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Summary
The biological system: Ashbya gossypii is a unique organism to study dramatic
evolutionary changes within rather short time scales. Phylogenetically, it is
closely related to the yeast Saccharomyces cerevisiae, which proliferates by
budding of uninucleated oval cells. In contrast, A. gossypii carrying an almost
identical set of genes proliferates by continuous elongation of multinucleated
long cells, called hyphae, which frequently branch to form new hyphae but never divide. This
generates a fast spreading fungal mycelium, which can cover the surface of an agar plate within a
week starting from a single spore. Nutrient limitations in the center of the mycelium induce
formation of spores, which can be isolated with high purity. The goal of this PhD thesis was to
characterize the proteome at different stages of this rather simple life cycle at a resolution and
quantification level so far not achieved with other filamentous fungi.
Chapter1 describes the principle of the methods used
to analyze peptide mixtures obtained by exhaustive
digestions of cell extracts with trypsin. Tandem mass
spectrometry (LC–MS/MS) was performed with a
reference peptide library extracted from the A. gossypii
genome. Up to 3,900 proteins of the predicted 4,748
proteins were detected using stringent statistical
analyses, and their relative abundances were estimated using two methods. In several cases heavy
isotope‐labeled synthetic AQUA peptides of known concentration were spiked prior to the MS runs
to allow absolute quantifications. Experiments to determine the changing protein compositions and
phophorylations during spore germination were performed with biological and technical replicas.
For experiments aiming at highest possible resolution the peptide mixtures were prefractionated
and each fraction separately analyzed. In total 102 MS runs were performed. The results of most
experiments are summarized as tables in the Appendix. Only the high resolution experiments of
peptide mixtures (spiked with 40 AQUA peptides) of spores, germ bubbles, and young mycelia are
documented and discussed in detail in this PhD thesis.
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Chapter2 documents in three sub‐chapters first the preparations of tryptic peptides
from spores and the identification of 3,895 proteins, second the relative abundances of
these proteins, and third the approaches used to assign copy numbers per spore to each
identified protein. In total, a single A. gossypii spore contains 40x106 proteins from one
copy to several million copies. Special attention was given to the histone proteome
including posttranslational modifications. The nucleus in the middle of each spore
carries a haploid genome of 9x106bp. A genome of this size is associated with approx. 50,000
nucleosomes predicting close to 100,000 copies of each histone per spore. Using AQUA peptides as
reference 34,000 copies of histones H3 and H4 were determined confirming that the calculated
copy numbers of the other proteins are fairly close to the real copy numbers.
Chapter3 discusses the approach to determine the proteome of isotropically expending
germ bubbles. Germination proceeds asynchronously and only mixtures of germ bubbles
with different sizes plus morphological unaltered spores can be isolated. Only 5 hours
after spore inoculation in liquid medium this mixture consists of 35% germ bubbles and
65% spores. The mixed protein composition was determent and 65% of the known copy
numbers in spores were subtracted. The obtained copy numbers for the close to 3,700
proteins most likely reflect the proteome of an average germ bubble, which has not started polar
growth yet. In total, 80x106 proteins are present in each germ bubble. The adjustment of copy
numbers by subtracted of 65% of spore specific proteins resulted in negative numbers in 200 cases
strongly indicating that this proteins are actively degraded during the pre‐germination phase.
Chapter4 focuses on the proteome of an average young mycelium formed after 11
hours of spore inoculation. Each young mycelium is a giant cell with multiple polar
growth sites (hyphal tips) and multiple nuclei. The population of these giant cells is
heterogeneous, the number of growing hyphal tips ranges from 3 to 20, the total
length of the network of hyphae ranges from 19 to 400 µm, and the number of
nuclei ranges from 10 to over 200. We defined the mean of 200 measured mycelia
as standard young mycelium, which has seven polarity axes with a total length of
120 µm and contains 48 nuclei. The analyzed cell mixture of young mycelia still contains 15% of
spores and germ bubbles the protein compositions of which were neglected because their biomass
reflect less the 1% of the total biomass of the growing young mycelia. A standard young mycelium
contains 2x109 proteins the largest class consisting of ribosomal proteins.
Chapter5 represents the dynamic of the A. gossypii proteome
during development from spores to young mycelia. Importantly, the
contribution of proteins to the total biomass increases from 5% to
15% during this development and remains constant thereafter. Two
different types of clustering analyses revealed 800 proteins
substantially increased in abundance. Only 200 proteins were
degraded during the development and the rest changed marginally or showed up‐ shifts followed
by down‐shifts or vice versa. For the septin complex we could show that the relative protein
abundances are in the same stoichiometric range and the protein copy numbers have a uniform
behavior during development.
3
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General introduction to Ashbya gossypii
The filamentous fungus Ashbya gossypii was identified as causative agent for stigmatomycosis on
cotton bolls of the species Gosssypioieae (Figure0‐1A) and was isolated from tropical and sub‐
tropical plant samples (Ashby et al. 1926). Related species of Ashbya gossypi are also described in
the literature as Nematospora gossypii or Eremothecium ashbii (Prellinger et al. 1997). The
spreading and infection relies on insects of the suborder Heteroptera as vectors of plants
pathogens (Mitchell 2004). These insects, called cotton stainers (Figure0‐1B), can carry fungal
spores in parts of their mouths and help to successfully infect the plant host (Frazer 1944). The
internal boll disease leads to a dramatic loss of cotton growing in the affected subtropical regions
(Batra 1973), but the use of insecticides is sufficient to control the population of cotton stainers
(Dammer et al. 1996). Later, A. gossypii was found to naturally overproduce riboflavin (vitamin B2),
which leads to yellow colored colonies when grown on agar plates (Sanchez‐Marroquin et al. 1970;
Demain 1972). Since only minor amounts of riboflavin are essential, it was suggested that the over‐
production serves A. gossypii spores as a protection by absorbing ultraviolet light (Stahmann et al.
2001). Furthermore, A. gossypii strains were developed for industrial production of riboflavin
(Stahmann et al. 2000), and strain improvements are still ongoing to use this vitamin for the
addition to food products (Sugimoto et al. 2010).
Following the first genetic manipulation of A. gossypii (Wright and Philippsen, 1991), the organism
became a powerful model organism because of the high efficiency of homologous recombination
which is an exception among filamentous fungi (Steiner et al. 1995). Subsequently, further
molecular methods were developed and protocols from Saccharomyces cerevisiae were adapted
and improved for A. gossypii (Wendland et al. 2000; Dunkler et al. 2007; Kaufmann 2009). With the
complete sequencing of its genome (Dietrich et al. 2004), these techniques became increasingly
easier to apply.

Figure0‐1: A) Cotton balls of Gossypium hirsutum (Research Institute Senckenberg Botany Department
2008). B) Cotton stainer bug (Dysdercus suturellus) (Lyle J Buss).
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Figure0‐2: Life cycle of A. gossypii. A) Needle shaped‐spores. B) Germ bubble that is growing in an isotopic
manner. C) Unipolar germling is defined by emergence of the first germ tube and a switch to sustained polar
growth. D) Bipolar germling is formed after a second hypha emerges at the cortex of the germ bubble. E)
Young and advanced mycelium contains many laterally branched hyphae. F) Tip splitting occurs at a high
growth speeds in mature mycelium. G) Early stage sporangia are formed within older parts of the mycelia
upon nutrient depletion. H) Spores are formed in mature sporangia.

The annotation of the A. gossypii genome revealed a high level of genetic similarity between this
filamentously growing "yeast" and the budding yeast S. cerevisiae. The close relation between both
organisms had been proposed in the past (Altmann‐Johl et al. 1996; Prillinger et al. 1997). Analysis
of both genomes revealed that these two ascomycetes originate from a common ancestor and
diverged as individual species about hundred million years ago (Schmitz et al. 2011). During
8
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evolution the S. cerevisiae lineage underwent a whole genome duplication event thereby increasing
the number of chromosomes from eight to sixteen whereas in A. gossypii the number of
chromosomes were reduced from eight to seven by means of a DNA double strand break in one
centromere and fusion of the resulting fragments to the end of two different chromosomes
(Dietrich et al. 2004). About 95% of the 4,718 predicted A. gossypii open reading frames (ORFs) are
orthologues of S. cerevisiae genes and 91% are in synteny (Brachat et al. 2003). Almost 500 gene
pairs (twin genes) originating from the genome duplication remained in S. cerevisiae. Additionally,
several million base pair changes and about 300 translocations and inversions separate both
organisms (Dietrich et al. 2004; Kellis et al. 2004; Gordon et al. 2009).

The life cycle of A. gossypii
Although A. gossypii and S. cerevisiae share large conserved parts of their genomes, both exert very
different life styles. A. gossypii exclusively grows as multinucleated long cells, called hyphae, with
strictly polar surface expansion at the cell tips. Hyphae also frequently branch but never divide. All
nuclei are haploid. On agar plates the growing hyphae form huge networks called mycelia. In
contrast, S. cerevisiae cells carry a single nucleus, grow by budding, and each mitosis is followed by
a cell division. Cell surface expansion of the bud is mainly isotropic, and polar growth occurs only in
a short period after bud emergence. Nuclei can either be haploid or dipoid. On agar plates growing
S. cerevisiae cells form small colonies.
The life cycle of A. gossypii as observed in the laboratory begins with needle‐shaped spores
(Figure0‐2A). In the presence of nutrients the spores start to germinate. During the first two to
three hours (full medium, 30°C) the spores slowly swell around the central part where the nucleus
is localized. During the next four to six hours a germ bubble forms which is the only isotropic
growth phase in the life cycle (Figure0‐2B). During this process the first nuclear divisions occurs.
After two to three nuclear divisions, the germ bubble organizes the first polar growth site
perpendicular to the spore axis and a germ tube (the first hypha) is seen after around seven hours
(Figure0‐2C). This unipolar germling initially grows with an elongation rate of 0.1 μm to 0.2 μm per
minute (Knechtle et al. 2003). Within about two hours a second germ tube (the second hypha)
develops opposite of the first polar growth site creating a bipolar germling (Figure0‐2D). Over time
growth speed accelerates, the number of nuclei increases accordingly, and new polar growth sites
assemble at the hyphal cortex, resulting in lateral branches that grow orthogonally to the hyphal
axis (Figure0‐2E). At the branching sites and along the hyphae of young and advanced mycelium,
the cytoplasm is partitioned by septa at an average distance of 40 µm (Wendland et al. 2000;
Kaufmann et al. 2009). The diameter of hyphae is around 4 μm and slightly increases in faster
growing hyphae. About 24 hours after spore incubation the network of hyphae is called mature
mycelium. At this stage hyphae switch to a novel branching mode, called tip‐splitting, which starts
when a critical elongation speed of about 1,5 μm per minute is reached (Knechtle et al. 2003;
9
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Schmitz et al. 2006). The lateral branching pattern is then completely replaced by Y‐shaped
bifurcations at the tips (Figure0‐2F). Fast‐growing hyphae can reach a maximum speed of 3,5 µm
per minute (~200 μm/h) (Köhli et al. 2008). In mature mycelia, septa have an average distance of
70 µm and the compartments typically contain eight to ten nuclei (Kaufmann et al. 2009). Under
nutrient limitation these compartments start swelling and form early stages sporangia in the older
regions of the mycelia (Figure0‐2G). Eight or twelve needle‐shaped spores with a mean length of
about 34 µm eventually form and are released from the mature sporangia (figure0‐2H). With the
release of spores into the environment the life cycle is restarted.
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Introduction
Ashbya gossypii carries one of the smallest characterized eukaryotic genomes of 9.2 megabases,
which encode 4,748 proteins (Dietrich et al., 2004). The filamentous fungus is an ideal model
organism for proteomics studies, since its genome is fully sequenced, well annotated and the
number of expressed proteins in a manageable range for extensive mass spectrometry based
proteomics analysis (Dietrich et al., 2004). Such a liquid chromatography‐mass spectrometry (LC‐
MS) approach allows the identification of peptide and protein sequences by database searching
from acquired tandem mass spectra (Aebersold and Mann 2003) and the quantitative comparison
of most expressed proteins across different cellular states. Data interpretation is further facilitated
by the fact that the A. gossypii genome is closely related to the well‐characterized genome of
S. cerevisiae. In fact, around 91% of the genes are syntenic (Brachat et al., 2003). Consequently, it is
very straightforward to predict protein functions in A. gossypii based on S. cerevisiae homologs that
helps interpreting observed protein changes.
Specifically, monitoring relative proteome changes of A. gossypii at specific life cycle stages can be
used to discover certain protein species involved in cell development. Recently, several studies
demonstrated the potential of LC‐MS analysis for system‐wide protein quantification in various
organisms (Washburn et al. 2001, Brunner et al. 2007, Baerenfaller et al. 2008, Schrimpf et al. 2009,
Ahrens et al. 2010) and even allow estimation of absolute protein concentrations within cells
(Malmstrom et al., 2009).
In contrast to genome and transcriptome analysis, proteome analysis is well suited for gene
expression analysis, because it directly determines the actual number of expressed gene molecules
in a cell. To date, however, most A. gossypii system‐wide gene expression analyses only focus on
the transcript level by profiling huge numbers of genes in parallel microarray technology (Schena et
al., 1996). Transcriptional profiles of filamentous fungi have been reviewed (Breakspear et al. 2007)
and also a full expression profiling is monitored for A. gossypii (Gattiker et al., 2007). Studies
comparing the cellular mRNA and protein abundances have shown poor correlation in general
(Maier et al., 2009). For example, the transcript and protein levels in S. cerevisiae have a correlation
coefficient R2 of only 0.58 (de Sousa Abreu et al., 2009), underlining the benefits of directly
analyzing the proteome of A. gossypii by LC/MS. The difference between mRNA and protein levels is
a result of the different translational regulation mechanisms during gene expression and variations
in protein stability control.
To obtain a global picture of proteome rearrangements during cell growth, the protein profiles and
abundances were determined for several growth states and in a system‐wide manner. We
generated a total of 102 LC‐MS runs, acquiring over 2 million tandem mass (MS/MS) spectra. We
confidently identifed 4,217 proteins at a 1% false detection rate (FDR) based on the target‐decoy
15
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search strategy (Elias and Gygi, 2007). Overall, we performed four different sets of quantitative
proteomic experiments; (i) a time course of five time points (0h, 2h, 5h, 7h, and 9h of growth), (ii)
phosphopeptide enrichment after 0, 5 and 9 hours of growth, (iii) generation of an A. gossypii
mycelia protein library, (iv) and absolute protein quantification of three time points (0h, 5h, and
11h of growth). Table1‐1 summarizing all quantitative proteomic studies using LC‐MS techniques,
which will be described in more detail below.

Table1‐1: Ashbya gossypii proteome project.

General introduction to mass spectrometry based proteomics
Overview
A large variety of approaches have been developed to accurately quantify Individual proteins within
complex biological samples. Most common are Enzyme‐Linked Immunosorbent Assay (ELISA) and
quantitative liquid chromatography – mass spectrometry (LC‐MS). ELISA is based on the interaction
of an antibody with the protein of interest. Since the antibody can be linked to a fluorophore or
enzyme, the amount of the target protein can be directly determined by fluorescence or
electrochemical signals. One major limitation of ELISA is that only a limited number of targeted
proteins can be quantified for which suitable antibodies are available. In contrast, mass
spectrometry based methods allow unbiased and system‐wide quantification of proteins. Such
large‐scale LC‐MS studies follow a general workflow consisting of the following basic steps. First,
proteins are extracted from a cell lysate preparation. Second, proteins are denatured, reduced,
alkylated and enzymatically cleaved into smaller peptides. Third, sample complexity is reduced by
fractionation, for example using OffGel‐electrophoresis. After that the peptide samples are
16
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separated by high‐pressure liquid chromatography and eluted into an electrospray ion source.
Finally, peptides are analyzed using tandem mass spectrometry (Aebersold and Mann 2003).

Mass spectrometry basic concept
The mass spectrometry technology is a powerful analytic tool to identify and quantify proteins.
Modern LC‐MS platforms allow the acquisition of thousands of MS and MS/MS spectra in a single
LC‐MS run. This results in several thousand peptide and protein identifications (Aebersold et al
2001). Such large‐scale proteomics studies are fostered by the development of soft ionization
techniques, namely Matrix‐assisted laser desorption/ionization (MALDI) (Hillenkamp et al., 1991)
and electrospray ionization (ESI) (Fenn et al., 1989). These techniques enable efficient and complete
ionization of fragile large biomolecules like peptides, a prerequisite for their MS characterization.
Basically, molecules and fragments are measured with the characteristic mass‐to‐charge (m/z)
ratio, which can be translated into the chemical composition and structures of molecules.
All mass spectrometer instruments are composed of three units:




An ion source; we used electrospray ionization, where ions are transferred from a liquid
phase into the gas phase.
A mass analyzer; which accelerates ions and sort ions by their m/z ratio.
A detector; which detects ions and defines abundances.

In general, ions are separated by their m/z ratio in the mass analyzer and the signals are processed
to generate mass spectra. The ion intensities (signals) are directly correlated with their abundances
and therefore can be employed to detect quantitative differences between samples (comparative
proteomics). Importantly, ion detectability within a peptide mixture strongly depends on the
complexity and purity of the sample as the dynamic range, being the quantitative difference of the
lowest and highest abundant ion species in a sample, is limited and depending on the LC‐MS
platform employed (Domon and Aebersold, 2006). Therefore, very complex peptide mixtures, like
whole cell lysates, need to be pre‐fractionated to reduce sample complexity. Since each analyte has
different ionization efficiencies, the number of detected ions does reflect relative abundances and
not absolute numbers. Absolute protein concentrations can be realized via stable isotope dilution
methods. We used quantified heavy reference peptides that were spiked with a specific
concentration into our samples.

Types of mass spectrometers
In proteomics research different types of mass spectrometers are commonly used for protein
identification. The most common are reflector Time‐of‐flight (TOF), Time‐of‐flight/Time‐of‐flight
17
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(TOF/TOF), Quadrupole/Time‐of‐flight (Q‐TOF), Fourier Transform Ion Cyclotron Resonance (FT‐
ICR), triple Quadrupole (QQQ) and linear ion trap (LIT) mass spectrometers. The reflector Time‐of‐
flight (TOF) accelerates ions, reflects them to compensate the fluctuations, and measures the time
for ions to reach the detector, which is mass dependent. TOF/TOF instruments carry a collision cell
where selected ions of the first TOF are fragmented and then measured in the second TOF. These
specific MS/MS fragment patterns are like a fingerprint for each peptide and can be used to identify
its amino acid sequence by database searching (Figure1‐3D).
Quadrupole MS instruments measure molecule masses based on the ability to transport ions with a
specific m/z ratio via an electric field that changes in a time‐dependent manner. Triple Quadrupole
selects ions in Q1, in Q2 ions are fragmented, and in Q3 fragments are separated and analyzed. In a
linear ion trap, ions are trapped, fragmented, and released via a resonant electric field, which leads
to the creation of MS/MS‐spectra. The Quadruple TOF is a combination of a triple quadruple
instrument consisting of Q1 and Q2 sections fused with a reflector TOF section. In an FT‐ICR MS the
ions are trapped within a fixed magnetic field, excited by an oscillating electric field and their m/z
ratio results from their cyclotron frequency. More details about the advantages and disadvantages
of the various mass analyzers for peptide analysis can be found in the review "Mass spectrometry
and protein analysis" from Domon and Aebersold (Domon and Aebersold, 2006).
To study protein profiling and absolute protein quantification during the germination of A. gossypii,
we used a high‐resolution linear trap quadrupole (LTQ) ‐ Orbitrap Velos MS‐platform, representing
a combination of a linear ion trap and an Orbitrap, which represents a new, magnet‐free FT‐ICR MS
and is described below.

LTQ (linear trap quadrupole) Orbitrap Mass Spectrometer
The LTQ Orbitrap Velos consists of the following three main components:
1. A linear ion trap: for ion selection and fragmentation
2. An intermediate storage device (C‐trap)
3. An Orbitrap analyzer
Technical details:
Resolution:
Mass Range:
Mass Accuracy:
Dynamic Range:

(apodized) up to 100,000 (FWHM) @ m/z 400
m/z 50 – 2,000 or m/z 200 – 4,000
<5 ppm RMS for 8 h period with external calibration
>10,000 between mass spectra, >4,000 between most and least intense mass
in one spectrum

18
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Figure1‐1: The Orbitrap mass analyzer. Ions are injected orthogonal to the long axis of the Orbitrap (z‐axis)
by which the ions is given potential energy in the z‐direction (Hu et al. 2005).

The LTQ Orbitrap is a combination of a linear quadrupole ion trap and the Orbitrap mass analyzer.
The linear ion trap is composed of three quadrupole sections with a discrete direct current (DC)
that contains ions along the axis in the central section of this device (Schwartz et al. 2002). Only the
third quadrupole section is functioning as a mass analyzer. The quadrupole mass analyzer filters
ions by a time‐dependent m/z ratio. The settings of the quadrupole electric field are continuously
adjusted, only allowing injected ions of a specific m/z to pass. The Orbitrap mass analyzer was
invented by Makarov (Makarov 2000) and is used in combination with the linear quadrupole ion
trap. The Orbitrap traps ions in an electric field generated by an outer barrel‐like electrode and a
coaxial inner spindle‐like electrode (Figure1‐1). In contrast to the quadrupole ion trap, which is
using a dynamic electric field that typically oscillates, the Orbitrap uses a static electronic field (Hu
et al. 2005).

Proteome Analysis
Sample preparation (proteolysis)
Proteins have to be specifically cleaved to give a defined mixture of peptides. In proteomics,
enzymatic digestion is done via sequencing grade proteases. Different proteases like trypsin, LysC,
or GluC are used in proteomic approaches to improve protein identification. The autolytic active
serine protease trypsin hydrolyses at the carboxyl side of arginine and lysine residues with a high
specificity (Keil‐Dlouha et al., 1971), but only poorly cleaves amino acid combinations like RP, KP,
RR, RK, KR, or KK (Glatter et al., 2012). This cleavage results in peptides with C‐terminally
protonated amino acids, providing an advantage in subsequent peptide sequencing (Aebersold and
19
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Mann 2003). Enzymatic digestion of protein mixtures from total cell lysates will generate complex
peptide samples that are typically fractionated before MS analysis.

