety of studies have shown mor-
photype-specific changes in mRNA levels in response to hyphal inducers 
[12,13,38,39]. However, there are only a few quantitative proteomic studies 
available  to complement these data [14]. We set out to perform relative quanti-
fication of the covalently anchored cell wall proteins of C. albicans with and 
without induction of hyphal growth. We used a gel-free approach combining a 
15N-metabolically labeled standard culture and FT-MS with a mass accuracy of 
better than 3 ppm over a large dynamic range. In this way, we were able to per-
form relative quantification of 21 C. albicans wall proteins.  
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We used three representative methods of hyphal induction. Muramyl dipeptides, 
the main inducing component of fetal calf serum [40], and N-acetyl-
glucosamine (GlcNAc) are both derivatives of peptidoglycan and strong induc-
ers of hyphal growth [8,41]. Hyphal induction by GlcNAc, acting as a signaling 
molecule, is mainly mediated by the activation of adenylyl cyclase [42], similar 
to muramyl dipeptides [40]. IMDM-S, α-MEM-S and RPMI-1640-S contain all 
amino acids and some vitamins and are all good inducers, with methionine and 
proline being the most probable cause of induction [9]. IMDM-S was preferred 
because it was a strong inducer and because the cultures remained in the hyphal 
growth mode until stationary phase, producing high amounts of biomass. Intri-
guingly, the three selected inducers, although very different, led to a highly sim-
ilar response of the wall proteome for GlcNAc and IMDM and to a lesser extent 
also for FCS, which was due to its partial reversal to yeast growth. 

 

Hyphal proteins are important for establishing an infection 

The adhesin Als3 [28], Hwp2 [12], Hyr1 [43], a potential exo-α-sialidase, the 
fungal specific phospholipase Plb5 [30] and the superoxide dismutase Sod5 [5] 
were identified as indicators of hyphal growth. Strikingly, all these proteins 
have infection-related roles ranging from adhesion and aggregation (Als3 [44], 
Hwp2 [29,45-47]), homo- and heterologous biofilm formation (Als3 [1-3,48], 
Hyr1 [2]), facilitated endocytosis via cadherins (Als3 [49]), iron acquisition 
from the host protein ferritin (Als3 [50]), tissue destruction and in vivo organ 
colonization (Plb5 [30,51]) as well as resistance to host defenses. Hyr1 confers 
resistance to neutrophil killing [52], while  Sod5 is important for coping with 
the extracellular reactive oxygen species produced by bone marrow-derived 
macrophages, myeloid dendritic cells [53], neutrophils and other granulocytes 
[54]. All these features are important for mounting an effective infection and 
their association with hyphal growth hints at their importance during localized, 
invasive infections. 
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Protein YNBS YNBS YNBS YNBS IMDM RSE%b Peptide 
pairs 

   
10% 
FCS 

5mM  
GlcNAc  

 

