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Protein identification and quantification 

Life sciences today, and especially biology itself, have in the last decade moved 
from a reductionist approach to a more holistic, system-wide approach to under-
stand organisms and their interaction. This kind of research requires more and 
more accurate data points to be used in mathematical models for outcome anal-
ysis. While transcriptomic and metabolomic data are often inherently quantita-
tive, the increased chemical complexity of proteins and peptides makes protein 
analysis and quantification much more challenging. In this chapter I discuss 
available strategies for protein identification and quantification, sample prepara-
tion of the wall proteome and secretome of C. albicans and the tailoring of 
quantification strategies to these samples.  
Protein identification and quantification can be broken down into sample prepa-
ration, sample fractionation and finally mass spectrometric analysis. Each part 
often requires multiple steps, which are all aimed at solving a specific problem. 
Obviously, the quality of the samples is critical for quantification accuracy. Alt-
hough the identification and quantification of entire proteomes is possible, it 
requires a significant effort and cost to be done properly. To avoid this, subfrac-
tionation is often used, either by chromatography or already at the level of sam-
ple preparation. Proteins themselves can be prefractionated using specific phys-
icochemical properties, e.g. strength of ionic interactions with a polar surface 
along a salt gradient. Alternatively, by focusing on the specific location of pro-
teins, it is possible to only purify a subproteome. For example, first isolating the 
mitochondria and then purifying mitochondrial proteins can significantly reduce 
the amount of proteins in the final sample compared to whole cell extracts. This 
reduces the complexity of the analyzed peptide mixture resulting in the detec-
tion of more than one peptide per protein, thereby improving identification. Fur-
thermore, it is imperative to optimize the prefractionation as much as possible 
and avoid contamination of the samples prior to mass spectrometric analysis. 
Sample contamination often leads to false positives, reduced quantification fi-
delity as well as unreliable identification results. 
Following sample preparation, a mixture of proteins is often obtained. Although 
many contaminants and proteins that are not of interest have already been re-
moved by prefractionation, the protein mixture itself is still too complex to be 
used for identification right away. The analysis of proteins was initially carried 
out using gel-based methods reliant on the further separation of proteins accord-
ing to their physicochemical properties, e.g. mass and isoelectric point. The 
throughput of gel-based methods is limited by the size and resolution of the gel 
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and even very large 2D gels are not able to resolve a full proteome. Protein 
identification is carried out using peptide-centric mass spectrometry. In-gel di-
gestion is performed on gel slices using the protease trypsin with a specific, 
predictable cleavage pattern after lysine and arginine residues. The peptides 
yielded after digestion are prepared for mass spectrometry and ionized with ei-
ther matrix-assisted laser desorption ionization (MALDI) or electrospray ioniza-
tion (ESI) for mass spectrometric analysis, e.g. by a time of flight type instru-
ment. Nowadays, instead of gel-based methods, chromatography is often used 
to separate already digested protein mixtures along a gradient, e.g. hydrophobi-
city, and the eluted peptides are interfaced to the mass spectrometer. The identi-
fication of proteins by hyphenating separation techniques with mass spectrome-
try and especially the combination of liquid chromatography with electrospray 
ionization tandem mass spectrometry (LC-MS/MS), has become an incredible 
toolbox for discovery. Importantly, sequences elucidated by mass spectrometry 
require sequence databases for identification, which have become available in 
the last two decades through large-scale genome sequencing. Protein identifica-
tion today is performed by submitting the processed output of the mass spec-
trometric measurement to a program that compares the identified peptides and 
their sequence to a database of the proteome of the organism of interest. In the 
following, the most common methods for protein identification and quantifica-
tion are outlined. 
 