OffGel‐electrophoretic fractionation of complex peptide samples
High sample complexity limits the achievable proteome coverage by LC‐MS. Therefore we applied
isoelectric focusing (OffGel‐electrophoresis) (Malmström et al. 2006) to reduce sample complexity
to a manageable degree for comprehensive proteome analysis. Figure1‐2 shows the schematic pI‐
based peptide fractionation in liquid phase. The peptides are separated according to their
isoelectric point across the pH gradient when an electric current is applied. More specifically,
peptides migrate in solution in which the pH has been fixed using ampholytes or an immobilised pH
gradient gel (IPG) as soon as an electric field is applied to the pH matching their isoelectric point
where peptides are uncharged. The separated peptides are recovered in liquid fractions above the
gel strip (Michel, Reymond et al. 2003). We collected samples from three different time points
during A. gossypii growth (0, 5 and 11h). Results of the experimental OffGel‐electrophoresis for the
first time point (A. gossypii spores) is describe in Chapter II‐A (Figure2‐4 to 2‐6).

LC‐MS/MS analysis
In the next step, peptides are separated by high‐pressure liquid chromatography (HPLC) using
reversed‐phase C18 columns. Peptides elute from the stationary‐phase by gradually increasing the
organic solvent content in an acidic aqueous solution. Since every peptide has a different peptide
sequence with different affinities to the hydrophobic stationary phase, they elute at different
organic concentrations and therefore at different times during the LC gradient. This results in
specific time‐dependent base peak chromatograms for each peptide (Figure1‐3A). Before the
eluted peptides enter the MS, they are ionized via nano electro spray ionization (ESI) and directly
sprayed under high voltage conditions continuously into the mass spectrometer. During the
ionization process, the generated droplets are developing an increasing electric charge density due
to solvent evaporation. This leads to Coulomb explosions and finally to a transfer from ions out of
the solution into the gas phase before entering the mass spectrometer. During ESI, ions are
generated which are differentially charged. These ions of the same peptide species can complicate
the exact mass determination.
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Figure1‐2: Flow chart of the peptide separation via OffGel fractionation. (A) IPG gel strips are rehydrated and
sealed with 12 or 24 well frames. (B) The tryptic peptide mixture is distributed in equally amounts per well.
(C) High voltage moves peptides between the wells towards the pH that matches the pI of the peptide. (D)
Same peptide species are assembled in the corresponding fractions and collected for the downstream
analyses.

Protein identification
To identify proteins by mass spectrometry, two different methods have been developed: Peptide‐
Mass‐Fingerprinting (PMF) (Cottrell, 1994; Pappin, 1997) and tandem mass spectrometry (MS/MS)
(Steen and Mann, 2004). PMF identifies proteins based on the precursor ion masses of all
generated peptides. In contrast, MS/MS employs peptide characteristics of the product ions, which
are generated after peptide fragmentation in a collision cell. The sequence of each peptide is
determined from the tandem mass spectrum. Since, PMF only works for low complex samples, like
those obtained after one‐ or two‐dimension gel electrophoresis, PMF is not suitable for our large‐
scale proteomic study. We therefore used tandem mass spectrometry that is explained in more
details below.
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Figure1‐3: Flow chart of the mass spectrometry data output visualized by the Xcalibur software. (A) Time
dependent base peak chromatogram. The time point of the MS 1 scans shown in B is indicated with an
arrow. (B) MS 1 spectra scaled from 400 m/z to 1600 m/z. (C) Zoomed perspective of the MS 1 spectra from
1100 to 1300 dalton. (D) MS/MS spectrum of the peptide ion (m/z = 1207.62) marked in C.

Peptide sequencing via MS/MS techniques
Identification of the peptides was done via MS/MS, also named peptide MS‐sequencing. This
method allows identifying single peptides by their characteristic and unique fragmentation
patterns. The selected peptides are separated and transferred into a gas‐filled collision cell. The
induced dissociation of peptides by colliding with the gas molecules leads to disruption of the
peptide bounds. The emerging ions can be described by peptide fragmentation characteristics. The
most prominent fragments are called y–ions and b‐ions (Roepstorff and Fohlman, 1984), which
appear by disrupting the amid bond between the single amino acids at the peptide´s backbone. The
developed nomenclature by Roepstorff & Fohlmann is commonly used to annotate MS/MS spectra
of peptides (Figure1‐4). Depending on the fragmentation orientation, the ions are differently
classified by the presence of the C‐ or N‐ terminus. Indication of a, b, and c ions demonstrate the
presence of the amino group at the N‐terminus. If the ions contain the peptides` C‐terminus, the
ions are titled x‐, y‐, or z‐ ions. The subscript classification number defines the count of amino acid
residues of the ion. The fragment ions are analyzed and their mass differences corresponding to the
remaining residue masses are plotted in MS/MS spectra. An example of a typical MS/MS spectra is
shown is Figure1‐5. Here, we identified the peptide “AFPINPSDINQLQGVYPSVPEK” of the AEL081W
gene product. It is a syntenic homolog of the S. cerevisiae mrf1 (YBR026C). For clarity, we only listed
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the predominant y‐ and b‐ions including the singly charged (y+, b+) and the doubly charged ions (y+2,
b+2) generated by the doubly protonated peptide ion analyzed. The different fragment masses of
the 22 amino acid long peptide are marked in blue for y‐ions and red for b‐ions. In total, we
detected 8 b‐ions and 10 y‐ions. Due to the specific mass differences between the signals, the
amino acid sequence can be calculated. Since protonation occurs more frequently at molecules
with a higher pK value, the epsilon‐amino group of the C‐terminal located lysine is more accessible
than the alpha‐amino groups of the N‐terminal alanine, which leads to more dominant signals of
the y‐ions. Identification of the single fragments is hindered by the formation of internal fragments
resulting from dehydration processes. Furthermore, MS/MS spectra can also be used for “de novo”
sequencing, but missing and interfering internal fragments limit its application to a few high quality
MS/MS spectra.
The total protein sequence coverage of identified peptides varies between different proteins. In
principle, all ions with a mass between 700 and 4,500 Daltons are detectable in the MS1 analysis,
which covers most peptides consisting of 6 to 40 amino acids. We defined all identifiably peptides
of the A. gossypii proteome and used the number as an indication of the maximal achievable
protein coverage. This proteome catalog contains information of peptides that are specific to one
protein and identifiable by mass spectrometry, so‐called proteotypic peptides (PTPs) (Mallick et al.
2007). Sequence coverage of two identified proteins is shown in Figure1‐6. AFL017W has a low
sequence and low peptide coverage (Figure1‐6A). Only 4 peptides were detected from a total
amount of 21 MS detectable peptides. Of the 241 detectable amino acids only 56 are covered via
identified peptides, which is only about 23 percent of the total sequence coverage. In contrast,
AAL128C (Figure1‐6B) was detected with a higher peptide and sequence coverage. Although only
nine peptides were predicted, we could find 16 peptides, including partially cleaved peptides, which
results in sequence coverage of more than 70%.

Figure1‐4: Schematic fragmentation of peptides. Nomenclature of peptide ions named x, y, z, a, b, and c is
based on Roepstorff & Fohlmann.
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The total percentage of identified MS/MS spectra is dependent on the quality of both the peptide
fragmentation and genome sequence. To visualize the percentage of identified peptides, we
plotted the fragmented (blue) and identified (red) peptides using the developed protein sequence
library of A. gossypii (Figure1‐7). In our example, we fractionated the total cell digests into 24
fractions based on the isoelectric point of the cleaved peptides. Overall, we measured around
180,000 MS2 spectra (Figure1‐7 stained in blue) and could identify 42,589 A. gossypii peptides
(Figure1‐7 stained in red), representing 3,265 proteins at a false discovery rate of 1%. In total, the
identified peptides cover 24 % at the protein sequence database. The low coverage can be
explained by missing identification of modified peptides, too small peptides, too large peptides as
well as insufficient fragmentation or the simultaneous sequencing of multiple peptides, which
complicate unambiguous interpretation of MS/MS spectra. Therefore, in practice, only half of the
MS‐sequenced peptide ions are generally identified.

Figure1‐5: Tandem mass spectrum (MS/MS) of the identified peptide AFPINPSDINQLQGVYPSVPEK
(1207.1238 m/z) originated from the protein AEL081W. Only y‐and b‐ions of the fragmented peptide are
shown, including the doubly charged ions (y+2, b+2). Peptide fragments, which are and identified, are shown
by b‐ions are marked in red and y‐ions in blue.

To control the error rates in the dataset, a decoy strategy was employed. The additional search for
DECOYs is important to determine the number of false positive identifications in the dataset. Since
it is not expected to find true matches from the "decoy" database, the counts of detected DECOY
peptides directly reflect the number of expected false positive hits that are detected from the
normal database (Elias et al., 2005). DECOY sequences have the same precursor mass like the true
peptides but the sequences are reversed or randomized. We reserved all A. gossypii tryptic peptide
sequences within the delectability range of the mass spectrometer. The generated database of
DECOYs was merged with the normal A. gossypii tryptic peptide database. This combined database
ensured identical search parameters for DECOY (false) peptides and true peptides. This can be used
to determine the statistical accuracy of the dataset given as false discovery rate (FDR). This FDR can
be easily adjusted by using statistical filters to the desired threshold, typically 1%. For all datasets of
this study, the mascot peptide score was used to set a peptide identification FDR cutoff of 1%. For
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protein identifications, the sum of all peptides scores per protein was employed to set the error
rate to 1% in all data sets.

Figure1‐6: Theoretical tryptic cleavage pattern of two A. gossypii proteins. Dark blue bars indicate all tryptic
cleavage sites. Peptides identified by MS/MS are marked with red amino acids. Green colored peptides
indicate peptides within the possible detection size, which were not identified. Black marked peptides are
not MS‐suitable ions. Partially tryptic hydrolyzed peptides are marked with missing cleavage by light blue
bars. Light and dark blue dashed lines display right and partial cleavage of different peptides. (A) AFL017W is
the syntenic homolog of S. cerevisiae YBR231C with the common name Aor1. The protein is 287 amino acids
long and four out of 21 peptides, which theoretically can be detected, were identified MS/MS. (B) AAL128C,
the non‐syntenic homolog of S. cerevisiae Hsp26 is a relative short protein with 179 aa and 9 possible
peptides. In total, 16 Hsp26 peptides were detected.

Figure1‐7: 2D‐plot of MS1 spectra's. The third of 24 fractions of peptide separated by pI via OffGel
electrophoresis was analyzed by using the established A. gossypii protein library. Acquired MS/MS spectra
are indicated in blue and spectra identified from the predicted A. gossypii protein database are marked in
red.
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Label‐free quantification
One of the main goals of the analysis of the whole A. gossypii proteome is to quantify protein
abundances and match them during development stages. Hybrid mass spectrometers like the LTQ
Orbitap allow parallel acquisition of MS and MS/MS spectra, thereby greatly increasing duty cycle
and MS‐sequencing speed. We used label‐free quantification to determine expression levels and
characterize changes of the different biological life stages. We used the Progenesis LS‐MS software
(Nonlinear Dynamics) to quantify the protein levels of three life stages using a label‐free approach.
Additionally, we use an isoelectric separation of the peptides into 12 fractions for each of the three
samples collected after 0, 5 and 11 hours of growth. Each fraction of the time course was
individually analyzed by LC‐MS. The detected ion signals in the MS‐scans are plotted across the
entire m/z range (Figure1‐8A) of one run and fraction. The peak models contain all relevant
quantification and positional information for each peptide. In the next step, the same fractions of
all three samples were aligned via vector calculation to quantify all detected peaks. We used the 5
hours sample as the reference run, because it is contains most of the proteins of the other two time
points (see Figure5‐4 for details). For the first fraction, for instance, we calculated in the 11h data
set 1,131 vectors and in the 0h data set 887 vectors (Figure1‐8B + C). The peak alignment also
enables constant peak detection and quantification across all analyzed samples, which can be
challenging for other MS quantification techniques (Liu et al. 2004). As an example, a typical
alignment of one ion in the three samples is shown in Figure1‐9. The peak occurs at the same m/z
and retention time positions in all three samples and can be directly compared. The differences in
abundances are clearly visibly in the three dimensional projection (Figure1‐9C). The ion abundance
quantification (based on the integrated peak area) is carried out automatically for all detected ions.
In a next step, peptide sequences are assigned to the detected and quantified peak signals by
searching the acquired MS/MS spectra against a sequence database using a search algorithm like
MASCOT as described above (Perkins et al., 1999). Figure1‐10 shows the aligned peptides, the peak
information for the different time points, and the MS/MS spectra used for identification. After
exporting the MS/MS data to MASCOT (Figure1‐11), the search results are then imported into the
quantification software Progenesis LS‐MS (Steen and Mann, 2004). The peptide identifications are
automatically assigned to its corresponding peak and to its proteins. The abundance of the
identified proteins is calculated from the quantitative information of its peptides (sum of
intensities) per time point, which can be viewed on the peptide level as well as for the whole
protein (Figure1‐12) after label‐free quantification.
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Figure1‐8: Peak alignment of same fractions of three different A. gossypii samples. Peptides are plotted as
m/z versus retention time. (A) Peak modeling of one fraction and sample. (B) Vector calculation of all three
samples and the following alignment. (C) Zoomed magnification of the aligned peaks. The identified vectors
marked by blue cycles.

The quantitative proteomic data obtained from Progenesis LC‐MS data acquisition followed by
MASCOT search were statistical analyzed to define significant changes between the three biological
samples. We used Spotfire for performing statistical data analyses, Excel for standard calculations
and Origin for statistical graphic output of the data. In detail, statistically processed data were
generated for all three time points and used for all following data and quantitative analyses. To
characterize individual protein fold changes between different samples that are significant, we used
statistical testing method by choosing regulated proteins based on the higher value of the 2x
standard deviation of each condition (Bantscheff et al., 2007; Dudoit et al., 2004).
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Figure1‐9: Peak alignment of peptides across the three samples. (A) Alignment of one fraction in plotted by
m/z versus retention time. (B) Example of an aligned peak across the three time points in a two dimensional
graph. (C) Three dimensional construction of the quantified peptide in the three biological samples.

Figure1‐10: Peptide sequences are assigned to the MS1 peaks by database searching of the corresponding
MS/MS spectra. Results of the matched proteins were provided by the MASCOT search.
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All detected peptides and their quantities, including a display of abundance levels were listed in
tables. The protein quantification is based on unique peptides only. First, the intensities by
matching the same peptide and used the highest peptide confidence score were combined,
because most of the peptides were detected with different charge stages. Second, the threshold for
the MASCOT ion peptide score has to be adjusted to reach an peptide error rate of 1%. To
determine the relative protein abundance from the peptide abundance, commonly two methods
are used, the All‐method (Schwanhausser et al.) and the Top3‐method (Silva et al., 2006). The All‐
method is defined by computing the sum of all peptide abundances per protein and dividing this
result by the number of theoretically detectable peptides, determined by MS detection range. In
contrast, the Top3‐method focuses only the three most abundant peptides per protein and
considers the average of the three peptide as the relative abundance. For the absolute
quantification we used selected reaction monitoring (SRM) in combination with stable isotope‐
labeled peptides, as described in the next section in detail. As statistical reference we calculated the
protein score based on the peptide score by summing up the individual peptide scores. In total, we
could quantify 3,981 proteins with an error of 1% by using the error DECOY correction (see
Chapter2 Figure2‐9).

Figure1‐11: Peptides and the corresponding proteins identifications by linking the Progenesis LS‐MS data to
the external search tool MASCOT.
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Figure1‐12: Review of all identified proteins and peptides (A) and their abundances. Graphic view of the
peptide abundance changes during the three time points (B), including the peak alignment of the detected
ions (C) and their position in the plot based on the m/z and retention time (D).

Absolute protein quantification using selected reaction monitoring
Label‐free protein quantification results in relative comparison of proteolytic peptides abundances
between different samples (Kuster et al., 2005). Whereas, absolute quantitation can be achieved by
spiking in known amounts of isotopically labeled heavy peptides, termed AQUA peptides (Gerber et
al., 2003). Isotopic labeling of samples can also be used for accurate relative quantification of
protein levels across different conditions (Chakraborty and Regnier, 2002; Gygi et al., 1999; Ross et
al., 2004). A large variety of isotopic labeling techniques with their own strengths and limitations
have been developed to date (Moritz and Meyer, 2003). This ranges from enzymatic isotope
labeling based on digesting proteins in heavy water (H218O) (White et al., 2009) to stable isotope
labeling by amino acids in cell culture (SILAC) (Ong et al., 2002) and various heavy labeled chemical
reagents that can be covalently attached to protein residues (Ross et al., 2004; Schmidt et al.,
2005).
For determining accurate cellular concentrations for proteins of interest, we used absolutely
quantified, synthesized isotope labeled peptides (AQUA standard) from Thermo Scientific. In
principle, the quantitative MS analysis is based on classic isotope dilution strategies (Streit et al.,
2002). Stable isotope‐labeled and endogenous peptides are compared by the peak area
abundances via tandem MS using multiple reaction monitoring (MRM) (Barnidge et al., 2003). This
targeted LC‐MS/MS method uses the stable isotope‐labeled synthetic peptides as internal
30

Chapter 1: Technical background

standards (Kuhn et al. 2004). MRM has been used to determine proteins with concentrations less
than 50 copies per cell in unfractionated lysates (Picotti et al. 2009). For multiple reaction
monitoring (MRM), also called selected reaction monitoring (SRM), analysis, a predefined precursor
ion and its fragments are selected and monitored over time. We followed the SRM workflow
described in the publication "Selected reaction monitoring for quantitative proteomics: a tutorial"
(Lange et al. 2008). After selecting peptide candidates for the proteins of interest, one stable
isotope‐labeled peptide was synthesized for each protein. To generate specific and sensitive SRM
assays, only peptides that have a unique sequence in the protein database and that showed high
MS signals in the LC‐MS analysis were selected (detailed selection criteria see below). For each
peptide, the most intense fragments were determined from the MS/MS spectrum and so‐called
transitions that consist of the peptide precursor and fragment mass were created. These transitions
(precursor/fragment ion pairs) in combination with the retention time of the targeted peptides
were imported into the Skyline software (MacCoss Lab Software). After collision energy optimizing
the transitions of each assay, the specified transitions are used to specifically monitor, via the two
mass filters and over time monitored fragments, the predefined precursor ion and its fragments in
the complex peptide mixture. We used the TSQ Vantage Triple Stage Quadrupole mass
spectrometer for targeted protein quantification experiments.
With its high specificity and sensitivity, SRM allows absolute quantitation of selected proteins
within complex peptide mixtures (Barr et al., 1996; Gerber et al., 2003). Usually, the heavy
reference peptides are isotopically labeled at the C‐terminal amino acids arginine (15N4, 13C6) or
lysine (15N2,13C6). Due to the replacements of the abundant natural 12C and 14N isotopes the mass
shift of 10 and 8 Daltons, respectively. The selected peptides should give an easy identifiable
signature in mass spectra that is unique in the proteome background. We used our established
protein and peptide library of A. gossypii from the fractionated samples to choose the most suited
candidates based on the criteria described recently (Wienkoop and Weckwerth, 2006). Since,
several factors affecting the observation of PTPs in SRM, we selected peptides by the following
criteria. First, we selected for each targeted protein of interest, peptides which provide the
strongest signals. Only unique peptides that are highly detectable were taken. Peptides with
partially cleavages or non‐tryptic cleavage sites were not considered for SRM. In particular, we
avoided peptides with two neighboring tryptic cleavage sites to reduce miss cleavages. In general,
we focused on shorter peptides over longer peptides since they generally showed higher MS
responses. In addition we tried to avoid and reduce the number of asparagine, methionine,
tryptophan, and N‐terminal glutamine residues that are prone to artificially induced chemically
modifications. For more details see " Selected reaction monitoring for quantitative proteomics: a
tutorial" by the R. Aebersold group (Lange et al. 2008).
To balance the concentration of endogenous and its corresponding heavy reference peptide, we
split all reference peptides into two groups. Higher/lower reference peptide concentrations were
spiked into the samples for the quantification of high/low abundant proteins. AQUA peptide
concentrations were chosen to match the median protein concentrations estimated by label‐free
quantification (top3 method). For all samples, the AQUA peptides were spiked into the samples
after digestion and before C18‐desalting, fractionation, and LC‐MS analysis. Since isotopes have
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similar chemical and physical properties, the isotopic peptide pairs show identical behavior during
all fractionation and separation steps, like OffGel and LC separations. Consequently, co‐elution
heavy reference peptides and its endogenous counterpart can be analyzed from the same spectra
acquired in the mass spectrometer.
To calculate the endogenous protein concentration, we compared the abundance ratios of both,
heavy and light peptide (Figure2‐18/19). With the known concentration of spiked AQUA peptides
we could determine the endogenous peptide concentration (Figure2‐20 and Table2‐18). For the 40
selected peptides we could precisely quantify the levels for most proteins by using directed MS with
an inclusion list (Schmidt et al. 2011). To absolutely quantify all identified proteins, we used the 40
absolute quantified proteins as calibrants to build a regression line and estimate global protein
abundances for all identified protein species in the sample. Two recently developed methods were
applied and compared. The copy count of protein determined by the AQUA peptide build
regression line based on the All‐method we termed as intensity based absolute quantification
(iBAQ) approach (Schwanhausser et al.). Consequently, we termed the protein copy count
determined by the regression line based on the Top3‐method, top 3 protein quantification (T3PQ)
method (Silva et al., 2006). The list of selected peptides, the absolute quantification of the
corresponding endogenous proteins and the global abundance estimation of all identified proteins
are presented in chapter2C.
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Introduction
To establish developmental changes of the A. gossypii proteome we first wanted to identify, if
possible, all proteins present in spores. We anticipated that we would find structural spore proteins
but also remnants of the spore forming process in addition to those proteins important for the
transformation of dormant spores (Figure2‐1) to germinating spores with active metabolism and
growth. We assumed that the protein composition is very similar in different A. gosyypii spores.
Spores are forming inside of hyphae in the older parts of the mycelium. Therefore, an essential
prerequisite is the isolation of spores free of non‐spore proteins. This can be accomplished in
A. gossypii as described in Chapter2A. Thus, we were confident that all identified proteins originate
from spores. Chapter2A also describes the extraction of proteins from highly purified spores,
control of the trypsin digestion, pre‐fractionation of the peptides by isoelectric focusing and the
statistical analyses of the MS/MS runs for each fraction. We next determined the relative
abundances of all identified spore proteins and used histones as an example to find post‐
translational modifications and to compare methods for determine their abundances (Chapter2B).
Finally, we employed two methods to estimate the copy number of proteins in a single spore and
used 39 synthetic heavy isotope‐labeled reference peptides as an independent control of the data
(Chapter2C).