  30°C 37°C 37°C 37°C 37°C (Average)  
Yeast-associated proteins      

Rhd3 1.12 0.54 0.52 0.19 0.03 27 2-11 

Sod4 7.06 9.50 0.58 1.96 0.11 30 1-2 

Ywp1 1.41 1.95 0.82 0.05 0.03 25 1-3 
Low-temperature-associated proteins     

Als4 77.0 0.96 0.37 2.08 3.30 45 2-5 

Pir1c 0.28 0.05 0.06 0.02 0.04 28 2-3 
Morphotype-independent  proteins     

Cht2 2.91 1.03 1.26 0.77 2.35 21 7-8 

Crh11 0.97 1.10 1.65 1.68 1.01 22 8-11 

Ecm33 0.57 0.47 0.66 0.23 0.19 21 6-7 

Mp65c 0.48 0.69 1.33 0.31 0.27 26 4-7 

Pga4 0.51 0.63 0.85 0.51 0.47 28 6-9 

Phr1 1.14 2.47 2.39 3.14 5.13 23 9-13 

Phr2 0.39 0.23 0.18 0.20 0.15 26 1-4 

Rbt1 15N 0.62 0.25 2.25 0.42 18 3-5 

Sap9 2.10 1.49 1.11 0.84 5.42 32 1-5 

Ssr1 0.93 1.17 1.52 0.73 0.44 28 3 

Utr2 0.74 1.33 1.68 0.61 0.32 29 6-8 
Hypha-associated proteins      

Als3 0.06 0.83 1.19 3.93 9.10 23 4-12 

Hwp2 15N 0.71 1.78 4.89 17.2 26 1 

Hyr1 15N 9.05 58.6 560 14N  1 

Plb5 15N 0.77 1.16 7.40 9.33 31 1 

Sod5 15N 0.97 5.42 6.00 23.9 23 2-5 

Table 5.3. Results of relative quantification for wall proteins. 
 a15N denotes that peptides that were suitable for quantification were only present in the 
reference culture, whereas 14N denotes that such peptides were only present in the que-
ry culture. bRSE%: relative standard error cNon-GPI protein 

 

Yeast proteins play a role in dissemination and systemic infections 

Rhd3, Sod4, and Ywp1 were indicative of yeast growth. For Rhd3 and Ywp1 no 
functions have yet been described while Sod4 is a superoxide dismutase. Rhd3 
is involved in establishing a systemic infection [31]. RHD3 knock-outs showed 
a significant decrease in cell wall mannans and resulted in reduced cytokine 
production in RHE infections[31], which implies a role in immune evasion. 
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This might be directly related to the morphotype-specific unmasking of β-
glucans [55,56]. Ywp1 abundance is strongly decreased in hyphal walls (our 
data) as also indicated by transcriptional studies [12] (Table 5.3). It seems to 
play a role in dispersal in the host, since knock-outs adhere and form biofilms 
more readily [32]. It also possesses a propeptide that might be useful for diag-
nostic purposes [32]. The abundance of Sod4, a functional homolog of Sod5, is 
inversely correlated with the degree of hyphal formation [53,54]. 

 

Morphotype-independent proteins serve wall housekeeping functions 

Under all induction conditions analyzed Cht2, Crh11, Ecm33, Mp65, Pga4, 
Phr1, Phr2, Ssr1 and Utr2 remained relatively stable in abundance. Intriguingly, 
they are all involved in cell wall maintenance and remodeling [57]. This result 
is further interesting because it mirrors our observations in the secretome [23]. 
It should be noted that this set of proteins is stable in abundance with respect to 
the yeast-to-hypha transition but can be significantly affected by other stresses 
like azole treatment [37]. Remarkably, the transglycosylase Mp65 is both pre-
sent in the core set defined for the secretome [23] as well as in every wall prepa-
ration and is largely morphotype-independent. This is in agreement with the 
observation that transcript levels of Mp65 are stable as well [12]. Interestingly, 
it is not covalently anchored to the wall by any known linkages, raising the 
question whether it becomes possibly trapped in the walls during homogeniza-
tion. Furthermore, Mp65 is already established as a diagnostic biomarker and 
immunodominant [58,59]. Its strong immunogenicity and high abundance make 
it a promising target for vaccine development. Finally, PHR1 and PHR2 are a 
classical example of pH-controlled wall protein-encoding genes. They belong to 
the same family and share a similar function, with PHR1 being strongly ex-
pressed at neutral pH and PHR2 strongly expressed at pH <5.5 [60]. The pres-
ence of Phr2 in the walls of cultures grown at neutral pH has been described 
before [15]. However, at neutral pH its incorporation level was 36-fold lower 
than at pH 4, suggesting low wall levels at neutral pH. The consistently lower 
coverage (4-13%) of the conserved domain of Phr2 compared to Phr1 (29-41%) 
in our experiments, which have all been carried out at pH 7.4 (Table 5.1), sup-
ports this.  
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Targets for antifungal strategies, vaccine development and diagnostics 