Peptide mass fingerprinting 

Peptide mass fingerprinting or PMF was often performed after in-gel digestion 
on excised gel bands containing a protein of interest. The protein of interest 
while still trapped in the gel slice is digested using a protease and then the pep-
tide mixture is introduced into the mass spectrometer. In this method it is as-
sumed that a single gel spot from a 2D gel contains one protein, therefore, all 
peptides detected belong to the same protein. After the mass spectrometric 
measurement (MS), the detected peptide masses are submitted to a database 
containing all predicted protein sequences from the organism in question. A 
software package like MASCOT then calculates all potential peptide masses 
that can be generated from the proteome with the chosen protease. The experi-
mentally obtained peptide masses are then statistically matched to this theoreti-
cal database and the peptides with the most probable match are presented.  
Peptide fragment mass fingerprinting 
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Peptide fragment mass fingerprinting (PFMF) using tandem mass spectrometry 
(MS/MS) is based on the same principles as PMF but can be used on protein 
mixtures. Most importantly, it also adds information of fragment ions and not 
only the peptide ions themselves. The protein mixture is digested proteolytically 
and then subjected to chromatographic separation, often in the form of reverse-
phase chromatography. The peptides are first bound to a column regularly made 
of hydrophobic material (e.g. C18). To elute the peptides, an increasing gradient 
of mobile phase (usually including acetonitrile as organic solvent) is used. The 
more hydrophobic the peptide is, the longer it stays bound to the column, since 
it has more interactions with the column material. During elution, the peptides 
are directly introduced into the mass spectrometer and measured. Because mul-
tiple peptides can still elute at the same time point, the peptide ions are then first 
measured for their mass (MS). The most intense peptide ion is then fragmented 
(MS/MS) using collision-induced dissociation (CID) with a noble gas, often 
argon. These peptide fragment ions reveal additional information about the pep-
tide, which facilitate correct identification. The peptide fragments can be 
matched to a database of fragments similar to the PMF approach and can also be 
analyzed for sequence information of unknown proteins. MudPIT (Multi-
dimensional protein identification technology) uses not one but two chromato-
graphic steps (usually charge and hydrophobicity) before introduction into the 
mass spectrometer [1]. This allows MS/MS analysis of fairly complex mixtures. 
 

Relative and absolute quantification 

Mass spectrometry allows both relative and absolute quantification of proteins. 
Relative quantification allows monitoring of changes in protein levels, usually 
between two distinct sample states. Relative quantification is very useful to see 
which proteins are most affected by a change in conditions and is often present-
ed as ratios of one condition over the other. These ratios are limited to compar-
ing the same protein under different sample conditions but not the comparison 
of different proteins in the same sample. Additionally, a low abundant protein 
can have a huge increase in relative quantification, but the protein concentration 
is still lower than a highly abundant protein whose ratio decreased. To compare 
protein concentrations with each other, absolute quantification is necessary. 
This allows the breakdown of the proteome under investigation according to 
protein concentration, which is useful for identifying highly abundant proteins 
that might be good targets for diagnostic methods or vaccines. A variety of 
relative quantification strategies are available, which differ in the methods used 
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for distinguishing different conditions as well as the point of sample 
combination and bioinformatic data analysis (Figure 2.1). 

 
A quick overview of quantification strategies 

 
Figure 2.1. Common quantitative mass spectrometry workflows (from [2]).  
Boxes in blue and yellow represent two different experimental conditions. Horizontal 
lines indicate when samples are combined. Dashed lines indicate points at which 
experimental variation and thus quantification errors can occur. Chemical labeling can 
occur before or during proteolysis, or through a subsequent incubation step. 