Figure2‐1: A. gossypii spore, scale bar 10µm.
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Part A: Spore preparation and MS spectra analysis
We first analyzed the proteins in three independent spore preparations by standard liquid
chromotography tandem mass spectrometry. Up to 2000 proteins could be identified in each
preparation (data not shown). In order to increase the number of identifiable spore proteins we
decided to employ a high resolution approach with a fourth spore preparation, which is presented
in this chapter. The tryptic digest of all proteins was first separated into 12 fractions using
isoelectric focusing followed by a 140 minute run of LC‐MS for each fraction. Prior to the pre‐
fractionation 39 isotope‐labeled AQUA‐peptides of known quantity were spiked into the mixture of
tryptic peptides to allow absolute quantifications (see Chapter2C).

Figure2‐2: Isolation and purification of A. gossypii spores. Microscopic images of the eight cleaning steps
with a 40 times magnification, scale bar is 10µm. (A) Six days old mycelium from the center of an AFM plate.
(B) Spore mixture suspended in water prior to incubation for four hours in a sigmacote coated glass tubes.
(C) Spores bound to the hydrophobic coated surface. (D) Supernatant of the non‐bound mycelia particles
and spores. (E) Spores eluted with 0.1% TritonX after three washing steps. (F) Material still bound to the
glass surface after the first elution step with TritonX. (G) Control of binding of material to uncoated glass. (H)
material of the untreated glass surface.

Results
Isolation and purification of A. gossypii spores
Ashbya gossypii was grown on AFM agar petri plates to induce sporulation. The middle of the agar
was inoculated with A. gossypii spores. The radially expanding mycelium covered the agar surface
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within 6 days. The nutrient depletion led to production of spores which is highest in the center of
the colony. To separate spores from cell wall debris and other material we took advantage of the
hydrophobic surface of A. gossypii spores. By using glass tubes coated with chlorinated
organopolysiloxane dissolved in hexane (sigmacote), only spores would bind to the wall of these
tubes. Figure2‐2 shows images of the isolation and washing steps. First, the center of the mycelium
was scraped off, added to bi‐distilled water (Figure2‐2B) and incubated in the coated glass tubes
with constant shaking for several hours at room temperature. The mixture contains A. gossypii
spores, debris of the lysed mycelium, organelles and released cytosol with high concentration of
non‐spore proteins. The glass tubes were washed three times with water. Images of the starting
mixture, the non‐bound material and the bound spores are documented in Figure2‐2. The non‐
bound or only weakly bound material contains mycelia debris, hyphae and spores. In contrast only
spores bind to the glass surface. After elution with 0.1% (v/v) TritonX only spores are seen (Figure2‐
2E). The detergent (TritonX) was used together with mechanical forces (vortex) to release the
strongly bound spores from the coated glass surface. A substantial amount of spores stayed
attached to the glass surface after the first elution (Figure2‐2F). As a control we used the same
procedure with non‐coated glass tubes. Figure2‐2G shows the bound material to the glass surface
and Figure2‐2H the unbound cell material. Under these conditions neither spores nor other cell
material was binding to the glass surface.
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Figure2‐3: Flow chart of spore isolation and purification. (A) Sketch of a six days old A. gossypii mycelium
grown on full medium. Glass slides are used to scrape off the central part of the mycelium. (B) 25 ml
sigmacote coated glass tube with a screw cap. Mycelium was added to 15 ml water (C). Under rotating
conditions (D) the cell mixture in the glass tube was incubated for several hours. (E) Bound spores to the
hydrophobic surface were washed with H2O three times on a vortex. (F) Elution of spores with 5 ml 0.1%
TritonX under vortexing. (G) After washing with 0.1% of the detergent Rapigest we incubated the spores in
0.03% Rapigest overnight.
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Figure2‐4: 15% SDS‐PAGE to control spore protein extraction and digestion. Lyses buffer has a concentration
of 8M Urea, 0.1% RapiGest, 0,1M Ammonium bicarbonate (ABC). Lane 1: Whole protein extraction from A.
gossypii spores using silica beads in combination with a fastprep to break the cell wall and lyse the cells. Lane
2: Additional sonification step after the fastprep. Lane 4 and 5: Trichloroacetic acid (TCA) protein
precipitation with supernatant. Lanes 6 to 9: Proteolysis with trypsin up to 4 hours. Lane 1 and 10: Protein
Ladder.

These experiments were done with screw cap glass tubes as illustrated in Figure2‐3. For a single
determination of the spore proteome, 40 AFM plates were inoculated with 1 µl wild type
A. gossypii mycelium and incubated at 30°C for six days (Figure2‐3A). Glass tubes were extensively
washed, dried and coated with the hydrophobic solution for 4 hours under constant rotation and
were dried overnight under a ventilated hood. Next, the coated glass tubes were autoclaved and
then used to isolate A. gossypii spores. The spore containing mycelium was scratched from the
center parts of the 40 colonies and was equally divided into 60 coated glass tubes. Under constant
rotating the spore/mycelium mixture was incubated in bi‐distilled water which led to the release of
most spores from the cell material (Figure2‐3D). The suspensions were incubated for three to four
hours in the slowly rotating tubes to maximize the coverage of the hydrophobic surface with
A. gossypii spores. Each glass tube was washed three times with water, applying strong vortex
forces to remove remaining cell compartments and organelles bound to the coated glass surface.
The spores were released from the glass surface with 5 ml 0.1% TritonX for each tube. During the
incubation with TritonX the tubes were vigorously shaken on a vortex to maximize the spore
release. Because TritonX is not compatible with the MS instruments, we washed the spores with
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RapiGest and stored them overnight at 4°C at a lower concentration. Starting with 40 plates we
obtained about 170 mg of clean spores free of other cell material including non‐spore proteins.

Figure2‐5: 15% SDS‐PAGE of the tryptic digest of the extracted spore proteins. Lanes 1 and 7: protein size
ladder with a range from 170 kDa to 10 kDa. Lanes 2 to 5: samples from the start of trypsin injection (zero
hour) and 1 hour to four hours digestion. Lane 6: Additional over night digestion with newly added trypsin.

Protein extraction from of A. gossypii spores
After the overnight exposure to RapiGest the fresh A. gossypii spores were used for protein
extraction. The lysis buffer contained a high concentration of 8M Urea to denature protein and
increase their solubility. Additionally, we added 0.1% RapiGest to the 0.1 M ammonium bicarbonate
(ABC) buffer for a better solubilization of proteins and to ensure a higher accessibility to cleavage
with trypsin. To extract if possible the entire spore proteome we performed six consecutive
homogenizations (FastPrep with silica beads) followed by multiple cycles of ultrasound energy. The
efficiency of the extraction steps was tested by SDS‐PAGE (Figure2‐4). Lanes 2 and 3 show a high
complexity of the protein extracts of both lysis steps. Next, we precipitated the proteins with
trichloroacetic acid (TCA). The redissolved proteins were again tested by SDS‐PAGE (Figure2‐2 and
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Figure2‐3). Due to the increased buffer volume of the redissolved proteins the protein
concentration as measured with the BCA assay changed from 9.5 mg/ml prior to the precipitation
to 5.6 mg/ml. The supernatant was confirmed by SDS‐PAGE to contain no or only traces of protein
(Figure2‐4; lanes 4&5).
Reduction and alkylation of disulfide bonds was done in three steps. First Tris(2‐carboxyethyl)
phosphine (TCEP), which opens disulfide bridges, was added to 2 mg protein extract (500 µl with
4 mg/ml protein extract). Second, the mixture was incubated with the alkylating agent
Iodoacetamide followed by the addition of N‐acetyl‐cysteine for quenching of Iodoacetamide. After
pH adjustment to 8‐8.5 trypsin was added to a final concentration of a trypsin protein ratio of 1/50
(for details see materials and methods). Trypsin cleaves after arginine (R) and lysine (K) and the
cleavage was tested by SDS‐PAGE (Figure2‐4; lanes 6 to 9).
Figure2‐5 shows that the tryptic digest is essentially complete after four hours of digestion. The
tryptic digest of the proteins started directly with the injection of the enzyme. After one hour the
majority of the protein is already cleaved after the two amino acids arginine and lysine. Compared
to the 4 hours digest stained with Coomassie Brilliant Blue we cannot detect a difference between
the lanes in the SDS‐PAGE and also not after re‐addition of trypsin. The presence of the trypsin
band in the protein gel is marked with red in Figure2‐5.

Figure2‐6: Fractionation of the tryptic peptides of A. gossypii spore proteins. Y‐axis shows the peptide
numbers. The twelve fractions are plotted on the x‐axis, with peptides focusing at acidic pH at the left and
basic pH at the right.

Identification of tryptic peptides of the spore proteome
We next desalted the complex peptide mixture with a C18 column. A mixture of 39 AQUA peptides
of known concentration was added to the sample prior to the purification step with the column. To
achieve the highest possible resolution auf the peptide mixture we first applied OffGel fractionation
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by isoelectric focusing (pI), which separated the peptides into twelve fractions. Figure2‐6 shows the
number of unique peptide identifications in each fraction using data from the MS run (see below).
Fraction one has the highest number with about 8850 peptides, which have an acid isoelectric
point. Only 3,650 peptides were found in fraction three. Peptides with an isoelectric point close to
neutral pH accumulated in the fractions five to eight. Fraction twelve is the most alkaline fraction
and contains approximately 6,200 peptides. The exact numbers are presented in Table2‐1.

Figure2‐7: Optimization of peptide numbers detected in fraction1 by tandem mass spectrometry. (A) Scatter
blot of all detected peptides in fraction one. The peptide score is plotted on the y‐axis and the theoretically
calculated isoelectric point based on the peptide amino acid sequence on the x‐axis. A separation line is
drawn at a peptide score of 20. (B) Box charts of all peptides, filtered peptides and peptides with a score
above 20. The isoelectric point is plotted on the y‐axis. Borders of 100% of the data are indicated by short
lines and 50% of the data are contained in the narrow boxes. (C) Table of statistically relevant calculations
for fraction 1 that was analyzed in three different ways.

To increase the quality of the peptides that were taken into account to determine the abundance of
each protein, we individually analyzed the different fractions and optimized the accuracy for the
complex peptide mixture. As an example we reprocessed the analysis of fraction one, described in
Figure2‐7. All peptides that were identified by the tandem mass spectrometry are plotted according
to their peptide score and the calculated isoelectric point (Figure2‐7A). The vast majority of
peptides is placed in the acidic range of the isoelectric point, but peptides are also detected with a
higher isoelectric points. The values of Figure2‐7A are compressed into a box chart diagram and
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plotted at the x‐axis in Figure2‐7B labeled as “all”. With filtering and setting peptide score
limitations we decreased the total peptide number but increased the number of correct peptides.
The number of all peptides identified in fraction one is 10,203 which changed to 8,146 peptides
with a peptide score greater than 20 and acidic isoelectric point. The statistical significance is
calculated and described in Table2‐1. The mean of fraction one is mainly unchanged with a pH of
4.4. The standard deviation is dropping from 0.94 for all peptides to 0.25 for the filtered and score
cutoff peptides. The same is true for the variance that is calculated as only 0.06 for the adjusted
values compared to 0.89 for the computed values of all peptides. Both statistical analyses indicate a
higher accuracy for the finally accepted peptides. The numbers of peptides in fraction one under
unfiltered condition is 2 at pI of 12, 4 at pI of 11, 1 at pI of 10, 20 at pI of 9, 36 at pI of 8, 2 at pI of 7,
41 at pI of 6, 39 at p of 5, 7839 at pI of 4 and 853 at pI of 3. After optimizing the peptide numbers to
a score >20 we detected less peptides (2 at pI of 9, 8 at pI of 8, 0 at pI of 7, 8 at pI of 6, 15 at pI of 5,
7292 at pI of 4 and 821 at pI of 3). Clearly the peptides with a high isoelectric point are no longer
taken into account and only two peptides with a higher isoelectric point then nine are still present
in the data set. Only 33 peptides were recorded with a higher pI value as 4.9.

Figure2‐8: Isoelectric focusing for all twelve fractions and the theoretically calculated isoelectric points. All
filtered peptide fractions (figure2‐7) are plotted in the box chart diagrams. 50% of the peptides of each
fraction is contained in the boxes. Mean and Median are presented as well as the standard deviation (see
insert).
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The optimization process described for fraction one was also applied to all fractions (Figure2‐8) to
gain a peptide list of high quality. The mean for the isoelectric points for each fraction is increasing
with increasing fraction numbers. With a pI of 4.26 fraction one has the highest acidic pI. Fraction
two is only a little less acidic with a peptide pI average of 4.61. Up to fraction five the peptide pI is
still below six. The peptide numbers per fraction are listed in Table2‐1 and shows that the amount
of acidic peptides is higher than the basic peptides. In total we found 33,500 peptides that have pI
below six and only 16,500 with a pI above seven. Fractions nine and ten contain a low number of
peptides concomitant with a high distribution of their isoelectric points and a relatively large
standard deviation. This is also observed for the other basic peptide fractions eleven and twelve
with an average pI of about 8.5. In total the tryptic peptides cover the pI values from 4 to nearly 9.

Table2‐1: Statistical values for all twelve peptide fractions.

LTQ Orbitrap output
Peptides from each of the twelve fractions (Figure2‐8) were separated by tandem mass
spectrometry to detect and further analyze all charged peptides. The output and the peptide
searches converted with Mascot are summarized in Figure2‐9B. In total we measured for the spore
proteome 454,900 MS/MS spectra. By analyzing these MS2 spectra we could identify 12,8081
peptides in the twelve fractions. By counting all peptides that were identified two or multiple times
only once, we collected about 60,000 individual peptides with the MS/MS approach. The absolute
threshold of the peptides score was set to 15. This score takes into account the quality of the
experimental data and how the experimentally determined peptide sequences match the database
sequence. All peptides with a score higher than 15 were used for the protein identifications and for
the calculation of the relative abundances. In the next filtering step we deleted all peptides that did
not correlate with a theoretical peptide from the tryptic peptide proteome of A. gossypii. In total
we accepted 52,000 peptides (Table2‐1).
After assigning the peptides to proteins by combining the measured peak area of each peptide, we
were able to detect 4,500 proteins. To include an error definition we simultaneously ran a search
for non‐existing inverted peptides called Decoys. Of the 4,506 proteins we identified 409 listed as
decoys (Figure2‐9A). This means the overall false discovery rate (FDR) is 10%, which states there is a
10% probability that a detected protein is not accurate. Increasing the protein score threshold to
equal or greater than 33.66 we lose 155 A. gossypii proteins but as well about 400 decoy hits. With
an FDR of 1% the detected proteins are statistical significant for true positive matches. For each of
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the 3,981 A. gossypii proteins we computed the abundance with different methods and compared
them (see Chapter2B).

Figure2‐9: Mass spectrometry results and computing of the 1% detection error. (A) All proteins detected by
tandem mass spectrometry and setting to 15 decoy hits. (B) Analyzed numbers of spectra and mass
translation in spores.

Discussion
To guarantee a high quality and quantity of the spore proteome data we paid attention to the
purity of the A. gossypii spores and the statistical significance of the experimental data. The
washing steps during isolation of spores via hydrophobicity yielded very pure spore preparations.
The fractionation of peptides by isoelectric focusing substantially improved the overall resolution.
Contaminations with protein and cell particles from the mature mycelium could be essentially
excluded. By controlling the fraction of peptides used to compute the protein abundances, the
resulting numbers are based on data sets, which have a high quality. For the peptide cut off we
used a score of 15, which led to high accuracy (Figure2‐7). With the improved data set of detected
peptides the protein coverage was close to 85% of the total number of 4,770 proteins predicted by
the annotated A. gossypii genome sequence (Dietrich et al., 2004; Schmitz and Philippsen, 2011)
and updated results. A surprising result is the high number of 3,981 proteins found in spores. This
can be explained by the fact that proteins used during the sporulation and proteins needed for
efficient germination are stored in spores in addition to the specific spore proteins. For fast
germination ribosomes, cytoskeleton proteins, cell surface growth factors, transcription factors,
nutrient transporters, functional ATP generation, etc. have to be present in spores (see Chapter2B
and C)
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Introduction
The previous chapter described the identification of 3,891 proteins in A. gossypii spores based on
51,818 tryptic peptides detected by tandem mass spectrometry. Next, we wanted to determine the
relative abundance of each protein to reveal the composition of a proteome which enables resting
spores to switch, upon contact with nutrients, to the vigorous life of a filamentous fungus. The
measured abundances of the tryptic peptide including acetylated and partially cleaved peptides
were used to determine protein abundances in the spore proteome using two established methods
(Gao et al., 2005; Liu et al., 2004). To validate theses conversions of measured peptide abundances
into relative abundances of protein, results obtained for histones were compared with an
additional method which solely relies on the most abundant peptide found for each histone.
Attempts to determine the absolute numbers of spore proteins in one spore are described in part C
of this Chapter.

Results
In the shotgun proteomics experiment, we analyzed the peptides and the fragmentation of the ions
by tandem MS (MS/MS) followed by database searching. The proteins were then identified by
matching peptide sequences to proteins predicted from the genome sequence taking into account
confidence scores of validated peptide identifications. In total, we identified 3,981 proteins that are
extractable from purified A. gossypii spores, which match 85% of the predicted A. gossypii proteins
(Dietrich et al., 2004; Gattiker et al., 2007). The relative abundance of each identified protein was
determined by two computation methods and the results were documented in a table described in
Appendix 1 (Table2‐2, complete version). In the first method (All‐method), we divided the sum of
the abundance of all detected tryptic peptides for a protein by the number of all theoretically
detectable tryptic peptides (700Da to 4,500Da). For the second method (Top3‐method), we only
used the three most abundant peptides of a protein and computed the mean of their peak areas.
When only one or two peptides were detected for a protein, the peak areas were divided by only
one or two, respectively. To facilitate the comparison of the relative protein abundances, we
divided the numbers obtained from both methods by 10,000. This results in an abundance range
from 173,000 (Hsp26 at rank 1) to 1 (Urp23 at rank 3,349) and to 0.1 (Spp1 at rank 3,703). For over
200 proteins, abundances below 0.1 were calculated. Because of their very low relative abundance,
these proteins are presently not further considered as spore proteins.
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Table2‐2 short version: Extract of Table2‐2 (Appendix 1) summarizing four fractions of spore proteins of very
high, high, intermediate, and low abundance.
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For an overview, four abundance groups extracted from Table2‐2 are shown (Table2‐2 short
version). Ranked by abundances, which were calculated by the All‐method, this table comprises the
proteins at positions 1 to 10 (very high abundance), 100 to 109 (high abundance), 1,000 to 1,009
(intermediate abundance), and 3,500 to 3,509 (low abundance). The next sections will first
comment on the highly abundant proteins in spores and will then focus on a detailed inspection of
the histone proteins and their modified peptides.

Highly abundant proteins in spores
Surprisingly, nearly 3,800 different proteins were identified in A. gossypii spores. The majority of
these proteins were most likely expressed during the sporulation stage but the spore proteome
may also include proteins from the mature mycelium co‐packaged into the spore compartments
(e.g. proteins not completely degraded during sporulation). A substantial part of the proteins very
likely represents the set of proteins needed for survival of spores under harsh environmental
conditions, and another part may be needed for initiation of germination.
The ranking of the 20 most abundant proteins is listed in Table2‐3 and their potential functions are
mentioned in Table2‐4. The functional descriptions are based on the known function of the
homologs in S. cerevisiae copied from SGD (Saccharomyces Genome Database). The 20 most
abundant proteins can be assigned to seven functional groups:
1.
2.
3.
4.
5.
6.
7.

Cell wall and membrane (Cwp1 and Om45)
Translation (Tef1)
Protein assembly and aggregation (Hps26, Cpr1, Tfs1)
Carbon metabolism (Tdh3, Fba1, Aco1, Hxk2, Ach1 and Cit1)
Redox homeostasis and protein protection against oxidative stress (Sod1, Ypr1, Tsa1)
Mitochondria (Fmp45, Pet9 and Ilv5)
Cytoskeleton (Act1)

Interestingly, Nohby412 (no homologe in baker's yeast) is one of the highest expressed proteins in
spores. It is ranked as number 4 and shows two times higher abundance then Tfs1 the 5th most
abundant protein. Recently, this protein was identified as an A. gossypii specific cell wall protein (R.
Rischatsch and P. De Groot; personal communications). It is remarkable that Table2‐3 does not
contain ribosomal proteins. The highest abundant ribosomal proteins are Rps29 (rank 25) and Rps8
(rank 30). As shown in Chapters 3 and 4, the relative abundance of ribosomal proteins significantly
increases during germination and hyphal growth.
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Table2‐3: The 20 most abundance proteins in A. gossypii spores ranked by the All‐Method. (*1) Sum of the
abundance of all detected peptides divided by all detectable peptides (All‐Method). (*2) Average of the
three most abundant peptides (Top3‐Method).

Histone occurrence and acetylation in A. gossypii spores
Spores carry one nucleus with a genome of 9.1x106 bp. We anticipated that the majority of the
genomic DNA in spores is organized in nucleosomes, with the DNA wound around histone octamers
(Richmond and Davey, 2003; Wilmen and Hegemann, Chromosoma 1996). Because of the
established composition of nucleosomes, histones are expected to be present in similar amounts
also in spores. Like in S. cerevisiae, each of the four core histones H2A, H2B, H3 and H4 is encoded
by two genes in A. gossypii, whereas the evolutionary conserved H2A‐variant Htz1 is encoded by a
single gene in both fungi.
The relative abundances of the four A. gossypii core histones as determined by the All‐method or
Top3‐method (Table2‐2 Appendix 1) showed unexpected differences, e.g. the abundance of H3 was
only 6% of the H4 abundance. Therefore we tried a third approach to determine the relative
abundance of histones. We first documented for each histone all peptides identified by the tandem
MS/MS analyses, including partially cleaved peptides, acetylated peptides, differently charged
peptides, and peptides found in different fractions of the OffGel separation. These automated
outputs also list the measured abundances of the detected peptides. Next we marked in the
individual histone sequences the detected peptides and lysines modified by acetylation. Than we
compiled in a subset of tables color‐coded highly abundant peptides in order to mark for each
histone the most abundant peptide sequence. These tables also list longer peptides originating
from partial tryptic digestions or acetylated lysines when they contain the sequence of a selected
peptide. During this search we occasionally included peptides classified as FALSE when the software
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had classified the same peptide in a different fraction as TRUE. Finally, we compare in a summary
table the relative histone abundances found by the two automated methods and the most
abundant peptide approach. We also compare the N‐terminal lysine acetylation patterns of
A. gossypii and S. cerevisiae histones.

Table2‐4: Saccharomyces Genome Database (SGD) description of the S. cerevisiae homologs for the top 20 A.
gossypii spore proteins using the All‐Method.