The diverse functions of Als3 make it a promising target for the development of 
new antifungals and vaccines. Monoclonal antibodies bind to the N-terminal 
region of Als3 [61]. Vaccination of immunocompetent mice with the recombi-
nant N-terminus of Als3 significantly improved survival [62]. Similarly, vac-
cination with the N-terminus of Hyr1 is immunoprotective in mice [52]. Our 
data suggest that the N-terminus of Hwp2, Plb5 and Sod5, which are all three 
GPI-proteins and are therefore predicted to have their N-terminal region extend-
ed into the medium [63], might be used in a similar fashion. All the peptides we 
identified are also originating from the N-terminal region, which extends away 
from the cell wall, and might therefore be used in a peptide-based vaccine. The 
highly abundant peptide IYDQLPECAK is the beginning of the CFEM domain 
[64], a conserved domain of 8 cysteine residues spaced over about 70 amino 
acids that has been implicated in biofilm formation [65]. The cysteine in the 
peptide is the first of eight cysteines in the CFEM domain, which is present in 5 
surface proteins in C. albicans (Csa1, Csa2, Pga7, Pga10, Rbt5) and in a diver-
gent form in Ssr1. Rbt5, Pga10, and Csa1 have been shown to be involved in 
iron acquisition [66,67]. The CFEM domain is located in their N-terminal re-
gion and is not glycosylated, suggesting that it might be accessible on the sur-
face. While all CFEM proteins except for Csa1 have only one copy of this do-
main, Csa1 has four, indicating a domain expansion. CFEM proteins are also 
present in other Candida species. The abundance of this particular peptide and 
the CFEM domain in general make them promising targets for marker and vac-
cine development.  
In conclusion, our data give a first quantitative proteomic snapshot of the 
changes in the wall proteome during the yeast-to-hypha transition of Candida 
albicans. Our method can be easily expanded to other fungi, plants and micro-
organisms. The use of a metabolically labeled reference culture as an internal 
standard allows (i) the comparison of diverse conditions without having to label 
them individually, and (ii) the generation of a library of wall protein ratios un-
der these conditions. We could further show that very different inducers result 
in a similar response of the wall proteome. In addition, we identified potential 
targets, especially in the N-termini of wall proteins, for the development of nov-
el diagnostics as well as for a peptide-based vaccine. 
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Material and Methods 
 

Strains, growth conditions, and induction of hyphal growth 
All chemicals were obtained from Sigma-Aldrich unless otherwise stated. C. albicans 
SC5314 [68] was pre-cultured in liquid YPD medium (10 g/L yeast extract, 20 g/L pep-
tone and 20 g/L glucose) in a rotary shaker at 200 rpm and 30°C overnight. The next 
day the overnight culture was used to inoculate flasks containing 50 ml YNB-S (6.7 g/L 
Yeast Nitrogen Base (YNB), 20 g/L sucrose, 75 mM MOPSO [3-(N-morpholino)-2-
hydroxypropanesulphonic acid], pH 7.4) at an OD600= 0.5, which corresponds to an 
initial dry weight of 0.15 mg/mL (the dry weight was determined by drying the cell pel-
let of a 50-ml sample overnight at 65°C in a pre-weighed centrifuge tube). The cultures 
were incubated for 18 h at either 30 or 37°C and 200 rpm.  

Hyphal growth was induced by supplementing YNB-S with either 5 mM N-acetyl-
glucosamine (GlcNAc) or 10% fetal calf serum (FCS), or by using 2% proline as sole 
carbon source. In addition, C. albicans was incubated in the cell culture media Iscove’s 
modified Dulbecco’s medium (IMDM-S), α-modified Minimum Essential Medium (α-
MEM-S) or Roswell Park Memorial Institute Medium 1640 (RPMI-1640-S) at 37°C 
overnight (all supplemented with 75 mM MOPSO, pH 7.4, and 20 g/L sucrose). 

 

Metabolic 15N-labeling of the reference cultures 
To ensure maximal 15N-loading, C. albicans cells from a pre-culture were used to in-
oculate a second pre-culture to an OD600 = 0.05 in YNB-S with 15N-labeled ammonium 
sulfate as the sole nitrogen source (Spectra Stable Isotopes; 15N content >99%) and 
buffered with 75 mM tartaric acid to pH 4.  Tartaric acid was used because it has two 
pKa values close to pH 4 (4.37 and 3.02 at 37°C) and is not metabolized by C. albicans 
(own observations). The culture was incubated overnight at 30°C and 200 rpm. This 
15N-labeled pre-culture was used to inoculate two 600-mL cultures of 15N-labeled YNB-
S, either buffered with 75 mM tartaric acid at pH 4 or with 75 mM MOPSO at pH 7.4, 
to an OD600= 0.1. The cultures were incubated at 37°C and 200 rpm for 18 h. The 15N-
labeled cells of both cultures were harvested and combined 1:1; their walls were isolat-
ed, divided in aliquots, freeze-dried, and stored at -80°C.  
 