 
Protein and peptide labeling 

For quantification, chemical labels are regularly used. Differential labeling 
allows distinction of proteins and peptides from various conditions by adding a 
chemical tag that can be identified in the mass spectrometer. This can occur 
either pre- or post-biosynthetic. Pre-biosynthetic labeling requires the growth of 
the organism in the presence of the desired tag to ensure full loading of the 
sample with the tag before purification of the proteins, while post-biosynthetic 
labeling attaches tags to the already isolated proteins or peptides by enzymatic 
or chemical means. The simplest way of introducing a tag is using the 
enzymatic digestion by proteases (especially trypsin or Glu-C), which leads to 
the incorporation of isotopic labeled oxygen (18O) to the C-termini of peptides 
[3,4]. This leads to a nominal 4-Da mass shift for trypsin- and Glu-C-catalysed 
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reactions, sufficient for the differentiation between labeled and unlabeled 
species.  
Chemical derivatization of peptides is also regularly used. In these methods 
amino acids, in most cases lysine or cysteine residues, are modified with 
specific tags for both purification and identification purposes. The most 
commonly used method is based on isotope-coded affinity tags (ICAT, Figure 
2.2a) and its subsequent improvements [5]. Cysteine is modified with either a 
deuterated (e.g. condition 1) or non-deuterated (e.g. condition 2) tag and a biotin 
group for easy purification. The tags lead to a mass difference between the light 
(non-deuterated) and heavy (deuterated) peptides. An obvious drawback of this 
approach is that it does not allow the quantification of non-cysteine containing 
peptides. To mitigate this, methods have been developed to directly modify the 
N-terminus of peptides and the epsilon-amino group of lysines as achieved by 
tandem mass tag (TMT) and isotope-coded protein label (ICPL) techniques 
[6,7]. The chromatograpic behavior of these chemically modified peptides 
during separation leads to a different elution time, allowing differentiation 
between the heavy and light tagged versions in the MS survey scan and 
subsequent integration of their signal intensities. This makes the introduced 
peptide mixtures more complex, leading to a reduced amount of identified and 
quantified peptides, especially for mixtures originating from large numbers of 
proteins. 
Isobaric mass tagging alleviates this by adding tags that lead to the same 
chromatographic migration behaviour for peptides of the same sequence in the 
survey and then release specific reporter ions upon MS/MS fragmentation. The 
ratio over the reporter ion intensities is then used for quantification. The most 
widely spread and commercially successful version of isobaric labeling is 
iTRAQ (isotope tags for relative and absolute quantification) [8] (Figure 2.2b). 
A general pitfall for all chemical labeling approaches is the possibility of 
undesirable side reactions that complicate data analysis and lead to unreliable 
quantification results. 
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Figure 2.2. Chemical labeling strategies (from [9]). 
a) ICAT labeling using light and heavy tags and quantification based on direct ion sig-
nal intensity in the MS scan. 
b) iTRAQ labeling with isobaric tags leading to a single peak in the MS scan and differ-
ent reporter ions after MS/MS fragmentation. 

 
Metabolic labeling 

The labeling methods described previously are all post-biosynthetic. Metabolic 
labeling occurs already during protein biosynthesis and avoids side reactions for 
chemical labeling. As an added benefit, the entire proteome of the organism of 
interest will be labeled, allowing isolation and quantification of different frac-
tions from the same sample. Furthermore, differentially labeled samples can be 
combined already before protein isolation, minimizing reproducibility issues as 
well as quantification errors. Since metabolic labeling requires a constant feed 
stock of labeled chemicals, its use is limited in most higher eukaryotic organ-
isms since the time and cost required for reliable labeling is prohibitive. In con-
trast, for immortalized cell lines, bacteria and fungi, labeling can be easily per-
formed. 
Stable isotope labeling by amino acids in cell culture (SILAC, Figure 2.3a) [10] 
is widely used. In this approach the organism is grown in the presence of 13C6-
arginine and 13C6-lysine, which for tryptic peptides leads to a nominal mass shift 
of 6 Da or alternatively with 15N4-arginine and 15N2-lysine for a nominal mass 
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shift for tryptic peptides of 4 or 2 Da, respectively. These labels can also be 
combined using both isotopes. Early sample combination means that subse-
quently introduced errors during purification and analysis affect both protein 
populations equally. Up to three different conditions can be compared using 
samples, e.g. with no mass shift (unlabeled), a nominal 6-Da mass shift (13C6-
labeled arginine) and a nominal 10-Da mass shift (13C6 

15N4-labeled arginine). 
Similarly, incorporation of isotopic variant nitrogen (15N) is the basis of 15N 
metabolic labeling (Figure 2.3b). The organisms are grown in the presence of a 
single 15N nitrogen source, which is most easily achieved for unicellular organ-
isms. Then, samples are prepared and measured as described for SILAC. The 
mass difference is determined by the number of nitrogen atoms in the peptide 
(Figure 2.4). Any metabolic labeling approach is highly accurate compared to 
label-free methods due to early sample combination and resultant error minimi-
zation. 
 