Histones Hta1, Hta2 and Htz1
Histone H2A is a core histone and forms heterodimers with histone H2B (Schafer et al., 2005).
A. gossypii encodes two genes for histone H2A. In the following, we use the SGD nomenclature
Hta1 and Hta2 for the two A. gossypii H2A histones. Both copies are highly similar (Figure2‐10) also
with the two S. cerevisiae homologs (data not shown). Peptides detected via tandem MS (MS/MS)
are listed in Table2‐5 and are marked in blue in Figure2‐10. As explained in the technical Chapter
peptides with a length of more than six to seven amino acids (molecular weight beyond 700 Dalton)
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can be detected by LTQ Orbitrap. Shorter tryptic peptides from the N‐terminus of Hta1 and Hta2
became detectable when the lysines at position 3 and 6 (mature protein) were acetylated which
blocked cleavage by trypsin yielding longer peptides as indicated by red brackets in Figure2‐10.
Despite the high sequence similarity between Hta1 and Hta2, one unique peptide from the center
should be detectable for both histones. Only one of these specific peptides was found. Therefore,
Hta1 and Hta2 could not be separately quantified. The most abundant peptide
(LLGNVTIAQGGVLPNIHANLLPK) of Hta1 and Hta2 is marked in red (Table2‐7) with a relative
abundance of 10.9x106. The sequence of this peptide contains a positively charged histidine and no
negatively charged amino acid side chains, which favors ionization and therefore more frequent
detection compared to other tryptic peptides. Additionally, we found this peptide sequence in
three partially cleaved peptides. The abundances of all these peptides were added to the peptide
sequence "LLGNVTIAQGGVLPNIHANLLPK" which increases its relative abundance to 12.5 million
(bottom of Table2‐7). The peptide HLQLAIR has an even higher abundance of 22.7 million but it
could also originate from Htz1 (see Figure2‐10). Assuming that the sum of Hta1 and Hta2
abundances is significantly higher than the Htz1 abundance one can estimate that 80% to 90% of
HLQLAIR originate from Hta1 and Hta2 as discussed below.

Table2‐5: MASCOT output of the detected peptides and measured abundances of the two A. gossypii H2A
histones. The table lists for each peptide the sequence, the modification, the normalized abundance, the
score, and the fraction of the OffGel‐electrophoresis in which the peptide was detected. The validation
"TRUE" or "FALSE" indicates whether the peptide was included or excluded for the automated calculation of
the protein abundance.
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Histone Htz1 is a variant of Hta1 and Hta2 and can replace these histones in a subset of
nucleosomes (Jackson et al., 1996). Histones Hta1 and Hta2 in A. gossypii show sequence
similarities to Htz1 (Figure2‐10). Table2‐6 lists the Htz1 peptide output of the MASCOT search with
abundances and scores. The peptide coverage of Htz1, marked in blue in Figure2‐10, is higher
compared to Hta1 and Hta2. One peptide marked in light green has a MASCOT score of less than 15
and was therefore not included for the quantifications. Four acetylation sites were detected at the
N‐terminus of Htz1 (AcK3, AcK8, AcK10 and AcK14). The DGGPLGSQSHSAR peptide, marked in blue
in Table2‐7, is the most abundant Htz1 peptide most likely because of a high ionization potential
(presence of one histidine and lack of negatively charged amino acids). Together with the
acetylated peptide variants of GKSGAKDGGPLGSQSHSAR, we calculated a total abundance of
3.22x106 (Table2‐7).

Figure2‐10: Sequence alignment of Htz1 with the two H2A histones and experimentally identified peptides.
Peptides detected by tandem mass spectrometry are marked in blue. Lysines highlighted in yellow can be
acetylated resulting in detected peptides marked by orange brackets. Peptides with a score less than 15
were not used for protein quantification and marked in light green.

There are two numbers for the estimation of the Hta1/Hta2 abundance: 12.5 million based on the
most abundant Hta1/Hta2 peptide and 22.7 million for the most abundant peptide found for the
sum of Hta1, Hta2, and Htz1. There is a fairly reliable number for the Htz1 abundance of 3.2 million
based on the most abundant peptide with a high ionization potential and the high coverage of Htz1
by detected peptides. Therefore the abundance of Hta1/Hta2 can be estimated as 19. 5 million.
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Table2‐6: MASCOT output of the detected peptides and measured abundances of the A. gossypii H2A‐like
histone Htz1. The table list for each peptide the sequence, the modification, the normalized abundance, the
score, and the fraction of the OffGel‐electrophoresis in which the peptide was detected. The validation
"TRUE" or "FALSE" indicates whether the peptide was included or excluded for the automated calculation of
the protein abundance.

Table2‐7: Compilation of all highly abundant peptides of histones Hta1, Hta2, and Htz1. Color codes facilitate
to visualize the same sequence in completely or partially cleaved peptides. At the bottom of the table the
three most abundant peptides are listed.
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Table2‐8: MASCOT output of the detected peptides and measured abundances of the two A. gossypii H2B
histones. The table list for each peptide the sequence, the modification, the normalized abundance, the
score, and the fraction of the OffGel‐electrophoresis in which the peptide was detected. The validation
"TRUE" or "FALSE" indicates whether the peptide was included or excluded for the automated calculation of
the protein abundance.
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Histones Htb1 and Htb2
It is well established that histones H2A and H2B interact as a heterodimer and therefore should be
found at similar abundances. Like histone H2A discussed in the previous section histone 2B is
encoded by two gene copies in A. gossypii. The names Htb1 and Htb2 are based on the gene names
according to the rules of SGD. All detected Htb1 and Htb2 peptides with MASCOT score > 15 are
listed in Table2‐8. A. gossypii Htb1 and Htb2 sequences are very similar (Figure2‐11) and also very
similar to their S. cerevisiae homologs (not shown) with a conservation T‐Coffee score of 98 (max
score = 100). Most detectable peptides were identified and are marked in blue in Figure2‐11. Htb1
and Htb2 carry three conserved N‐terminal lysines, three of which are acetylated in Htb1 but only
one in Htb2 (Table2‐8). The longer tryptic peptides generated due to the lysine acetylations are
indicated by red brackets in Figure2‐11. Htb2 carries two lysines at positions 17 and 18, both of
which can be acetylated (Table2‐8, Figure2‐11). These two lysins are absent in Htb1. Interestingly,
we could identify an amino‐terminal peptide of Htb2 with the start methionine (Table2‐8). Due to
the low MASCOT peptide score (< 15), we did not use this peptide for further quantifications.

Figure2‐11: Sequence alignment of both H2B histones and experimentally identified peptides. Detected
peptides are marked in blue. Lysines highlighted in yellow can be acetylated resulting in detected peptides
marked by orange brackets. Peptides with a score less than 15 were not used for protein quantification and
marked in light green.

The high sequence similarity of Htb1 and Htb2 prevents an individual determination of the
abundance for each protein. Like for Hta1 and Hta2 the highest abundant peptides for Htb1 and
Htb2 were compiled in a table highlighting the three top peptides (Table2‐9). LILPGELAK is the
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highest abundant peptide, marked in red, which was also detected in an acetylated variant. In total,
the peptide LILPGELAK has a relative abundance of 51.1x106.
In conclusion, a reliable estimation of the relative abundance of Htb1 and Htb2 is based on a high
coverage of detected peptides and several highly abundant peptides. Based on the highest
abundant peptide Htb1 and Htb2 together have an abundance of 51 million.

Table2‐9: Compilation of all highly abundant peptide of histone Htb1 and Htb2. Color codes facilitate to
visualize the same sequence in completely or partially cleaved peptides. At the bottom of the table the three
most abundant peptides are listed.

Histone 3 and Histone 4
Histones H3 and H4 interact as a heterodimer, and two of these heterodimers form together with
two heterodimers of histone H2A and H2B the histone octamer of nucleosomes (Schafer et al.,
2005). Both genes for histone H3 (HHT1 and HHT2) encode identical proteins (Figure2‐12).
Interestingly, the sequence is also identical to both S. cerevisiae homologs. The two H3 histones are
called Hht1 and Hht2 according to the SGD rules. Histone H4 is also encoded by two genes (HHF1
and HHF2). The two proteins are called Hhf1 and Hhf2 and have identical sequences (Figure2‐13)
which are also highly conserved in the S. cerevisiae homologs (data not shown).
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The automatic output of the identified peptides using MASCOT search for Hht1 and Hht2 is listed in
Table2‐10. It reveals three acetylation sites at lysine residues 19, 24, and 57 but only a very low
overall sequence coverage by two peptides, marked in blue, because digestion with trypsin
generates either too long or too short peptides. The most abundant peptide is STELLIR, marked in
red in Tabel2‐11. Together with two acetylated variants the total abundance of this peptide
sequence adds up to 12.1x106.

Table2‐10: MASCOT output of the detected peptides and measured abundances of the two A. gossypii H3
histones. The table list for each peptide the sequence, the modification, the normalized abundance, the
score, and the fraction of the OffGel‐electrophoresis in which the peptide was detected. The validation
"TRUE" or "FALSE" indicates whether the peptide was included or excluded for the automated calculation of
the protein abundance.

The analysis of Hhf1 and Hhf2 showed a very high sequence coverage by detected peptides (Table2‐
12 and Figure2‐13). One acetylation site was found at lysine17. The highest abundant peptide is
DNIQGITK, marked in red in Table2‐13 that was also present in a partially cleaved peptide. The sum
of both abundances is 46,7x106. It is worth mentioning that the peptide ISGLIYEDVR, marked in
yellow in Table2‐13, was found with a similar abundance, and that the abundance of two other
peptides is higher than the most abundant Hta1/Hta2 and Hht1/Hht2 peptides.
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Figure2‐12: Sequence alignment of the two H3 histones H3 and experimentally identified peptides. Detected
peptides are marked in blue. Lysines highlighted in yellow can be acetylated resulting in detected peptides
marked by orange brackets. Peptides with a score less than 15 were not used for protein quantification and
marked in light green. The AQUA peptide used in subsequent experiments is marked in red letters (see
chapter II‐C).

In conclusion, the very low coverage of Hht1/Hht2 by detected peptides very likely leads to an
underestimation of their relative abundance based on one peptide with an abundance of 12 million.
On the other hand the estimation of the relative abundance of 47 million for Hhf1/Hhf2 is most
likely reliable because it is based on a high coverage of detected peptides and on two peptides with
very high abundances.
If one assumes that the abundance of a protein is as high or higher than the most abundant peptide
we can define the minimal relative abundances of both histones in spores: 12 million for histone H3
(Hht1 and Hht2) and 47 million for histone H4 (Hhf1 and Hhf2). This results in a stoichiometric ratio
of 1:4 and not the expected ratio of 1:1. Possible reasons for this deviation will be discussed below.
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Table2‐11: Compilation of all highly abundant peptides of histones Hht1 and Hht2. Color codes facilitate to
visualize the same sequence in completely or partially cleaved peptides. At the bottom of the table the most
abundant peptide is listed.

Abundance and stoichiometry of A. gossypii histones
The goal of this histone quantification was to compare the theoretical ratios of the four core
histones H2A, H2B, H3, and H4 (1:1:1:1) with the experimentally determined ratios. In addition, we
also discussed the abundance found for the H2A like histone Htz1 which replaces H2A in a small
subset of nucleosomes. Thus, the abundance of H2A plus Htz1 has to be considered when the
experimentally determined ratios are discussed. We observed deviations of different degrees
depending on the quantification method, as summarized in Table2‐14. Using the All‐method, we
found very similar abundances for H2A and H2B but a 16fold excess of H4 over H3. Compared to
H2A/H2B, histone H3 was threefold underrepresented and histone H4 was sixfold overrepresented.
This deviation can be partly explained by the low number of identified H3‐specific peptides which
very likely have a low ionization potential. Also, several of the H2A and H2B specific peptides most
likely have a low ionization potential. The H2A like histone Htz1 was found with 2% abundance
compared to H4, and it was ninefold less abundant than H2A. A similar picture emerged, when the
relative abundances were determined with the Top3‐method. The only difference is a twofold
higher abundance for H2B compared to H2A. By using these two methods, the three histones H2A,
H2B, and H3 are underrepresented three to sixteenfold compared to H4.
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Table2‐12: MASCOT output of the detected peptides and measured abundances of the two A. gossypii H4
histones. The table list for each peptide the sequence, the modification, the normalized abundance, the
score, and the fraction of the OffGel‐electrophoresis in which the peptide was detected. The validation
"TRUE" or "FALSE" indicates whether the peptide was included or excluded for the automated calculation of
the protein abundance.
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Figure2‐13: Sequence alignment of the two H4 histones and experimentally identified peptides. Detected
peptides are marked in blue. Lysines highlighted in yellow can be acetylated resulting in detected peptides
marked by orange brackets. Peptides with a score less than 15 were not used for protein quantification and
marked in light green. The AQUA peptide used in subsequent experiments ist marked in red letters (see
Chapter II‐C).

Table2‐13: Compilation of all highly abundant peptides of histones Hhf1 and Hhf2. Color codes facilitate to
visualize the same sequence in completely or partially cleaved peptides. At the bottom of the table the four
most abundant peptides are listed.

We therefore tried a third method, relying only on the most abundant peptide found for each
histone. These peptides and their relative abundances are listed in the right part of Table2‐14. Now,
only the two histones H2A and H3 were three to fourfold under epresented compared to H2B and
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H4, both of which show similar abundances. Interestingly, based on this method the H2A‐like
histone Htz1 was found to be only fourfold less abundant than H2A. In summary, the result
obtained with the most abundant peptide method deviates much less from the theoretical 1:1:1:1
ratio compared to the other methods. As discussed above, the relative abundance of H2A can also
be estimated as 19.5 million (not as 12.5 million) based on the high abundance of a peptide which is
present in Hta1, Hta2 and Htz1, and the fairly reliable estimate of the Htz1 abundance, which is
3.24 million This would increase the relative abundance of H2A by 50 % which would mean that
H2A is replaced by Htz1 in one of seven nucleosomes in spore chromatin.

Histone acetylation
Chromatin remodeling by modification of the histones is essential for modulation of transcription
activity of genes. Histone modifications have so far not been investigated in fungal spores. We
therefore compared histone acetylation sites of N‐terminal histone tails in growing S. cerevisiae
cells (Li et al., 2007) with histone acetylations in A. gossypii spore chromatin. All lysines at the
amino‐terminus of histones are conserved in both fungi, except for lysines K17 and K18 which are
deleted in one of the H2B copies of A. gossypii. The high conservation of lysine sites is a
prerequisite for analyzing functional differences in histone acetylations, for example the differences
between silenced spore chromatin and active chromatin in related fungi as summarized in Figure2‐
14. Interestingly, we detected the same acetylation sites only for the H2A like histone Htz1. The
histone pair H2A and H2B was higher acetylated in A. gossypii spores than in growing S. cerevisiae
cells. In contrast, the histone pair H3/H4 was less acetylated in A. gossypii spore chromatin. These
data show encouraging differences between transcriptionally silenced and active chromatin. As a
next step the lysine acetylation pattern in growing A. gossypii hyphae needs to be investigated to
see whether it significantly differs from the pattern found in spores and whether it is similar to the
pattern observed in growing S. cerevisiae cells.

Table2‐14: Histone abundances determined with three different methods. Numbers in the abundance
columns were obtained by the All‐Method, the Top3‐Method, and the Most Abundant Peptide‐Method. The
percent columns list the abundances of the respective histones relative to histone H4 (100%). See text for
further details.
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Discussion
Peptide ions vary significantly in their ability to be detected by mass spectrometry instruments,
since biochemical sequence properties can affect peptide ionization (Steen and Pandey, 2002). The
differences in ionization affect the measurements of the abundance of peptides by several orders
of magnitude and therefore play a crucial role in computing protein abundances. We used two
different ways to deal with this methodological problem to determine relative protein abundances.
In the All‐method the sum of the measured abundances of all peptides of each protein (including
peptides from partial digestions and modified peptides) is divided by the number of theoretically
detectable peptides. The obtained numbers are taken as a measure for relative protein
abundances. If only a few peptides from the theoretically detectable peptides of a protein are
detected, the All‐method underestimates protein abundances. Therefore the Top3 method was
introduced in which the mean of the 3 most abundant peptides is regarded as a reliable estimate
for the relative abundance of proteins.

Figure2‐14: Histone acetylation map of A. gossypii and S. cerevisiae. Numbers indicate the sequence position
of the modified lysines in the mature histones, which often lack the amino‐terminal methionine. The
positions of the lysines are conserved in A. gossypii and S. cerevisiae. For A. gossypii the detected
acetylations of lysines are indicated with tick marks. The indicated positions of acetylated lysines in growing
S. cerevisiae cells were taken from a review (Li et al. 2007).
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The ratios of the relative abundances of H2A plus Htz1, H2B, H3, and H4 obtained by the different
methods are summarized in Table2‐14. With H4 taken as 1.0 these ratios are 0.19:0.17:0.06:1.0 for
the All‐method and 0.21:0.37:0.06:1.0 for the Top3‐method. The number of nucleosomes in which
H2A is replaced by Htz1 is about 1 in 10 comparing the abundances of Htz1 and H2A or 1 in 50
comparing the abundances of Htz1 and H4 as calculated by both methods.
The ratio of histone abundances calculated based on the most abundant peptide is
0.35:1.09:0.26:1.0. A outlined above, this ratio is most likely 0.49:1.09:0.26:1.0 based on the most
abundant peptide HLQLAIR found in H2A and Htz1. According to this method the number of
nucleosomes in which H2A is replaces by Htz1 is 1 in 5 to 1 in 6 comparing the abundances of Htz1
and H2A or 1 in 13 to 1 in 14 comparing the abundances of Htz1 and H4. The relatively high
occurrence of Htz1 in spore chromatin makes sense because Htz1 plays a role in transcriptional
silencing and probably also chromatin condensation (Meneghini et al., 2003). Histone H3 is still
fourfold underrepresented with this improved approach to estimate histone abundances (Table2‐
14). As already mentioned above, the low coverage of detected peptides precludes a realistic
estimate of H3 abundance. When AQUA‐peptides specific for histones H3 and H4 are used for
absolute quantifications (see next section) equal amounts of histone H3 and H4 were found.
The low acetylation of histones H3 and H4 found in A. gossypii spores is in agreement with
published data of transcriptionally active chromatin of S. cerevisiae which indicated that increased
acetylation of lysines in histone H3 and H4 leads to increased gene activity (Workman and Kingston,
1998). As was shown later, the acetylation of histones H3 and H4 is necessary to improve promoter
activities (Pokholok et al., 2005). The low level of acetylation is therefore expected for silenced
chromatin in A. gossypii spores.
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Introduction
Spores are in a quiescent state meaning that all metabolic and cell biological activities are silenced.
We assume that the protein composition described in the previous section is very similar in all
spores because these spores were isolated from mycelia growing on plates with identical amounts
of nutrients. Therefore, the condition for sporulation (nutrient depletion) was as similar as possible
for all mycelial colonies collected for spore isolations. Knowing the relative abundance of all
proteins in the spore proteome we also wanted to determine the copy number per spore for each
detected protein. In order to reach this goal the amount of protein in a single A. gossypii spore has
to be known which will allow the translation of the relative abundances into copy numbers per
spore. Two independent approaches were tried. In the first approach the weight of a single spore
was estimated via the average spore volume, and the protein content of a spore was determined as
percent of the spore biomass. In the second approach the number of spores was estimated which
was needed to isolate a specific amount of spore proteins. This second approach allowed to directly
determine the amount of protein in a single spore without knowing the weight of a single spore and
its protein content.
The two attempts to determine the amount of protein in a single spore will be described in the first
two sections including the steps for calculating copy numbers of proteins in a single spore based on
their relative abundances (chapter B). The two methods used for translating MS intensities of
peptides into relative abundances of proteins are well accepted but lack independent controls, for
example by adding heavy isotope‐labeled reference peptides of known concentration to the
peptide mixture prior to LC‐MS analysis. Such reference peptides were synthesized and used as
internal calibration standards for the high‐resolution MS run of the tryptic peptides from spore
proteins. The last two sections of this spore proteome Chapter will therefore focus on the use of
exactly known quantities of heavy isotope‐labeled reference peptides (AQUA peptides). First the
steps for absolute quantification of spore proteins represented by a reference peptide, and the
determination of their copy numbers will be documented. The final section will represent the
generation of an AQUA peptides‐based regression line and its use to directly translate relative
protein abundances into copy numbers per spore.
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Results
The spore volume approach to define numbers of proteins per spore
Because we cannot weigh single spores we started to measure the volume of spores and then
estimated their density to know the average weight of a single spore. As shown in the scheme of
Figure2‐15A the needle‐shaped spores were subdivided into three zones, a central cylinder and two
cones. The scheme is an acceptable approximation of the shape of an A. gossypii spore shown in
Figure2‐15B. The lengths and the diameters of the cylinder and the cones were measured for 56
spores using the image‐processing program ImageJ. The number of pixels for each dimension was
counted in the 16bit unprocessed images and was converted into µm knowing the resolution of the
Photometrics camera (0.0645 µm/pixel). The average total length of a spore is 34 µm and the
average diameter 1.96µm. The volumes were calculated for each spore using the formula written
underneath the scheme. In Figure2‐15D the distribution of calculated spore volumes is plotted. 50%
of the volumes are between 29 µm3 and 37 µm3, and a mean of 34.6 µm3 was calculated for a spore
volume.
Next the protein concentration in spores was determined. Proteins were extracted from a known
amount of lyophilized spores by using the maximal output of a FastPrep Cell Disrupter and 0.5 mm
zirconia/silica beads followed by sonification as described in Materials and Methods. From 5.83mg
spores 0.31mg protein could be extracted as measured with a Bradford protein assay (Figure2‐15C).
This low amount of 5.63% protein in the spore biomass suggests an unusually high content of
glucan, chitin and chitosan in A. gossypii spores. In order to estimate the amount of protein for a
single spore an equal distribution of the spore density was assumed which means that 5.63% of the
spore volume (1.94 µm3) consists of proteins. As outlined in Figure2‐15E this small volume contains
approximately 2.5 pg protein based on the assumption that the density is 1.29 g/ml. Using CsCl
density centrifugations the density of A. gossypii spores was recently estimated as 1.37 g/ml (H.‐P.
Schmitz personal communication). This is fairly close to the value used in Figure2‐15 and therefore
the calculations presented in this section are still based on 2.5 pg as average weight of a spore.
To calculate the copy numbers per spore for each protein we converted the relative protein
abundances (Table2‐2 Appendix 1) into relative protein amounts by multiplication with the
molecular weight of each protein. The sum was taken as 100% and the amount of each protein was
calculated as fraction of 2.5 pg. The actual copy numbers per spore were calculated by dividing the
amounts per spore with the molecular weight and the atomic mass unit 1.6605x10‐24. The copy
numbers for the top 20 proteins are presented in Table2‐15 discussed below. For the complete
Table see Appendix 5

68

Part C: Absolute protein copy numbers per spore

Figure2‐15: Protein concentration and volume of A. gossypii spores. (A) Schematic projection of an
A. gossypii spore. The lengths of the dashed red lines were measured in images of 56 spores and used to
calculate the spore volume according to the listed formula (volume of the two cones plus volume of the
cylinder). (B) Microscopic DIC image of a spore taken with a 63fold magnifying objective. Calibration bar
10 µm. (C) Protein mass in correlation with the biomass, measured in mg (y‐1 axes) and specified in percent
at the y‐2 axes. Spores contain 5,6% protein. (D) Box plot of the distribution of 56 calculated spore volumes.
The mean of the spore volume of the 56 spores is 34,5 cubic micrometer. (E) Computing steps for estimating
the amount of protein per spore. The protein volume is 1.94x10‐15 liter (1 µm3 is equal to 1 femto liter) per
spore. Water has a density of 1 and 1l is equivalent to 1 kg. Because the density of A. gossypii spores is
unknown, the density of the protein volume was estimated as 1.29 (extrapolated from the protein water
proportion and the molecular weight). According to this estimate approximately 2.5 pg protein are present
in one A. gossypii spore.
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Table2‐15: Copy numbers per spore of the most abundant spore proteins based on relative abundances
determined with the All –method and determined 2.5 to 2.8 pg of protein per spore.