Cell wall preparation 
 The cell pellet was collected by centrifugation, frozen in liquid nitrogen and ground 
into a fine powder with pestle and mortar. This step ensured highly efficient breakage 
especially in case of hyphal growth and reduced the amount of cytosolic contaminants 
in the final sample. Cell walls were prepared as described elsewhere [57]. Briefly, the 
finely ground cell pellet was washed several times with PBS, and then subjected to 
breakage in a FastPrep bead beater (Savant Intruments Inc., Farmingdale, NY, USA) 
with glass beads (0.25-0.50 mm, 12-16 runs for 45 sec at speed 6.0) in the presence of a 
protease inhibitor cocktail. Full breakage was controlled by light-microscopic inspec-
tion. The pellet was washed several times with 1 M NaCl and stored overnight at 4°C. 



 

 

100 Chapter 5: The effect of hyphal induction on the wall proteome 

100 

The following day, the pellet was washed several times with MilliQ-water and then 
boiled four times for 10 min in SDS extraction buffer (150 mM NaCl, 2% (w/v) SDS, 
100 mM Na-EDTA, 100 mM β-mercaptoethanol, 50 mM Tris-HCl, pH 7.8), washed 
with MilliQ-water and lyophilized overnight. The resulting purified wall pellets were 
either stored at -80°C until needed or directly reduced and S-alkylated [17]. The wall 
pellets were treated with reducing solution (10 mM dithiothreitol in 100 mM 

NH4HCO3) and incubated for 1 h at 55C. After centrifugation the supernatant was re-
placed by alkylating solution (65 mM iodoacetamide in 100 mM NH4HCO3) for 45 min 
at room temperature in the dark. Alkylation was stopped by incubating the samples in 
55 mM dithiothreitol/100 mM NH4HCO3 for 5 min. Subsequently, samples were 
washed 6 times with 50 mM NH4HCO3 and either frozen in liquid nitrogen and stored at 

-80C or directly used for experiments. 
 
14N/15N mixing and sample preparation for MS analysis 
Our quantification workflow is summarized in Figure 5.1A. The freeze-dried, reduced, 
and alkylated walls of both the 14N-query and the 15N-reference walls were weighed and 
resuspended in 50 mM ammonium bicarbonate buffer and mixed to obtain a 1:1 mixture 
based on dry weight (2 mg : 2 mg). The mixed walls were digested for 18 h using 2 µg 
Trypsin Gold (Promega, Madison, WI, USA) and subsequently desalted using a C18 tip 
column (Varian, Palo Alto, CA, USA). The amount of peptides was determined using a 
NanoDrop ND-1000 (Isogen Life Science, IJsselstein, The Netherlands) at 205 nm as 
described before [23,69]. For each run a sample containing 0.8 µg of peptides was used. 
 