 
Figure 2.3. Metabolic labeling strategies (from [9]).  
a) SILAC labeling with unlabeled and labeled 13C6 arginine. b) 15N labeling. In both a 
and b, peptides elute from the LC-system at the same time point and are distinguished 
by their isotope pattern. The integrated peak area is directly compared for each peptide 
resulting in a heavy/light ratio. 
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Figure 2.4. Tryptic peptide mass difference using 15N metabolic labeling.  
The nominal mass difference between the labeled and unlabeled peptide is equal to the 
number of nitrogens present in the peptide (in this case twelve). 

 
Label-free quantification 

Peptide counting is a crude, but sometimes useful version of label-free 
quantification with limited power. This semi-quantitative approach is based on 
the assumption that during data-dependent acquisition, peptides from proteins 
that are abundant are sampled more often for MS/MS analysis, resulting in a 
higher number of identified peptides for these proteins. Furthermore, it is as-
sumed that the total number of proteins is similar and the number of peptides 
yielded per protein is roughly comparable. Counting the number of peptide 
identifications for one protein and setting it in relation to the total number of 
peptides identified per replicate results in the percentile representation of this 
protein in the sample. Averaging these results over all technical (≥ 2) and bio-
logical (≥ 3) replicates for one protein in one condition and comparing them to 
the average of the same protein in another condition (e.g. growth on one carbon 
source vs. another, or with and without antifungal treatment), we can determine 
if the protein abundance is affected. Spectral counting is based on the same 
empirical principle as described for peptide counting, but using the number of 
tandem MS spectra for peptides of one protein identified during one run [1,11]. 
This method is more accurate than peptide counting because each peptide is 
identified by multiple spectra, leading to a broader statistical base. 
Unfortunately, it suffers from the same drawbacks and assumptions as already 
outlined. In addition, it is common that ions that have already been selected in a 
previous cycle for MS/MS are dynamically excluded for a certain amount of 
time before being sampled again, leading to more identified proteins, but less 
accurate quantification.  
An alternative to the counting approaches, is the use of signal intensity of 
peptide ions [12,13]. The signal intensity of the peptide is summed up over all 
charge states and isotopes as well as the entire length of the extracted peptide 
LC-elution profile and the resulting value can then be compared to its direct 
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counterpart in other conditions. Although very accurate for individual proteins, 
it is imperative in more complex protein mixtures to use a mass spectrometer 
with high mass accuracy, to have a highly reproducible LC behavior and to 
optimize the balance between survey (MS) and fragmentation (MS/MS) cycles. 
Label-free methods are the least accurate and require high attention to sample 
and experiment reproducibility. Nonetheless, the correlation between protein 
abundance and the number of mass spectra holds true and is useful for trend 
spotting as well as an order of magnitude estimation of protein abundance [14]. 
In addition, the methods are being developed further as evidenced by the 
exponentially modified protein abundance index (emPAI) [15] and the absolute 
protein expression profiling (APEX) methods [16]. 
Another approach that has been introduced relatively recently is the MSE 
method. MSE was first described my Silva et al. in 2006 in cooperation with the 
Waters Corporation [17]. It allows “ion accounting” since it collects, in contrast 
to data-dependent acquisition, both precursor ion information and fragment ion 
information of all peptide ions introduced into the mass spectrometer. This is 
achieved by scanning of low energy collision data followed by quick ramping to 
high energy collision, allowing the acquisition of fragment ion information of 
all precursors in the cell continously. With this maximized data acquisition, it is 
possible to acquire both MS and MS/MS data for all introduced peptides, 
resulting in a broader spectrum of information for label-free quantification 
without missing data. The acquired spectra are then matched and identified 
using a dedicated software package. Nonetheless, it is critical that 
chromatographic behavior is highly reproducible to avoid mismatching of 
precursor and fragment ion information over the gradient. Therefore, it is now 
usually combined with ultra performance liquid chromatography (UPLC) with 
high pressures and nano-flow capillaries. Overall, MSE yields comprehensive, 
accurate data that is required for effective label-free quantification, but still 
requires high attention to sample separation and acquisition, as well as 
dedicated software for analysis. 