The first steps of these conversions are presented in Table2‐16 for the top 20 proteins. Columns 1,
3, and 4 refer to the names of the proteins, their relative abundance and their molecular weight,
respectively. Column 6 lists the protein amounts expressed as percent of the spore proteome.
Column 2 and 5 show the ranks of the most prevalent spore proteins according to their amounts or
abundance. Proteins with a relatively high molecular weight are ranked higher in column 2
compared to column 5.
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Table2‐16: The top 20 proteins ranked by their weight percent. Percentages are calculated with the
molecular weight and the total protein abundance. The measured abundances are divided by 4 times the
decimal power to avoid too long numbers. Column 2 shows the rank based on the abundance.

With 5.8% of the total proteome the small heat shock protein Hsp26 is by far the most prominent
spore protein. Each spore carries about 4 million copies. It most likely acts as a molecular
chaperone (Petko and Lindquist, 1986) and could play an important role in stabilizing protein
structures during the long lasting spore stage to allow efficient spore germination. This protein is
indeed spore‐specific because its abundance decreases substantially during development (Chapters
C and D). From the remaining 3,803 identified spore proteins (error probability of 1%) 3,731
proteins have a copy number of 1 or more per spore. Only 72 of the proteins have a lower
calculated copy number than 1. The lowest one is Mak3 with 0.0004cps which means that it is
present in only 1 of 2500 spores. The yeast homologue of this protein plays a role in replication of
double‐stranded RNA plasmids (Wickner and Leibowitz, 1976). Since A. gossypii does not carry
circular double –stranded RNA it is very likely a false positive.
The circular diagrams of Figure2‐16 show that rather small numbers of proteins dominate the spore
proteome with respect to the protein amounts. For example, the 20 proteins listed in Table2‐16
represent already one third of the spore proteome. The top 200 proteins represent three quarters
and the top 1,000 proteins over 95% of the proteome leaving 5% of the total amount for the
remaining 2,700 spore proteins.

71

The spore volume approach to define numbers of proteins per spore

Figure2‐16: The spore proteome is dominated by a relatively low number of all spore proteins. The circular
diagrams in the nine panels document the weight percent of the most abundant protein (A) to the 1,000
most abundant proteins (I) with respect to the amount of all 3,800 detected spore proteins. The identities of
the top 20 spore proteins are listed in table2‐16.

72

Part C: Absolute protein copy numbers per spore

The spore titer approach to define numbers of proteins per spore
We tried to determine the titer of a fresh spore preparation and measured the amount of protein
which could be isolated from these spores (Figure2‐17). Due to their hydrophobic surface
A. gossypii spores have the tendency to frequently form aggregates. Therefore serial dilutions and
counting of spores is not an easy task. We performed several 1:10 dilution steps with rigorous
vortexing prior to each dilution step. From the lowest dilution 5 µl aliquots each were spread in a
marked area in the center of 20 AFM agar plates (Figure2‐17A). For each marked area 40 to 50
microscopic images were taken and aligned prior to counting the needle‐shaped spores. Figure2‐
17B shows some images of spores from one area. Single spores are clearly identifiable with this
magnification. The aggregate labeled as 1 consist of 12 spores. The aggregate labeled as 2 contains
most likely 16 spores. In several images larger aggregates were seen and the numbers of spores
could only be estimated as 50 or 100. This at least partly explains the variation in the number of
spores counted in each area with an average of 685 spores (Figure2‐17C). The calculation for the
total number of spores used to extract 2 mg of protein is documented in Figure2‐17D and E. Also
the loss of some material during the sample preparations was taken into account. For example we
used about 2% of the 2 mg protein for the SDS‐PAGE control. The total protein extract was made
from 0.9x109 to 1x109 spores which means that on average 2.1 pg protein were isolated from each
spore. This is slightly lower than the 2.5 pg protein per spore estimated with the spore
volume/density approach. It is possible that the number of spores was overestimated in the larger
aggregates and therefore the titer of the spore preparation was probably slightly lower. Until a
more reliable spore counting method becomes available, we rely on 2.5 pg as average protein
content in one spore.
The steps for the translation of relative abundance to the mass percent of each protein, the division
of the 2.5 pg protein (100%) into the absolute mass of each protein in one spore, and the
conversion of the absolute mass into copy number per spore was already described in the previous
section. The obtained numbers are only estimates because they rely on the translation of the
measured MS peptide intensities into estimates of relative abundance of proteins, and the two
methods employed are not optimal as discussed in the histone section of Chapter2‐B. The use of
precisely known concentrations of heavy isotope‐labeled reference peptides added to the peptide
mixture can lead to adjustments of the relative protein abundances and with that improved copy
numbers per spore as described in the following two sections.
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Figure2‐17: Number of A. gossypii spores needed to obtain 2 mg protein. (A) Agar petri dish with a marked
area for spreading spores from 5 µl of the highest spore dilution. (B) Microscopic images of six areas with
spread spores. Scale bar 40 µm. The circle marks a single spore. Arrows point to two bundles of hydrophobic
spores with 12 spores (1) and estimated 16 spores (2). 40 to 50 images were aligned to count all spores
spread on one agar plate. (C) Box plot showing the distribution of counted spores from 20 agar plates. The
average is 683 spores per 5 µl. (D) Calculation of the original number of spores present in 600 µl
concentrated spores. (E) Steps at which different aliquots were withdrawn from the trypsin digestion of the
2 mg spore protein. The numbers refer to the respective equivalents in spore numbers. AQUA peptides
(2 pmol or 20 pmol) were spiked into the peptide mixture at the end of the trypsin digestion as described in
the text.
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Table2‐17: List of AQUA peptides and the corresponding proteins they were selected from. The listed
peptides with isotope‐labeled C‐terminal arginine or lysine were added either as 20pmol (10x) or 2pmol (1x)
to the spore peptide mixture. The decision was based on estimated abundances extrapolated from the
peptide coverage found in pre‐runs (column 5 and 8).

Absolute protein quantification with AQUA peptides
Prior to the LC‐MS analysis of tryptic peptides originating from a known amount of spore proteins, a
mixture of heavy isotope‐labeled reference peptides (AQUA peptides) was added, each in a
predetermined precise concentration. The reference peptides were synthesized with heavy 13C and
15N isotope labeled Arginine or Lysine, which results in a mass shift of 10 dalton and 8 dalton,
respectively. Due to the same chemical characteristics and ionization properties of the natural
peptide and the synthetic heavy peptide both behave identically during the LC‐MS analysis, which
allows to identify and quantitatively compare the natural and the heavy peptides.
Table2‐17 lists the 40 proteins from which AQUA peptides were selected as standards for
quantifications. Column 4 shows the total number of peptides detected for each of these reference
proteins during MS/MS runs which serves as a first indication of the abundance of these proteins in
spores. This number is very high for actin or the fatty acid synthetase FAS1 and very low for the
inositole phosphatase INP54 or the kinesin motor Kip2. The sequences listed in column 6 represent
the heavy peptides selected for each protein. The purity of these AQUA peptides obtained from
Thermo Scientific is 97% and the isotopic enrichment 99% as controlled via MALDI MS and
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analytical HPLC. Peptide 25 selected for the microtubule‐binding protein Bik1 (AFR702W) was not
found with tandem mass spectrometry. Also peptides 30 and 37 selected from the endocytotic
proteins Pan1 and Abp1, respectively, could not be detected for some unknown reason. The
peptide sequence EAEEEDEEEDNAGLK from the SH3 domain‐containing protein Bbc1, could not be
synthesized with an isotope label. This means for 36 selected proteins direct quantifications based
on known amounts of AQUA peptides could be performed. In addition, these primary, AQUA
peptide‐supported data for protein quantifications for a limited number of proteins were used to
establish a regression curve to adjust the quantification of all other proteins in spores as described
in the last section.
One example for the different steps in detecting and analyzing the native and the corresponding
heavy AQUA peptide is shown for the quantification of actin (Act1) in Figure2‐18. The first output is
the base peak chromatogram (Figure2‐18A) which includes all MS1‐Spectra of the 140 minute MS
run. Each discovered peptide in the spectra of the chromatogram has a corresponding identification
number. The base peak chromatogram originates from the first fraction of the Off‐Gel of the spore
sample. Since the peptides of the spore sample were first separated into 12 fractions according to
their isoelectric points, 12 different runs with matching base peak chromatograms exist. The MS1‐
Spectrum 2,579 (Figure2‐18B) of the chromatogram 02120 (Figure2‐18A) represents all ions that
were detected at 21.31 minutes after the first sensed ion in this MS run. Ions between 375 and
1,600 dalton are displayed in the MS1‐spectrum. Completely separated MS1 peaks are clearly
visible in a scale‐up of the area at 980 dalton (Figure2‐18C). The left peak marked with an open
circle has a mass of 975.411 dalton matching the peptide sequence AGFAGDDAPR of the A. gossypii
protein Act1. Also the distribution of the naturally occurring carbon isotope 13‐C within this peptide
can be observed by increased shifts of 1 dalton for each 13‐C atom. The filled circle in this spectrum
marks the heavy homologue of the endogenous peptide with a mass of 985.4493 dalton. This AQUA
peptide was synthesized using arginine carrying exclusively heavy nitrogen and carbon isotopes.
The peptide AGFAGDDAPR has one C‐terminal arginine (R) that leads to an increased mass of the
AQUA peptide by 10 daltons, because arginine is composed of 6 carbon and 4 nitrogen atoms and
each isotope shifts the peptide by 1 dalton. The exact amount of the natural homologue can now
be calculated from the ratio of the heavy and light peptide as outlined in Table2‐18 line3. The
measured abundances of the AQUA and the natural peptide are 505 and 5856, respectively, which
is a ratio of 1:11.6. 20 pmol of the AQUA peptide were added into the complex peptide mixture,
which therefore contained 232 pmol of the native peptide which originates from 232 pmol actin
isolated from 9x108 spores. By taking this into account each spore carries about 150,000 copies of
actin. Table2‐18 summarizes these calculations for all proteins for which native and AQUA‐peptides
were detected as discussed below.
In order to confirm the sequence of the actin reference peptide the MS2 spectrum of the light
peptide and the heavy peptide are mapped (Figure2‐18D and E). Both spectra show all ions that
were detected after peptide fragmentation. The b ions are marked in red and are fragmented from
the N‐terminus to the C‐terminus (see chapter1 and Figure1‐4). Trypsin is cutting after every
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arginine and lysine. So each peptide contains one of these amino acids at the C‐terminus. By
comparing the b ions of the light and heavy spectrum no differences were detected and should not
be detected, because the isotope labeled arginine has to be at the C‐terminus. The b1 ion is
composed of the amino acids alanine, glycine and phenylalanine, together they have a mass of
275.2 dalton. The matching peak is clearly detected in both MS2‐spectra and indicates a charged
ion. The second b ion has an additional amino acid alanine. This ion included then 4 amino acids
ADFA and has a mass of 346.3 dalton. Also the following b ions were detected; b3 + Gly with a mass
of 403 dalton, b4 + Asp and b5 + Asp both have additional 115 dalton. Ion b6 caries another Ala
with a total mass of 704 daltons and the last b ion b7 is still quantifiable at 803 daltons. Since
peptides are fragmented the full length peptide is not found in the spectra and a shift of the last
possible b ion cannot be observed. In contrast to the b ions y ions are fragmented form the C‐
terminus to the N‐terminus. Because of the C‐terminal arginine a shift of 10 dalton appears for the
heavy peptide for all y ions. An example is presented for the ion y6. The comparison of the heavy
and the light ions shows a shift from 630.3 dalton (Figure2‐18D) to 640.4 dalton (Figure2‐18E),
indicated by the ellipse mark around the peak mass and by the arrow. A second example is shown
for the next y ion that has the sequence AGDDAPR with a mass of 701 dalton which shifts to 711
dalton for the isotope labeled peptide. The two MS2 spectra demonstrate the good sequence
coverage with y and b ions and demonstrate the differences and similarities between the heavy and
light peptide. The differences of the y ions are more clearly seen in Figure2‐19 which represents an
overlay of both the heavy and light MS2 spectra. The fragmentation spectrum of the heavy peptide
is colored in red and the y ions that are identified as light are presented in blue. The 10 dalton shift
is seen for each y ion. The b ions that carry no heavy isotope in both peptides are marked with black
peaks.
The comparison of all other AQUA peptides with their native homologues is summarized in Figure2‐
20. The abundance for all AQUA peptides that were added with 2 pmol into the peptide sample is
indicated as red bars in Figure2‐20A. The range of measured abundances is 0.7 to 111 for all
synthesized peptides that have the same concentration of 2 pmol. Because of the sequence‐
dependent ionization abilities peptides with the same mass can show different ionizations, and the
peptide with higher ionization efficiency reaches the detector at a higher quantity. With a log ratio
average of 0.20 the peptides are relatively close in their abundance distribution. The corresponding
native peptides were found in an abundance range from 0.2 to 221 indicated as blue bars. Figure2‐
20B shows a similar graph for the AQUA peptides spiked with a concentration of 20 pmol and their
corresponding native peptides. The abundance of the heavy peptides ranges from 28 to 2,293 and
has a recorded log ratio of 0.19. The highest variance from the log abundance mean is 1.38. 16 of
the 18 heavy peptides are located in a variance of a 0.5 log abundance compared with the mean. All
measured abundances for the heavy and light peptides and their ratios are listed in Table2‐18.
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Figure2‐18: Detection and analysis of the light and heavy reference peptide for Act1. (A) The peak based
chromatogram of all detected ions in the Off‐Gel fraction 1 during the 140 minutes tandem mass
spectrometry run. The arrow points to the peak of the MS1‐Spectrum shown in (B), in which the heavy and
the light peptide are detected. The MS1‐Spectrum is presented with a mass range from 400 to 1,600 dalton.
The area between 965 and 1,010 dalton, marked in blue, is magnified in (C) to show the resolution of the
AQUA peptide (filled circle) and the light peptide (open circle) with adjacent natural 13C variants. See result
text for further details. (D) MS2‐Spectrum of the natural peptide K.AGFAGDDAPR.A. (E) MS2‐Spectrum of the
heavy peptide K.AGFAGDDAPR[166.11].A. Both MS2 spectra have a mass range of 150 – 1,000 dalton. Peaks
of y‐Ions are marked in blue and b‐Ions are labeled in red. The equivalent amino acid sequence is written in
between the peaks. See result text for further detail.

Figure2‐19: Overlay of the MS2‐Spectra of the heavy and the light Act1 reference peptide. Peaks of y‐Ions of
the AQUA peptide are colored in red and those of the endogenous peptide in blue. B‐Ions are stained in
black. The relative abundance (y‐axis) is expressed in percent of the highest peak. The mass (x‐axis) ranges
from 100 to 850 dalton.
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Figure2‐20: Abundances for 35 pairs of heavy and light peptides determined from MS1‐spectra. (A) Red bars:
Abundances of the 17 AQUA peptides added as 2 pmol. Blue bars: Abundances of the corresponding light
peptides. (B) Red bars: Abundances of the 18 heavy peptides added as 20 pmol. Blue bars: Abundances of
the corresponding light peptides. The proteins from which the reference peptides were selected are
indicated at the bottom of the graphs. (C to G) Examples for sections in MS1‐spectra showing heavy and light
peptides. All peptide ions are singly‐charged, with a mass shift of 1 dalton. Peptide peaks matching
endogenous peptides are colored in blue and the isotopic labeled homologues in red. (C) Light reference
peptide for Hht2 detected at the calculated mass of 830.4861 dalton and the heavy peptide (added as
2 pmol) with a 10 dalton higher mass found in fraction 5 (24.25 min) with a maximal MS1‐Spectrum intensity
of 1.99x107. The ratio between heavy and light is 25.6. (D) Light reference peptide for Hhf2 detected at the
calculated mass of 1,133.5353 dalton and the heavy peptide (added as 20pmol) with an 8 dalton higher mass
found in fraction 4 (10.48 min) with a maximal MS1‐Spectrum intensity of 9.94x106. The ratio between
heavy and light is 2.5. (E) Light reference peptide for Utp20 detected at the calculated mass of 1,127.5472
dalton and the heavy peptide (added as 2 pmol) with a 10 dalton higher mass found in fraction 7 (19.38 min)
with a maximal MS1‐Spectrum intensity of 3.22x105. The ratio between heavy and light is 1.6. (F) The light
reference peptide for Pho85 detected at the calculated mass of 847.4552 dalton and the heavy peptide
(added as 20pmol) with a 10 dalton higher mass found in fraction 5 (33.55 min) with a maximal MS1‐
Spectrum intensity of 1.31x107. The ratio between heavy and light is 0.45. (G) Light reference peptide for
Kip2 detected at the calculated mass of 1,213.705 dalton and the heavy peptide (added as 2 pmol) with an 8
dalton higher mass found in fraction 2 (63.69 min) with a maximal MS1‐Spectrum intensity of 1.25x106.
Ratio between heavy and light is 0.0071.