MS analysis and data processing 
Accurate mass data were acquired using an ApexQ Fourier transform ion cyclotron res-
onance mass spectrometer (Bruker Daltonik, Bremen, Germany) equipped with a 7T 
magnet and a CombiSource™ coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, 
USA) HPLC system with a PepMap100 C18 (5 μm particle size, 100-Å pore size, 300-
μm inner diameter x 5 mm length) precolumn and a PepMap100 C18 (5-μm particle 
size, 100-Å pore size, 300-μm inner diameter x 250 mm length) analytical column (Di-
onex, Sunnyvale, CA, USA). 
Three-μL samples containing 0.8 µg of tryptic peptides in a 0.1% trifluoroacetic acid 
aqueous solution were loaded onto the precolumn. Following injection, a linear gradient 
(from 0.1% formic acid/100% H2O to 0.1% formic acid/40% CH3CN/60% H2O) was 
applied over a period of 120 min at a flow rate of 3 μL/min. During elution a chromato-
gram of up to 1850 high-resolution ESI-FT-MS spectra was recorded using an MS duty 
cycle of about 3 s. 
The data were processed using the Data Analysis 3.4 software program (Bruker Dal-
tonik, Bremen, Germany). The 1800 mass spectra were batch-wise extracted from the 
chromatogram and the monoisotopic masses of the peptides were determined using 
Bruker’s peak recognition technology SNAP IITM. Mass calibration was achieved by 
selective extraction and subsequent summation of 12 mass spectra from the chromato-
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gram corresponding to MSMS/MASCOT identified tryptic peptides originating from 
wall proteins (Supplemental tables S7-8). With the calculated masses of these calibrant 
peptides the summed spectrum was mass calibrated and the resulting calibration param-
eters were applied to all spectra in the chromatogram. This resulted in a mass calibration 
of better than 1.5 ppm over the entire chromatogram for all analyses. 
For each FT-MS analysis the resulting array of up to 1800 monoisotopic mass lists was 
exported as a MASCOT generic file (mgf). Ion abundances in the exported array of mo-
noisotopic mass lists were the spectral intensities of the most abundant isotope summed 
over all charge states for each peptide. The exported mgf file was imported in the in-
house developed CoolToolBox software program [15,70-74]. From the imported array 
of up to 1800 monoisotopic mass spectra the CoolToolBox program constructed up to 
1000 peptide ion chromatograms. For each peptide ion chromatogram the mass and re-
tention time were determined at the apex of the chromatogram profile and the abun-
dance was summed over the ion chromatogram profile. 
The Ultimate LC-MS data processing resulted in a peptide monoisotopic mass list with 
corresponding abundances and LC retention times. Peptide assignments of the ion 
masses were obtained by matching the processed LC-FT-MS data from the tryptic pep-
tides within a mass window of 1.5 ppm with the masses of tryptic peptides from corre-
sponding 14N- and 15N- C. albicans wall proteins, obtained from an in silico digestion of 
the C. albicans database of 153 potential processed wall proteins [23]. The peptide elu-
tion profiles were shorter than 25 seconds. As expected the retention behavior of the 
14N- and 15N-peptides was alike, with the 15N-peptides consistently eluting only a few 
seconds before the corresponding 14N-peptides. Using this criterion combined with the 
accurate masses of both 14N- and 15N-peptides, the CoolToolBox program automatically 
picked out all 14N/15N-peptide pairs using a peptide pair retention time window of only 
10 seconds over the total gradient of 120 minutes. This resulted in unique series of as-
signed tryptic peptide pairs with the corresponding 14N/15N isotopic ratios for all identi-
fied wall proteins (Supplemental tables S1-S5). Further validation of the 14N/15N peptide 
pair assignments was obtained by matching their retention times with the retention times 
of the corresponding peptides identified with a LC-FT-MSMS/MASCOT analysis of 
tryptic digests of a C. albicans 14N-proteome obtained under identical experimental LC 
conditions. 
For each identified wall peptide pair the CoolToolBox program searched the in silico 
digest tryptic peptide database generated from the 14N- and 15N-wall proteome database 
for possible alternative assignments within a mass window of 1.5 ppm. For (i) identical 
peptide sequences in other proteins, for (ii) alternative peptide sequences with the same 
number of nitrogen atoms and for (iii) alternative peptide sequences with a different 
number of nitrogen atoms. The numbers of each of the three alternative assignments are 
listed in the comprehensive Supplemental tables S1-S5. These numbers indicate the 
uniqueness of the peptide pairs used for protein quantification. At least three biological 
replicates of all conditions were measured (Supplemental tables S1-S5). After analyzing 
the runs as described above, 21 proteins were quantified for all samples (Tables 5.1 and 
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5.3). To evaluate the accuracy of our measurements, the biological relative standard 
error (RSE) was calculated by averaging the RSE for each protein over all biological 
replicates. The biological variation was in the range of 18-45% (Table 5.3) with a medi-
an value of 27%. We quantified between one and thirteen peptide pairs per protein (Ta-
ble 5.3). For a complete list of all identified peptide pairs see Supplemental table S6. 
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