 
Absolute quantification strategies 

The absolute quantification of proteins (AQUA) approach is regularly used to 
determine protein abundance. AQUA uses isotopically labeled peptides that are 
spiked into the sample of interest as internal standards [18]. Since the labeled 
peptides are synthesized, the quantity is known and the concentration of the un-
labeled peptide in the sample can be calculated through the light/heavy ratio, in 
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which the peptide signal intensities for labeled and unlabeled species is summed 
up over all charge states and the entire elution profile. The main drawback of 
the AQUA strategy is that it cannot be used untargeted, meaning the protein and 
peptide sequences need to be available, limiting the use of AQUA to sequenced 
organisms. Furthermore, since each protein to be quantified requires at the very 
least one peptide (better two), the number of proteins analyzed in this way is 
limited and has to be carefully selected. In addition, labeled peptide synthesis is 
still expensive and the cost of synthesis for a large library of AQUA peptides is 
prohibitive. As mentioned above, one of the main advantages of using a 15N 
reference, is the possibility to quantify protein concentrations in the reference 
and then calculate the abundances of these proteins in all query cultures, since 
they were initially measured together with the reference. Furthermore, absolute 
quantification of a 15N reference culture is cheaper, since unlabeled peptides or 
proteins can be used as internal standards. AQUA is especially useful for the 
analysis of subproteomes, like the wall proteome, with a limited number of pro-
teins, thus reducing the complexity of the sample to be analyzed and lessening 
the number of peptides synthesized that are required for absolute quantification. 
The AQUA method has been developed further into the QconCAT approach 
[19]. A QconCAT is a concatenated protein containing peptides that were se-
lected for absolute quantification, often referred to as quantotypic peptides or 
Qpeptides. The QconCAT can be either assembled genetically via cloning and 
then expressed and purified or synthesized before use. The construction of an 
optimal QconCAT for absolute quantification is dependent on a number of fac-
tors [20]. Two Qpeptides per protein are optimal with approx. 50 Qpeptides per 
QconCAT allowing quantification of 20-25 proteins. Qpeptides are mainly se-
lected based on their mass, uniqueness for the protein they represent in the pro-
teome, sequence and their frequency of observation during regular experiments. 
While the selection of Qpeptides is mainly empirical, predictors of suitable 
Qpeptides have been suggested [21]. Furthermore, the QconCAT itself should 
be highly expressed and its purification easy, using an affinity purification tag. 
Peptides that contain difficult sequences that can result in solubility issues or 
poor expression should be avoided. Before use, the QconCAT has to be verified 
to ensure that the sequence is correct and, if labeled, checked for high labeling 
efficiency. A known quantity of the QconCAT is then digested together with the 
sample and analyzed analogously to the AQUA method. 

Sample preparation for wall proteins 
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The goal of our research is the application and development of mass spectro-
metric methods based on existing techniques and principles to relatively and 
absolutely quantify wall proteins. Insoluble proteins, proteins with extensive 
and variable post-translational modifications, multiple isoforms, or highly con-
served families are hard to resolve clearly on gels. Cell wall proteins combine 
many of these difficult properties and make their analysis challenging. As de-
scribed in chapter 1, wall proteins are linked to a complex bio-matrix of carbo-
hydrates and have to be released before the sample can be analyzed by electro-
phoresis. Most importantly, they are also highly and differentially glycosylated, 
leading to reduced resolution on gels and the formation of “fuzzy” spots due to 
charge differences or variable mass [22]. This makes the reliable quantification 
of the entire wall proteome with staining-dependent, gel-based methods unfea-
sible. 
  

  
Figure 2.5. Workflow for wall proteome preparation and analysis (from [22]). 
(a) Cell wall shaving approach from extracted walls. (b) Direct shaving of living cells. 
 