Five additional examples of the MS1 spectra for pairs of heavy and light peptides are shown in
Figure2‐20C‐F. The mass of the light and heavy peptides are marked by an ellipse. The peaks for the
light area are colored in blue and the equivalent heavy peptide peaks are colored in red. The MS1
spectrum of the light and heavy peptide STELLIR of the histone Hht2, documented in Figure2‐20C,
shows the highest ratio difference between an AQUA peptide and its light homologue. The peak
maximum of the light peptide is the most intense ion in this part of the zoomed‐in spectrum
between 820 and 850 Dalton, and was scaled to 100%. The peak maximum of the heavy peptide,
shifted by 10 dalton, was only 4% of the most abundant ion detected in this part of the scan. The
AQUA peptide was spiked into the complex peptide sample with a concentration of 2pmol. The
localization in the sequence of the Hht1 peptide is in the central part of the protein and marked in
red in Figure2‐12 (Chapter2‐B). The AQUA peptide DAVTYTEHAK (Figure2‐13) chosen for the
quantification of histone Hhf2 is similarly abundant as the light peptide (Figure2‐20D). This is not
surprising because it was injected with an amount of 20 pmol. In this case the mass of the heavy
peptide DAVTYTEHAK is shifted only by 8 dalton from 1,134.54 to 1,142.56 dalton compared to the
natural peptide, because the C‐terminal lysine carries 6 heavy carbon and 2 heavy nitrogen atoms.
The comparison of Figure2‐20C and D shows the differences between the two concentrations of
AQUA peptides. Both light peptides of Hht2 and Hhf2 have the same peak area, in other words
were found with very similar abundance as documented in Table2‐18 and as expected for these two
histones which should be present in equimolar amounts. The tenfold difference of the
corresponding heavy peptide abundances can be fully accounted for by the tenfold difference in
the amount spiked into the peptide mixture.
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Figure2‐20E and F illustrate the quantification of the proteins Utp20, involved in 18SrRNA
biogenesis, and Pho85, a cyclin‐dependent kinase. The isotopic labeled reference peptide
HGNQFEQLR for Utp20 has only a twofold lower abundance then its native homologue (Figure2‐
20E). The mass difference of the heavy and the light peptide is 10 dalton (1,128.56 to 1,138.56
dalton). The Pho85 reference peptide has a twofold higher abundance compared to its light
homologue (Figure2‐20F). The heavy peptide LGDFGLAR [166.11] changes the mass by 10 dalton
(848.46 to 858.47 dalton) as expected for the C‐terminal arginine. An extreme example for a much
higher abundance of the heavy peptide compared to the light homologue was found for the kinesin
motor Kip2 (Figure2‐20G). The heavy peptide GLLEVENSILK is about 150 times more abundant than
the native homologue which allows only a good estimate of the Kip2 copy number in spores. The
very low abundance of the light peptide prevents the detection of the natural isotopic variants seen
for all other peptides discussed in this section.
Table2‐18 summarizes all data to calculate copy numbers per spore for the 35 proteins. The light
peak intensities are listed in column 3, the heavy peak intensities in column 4, their ratios in column
5, the concentration (pmol per 2 mg spore protein) of the native peptides in column 7. Taking the
spore quantification (Figure2‐17) into account, with 2 mg proteins extractable from 9.4x108 spores
(column 8) we transformed the result into protein concentration per spore (column 9). For
conversion the concentrations into copy numbers per spore, first the pmol were transformed into
mol by multiplying with 10‐12 and then multiplied with the Avogadro number (6.022x1023). The final
result is copies per spore (column 10) for each protein with an isotope‐labeled reference peptide.
The biological validation of the copy numbers for the 35 proteins reveals some interesting details.
Each of the core histones Hht2 (H3) and Hhf2 (H4) was found with approximately 32,500 copies per
spore. These core histones form together with the histones H2B and H2A the nucleosomes an
octamer protein complex (Schafer et al., 2005). Each nucleosome is wrapped by about 150 base
pairs DNA, and with the additional linker histone Hho1 that can generate space between 10 and
90 bp (Richmond and Davey, 2003), there are at most 240 bp per nucleosome. With about 9
megabases the A. gossypii genome is the smallest genome of all characterized free‐living
eukaryotes (Dietrich et al., 2004). The total genome size of 9x106 bp divided by the maximal
nucleosome distance of 240 bp results in a nucleosomes number of 38,000 per nucleus. Each
nucleosome contains two copies of the histone H3 and H4 heterodimers. Therefore, the calculated
copy number per nucleus of 32,500 for Hht2 and Hhf2 is two times lower than the expected
number if the DNA in spores is packaged as nucleosomes including promoters and other inter ORF
regions. This estimation is based on vegetative cells, but as shown by Hegemann and Wilmen the
nuclease cleavage of chromatin in S. cerevisiae spores also shows the typical nucleosome digestion
pattern observed for chromatin in vegetative cells (Wilmen et al. 1996). The calculated number of
nucleosomes is 16,000 based on the AQUA peptides, which is relatively close to the biological
estimation. With a closer look at the histone proteins and their copy number calculations via the
regression line (see below) using the All‐method, the Hht2 protein has a very different value
compared to the AQUA peptide calculation and also relative to the Hhf2 copy numbers. Only
around 2,000 copies were calculated with the All‐method compared to the expected 32,000 copies.
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Can this be explained with the high modification level of histone H3? By just comparing the AQUA
peptides with the endogenous peptide the only peptide that is localized in the central part of the
histone sequence (Figure2‐13) that is very highly modified is also critical for the concentration
determination. Furthermore modification like acetylation and methylation are primarily linked to
lysines, blocking cleavage by trypsin which leads to partially cleaved di‐ or tri‐peptides (see
Chapter2‐B). With the loss of the recognition of the cleavage site the ions can become too large to
become detected by LTQ Orbitrap. Due to the sequence of the A. gossypii H3 histone, peptides in
the detection range are rare precluding a realistic estimate of its abundance. For abundance
optimization of histones see Table2‐14 in part B of chapter2.
The Num1 protein, with a low but exactly defined protein copy number per spore of 12, interacts
with the motor protein dynein (Tang et al., 2009) and is important for the dynamics of the
microtubule cytoskeleton. In A. gossypii Num1 mediates the interaction of the microtubules with
the cell cortex via dynein, which can result into pulling forces (Grava and Philippsen, 2010). In
spores neither active microtubule pulling nor polymerization and depolymerization is expected to
take place. This low copy count indicates no need for dynamic microtubules and their function in
nuclear migration (Alberti‐Segui et al., 2001; Lang et al., 2010) because the nucleus is in a stable and
fixed position in the spore. Like the Num1 also the Kip2 protein interacts with microtubules. Kip2 is
a kinesin motor and transports the plus‐end binding protein Bik1 to the plus ends of cytoplasmic
microtubules and helps to control growth of the microtubules (Carvalho et al., 2004; Grava and
Philippsen, 2010). The low Kip2 copy number of 9 per spore is in the same range like Num1 and
confirms the quality of the data and suggests a low number of microtubules. Interestingly, the copy
number of Dyn1, the main component of the dynein motor, is 40 times higher in spores than Num1
and Kip2. Dynein may be stored in a higher copy number because it is also used for nuclear
microtubules during germination because mitoses already occur in small germ bubbles (Chapter3).
Cwp1 is the 10th highest abundant protein in the spore proteome (Table2‐15). Using the direct
quantification with an AQUA peptide a copy number of 240,000 per spore was calculated (Table2‐
18). Cwp1 is involved in the cell wall organization and codes for a mannoprotein which is linked to
beta‐1,3‐glucan and beta‐1,6‐glucan polymers via a phosphodiester bond (Kapteyn et al., 1999).
The genome of A. gossypii carries 7 homologues of the S. cerevisiae Cwp1 protein originating from
tandem and non‐tandem gene amplifications (Dietrich et al., 2004) implying modifications in the
cell wall organization of both yeasts (Schmitz and Philippsen, 2011). The systematic name of Cwp1
(d) is ABR028C. The protein could play an important role in building the spore cell wall or it is an
essential protein needed for the germination of spores when new cell walls must be synthesized as
fast as possible. The availability of this Cwp1 variant would be necessary to guarantee the
outgrowth of the spore without leakage of the germ bubble. It should be noted that the mRNA for
his Cwp1 variant dramatically decreases during the development from spores to hyphae (Riccarda
Richatsch, PhD‐thesis 2008).
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Table2‐18: Copies per spore of selected proteins for which AQUA peptides were synthesized. From the measured peak intensities in MS1‐Spectra
(columns 3 and 4) and the concentration of the added AQUA peptides the protein concentrations were calculated (column 7). Based on 2.5pg protein
per spore the copy numbers per spore could be calculated (bold numbers column 10). Additionally, the data in column 11‐15 are used for establishing
a regression curve to adjust the copy numbers of all detected spore protein (figure2‐21).
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Generation and use of an AQUA peptide‐based regression line
The 35 protein copy numbers exactly determined from the MS intensities of AQUA peptides and
their native homologues cover over four orders of magnitude. These data should therefore be well
suited to establish a regression line to directly translate all determined MS intensities (or protein
abundances) into protein copy numbers per spore. First, protein copy numbers were plotted
against the protein abundances estimated by two methods from MS intensities (Figure2‐21 A and
B). These scatter plots were drawn in a log scale and the logarithmic values were taken from
Table2‐18 columns 13 to 15. The two methods suitable for estimation of protein abundances were
extensively described in Chapter 1. In the iBAQ approach, also called All‐method in this PhD‐thesis,
the MS intensities of all detected peptide ions of a protein were summed and divided by the
number of possible tryptic peptides suitable for detection by LC‐MS (y‐axis in panel A). In the T3PQ
approach, also called Top3‐method in this PhD‐thesis, the average MS intensity of the 3 most
intense peptides for each protein was used to define the abundance (y‐axis in panel B). The linear
fit in panel A was deduced from 29 of the 35 proteins, since some proteins identified with low
confidence or a standard deviation of more than 2‐fold were not considered. For panel B the linear
fit was generated under the same condition and parameters like in the first method using 28 of the
35 reference proteins. The slope of the regression line for the iBAQ method is 0.97 and for the
T3PQ method 0.78, which results in a flatter curve. The quality of these regression lines can be
estimated by the R‐Square (R2) coefficient. The R2 for the iBAQ values was 0.844 and therefore
higher compared to 0.716 calculated for the T3PQ values indicating that the iBAQ values match
better with the copy numbers determined with AQUA peptides.
To further compare the results of the iBAQ and T3PQ approach, we assessed the expected error
rates using a bootstrap method (Efron and Tibshirani, 1991) for both data sets (Figure2‐21C and D).
This approach provides good error estimation and is used to resample rows of a data set. We
calculated the regression line for the observed data where each data point was randomly left out
from the original dataset, and a regression line was defined for all possibilities. Sampling all
variances of these population results in an approximate distribution. The regression lines for each
of these estimations are drawn in different colors in panels C and D. The error calculation for both
bootstrapped data sets is shown in Figure2‐21E and F. Compared with the discussed R2 coefficients,
the error calculation via bootstrapping confirmed the superior quality of the iBAQ method. More
specifically, the average fold error of the iBAQ method was only 77.9% compared to 162.2% for the
T3PQ strategy.
We translated the relative abundances of the reference proteins obtained with the All‐method and
Top3‐method into protein copy numbers using the formula of the regression lines established in
panels A and B, respectively, of Figure2‐21. Then we compared the calculations via the regression
line with the copy numbers obtained via the ratios between heavy and light peptides. The results
are summarized in Table2‐19. This table lists in columns 3 to 5 the absolute protein copy numbers
and the estimated protein copy numbers per spore for the iBAQ and T3PQ method, and in columns
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6 and 7 the ratios of the AQUA peptide‐based copy numbers and those derived from the IBAQ or
T3PQ method, respectively. The mean shown at the bottom of Table2‐19 for both sets of ratios was
calculated without outliers that are indicated in light gray and italics. As evident, the iBAQ method
shows ratios close to 1 and is therefore well suited to translate MS intensities of peptides into
protein abundances. This can probably be ascribed to the fact that in contrast to the T3PQ method
the iBAQ method considers all detected peptides for protein quantification, which increases the
number of data points and reduces analytical variability.
Nonetheless, as shown in Table 2‐19, for some proteins, the estimated protein copy numbers using
the iBAQ method were several fold different to the precisely determined protein copy numbers via
AQUA peptides. For instance, using AQUA peptides histones H3 and H4 (Hht2 and Hhf2) have
almost identical protein copy numbers but their copy numbers determined with the iBAQ method
differ by a factor of 18 (Table2‐19, lane4). This can be caused by post‐translational protein
modifications or low ionization efficiencies of the few generated peptides. In total there are only 7
cases where the calculated copies per spore, using the iBAQ method, differ by more than a factor of
10 compared with the protein copy numbers that were calculated via the AQUA peptides. For 15 of
the 35 proteins the copy numbers per spore determined by both methods differ by less than a
factor of 2. For example, Exo70 has 650 proteins copies per spore calculated with the AQUA peptide
and 643 copies determined via the regression line. Additionally, 12 copies were found for the Num1
protein and the evaluation with the iBAQ method revealed 14 proteins per spore confirming the
quality of the method. In this case an unusually high number of 46 peptides were detected for
Num1 with tandem mass spectrometry.

Copies per spore for all detected protein
We applied the regression line of panel A of Figure2‐21 to translate all abundances based on the
All‐method into copy numbers per spore. Similarly, we applied the regression line of panel B of this
Figure to translate all abundances based on the Top3‐method. Table2‐20 (Appendix 5) lists all
protein copy numbers per spore obtained with and without the use of a regression line. In column 3
of this table the values of the regression line calculation with the iBAQ method are shown. Column
4 contains the copies per nucleus calculated with the per cent protein abundance based on the All‐
method. In column 5 the values of the regression line calculation with the T3PQ‐method are shown.
Column 6 contains the copies per nucleus calculated with the per cent protein abundance based on
the Top3‐method. Some proteins are present in over one million copies per spore. In total there are
approximately 40 million proteins in one spore. Among the four procedures the copy numbers
differ in some cases dramatically, but for most proteins similar copy numbers were determined. For
some proteins with a very low coverage of identified peptides copy numbers below one were
calculated. But this is the case for only about 100 proteins of the total 3,857 detected proteins in
spores.
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Figure2‐21: Generation of regression lines to translate relative protein abundances into protein copies per
spore. (A) Plotting of the logarithm of relative abundances (y‐axis) obtained with the All‐method against the
logarithm of the copy number accurately determined via the heavy – light peptide ratio (x‐axis) of 29
reference proteins. The formula for the linear fit line is shown with errors of +/‐ 0.07999 for 0.96838 and +/‐
0.27212 for 2.85179. R² is 0.8444 and P smaller then 0.0001. (B) Plotting of the logarithm of relative
abundances (y‐axis) obtained with the Top3‐method against the logarithm of the copy number accurately
determined via the heavy – light peptide ratio (x‐axis) of 28 reference proteins. The formula for the linear fit
line is also shown with errors of +/‐ 0.09654 for 0.78076 and +/‐ 0.32394 for 4.58118. R² is 0.7156 and P
smaller then 0.0001. Thin lines in both panels show the borders of plus and minus 0.5 alterations. (C)
Bootstrap analysis of the data used in A. (D) Bootstrap analysis of the data used in B. (E) Error calculation of
the iBAQ bootstrapping. The average error is 77.9% and the median 56.1%. (F) Error calculation of the T3PQ
bootstrapping. The average error is 162.2% and the median 74.9%.
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Discussion
To quantify absolute concentrations of specific proteins in complex protein mixtures we optimized
LC MS/MS run conditions to gain better access to absolute protein copy numbers. We used isotope
(13C/15N) labeled internal peptides to quantify the endogenous protein. Furthermore, the isotope
dilution technique was used to compute a peptide standard that was used to calculate a protein
concentration for all identified proteins. The protein copies per nucleus help us to understand the
importance of protein and the protein complexes that a spore needs to form, to survive in the
absence of nutrients, and start to germinate in the presence of nutrients.

AQUA peptide standards and native peptide characterization
Using the proteome overview obtained at the start of this thesis with proteins isolated from a
mixture of young mycelium (9h incubation) and well advanced mycelium (18h incubation) we were
able to select 40 proteins of interest, which had given clearly identifiable MS1 spectra of tryptic
peptides. The synthezised heavy isotope‐labeled peptides in a given concentration are used to
compare the abundance with the native peptides. Both have identical physical and chemical
characteristics and due to the small mass shift they form two easily identifiable peaks in the MS1
spectra, which are eluted in the same chromatogram fraction (Figure2‐19 and Figure2‐20). The
comparison of the peak intensities of the heavy peptide and the native peptide, presented in
Table2‐18 is the best way to quantify the exact amount of an individual protein. For 35 of 40
quantified proteins we determined their copy numbers per spore with two independent methods
presented in Table2‐19. The data are reinforcing the quality of the methods as shown for example
with the histones H3 and H4 which were found in very similar copy numbers. Due to the function of
these histones in nucleosomes (Schafer et al., 2005) the protein copy numbers had to be very
similar. But there are exceptions in the comparison of the native peptide with the AQUA peptide, as
shown for the selected peptide from the protein Cdc42, where we detected a too high
concentration. Cdc42 is a small GTPase and is involved in cell polarity (Johnson, 1999). In A. gossypii
the Cdc42 is essential for establishment of cell polarity (Knechtle et al., 2003). To compare the
Cdc42 with other protein localized to the zone of polar growth in A. gossypii, we have chosen the
SH3 proteins Bem1 and the Boi1. Both are localized to the growing tip of the filamentous fungus
A. gossypii. Bem1 is a scaffold protein and interacts directly with Cdc42 and with Boi1 (Madden and
Snyder, 1998). Cdc42 with a copy number of 300,000 proteins is present at much higher copies
compared to Bem1 with 760 or Boi1 with 177 copies per spore. The large differences in the protein
copy numbers could be caused by the ionization abilities of the natural peptide or the AQUA
peptide was spotted into the complex peptide sample at a concentration of 2 pmol instead of
20pmol. Both could lead to extremely different values for one of the measurements.
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Protein copy numbers estimations for all proteins
To estimate protein copies per spore for the whole proteome, we used the heavy peptide standard
to compute a regression line, and calculated accordingly the copy numbers from the protein
abundances. The protein abundance was based on the All‐method or the Top3‐method. Date
obtained from both methods were refined with a regression line specific for either method.
Compared to the T3PQ method, the IBAQ method showed much better linear correlations visible by
the higher R2‐values and lower fold errors as determined by bootstraping making it the method of
choice for this dataset. Additionally, this could be verified with the median and the mean of the
ratio from the direct AQUA peptide determination and the calculation via the linear fit (Table2‐19).
It is worth mentioning that many protein copy numbers differ only by a factor of two when
determined by the iBAQ‐method and the AQUA peptide driven method. In contrast the T3PQ
method results in a much higher variation of the copy numbers. The advantage of the T3PQ method
is that only well ionizable and good flying peptides are used, but partial digestions of the protein
and post‐translational modifications can result in a much decreased abundance of the MS1 peak. To
take all peptides and their accumulated abundances into account is desirable but cannot be
achieved for a substantial number of proteins.
Alternatively, we used the approach to calculate protein copies per spore via the percentage of
protein abundance in the total protein mixture (Table2‐15 and Table2‐20). Overall the relative
abundances are in the same order compared with the copy numbers determined via a regression
line. The numbers for one method may be overall larger than numbers from another method
because the picogram protein in one spore, taken as 100%, was experimentally determined by two
approaches. Starting with the spore titer we estimated 2 pg protein per spore (Figure2‐17) which
was used for calculating protein copy numbers via AQUA peptides. Starting with the average spore
volume we estimated 2.5 pg to 2.8 pg protein per spore (Figure2‐15) which was used to calculate
protein copy numbers via relative protein abundances (Table2‐2). This latter method may include a
relatively high error, but results in a similar protein concentration per single spore.

89

Protein copy numbers estimations for all proteins

Table2‐19: Comparison of the direct quantification of protein copy numbers using AQUA peptides with two
other methods lacking internal concentration standards but using the regression curve established in
Figure2‐21). *1) All detected peptides were taken into account and the sum of their abundances was divided
by the number of all detectable peptides for a protein. *2) The average of the 3 peptides with the highest
abundance was used. *3) Mean of the methods with outliers indicated by light gray numbers.
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Introduction
During germination, biological processes are initiated which result in the emergence of isotropic
growth in the center of the needle‐shaped A. gossypii spores. When spores are inoculated in full
medium they stay morphologically unchanged during the first two to three hours (Figure3‐1A).
After three to four hours a small bubble forms in the middle of spores (Figure3‐1B). These germ
bubbles continue to grow isotropically for a few hours whereas the two needle‐shaped cones do
not increase in size and stay attached to the bubbles (Figurte3‐1C). When germ bubbles reach a
critical size after about 6 to 8 hours they switch to the typical constitutive polar growth of hyphae
(see Chapter4). Since we wanted to study the proteome of isotropically growing germ bubbles,
spores were incubated for only five hours, a time prior to the switch to polar growth. The start of
germination in a spore population is an asynchronous process. Therefore, germination cultures
consist of a mixture of spores and of germ bubbles with different sizes as concluded from the
observed cell morphologies. Some spore‐like cells may be non‐viable others may start germination
at a later time. Spores which do not germinate after nine to eleven hours are counted as non‐
viable.

Figure3‐1: Germination of A. gossypii spores to germ bubbles. (A) Needle‐shaped spore. (B) Germling with
an emerging germ bubble. (C) Germling with a large germ bubble 5 hours after spore inoculation. Scale bar
5 µm.
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The five hours cultures investigated here was a mixture of 35% germ bubbles and 65% spores
(Figure3‐2). The first sections describe the analysis of the proteome in this mixture of cells which
should already reveal increased abundances of several groups of proteins important for growth,
and most likely also decreased abundances of proteins only needed for sporulation or spore
survival. We employed methods for estimating the relative abundances of proteins but also for
absolute quantifications using heavy isotope‐labeled reference peptides as described in the
previous chapter. For better comparison with the spore proteome we normalized the protein
abundances as copy number per nucleus because spores carry one nucleus and germ bubbles can
carry several nuclei.
In the last two sections two attempts are presented to extract a more germ bubble‐specific
proteome from the proteome data representing the mixed cell population. Basically, the copy
numbers of proteins in spore‐like cells present in the cell mixture were estimated and subtracted
from the in most cases higher copy numbers of proteins found in the mixture of cells. This was
possible because the proteome of spores was characterized at high resolution in the previous
Chapter and because the protein content of spores is known. Thus, it should now be possible to
identify germ bubble proteins important for isotropic growth and of proteins necessary for spore
germination from proteome data adjusted for germ bubbles.

Figure3‐2: Composition of cell types based on morphology after 5 hours after spore inoculation. Ratio of
A. gossypii germ bubbles to spores is one third to two thirds; n=567.
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Results
We characterized proteins which are required and expressed during germination by four different
biological replicas of the five hour time point. The total protein extract of three biological replicas
was directly analyzed in MS/MS run without prefractionation (for more details see Appendix 2). The
fourth sample, analyzed in this Chapter, was separated into twelve fractions by isoelectric focusing
as described in Chapter1 using an OffGel fractionator. All twelve fractions were analyzed by tandem
MS/MS runs. Most importantly, isotope‐labeled peptides were spiked into the this sample of tryptic
peptides prior to OffGell fractionation. From each of the twelve fraction 2 µl peptide mixture was
injected into the tandem mass spectrometer and separated with a retention time of 140 minutes.
The relative abundances were determined by the All‐ and Top3‐method, and the protein copy
numbers were later adjusted using a regression line (iBAQ and the T3PQ method).

Characterization of germ bubbles in the spore/germ bubble mixture
We selected the 5h time point as representative germ bubble stage during the developmental cycle
of A. gossypii. At this stage, the spore/germ bubble mixture showed different sizes of germ bubbles
and morphologically unaltered spores. Since germ bubbles represent the isotropic growth phase of
A. gossypii, it is important to quantify the cell stage composition of the 5h culture and define an
average germ bubble for which the protein composition will be determined. Germ bubbles plus the
two attached thin cones are called germlings. As already mentioned, the 5h culture consisted of
35% germ bubbles and 65% spores (Figure3‐2). This indicates that, in contrast to isolated spores,
the cells have proteomes with distinct differences depending on their developmental stage. The
heterogeneity of germ bubbles is best seen by a scatter plot of the 225 measured diameters in
Figure3‐3A and their Gaussian distribution in Figure3‐3B. Representative images of different germ
bubbles are shown in Figure3‐3C. The wide range from two to eight micrometers in diameter is
caused by the asynchronous germination of spores. We calculated a mean diameter of 4.4 µm. In
conclusion, processes like induction of efficient transcription and translation, secretory vesicle
formation and transport, efficient cell wall synthesis, DNA duplication and many others are most
likely timed in an individual spore but occur asynchronously in different spores.
Next, an aliquot of the 5h culture was stained with DAPI to visualize and compare numbers of nuclei
per germ bubble. Figure3‐4A shows two examples of overlayed DIC‐ and DAPI‐stained fluorescence
images with two nuclei and one nucleus, respectively. The blue stained zones represent nuclear
DNA. Up to seven nuclei can be seen in Figure3‐4B. Uneven numbers of nuclei confirm
asynchronous mitoses in germ bubbles. In total, nuclei were counted in 147 germ bubbles and their
distribution is presented as box plot in Figure3‐5A. The mean was calculated as 2.5 nuclei per germ
bubble. The frequency distribution in Figure3‐5B shows that over 80% of the germ bubbles carry
one to three nuclei with 40% carrying two nuclei. Four nuclei were found in 11% of the germ
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bubbles. Five or more nuclei were only found in a minority of germ bubbles. To sum up, the average
germ bubble in the 5h culture has a diameter of 4.4 µm and carries 2.5 nuclei.

Figure3‐3: Heterogeneity of germ bubble sizes 5 hours after spore inoculation. (A) Scatter plot of diameters
of germ bubbles, n=225. Minimum size of a barely visible bubble was 2 µm and maximal size was close to
8 µm. (B) Gaussian distribution of germ bubble diameters. Mean is 4,4 µm. (C) Examples of microscopic
images of different germ bubble sizes 5 hours after spore germination. Scale bar 5 µm.
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Figure3‐4: Numbers of nuclei per germ bubble 5 hours after spore inoculation. An aliquot of the germ
bubble/spore mixture was fixed with with 2% PFA and stained with DAPI. (A) Overlay of a DIC and
fluorescence images of two selected germlings. Scale bar 5 µm. (B) Fluorescence images of germ bubbles
with different numbers of nuclei. Scale bar 5 µm.