Highly efficient methods for the purification and identification of wall proteins 
have been described [22,23]. They are based on the preparation of pure wall 
extracts from cultures using several homogenization and washing steps as well 
as hot sodium dodecyl sulfate (SDS) extraction. The obtained cell walls are sub-
sequently incubated in the presence of modified trypsin, which does not process 
itself and has therefore a high fidelity for cleavage after lysine and arginine. The 
proteases “shave” off peptides of wall proteins protruding from the wall. While 
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this approach can also be applied directly to living cells [24], the prior prepara-
tion of walls is preferable to avoid contamination with intracellular proteins 
from lysing cells (Figure 2.5). The resulting peptide mixture is then separated 
along an acetonitrile gradient on a hydrophobic liquid chromatography column 
and directly introduced into the mass spectrometer. This method has been used 
successfully in many studies and was applied slightly adapted in chapters 5 and 
6. For experimental details, the reader is referred to the material and methods 
sections in these chapters. 

 
Sample preparation and analysis for the secretome 

Building on these results, we adapted the identification method to secreted pro-
teins present in the growth medium. By taking the culture supernatant after cen-
trifugation, sterile filtration through 200-µm filters and subsequent concentra-
tion of the proteins on 10-kDa cutoff filters, we were able to prepare pure secre-
tome samples. These samples mainly consisted of proteins containing signal 
peptides, small N-terminal sequences that target proteins to the secretory path-
way and eventual release into the surrounding environment (for more details see 
chapters 3 and 4). For this approach, it is critical that a growth medium is used 
that does not contain other proteinaceous material, since this easily leads to 
clogging of the filters. Therefore, instead of Yeast Peptone Dextrose (YPD) 
medium that is typically used in the field, but leads to clogging of the filters, we 
used Yeast Nitrogen Base (YNB) medium. An added benefit of the use of YNB 
medium over YPD is that YNB is a fully synthetic medium, giving full control 
over all nutrients present. 
Since the proteins of interest are already dissolved in the growth medium, harsh 
conditions similar to the SDS boiling steps during wall protein preparation, are 
not required. After concentration, several washing steps, and trypsin digestion, 
we inserted a step to quantify the amount of peptides yielded (Figure 2.6). Pro-
tein concentrations are usually measured by light spectroscopy at 280 nm wave-
length. The aromatic amino acids, tryptophan, tyrosine, phenylalanine and histi-
dine, absorb UV light at this wavelength [25]. Measuring peptide concentrations 
is complicated by the fact that the distribution of these amino acids is not equal 
between all peptides in the mix. To avoid this issue, we used absorbance at 205 
nm for our measurements, since at this wavelength the peptide bonds in pep-
tides themselves absorb the light [25]. Knowing the exact amount of peptides in 
the samples ensured uniform loading amounts on the LC system and led to 
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higher reproducibility between samples. The subsequent steps are identical to 
those used for wall protein identification. 
 

 
 

Figure 2.6. Workflow for secretome preparation and semi-quantitative analysis 
 

The development of this protocol for the identification of proteins contained in 
the secretome allowed us to extend our analysis from the wall to the proteins 
secreted into the medium. This method permitted us to study the secretome and 
the adaptation of its proteins to a variety of conditions and the results are de-
scribed in chapters 3, 4 and 6 as well as in [26-28]. Although accurate label-free 
quantification is not possible with this setup, focusing only on a small subprote-
ome (approx. 50-60 proteins per sample) and the use of sufficient biological and 
technical replicates, allowed us to use a peptide counting approach to spot gen-
eral trends in the wall proteome and the secretome [1]. 
 