Protein abundances in an A. gossypii spore/germ bubble mixture 5h after spore incubation
Proteins were extracted from a known number of cells in the 5h culture and processed as described
in Chapter2. Nearly 3,800 different proteins were identified in the spore/germ bubble mixture and
their relative abundances were estimated using he All‐ and Top3 method as described for the spore
proteome in Chapter2. The protein composition reflects the sum of the proteome in isotropically
growing germlings, pre‐germinating spores and spores. However, proteins found in higher
abundances than in spores are most likely expressed during germination and very likely represent
the set of proteins needed for the initiation of germination and isotropic growth of the germ
bubbles. The ranking of the 20 most abundant proteins is listed in Table3‐1 and their potential
functions are mentioned in Table3‐2. The relative abundances of all detected proteins are listed in
Table3‐4 (see Appendix 6). The 20 most abundant proteins can be assigned to eight functional
groups:
1.
Cell wall and membrane (Om45 and Cwp1)
2.
Translation (Tef1)
3.
Protein assembly and aggregation (Hps26, Cpr1, Tfs1)
4.
Carbon metabolism (Tdh3, Fba1, Ach1 and Ltp1)
5.
Redox homeostasis and protein protection against oxidative stress (Sod1, Ypr1, Tsa1)
6.
Mitochondrial (Fmp45, Pet9 and Atp2)
7.
Cytoskeleton (Act1)
8.
Ribosomal proteins (Rps29 and Rpl2)
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Figure3‐5: Distribution of germ bubbles with different numbers of nuclei 5 hours after spore inoculation. An
aliquot of the germ bubble/spore mixture was fixed with 2% PFA and stained with DAPI to count the
fluorescence signals in germ bubbles corresponding to nuclei. (A) Box chart diagram of the distribution of
germ bubbles carrying a specific number of nuclei. The mean is 2.5 nuclei per germ bubble. (B) Percent of
germ bubbles with a specific number of nuclei. n= 147 germ bubbles.

Table3‐1: Ranking of the 20 most abundant proteins in the cell mixture five hours after spore inoculation.
(*1) All detected peptides are taken into account and were divided by all possible peptides (*2) Average of
the top3 abundant peptides.
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Interestingly, by comparing the top 20 proteins of the 5h time point with the spore proteome
(Chapter2), some proteins have dramatically changed their rank. The four proteins Aco1, Ilv5, Cit1,
and Hxk1/2 present in the top 20 of the spore proteome are markedly decreased by abundance
after 5h and rank among the top 50 proteins. Importantly, both ribosomal proteins Rsp29 and Rpl2
are increased in abundance and reach the top 20. In particular, Rsp29 increased from rank 25 to 3
and Rpl2 from rank 36 to 8. In general, all ribosomal protein significantly increased their protein
abundance in the spore/germ bubble mixture.

Protein copy numbers per nucleus of the A. gossypii spore/germ bubble mixture

Absolute quantification of selected proteins using AQUA peptide standards
We determined protein copy numbers per nucleus through stable isotope‐labeled peptides
quantified by multiple reaction monitoring (MRM). Since we used tryptic peptides, one arginine or
lysine residue is present at the C‐terminus of each synthesized peptide. Both amino acids are
labeled with carbon 13 and nitrogen 15 isotopes which shifts the mass of the peptides by 10 dalton
or 8 dalton, respectively, compared to the endogenous peptides. We used 40 AQUA peptides,
which were spiked into the tryptic peptide mixture with amounts of 2 or 20 pmol. The tryptic
peptide mixture had a protein concentration of 2 mg/ml extracted from a known number of cells.
This allowed us to determine the protein copy numbers per nucleus.
Table3‐2: Saccharomyces Genome Database description of the syntenic homolog of S. cerevisiae for the top
20 highest ranked proteins by their abundance in A. gossypii at the five hour time point.

101

Protein copy numbers per nucleus of the A. gossypii spore/germ bubble mixture

To determine the number of cells used for the extraction of proteins, we counted spores and germ
bubbles in the 5h sample. We used a similar method as described in Chapter2‐C (Figure2‐17). We
fixed a small amount of the spore/germ bubble sample, diluted the sample and spread 5 µl each on
an agar plates with a spreader rod to ensure good separation. The spreading of the cells created
mechanical forces, which destroyed some of the germ bubbles. Thus, we were only able to
accurately count all spores (Figure3‐6A) which represent 65% of the spore/spore bubble mixture. In
total, we counted an average of 47 spores per µl. To calculate the total number of cells and finally
the number of nuclei, we relied on the ratio of spores to germ bubbles (65 to 35) already
determined above (Figure 3‐2). Applying this to the spore number, 47 spores per µl represent 65%
of total cell. Therefore, 25 germ bubbles should be present per µl. We determined a mean of 2.5
nuclei per germ bubble (Figure3‐5). We multiplied the 25 germ bubbles per µl with 2.5 which
results together with the spore nuclei in 111 nuclei per µl of the diluted spore/germ bubble
mixture. Multiplying with the different dilution steps, we concluded that 3x108 nuclei correspond to
2 mg protein extracted from the spore/germ bubble mixture. The same mix of AQUA peptides used
for the absolute quantification of spore proteins in Chapter2‐C was spiked into the tryptic peptides
obtained from 2 mg protein extract of the spore/germ bubble mixture.

Figure3‐6: Steps to determine the number of nuclei in the germ bubbles and spores used to extract 2 mg
protein. (A) Box‐plot of the number of spores per µl of 20 aliquots of a known dilution of the germ
bubble/spore mixture. 5 µl aliquots were spread on 20 different plates and spores were counted in
microscopic image (see Figure2‐17). On average 47 spores were counted per µl. (B) Rationale to estimate the
number of cells in the germ bubble/spore mixture, expressed as number of nuclei, used for isolating 2mg
protein.
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Figure3‐7: Abundances of 30 pairs of heavy/light peptides in MS1‐spectra for analyzing germ bubble/spore
proteins. (A) Red bars: Abundances of 13 AQUA peptides added as 2pmol. Blue bars: Abundances of the
corresponding light peptides. (B) Red bars: Abundances of 17 AQUA peptides added as 20 pmol. Blue bars:
Abundances of the corresponding light peptides. The proteins from which the reference peptides were
selected are indicated at the bottom of the graphs. (C to G) Examples for sections in MS1‐spectra showing
heavy and light peptides. All peptide ions are singly‐charged, with a mass shift of 1 dalton. Peptide peaks
matching endogenous peptides are colored in blue and the heavy isotope‐labeled homologues in red. (C)
The Hht2 peptide has a calculated mass of 830.4861 dalton and the heavy peptide is shifted by 10 dalton.
The heavy peptide was spiked into the sample with 2 pmol and was detected in fraction 4 at 29.03 min with
a maximal MS1‐Spectrum intensity of 4.16*107. The ratio between light and heavy peptide is 9.7. (D) The
Hhf2 peptide has a calculated mass of 1133.5353 dalton and, which is shifted by 8 dalton for the heavy
peptide. The heavy peptide has a concentration of 20 pmol and was detected in fraction 4 at 11.36 minutes
with a maximal MS1‐Spectrum intensity of 3.08*106. The ratio between heavy and light is 3.1. (E) The Utp20
peptide has a calculated mass of 1127.5472 dalton and the heavy peptide has an increased mass by
10 dalton. With 2 pmol the heavy peptide was spiked into the tryptic peptide mix. The heavy peptide was
detected in fraction 7 at 22.48 min with a maximal MS1‐Spectrum intensity of 1.21*105. The ratio between
heavy and light is 6.3. (F) The Pho85 peptide has a calculated mass of 847.4552 dalton and the heavy peptide
has a mass of 857.45Da. The heave peptide was spiked into the sample with a concentration of 20 pmol and
was detected in fraction 6 at 38.00 minutes with a maximal MS1‐Spectrum intensity of 5.22*106. The ratio
between heavy and light peptide is about 5. (G) The endogenous peptide of Kip2 has a mass of
1213.705 dalton and 8 dalton more for the heavy peptide. The heavy peptide has a concentration of 2 pmol
and was detected in fraction 2 at 68.39 min with a maximal MS1‐Spectrum intensity of 1.21*106. The ratio
between heavy and light is about 69.

First, we absolutely quantified 30 reference proteins for which AQUA peptides were detected by
comparing the intensities of the MS1 peaks of the endogenous peptides and the isotope‐labeled
peptides (Figure3‐7). The abundances of light peptides were marked with blue bars and
abundances of the heavy peptides with red bars. Because of the large intensity differences by
several orders of magnitude for the detected peptides the abundances are plotted in a logarithmic
scale (Figure3‐7A and B). For example, the range of heavy peptide abundances was 142 to
2,905,400. High resolution MS1 spectra are shown for five pairs of light and heavy peptides to
determine absolute abundances (Figure3‐7 C to G). Peptide ions are charged by protonation and
shift in mass, so that the theoretical ion mass is not identical with the measured mass. Figure3‐7C
shows a MS1‐spectrum of the fourth fraction after 29.03 minutes between 830 and 843 dalton. The
heavy and light peptide STELLIR representing the histon Hht2 are marked. Both peaks are barely
visible and show a low intensity compared to the highest peak in this MS1‐spectrum. The relative
abundance of the light peptide is about 9 times higher than the heavy peptide. The peptide
DAVTYTEHAK of the Hhf2 protein is found in the fourth fraction and at 11.36 minutes (Figure3‐7D).
The peptide sequence carries 10 amino acids with one lysine. By comparing the light and the heavy
peptide abundance, the mass shifts by 8 dalton from 1134.54 to 1142.56 dalton, because of the C13
and N15 isotope‐labeled lysine. The heavy peptide differs by a factor 3.1 compared to the light
peptide. Figure3‐7E to G show a smaller abundance of all endogenous peptides compared with the
corresponding heavy peptides. The mass of the Utp20 peptide shifted from 1128.56 to 1138.56
dalton and the mass of the Pho85 shifted by 10 dalton.
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Table3‐3: Protein copies per nucleus calculation with the measured abundance based on the ratio between the AQUA peptide and the endogenous
peptide. Different steps and results of the calculation are present. Additionally column 13‐15 transmit the logarithmic definition of the abundance and
the cpn to design the regression lines (figure3‐8).
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The majority of heavy peptides spiked with 2 pmol showing similar abundances between 26,000
and 100,000. Only the Bni1 heavy peptide was detected with a low abundance of 142. Heavy
peptides spiked with 20 pmol were determined with an abundance range between ten thousand
and three million. The distribution of the heavy peptides was excepted to be similar due to the
same spiked concentrations. Different MS1 abundances are observed, because peptides differ in
their abilities for ionization or detection. In total, only five isotope‐labeled peptides were not
detected. These peptides represent the proteins Bnr1, Inp45, Num1, Tub1, and Hse1. In contrast to
the heavy peptides, light peptides showed higher variety in abundance. We determined light
peptides abundances ranging from 26 (Bni1) to 16,720,400 (Cwp1). All exact abundances for heavy
and light peptides are listed in Table3‐3. For example, the determined abundance of endogenous
and synthesized peptide of Kip2 considerably differ by a factor of 66. The abundance of the heavy
peptide was determined with 33,000 and for the endogenous peptide only with 500.
In total, we could quantify 30 peptides and could therefore also determine the protein copy
numbers per nucleus. To calculate the protein copy numbers, we first determined the
concentration of each peptide by multiplying the spiked concentration of AQUA peptides (2 pmol or
20 pmol) with the ratio of the heavy and light peak area. Next, we determined the protein
concentration per nucleus based on the known correlation of 2mg protein extracted from cells with
a total of 3*108 nuclei (Figure3‐6). By multiplying this result with the Avogadro constant
(6.022*1023), we could define the protein copy numbers per nucleus. The final copy numbers per
nucleus of the reference proteins are listed in Table3‐3 colum10. The protein copy numbers in the
spore/germ bubble mixture ranged from 60 copies per nucleus to over 300,000 copies per nucleus.
The microtubule‐specific kinesin motor Kip2 had the lowest number of proteins per nucleus and the
wall protein Cwp1 was identified with the highest copies per nucleus. Interestingly, Cwp1 is also
one of the most abundant proteins in the spore/germ bubble mixture (Table3‐1).

Quantification of proteins normalized as copy numbers per nucleus
We determined the protein copy number per nucleus, since most germ bubbles carry more than
one nucleus (Figure3‐4 and 3‐5) and a protein copy number per cell would not allow a comparison
to spores or multinucleated cell stages. To determine the protein copy numbers for all identified
proteins normalized to copies per nucleus, we developed a regression line (Figure3‐8) based on the
AQUA peptides (according to Chapter2C). First, the relative protein abundances of the 3u reference
proteins estimated by the All‐ and Top3‐method (Table3‐3 column 11 and 12) were transformed
into a logarithmic scale (column 14 and 15). Next, we calculated the logarithms of the protein copy
numbers determined by AQUA peptides (column 13). Finally, the log of the protein copy numbers
(x‐axis) and the log of the relative abundances (y‐axis) were used to calculate a linear fit line for
both sets of data (Figure3‐8). Values that are marked in light gray in Table3‐3 column 13‐14 were
not taken into account to determine the regression lines. The linear fit results in a mathematical
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function shown in panels A and B of Figure3‐8, the parameters of which are used to determine the
copy numbers per nucleus from the relative protein abundance obtained with the All‐ and the
Top3‐method, respectively. Using the regression line in combination with the All‐method, resulted
in protein copies per nucleus for all indentified proteins in the sample (iBAQ). Using the regression
line with the abundances according to theTop3‐method, the obtained data are listed as T3PQ. The
R‐Square for the iBAQ method is 0.86 and for the T3PQ method 0.78, which indicates a better
correlation of the iBAQ method.

Figure3‐8: Regression line to compute protein copies per nucleus via protein abundance in the 5 hour cell
culture. (A) Plotting of the logarithm of relative abundances (y‐axis) obtained with the All‐method against
the logarithm of the copy number per nucleus accurately determined via the heavy – light peptide ratio (x‐
axis) of 23 reference proteins (Table3‐3). The formula for the linear fit line is shown with errors of +/‐
0.09718 for 1.1036 and +/‐ 0.34829 for 2.19309. R² is 0.86 and P smaller then 0.0001. (B) Plotting of the
logarithm of relative abundances (y‐axis) obtained with the Top3‐method against the logarithm of the copy
number per nucleus accurately determined via the heavy – light peptide ratio (x‐axis) of 24 reference
proteins. . The formula for the linear fit line is also shown with errors of +/‐ 0.09856 for 0.88913 and +/‐
0.35064 for 3.80294. R² is 0.7827 and P smaller then 0.0001. Thin lines in both panels show the borders of
plus and minus 0.5 alterations.

The transformed formula from y (abundance) to x (cpn) based on the regression line is
cpn=10((Log(protein abundance)‐A)/B). The values for all calculated copies per nucleus are listed in Table3‐4,
described in Appendix 6. Only about 25 of the proteins have a copy number per nucleus which is
below one. In columns 1 and 2 of this table the systematic nomenclature and the name of the
proteins are listed. The relative abundance for the All‐method is presented in column 3 followed by
the relative abundance of the Top 3‐method in column 4. The copy numbers per nucleus are listed
in column 5 (iBAQ) and column 6 (T3PQ), respectively.
To compare the absolute protein copy numbers per nucleus (cpn) based on the iBAQ and T3PQ
method, we summarize the results for the 35 reference proteins in Table3‐5. In general, cpn
numbers determined with different methods do not differ much. For example, Cwp1 is determined
with 327,635 cpn based on the AQUA peptide and with the IBAQ method we calculated
349,232 cpn. Furthermore, we compared the ratio between the AQUA peptide calculations and
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both regression lines of T3PQ and iBAQ in Table3‐5 (column 6 and 7). Together with the higher R‐
Square of the iBAQ method, the ratios also favor iBAC to determine copy numbers per nucleus.

Table3‐5: Protein copies per nucleus in the five hour cell culture measured by AQUA peptides with
computed protein copy numbers via the regression line. *1) All detected peptides were taken in to account
and the abundance was divided by the number of all possible peptides for a protein. *2) The average of the 3
peptides with the highest abundance was used to calculate the copies per nuclei.

Adjusted abundances for a specific germ bubble proteome
The observed heterogeneous cell morphologies in cultures with germinating spores originate from
asynchronous germ bubble initiations. This asynchrony prevents a specific analysis of solely germ
bubble proteins, because many morphologically unchanged spores are still present 5 hours after
spore inoculation (Figure3‐2). Since we were able to characterize the proteome of a homogeneous
spore preparation (Chapter2) we also wanted to define the germ bubble proteome by subtracting
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the protein content of spores from the proteins analyzed in the germ bubble/spore mixture. We
used two approaches to extract the germ bubble proteome from the mixed proteome determined
in the previous section. In the first approach we deducted from the mixed proteome the copy
numbers of proteins that were corresponding to the 65% spores in the mixture. For the second
approach, we solely looked at the volume of the germ bubbles without the attached cones the
volumes of which were added to the spore fraction.

The germ bubble proteome defined by the increase in protein mass during 5 hours incubation.
We inoculated spores which consist of 5.83 mg dry biomass containing 0.31 mg protein (Figure2‐
15). After five hours incubation, the biomass in the spore/germ bubble mixture has increased to
9.33 mg with a protein content of 0.54 mg (Figure3‐9). The biomass increased by the factor of 1.60
from 5.8 mg to 9.3 mg (Figure3‐9B) and the protein content increased by a factor of 1.63 from
0.31 mg to 0.54 mg (Figure3‐9C). Taken into account, that the total amount of cells were composed
of one‐third germ bubbles and two‐thirds spores (Figure3‐2), we assume that two‐thirds (3.8 mg) of
the original spore biomass and two thirds (0.202 mg) of the original spore protein amount belong to
the spores which did not germinate during the 5 hours incubation and remained unchanged.
Consequently, the one‐third of spores which germinated are responsible for the increase in biomass
and protein amount during the 5 hours incubation. Thus, the spore biomass of 2.0 mg grew to a
germ bubble biomass of 5.5 mg (Figure3‐9B) and at the same time 0.109 mg spore protein
increased to 0.334 mg germ bubble protein (Figure3‐9B). In conclusion, the germ bubble protein
amount of 0.536 mg can be separated into 0.202 mg spore proteins and 0.334 mg germ‐bubble
specific proteins (Figure3‐9D). Interestingly, the 35% germ bubbles account for 60% of the protein
amount, whereas the 65% of spores contribute only to 40% of the protein amount after 5 hour of
incubation.
Finally, we calculated the germ bubble proteome by subtracting two thirds of the spore protein
copy numbers from the protein copy numbers determined for the mixed spore/germ bubble
proteome compiled in Table3‐6A (Appendix 6). As previously discussed, the All‐method seems to
generate higher quality data than the Top3 method. First, we multiplied the abundance of zero
hour time point (column3) and five hours (column7) time point with the specific molecular weight
(MW) (column13) of each protein. The results of the MW abundances are shown in column four
and eight of Table3‐6A. For each time point separately, we then summed all protein MW
abundances and set these to 100 percent. For each protein, we then calculated the percentage of
the total MW abundances. The 100 percent are equal to the determined protein amount in mg for
each time point. In the spore/germ bubble mixture, we determined an adjusted protein amount of
0.536 mg. The total composition is unraveled in 0.334 mg proteins originating from all germ
bubbles and in 0.202 mg which are extracted from all spores (Figure3‐9D). The percent of each
protein in the zero hour time point was multiplied by 0.202 mg spore proteins and resulted in the
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protein‐specific spore protein amount (Table3‐6A, column 5). For the five hour time point, we
multiplied the percentage of each protein by the total spore/germ bubble mixture protein amount
of 0.536 mg, which results in the protein specific spore/germ bubble protein amount (column 9). In
the final step, we subtracted the specific spore protein amount from the specific spore/germ
bubble protein amount for each protein. The result is listed in column ten and shows the amount of
germ‐bubble specific proteins in mg.

The germ bubble proteome defined by the ratio of the germ bubble volume and the total cell
volume
For the second approach we focused on the volume composition of the spore/germ bubble mixture
to extract the germ bubble‐specific proteome from the mixed proteome. Since germ bubbles have
different sizes and also contain non‐growing compartments composed of two thin cones on
opposite sides of the germ bubble (Figure3‐3), we separately determined the volumes of spore
bubbles and the attached cones for 64 germlings (Figure3‐10A) The average volume of a
germinated spore (germ bubble plus two cones) is 88.1 µm3 (Figure3‐10C). The germ bubble
volumes were very heterogeneous, because of the asynchronous germination shown in Figure3‐3.
The germinated spore can be separated in two parts, the isotropically expanding germ bubble itself
and the two non‐growing cones, which represent remnants of the spore. The average volume of a
germ bubble compartment is 63.8 µm3 and the average volume of two cones is 24.3 µm3. Both
compartments represent 35% of the cells at the 5 hours time point (Figure3‐2). Spores are
represented with 65% and have a well‐defined volume of 34.6 µm3 (Figure2‐16). For 35 germ
bubbles the cell mixture contains 65 spores and 35 pairs of cones. When multiplied by the average
volumes of spore bubbles (88.1 µm3), spores (34.6 µm3) and pairs of cones (24.3 µm3) one can
calculated that germ bubbles represent 42% and spore‐specific compartments 58% of the total cell
volume.
In these steps, we first defined proteins belonging to germ bubbles and second, proteins belonging
to spore‐specific compartments (Figure3‐10E). For this approach, we used the same calculation
process as previously described in the first methodic approach. In contrast to the first approach, we
calculated with 42% germ bubbles and 58% spore‐specific compartments, which leads to 0.355 mg
proteins extracted from germ bubbles and 0.180 mg proteins from spores, considering that the
310 mg protein increased to 536 mg in five hours. These numbers were then correlated with the
abundances found for the spore proteome and in the mixed spore/germ bubble proteome.
Subsequently, the spore proteome was subtracted from the spore/germ bubble proteome resulting
in a germ bubble specific proteome (Table3‐6B, Appendix 6).
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Figure3‐9: Increase of biomass and protein during 5h after spore inoculation. The same number of spores
analyzed in Figure2‐15 was inoculated into full medium. (A) Correlation of dry biomass and protein amount
measured in mg (y‐1 axis) and specified as per cent (y‐2 axis). The amount of proteins in the cell mixture is
5.8% of the biomass. (B and C) Increases in biomass (B) and total protein amount (C) originating from 35%
germination‐proficient spores indicated as light blue and red colored parts of the bar diagrams. Presumably
stable contribution of the 65% non‐germinating spores to the total biomass and protein amount indicated as
dark blue colored parts in the bar diagrams. (D) Contribution of the growing germ bubbles (red) and resting
spores (blue) to the total amount of protein extracted from the cell mixtures.
.
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Protein changes from spores to germ bubbles
The distinction between germ bubble and spore proteins allows to determine protein changes
during germination. Most of the 3,981 proteins identified in germ bubbles showed a positive
abundance after the subtraction. With our first approach, we found 189 proteins with in a negative
abundance and for the second approach only 163 proteins. These proteins resulting in negative
abundance could be proteins which are no longer present in germ bubbles and are actively
degraded during the germination of A. gossypii spores. Table3‐8 lists all proteins which were found
not to be present in germ bubbles. We could not quantify the 6 proteins Lsm8, Ste2, Atg19, Nsl1,
Kar4, and Cep3, because peptides were only detected at the zero hour time point and not in the
spore/germ bubble mixture.
Next, we characterized the protein changes from zero to five hours. The changes of protein
abundances from the 0.130 mg spore proteins which are transformed into 0.355 mg germ bubble
proteins are listed in Table3‐7. We also used the second approach including the cell volume to
achieve a more accurate profiles of abundance changes of the proteins. Next, we visualized the
changes by determining the ratio between the adjusted zero hour protein abundance (column 7)
and the adjusted germ bubble protein abundance (column 8). Most of the protein abundances
were found to increase during the development from a spore to a germ bubble. The interpretation
of the protein abundance changes based on the different development stages is described in
Chapter5 “development proteomics”.