Tailored 15N labeling strategy for wall protein quantification 

Based on the available labeling techniques, we decided to tailor 15N labeling for 
relative quantification of wall proteins, since labeling is easily achieved in uni-

cellular fungi like S. cerevisiae or C. albicans. In contrast to traditional meta-

bolic labeling strategies, 15N-labeled reference cell walls were obtained from 
two reference cultures using both yeast and hyphal cultures and combined for 
wide representation of wall proteins (see chapter 5 for details). This allowed the 
comparison of a broad spectrum of 14N query cultures against the 15N reference 
walls without nitrogen source restriction. In addition, the use of reference cul-
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tures allows the analysis of samples derived from in situ sources, e.g. from in-
fected tissue. Furthermore, absolute quantification of proteins in the reference 
culture (see below) would allow the recalculation of absolute protein concentra-
tions in already measured query samples. 
Initially, peptide and protein identity in the MS trace required for intensity 
measurements and relative quantification was based on individual peptide pass-
ports (Figure 2.7). This passport is a combination of mass and chromatographic 
retention time tags that are generated in a previous measurement of only the 15N 
reference walls with tandem mass spectrometry (MS/MS) and the identification 
of peptides by their fragment ions. Then, wall extracts from both the reference 
and the query walls were mixed 1:1 based on dry weight, digested, and meas-
ured using a capillary flow LC system coupled to an ApexQ FT-ICR-MS. The 
monoisotopic peptide masses were extracted and the chromatogram was mass 
calibrated. The signal intensities of the peptide ions was summed up over all 
charge states and isotopes and were then imported into the in-house developed 
CoolToolBox ([29,30], chapter 5). Peptide ion chromatograms were constructed 
from the monoisotopic mass spectra with the peptide elution profiles. The 
CoolToolBox matched the retention time and accurate mass tags obtained from 
the peptide passports to the mass and retention time acquired for the 15N pep-
tides in the sample. The respective 14N peptides were then identified due to their 
highly similar chromatographic behavior and the accurate measurement of their 
mass before the corresponding light/heavy ratios were calculated. The peptide 
ratios were then aggregated to proteins ratios over the available replicates. Pro-
tein ratios of one query condition could then be compared to other queries by 
forming the ratio over the two respective protein ratios, canceling out the effect 
of the 15N reference walls. 
Upgrading our instrument to an ApexUltra FT-ICR with a nano-spray source 
allowed us to acquire sufficient MS and MS/MS information during a quantifi-
cation run. This enabled us to dispense of peptide passports and the quantifica-
tion of more complex protein mixtures. Peptide and peptide fragment peaks 
were picked and fitted to a simulated isotope distribution by the MASCOT Dis-
tiller software (see chapter 6 for details). Using the quantification toolbox con-
tained in this software package, the 14N/15N ratios for all identified proteins 
were determined as average of the isotopic ratios of the corresponding light over 
heavy peptides. Then, the 14N/15N protein ratios were determined over all bio-
logical replicates and the relative change from one condition to another deter-
mined. 
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Figure 2.7. Overview of the 15N-labeled reference walls strategy. 
Purified cell walls are prepared from two diverse culturing conditions and then com-
bined to ensure the presence of a broad spectrum of proteins. The resulting 15N refer-
ence walls are then digested and the peptide mixture MS/MS analyzed to generate pep-
tide passports for identification. For relative quantification, 14N query walls are mixed 
with 15N reference walls, digested and the resulting peptides measured. In the MS trace, 
peptide pairs are matched based on their peptide passports and isotope envelope. Subse-
quent data analysis using peak area integration yields 14N/15N peptide ratios, which can 
be aggregated per protein to a protein ratio. For relative quantification, protein ratios 
between query conditions are then calculated. 
 

Absolute quantification of the 15N-labeled reference walls 

We then decided to adapted our strategy for relative quantification to allow ab-
solute quantification of the 15N reference walls (Figure 2.8). Based on the exper-
iments described throughout this thesis and the criteria described above, we se-
lected peptides suitable for absolute quantification of the C. albicans wall pro-
teome using both the AQUA and QconCAT approach (Table 2.1). A mix of un-
labeled AQUA peptides are spiked into the labeled reference either before di-
gestion or directly before the FTMS measurement. Selected unlabeled AQUA 
peptides have been synthesized (Figure 2.9). These data will allow the genera-
tion of a C. albicans QconCAT by cloning the coding sequences for these pep-
tides into one gene and the protein produced in a suitable expression system, e.g. 
Escherichia coli. Alternatively, due to the constantly lowering cost of nucleic 
acid synthesis, the gene could be synthesized. The use of absolute quantification 
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would be informative for the selection of vaccine candidates from the wall pro-
teome, since abundance is a critical factor for the activation of the immune sys-
tem. In addition, it is conceivable to use the QconCAT or variants thereof as a 
multi-component vaccine, allowing the targeting of multiple proteins in the wall 
(chapter 7). 
 

 

Figure 2.8. Adapted workflow for AQUA quantification of 15N reference walls. 

 

Summary 

In this chapter, I discussed the available techniques for protein analysis and 
quantification using mass spectrometry. My colleague Alice Sorgo and I applied, 
improved and expanded the methods available for sample preparation of wall 
proteins and developed a method for secretome preparation. We were able to 
standardize sample introduction into the mass spectrometer by developing a 
quick and simple peptide quantification method not reliant on aromatic amino 
acids by using absorption at 205 nm. Relative quantification of wall proteins 
allowed the identification of proteins that are either morphotype-specific (Chap-
ter 5), linked to a general stress response (Chapter 6). We also performed the 
first in-depth proteomic analysis of the secretome of C. albicans in different 
conditions (Chapter 3,4, and 6, [27,28,31]).The proteins in the secretome play 
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an equally important role in wall maintenance, remodeling and virulence as the 
wall proteins themselves and will be discussed in the next two chapters. We also 
propose how the relative quantification approach using a labeled reference cul-
ture as an internal standard can be easily amended to allow absolute quantifica-
tion of proteins. To this end, I identified peptides useable for AQUA or Qcon-
CAT and had a first set of peptides synthesized. 
 

 

Figure 2.9. Location of synthesized AQUA peptides and their respective location 
within the proteins to be quantified (from [32]).  
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Protein Peptide sequence Nominal mass 
Als2 CTVSNTLTSSIK 1253.4 

VITGVFNSFDSLTWTR 1843.1 
YTNDYACVGSSLQSKPFNLR 2263.5 

Als3 APFTLR 703.8 
GYLTDSR 810.8 

Als4 VSSYAMR 812.93 
FITDQTSIDLVADGR 1650.8 

Cht2 FADTLWNK 994.1 
LSSAIEEIK 989.1 
GENFVVQVK 1019.2 
LFVGVPATSNIAGYVDTSK 1939.2 
NYFLSAAPQCPYPDASLGDLLSK 2470.8 

Crh11 FDNPSFK 853.9 
SVLVADYSSGK 1125.2 
GGYHDIANPLK 1184.3 
DAVTWSVDGSVIR 1404.5 
SNFYIMFGR 1134.3 

Ecm33 SFSGFPK 768.9 
VSGGFILK 820 
LSCSAFNK 869 
NDDLTELDFPK 1306.4 

 TIGGALQISDNSELR 1573.7 
 VELAELTSIGNSLTINK 1802 
Mp65 SNQQAAISSIK 1146.3 
 YFQELGINTIR 1353.5 
 TIPVGYSAASVDEYR 1627.8 
 AGIYVILDVNTPHSSITR 1956.2 
Phr1 LFQEIGTLYSDK 1413.6 
Pir1 ACSSANNLEMTLHDSVLK 1933.2 
Rhd3 QIFQELK 905 

VDGLGLYSK 951.1 
 TISSIQLFAK 1107.3 
 HEGAAIDYLFLGK 1433.6 
Sap9 AGSILFGAIDHAK 1299.5 
Sod4 SDIEGTIK 861.9 

TPAALELGDLSGR 1299.4 
Sod5 SNIEGTIK 861 
 HGNIMGESYK 1135.3 
 AATPAAHEVGDCAGK 1397.5 
Ssr1 CSGLNDLSCICTTK 1457.7 

EICPNGDADTAISAFK 1651.8 
Utr2 YGYYYAHIK 1177.3 
 YDYPQTPSR 1126.2 
 IQFSLWPGGDSSNAK 1606.7 

 Table 2.1. Peptides selected for QconCAT.  
Peptides in bold denote peptides already synthesized for AQUA that can be used for 
quantification or quality control. 
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