Figure3‐10: Estimation of the amount of proteins in growing germ bubbles based on a volume approach. (A)
Schematic drawing of an A. gossypii germ bubble. Measured distances marked as dashed red lines were used
to calculate the volumes of the central germ bubble and the two attached cone compartments according to
the formula shown underneath the scheme. (B) Microscopic DIC image of a germ bubble and the two
attached thin cones which are remnants of the needle‐shaped spore. Calibration bar 5µm. (C) Distribution of
the volume of 64 germ bubbles including cones 5h after spore incubation. The mean total volume is 88.1
cubic micrometer. (D) Partition of the average volume of a germ bubble, the two non‐growing cone
compartments and a spore. (E) Left bar: Division of the amount of spore proteins at the time of spore
inoculation into two parts, 42% will participate in generating spore bubbles during the 5h incubation (light
blue) and 58% will not participate (dark blue) according to the numbers presented in C. Right bar: Division of
the amount of proteins extracted from the cell mixture 5h after spore incubation into two parts, one
representing the protein amount in growing germ bubbles (red) the other the remnant protein amount of
the inactive spores plus the cones of the growing germ bubbles (dark blue)
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Table3‐8: Proteins most likely not present in germ bubbles using the normalized and adjusted relative
protein amount.

114

Chapter 3: Proteome of A. gossypii germ bubbles

Discussion
The germination of the filamentous fungus A. gossypii is an asynchronous process that results in a
heterogeneous cell mixture. After five hours of inoculation, cell cultures show 65% morphologically
undifferentiated spores and 35% of germinated spores. These so‐called germ bubbles vary in
diameter from two to eight µm. Thus, we could not directly measure the germ bubble proteome,
because spores and spore compartments were still present at five hours. To determine the germ
bubble proteome, we used a direct way to estimate the composition of relative protein amounts.
We subtracted the adjusted protein amounts of spores and spore compartments from the
spore/germ bubble mixture, which allowed us to determine the specific germ bubble proteome.
Less than 200 proteins were determined to be not present in germ bubbles. This suggests that
these relative small amount of proteins are actively degraded during the first five hours. The
calculation does not consider the fact that the protein composition can change also in
morphologically unaffected spores. Before the spore starts to grow, cellular processes have to be
activated including gene expression as well as protein degradation. Focusing on previous studies, it
was shown that the mRNA levels already change after two hours (Gattiker et al., 2007). For
example, the Super Oxide Dismutase Sod1, which catalyzes the bimolecular reaction from
superoxide radicals to dioxygens and hydrogen peroxides (Bermingham‐McDonogh et al., 1988;
Steinman, 1980), is not expressed in the adjusted germ bubbles proteome. But Sod1 is an important
factor for normal growth. In yeast, sod1 null mutants exhibit mitochondrial defects including poor
growth on non‐fermentable carbon sources (Chang et al., 1991; Liu et al., 1992). Without the
depletion of radicals that specially occur during aerobic growth, the toxicant would strongly affect
the cells. For the Sod1, we argue that the old proteins, which are present in spores, are degraded
because strong damages occur during the sporulation process. With the awaking of the spores
during the first hours, the protein abundances have to increase. In the newly forming areas, the de
novo synthesized proteins are only localized in a low amount in the germ bubble. Especially in the
beginning of the growth on full media most of the energy can be gained from the glycolysis, and
ATP is not produced via the respiratory chain, which would lead to the emergence of oxygen
radicals. To gain a better understanding of the proteome, each protein has to be individually
determined and analyzed, but for the specific adjustment of the abundances by hand the data
volume is too large to accomplish this goal. However, when comparing the biological function of
proteins and of their abundances also the changes in protein expression and localization occurring
during growth have to be considered to fully understand the function and alterations in the whole
proteome.
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Introduction
One essential step in the A. gossypii life cycle is the switch from isotropic to polarized growth.
When germ bubbles have reached a critical size, the first germ tube is initiated by assembly of
polarity proteins perpendicular to the axis of the needle‐like cones. For example, Spa2 is a
component of the polarisome and a control landmark of filamentous growth. It becomes
concentrated at a spot of the cell cortex which grows out into a tube, called hypha. Thus, Spa2 at
outgrowing tips is a mark of polar growth (Knechtle 2002). After the first germ tube has emerged,
the second germ tube is established at the opposite side of the first germ tube. Next, lateral
branches are initiated along the growing hyphal cortex forming a so‐called young mycelium.
Nuclear divisions of A. gossypii occur asynchronous during the life cycle. The growth speed of
A. gossypii hyphae accelerates over time, which leads to a rapidly increased biomass.
A culture grown for 11 hours after spore inoculation represents best the heterogeneity but also the
growth potential of young mycelia. After eleven hours the developed young mycelia showed
efficiently elongated hyphae and regularly established new polarity axes along the hyphal cortex. At
this time point only a few non‐germinated spores and germ bubbles are observed.
We specifically analyzed the proteome of young mycelia using quantitative mass spectrometry by
data depending acquisition (DDA) and selected reaction monitoring (SRM) with the help of stable

isotope‐labeled (AQUA) peptides. In total, we determined the proteome of young
mycelia grown under four conditions: A high resolution (12 fractions) analysis of an 11 hours
culture, a high resolution (24 fractions) analysis from mixed cultures grown for 9 and 18 hours, and
single MS/MS runs each for biological triplicates of 7 hours and 9 hours cultures. This Chapter

will focus only on the high resolution quantitative proteome analysis of young mycelia
present in an 11 hours culture.

Figure4‐1: Cell types seen in the culture of young mycelia 11 hours after spore inoculation. Cells were
morphologically differentiated between spores, germ bubbles, germ tubes, and young mycelia. N=651.
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Results
Cell composition of an A. gossypii culture 11 hours after spore inoculation
The majority of cells in an 11 hours A. gossypii culture consist of young mycelia of different
morphological stages (Figure4‐1). We counted 70.4% young mycelia with 2 to 20 polarly growing
hyphal tips, 12.1% germlings with one germ tube, 6.5% germ bubbles, and 11.1% morphologically
unchanged spores (N=651). In this overview the few germlings with two or three hyphal tubes were
added to the group of young mycelia. Three different morphological stages of strictly polarly
growing young mycelia are shown in Figure4‐2. The development of A. gossypii germlings slightly
differs between liquid medium and growth on agar plate. In liquid medium, germlings can develop
more than two germ tubes due to the three dimensional space (Figure4‐2A). A young mycelium
with three established germ tubes, two lateral branches, and one emerging branch is shown in
Figure4‐2B. Another young mycelium in the same culture has already developed nine branches at
the three main hyphae, the former germ tubes (Figure4‐2C). The former germ bubble, the origin of
the hyphae, can easily be identified in these image by the still attached needle‐like cones.

Figure4‐2: DIC images of different stages of emerging hyphae and young mycelia observed after 11 hours
growth in liquid full medium at 30°C. Scale bar 10 µm. (A) Germling with 3 germ tubes. (B) Very young
mycelium with three hyphae, two lateral branches and one emerging branch. (C) Young mycelium with 14
growing hyphal tips. The needle‐shaped cones mark the position of the germ bubble.

We closely looked at the diversity of the young mycelia. In particular we analyzed all polarly
growing cells (including germlings with one hypha) which represent 82.5% of cells in the 11 hours
culture. We determined the number of tips per young mycelium to morphologically characterize
this cell stage (Figure4‐3). In total, we analyzed about 200 young mycelia and detected a wide
distribution from one to 23 polarized growth axes. On average, we determined about 5 tips
(Figure4‐3A). Next we split the box plot in a bar diagram to visualize the distribution of young
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mycelia based on the number of growing tips (Figure4‐3B). Over 40% of the cells were still lacking
lateral branches, an indication of a late start of the germination process; 13% were monopolar
germlings (one germ tube), 20% were bipolar germlings (two germ tubes), and 10% had three
growing tips, the majority had formed a third germ tube. Young mycelia with four to eight growing
tips were each present in 7% to 10%. Also mycelia with nine and more tips were frequently seen
and amounted to 12% of the 192 mycelial cells. The furthest developed mycelium carried 23
growing tips. However the number average is five tips per young mycelium.

Figure4‐3: Distribution of polarized growing tips in young mycelia of the 11 hours culture. (A) Box plot of the
number of tips per observed developing young mycelium. Mean = 4,98; median = 4. (B) Bar diagram of the
percent amount of developing young mycelia carrying different numbers of growing tips. N=192.

Based on the numbers of analyzed cells, 83% of the protein extract originated form highly polarized
young mycelia and 17% from spores and germ bubbles. However, the vast majority of the biomass
at this time point consists of multipolar cells, due to the massive increase in cell size. Thus, the
biomass of spores and germ bubbles can most likely be neglected. This means that the protein
composition determined for the cells in the 11 hours culture should closely resemble the average
proteome of young mycelia. This assumption is supported by biomass measurements (Figure4‐4).
We incubated 5.8 mg spore biomass at 30°C. After eleven hours, the biomass had increased by a
factor of six to 34.5 mg. Using the percent numbers (Figure4‐1) we divided the starting spore
biomass of 5.8 mg into fractions. 11% of spores represented by 0.641 mg were still present after 11
hours incubation. The 6.5% germ bubbles still observed correspond to a spore mass of 0.379 mg
which increased by a factor of 1.6 to 0.606 mg at eleven hours (Figure3‐9B). In total, spores and
germ bubbles contributed 1.247 mg to the biomass after eleven hours. Compared to the total
biomass, spores and germ bubbles only contributed 3.6% to the 34.5 mg biomass (Figure4‐4A). In
conclusion, 4.8 mg spores represented 82.5% of the 5.8 mg starting culture. These 82.5% increased
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over eleven hours by a factor of nine to 33.2 mg biomass. We applied the same calculation to the
extracted amount of proteins of both time points. The protein content increased from 0.31 mg to
5.2 mg (Figure4‐4B). Thus, only 1.2% of the extracted proteins at eleven hours originated from
spores and germ bubbles. These data clearly demonstrated that the extracted protein composition
at the 11 hours time point is characterized by cells which have efficiently established polar growth,
which we termed young mycelia. Importantly, the protein concentration of the biomass increased
from 5.6% to 12.2% in young mycelia (Figure4‐4C).

Figure4‐4: Total increase of biomass and protein content during eleven hours development from spores to
young mycelia. (A) Biomass increase differentiated according to the biomass of the observed non‐developing
spores (0.64 mg, dark blue), the minor biomass increase for the observed germ bubbles (0.38 mg to 0.61 mg,
yellow) and the main increase for the developing young mycelia (4.8 mg to 33.2 mg, red). (B) Increase of the
extractable protein amount similarly differentiated as in A. (C) Protein concentration per biomass in spores
(0h) and the culture of young mycelia (11h).
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Concomitantly with the acceleration of growth and the increase in protein concentration, also the
number of nuclei increased. Compared to spores with one nucleus and germ bubbles with a mean
of 2.5 nuclei, the number of nuclei per mycelium showed more variability. For example, a
representative young mycelium of the 11 hours time point is shown in Figure4‐5. The young
mycelium has three original germ tubes, one with three branches and one with only one developed
branch. We determined the number of nuclei after DAPI staining which visualizes double‐stranded
DNA by excitation at 358nm, due to the emission of blue light at 461nm (Figure4‐5B). In total, 56
nuclei were counted which were approximately uniformly distributed in the cytoplasm.
In the next step, we measured the total length of the young mycelia and divided the length by the
number of tips to establish a branching index (Figure4‐6B). We determined an average length per
tip of 17 µm (Figure4‐6A). In summary, we found a huge range of tips per young mycelium (Figure4‐
3B) and examples of different young mycelia are shown in Figure4‐6C. The unipolar germling was
19 µm long and the two bipolar germlings 29 µm and 33 µm. The two mycelia with three tips were
47 µm and 61 µm long. The mycelia with five, six, and seven tips had a total length of 76 µm,
109 µm, and 123 µm, respectively. The total hyphae length of the young mycelium with eight tips
was 156 µm.
Several conclusions were drawn from these measurements. 1) The hyphal length of each young
mycelium divided by the number of tips reveals the average hyphal length per polarity axis. In total,
we measured 193 young mycelia and computed an average of about 17 µm per polarity axis. 2)
Assuming that the first 6 µm of hyphae represent the active growth zone, approximately 35% of the
surface of young mycelia are involved in fast polar surface expansion and about 65% can be viewed
as hyphal surfaces with finished cell wall synthesis. 3) It is possible that only nuclei close to the
growing tip express genes essential for efficient polar growth. Such polarity factors may be found at
low abundances only because the proteome of the active growth zone cannot separately be
determined from the proteome of the hyphae with finished cell walls. However, one can also argue
that all nuclei in young mycelia have a very similar expression programme directed to form a
proteome best suited to achieve fast polar growth. This view is supported by the fact, that the rare
septa present in young mycelia divide the mycelium in compartments, each supporting one polar
growth site. Only in older mycelia septa delineate compartments no longer involved in polar
growth.
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Figure4‐5: Multiple nuclei in a young mycelium stained with DAPI. (A) DIC image of a mycelium with 8
growing tips. Scale bar 10 µm (B) Fluorescence image of the mycelium in A with a wavelength absorption of
358 nm and an emission at 461 nm. (C) Enlarged section of the hyphal tip marked in B. Scale bar 5 µm.

Characterization of a single young mycelium of the 11 hours culture
As documented in the previous section young mycelia in the 11 hours culture show a wide range of
total lengths and number of polar growth sites. Originally, we only used the tip numbers to
differentiate between young mycelia without taking into account the contribution of the biomass
which is equivalent to the total length. Therefore, we compared the distribution of young mycelia
according to the number of tips and according to the total length (Figure4‐7). Based on the lengths
the average young mycelium has 7.5 growing tips as calculated from the box plot distribution of
Figure4‐7A, and closely resembles the young mycelium shown by the image of Figure6‐B. The
comparison of both methods revealed a lower impact of young mycelia with fewer tips using the
method weighted by length (Figure4‐7B). The percent distribution of young mycelia according to tip
numbers is shown in blue and according to the total length in green. With increasing length also the
number of nuclei increases. For example, a young mycelium with six tips and 47 nuclei is presented
in Figure4‐8C. Twice as long mycelia carry about 100 nuclei (data not shown). In summary, on
average one spore develops over 11 hours to a young mycelium with 7 to 8 polar growth sites and
about 50 nuclei, and the amounts of protein and biomass increase by a factor of seven.
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Figure4‐6: Defining an average young mycelium and differentiation between growing and non‐growing
areas. (A) Box plot analysis of the total length of mycelia divided by the number of growing tips. This tip
index is also called branching index. (B) DIC image showing the principle of the measurements for the total
length of a young mycelium. Scale bar 10 µm (C) Schematic representation of different young mycelia
observed in the 11hours culture. The tip areas with active polar growth (about 6µm) are marked in red. The
black circles represent the former germ bubble.
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Figure4‐7: Average number of tips per young mycelium according to the total length of mycelia. (A) Box plot
of the lengths/volume distribution of young mycelia. The mean length mycelium has 7.5 tips. (B) Column
diagram of the percent numbers of mycelia according to the number of tips (blue) or the total length/volume
of all mycelia (green).

Figure4‐8: Number of nuclei per tip. (A) Box plot of the distrubution of nuclei per tip in young mycelia. Mean
= 7.5; median = 6.8 (B) DIC image of a young mycelium with 5 tips (polar growth axes) and 1 emerging tip
(novel growth axis). (C) Maximum projection of a stack of 7 fluorescence images of after DAPI staining.

Although, we defined a standard young mycelium, we did not assume a uniform protein
distribution and identical biological processes along the hyphae of the young mycelium. Most likely
these factors differ. In nature, proteins can be localized to specific cell structures and can have
gradients within cells. For example, polarized growth of A. gossypii requires localization of specific
factors to the very hyphal tip to ensure efficient endocytosis (Köhli et al., 2008). We defined the
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growth zones in hyphal tips with 6 µm. This led to the assumption of two different cell
compartments in young mycelia. One compartment is the area of novel cell surface synthesis,
including the essential maturation of cell walls. The other compartment comprises the zones of
non‐growing surface with finished cell walls. We measured the length of the hyphal network of
each mycelium and subtracted 6 µm for each growing tip. Next, we calculated the percentage of
both compartments (Figure4‐9). By using the index of the active polarized growth zone, we found
that the relative length with finished cell walls slowly increases with the increase of total hyphal
lengths and number of tips. The percentage of non‐growing hyphal segments (with a most likely
constant distribution of proteins) increases only from 60% to almost 70% in young mycelia with
length. Even though, we cannot not specify the exact protein abundance in both zones, it is
important to note that the compartments with finished cell walls increased during development.

Figure4‐9: Increase of non‐growing hyphal surfaces (finished cell wall) to actively growing tip surfaces (new
cell wall) with increasing numbers of tips. Linear fit based on the mean (green dots) of percentage of non‐
growing areas to the total length of the young mycelia.

Highly abundant proteins in young A. gossypii mycelia
The proteome analysis was performed as described in the previous two Chapters. Again, nearly
3,800 proteins (82% of all proteins predicted by the genome) could be detected and their copy
numbers determined. A substantial part of these proteins could be expressed either from nuclei in
the active growing tip or in hyphae area with a finished cell wall. Since, it is not known if nuclei
show different expression levels depending of their positions to the tip, the contribution of each
nuclei could not be distinguished.
The ranking of the 20 most abundant proteins is listed in Table4‐2. Their potential functions are
mentioned in Table4‐3. The functional descriptions are based on the known functions of the
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syntenic homologs in S. cerevisiae copied from SGD (Saccharomyces Genome Database). The 20
most abundant proteins can be assigned to four functional groups:
1.
Translation (Tef1, Anb1)
2.
Protein assembly and aggregation (Cpr1, Ssb1)
3.
Carbon metabolism (Tdh3, Fba1)
4.
Ribosomal (Rps29, Rpl2, Rpl28, Rps28, Rpl38, Rps8, Rps25, Rpl27, Rps17, Rpl4, Rps0,
Rpl17,Rps1, Rpl7, and Rpl8)
Compared to the spore proteome (Chapter2) and the germ bubble proteone (Chapter3), huge
changes affected the top 20 abundant proteins. Interestingly, fifteen (75%) of the 20 highest
expressed proteins are now ribosomal proteins of the large and small subunit. Also Anb1, a
translation elongation factor, increased in abundance and change its rank from 50 to 6. The protein
Ssb1 is a member of the heat shock family (Werner‐Washburne et al., 1987) and is associated with
ribosomes (Pfund et al., 1998). Ssb1 functions in folding newly translated polypeptide chains and
prevents misfolding and aggregation of these proteins (Becker and Craig, 1994; Bukau and Horwich,
1998). Ssb1 together with ribosomal proteins was shown to regulate general protein expression
(Lopez et al., 1999). This fact is also reflected in the increase of the Ssb1 protein abundance and
accordingly the ranking.

Table4‐1: Ranking of the 20 most abundance proteins in A. gossypii young mycelia. (*1) All detected
peptides are taken into account and divided by all possible peptides ‐ All‐Method. (*2) Average of the top3
abundant proteins – Top3‐Method.
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Protein copies per nucleus in an average young mycelium
We determined protein copy numbers per nucleus through AQUA peptides quantified by multiple
reaction monitoring (MRM). We used 40 stable isotope‐labeled peptides, which were spiked into
the tryptic peptide (mixture concentration of 2 mg/ml) with amounts of 2 or 20 pmol. As described
above, about 99% of the isolated proteins originated from polarly growing cells. As in the previous
Chapter we had to correlate the amount of isolated proteins to the number of nuclei in the cells use
for protein extraction. First, we measured cross‐section areas of different young mycelia and then
counted the associated nuclei. We created a standard curve using the determined cross‐section
areas of single young mycelia and compared them to their nuclei count (Figure4‐10B). Next, we
measured the total area of a defined volume. In 3 µl of the serial dilution, we identified a total
cross‐section area of 1.68x107 pixel within 65 counted sections. With the linear regression y = A +
Bx, we determined 3.41x104 in 3 µl. Finally, we recalculated the nuclei number with the dilution
factors to the starting solution (Figure4‐10C). We spiked the AQUA peptides to 2.6x108 nuclei. With
the coefficient of determination R‐Square, we determined a correlation of 0.99. On average,
one nucleus was represented by an area of 407 pixels.

Table4‐2: Description of the syntenic homolog of S. cerevisiae for the top 20 highest ranked proteins in
young mycelia according to the Saccharomyces Genome Database (SGD).
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Figure4‐10: Total number of nuclei in mycelia needed to extract 2 mg of protein. (A) DIC and fluorescent
image of an DAPI stained young mycelium. Scale bar 10 µm. (B) The areas of thirteen young hyphae were
measured and the nuclei were counted in these areas to generate a regression line to relate number of
pixels to number of nuclei. R2 is 0,99. (C) Calculations to gain the total number of nuclei in the mycelial
biomass used for protein isolation.

To determine the copy numbers of protein per nucleus, we applied the same methods described in
detail in Chapter2 and 3. First, we compared the 40 AQUA peptides with their identified
endogenous partners (Figure4‐11). We were able to identify 13 of the 20 with 2 pmol spiked AQUA
peptides. The majority of the detected stable‐isotope labeled peptides had abundances between
1,000 and 100,000. Of the 20 pmol spiked AQUA peptides, we detected 17 MS1 spectra, ranging in
abundance from about 100,000 to 1,000,000. For peptides with a spiked concentration, we found
for the 2 pmol an abundance ratio of 100 and for the 20 pmol a ratio of only 10.
Table4‐4 shows the determined endogenous peptide concentrations and their corresponding
proteins. We determined the copy number per nucleus of 30 proteins by implicating the defined
nuclei count (Figure4‐10). Specifically, we used the heavy AQUA peptides and computed the
concentration of the light peptides, which equals the exact concentration of the corresponding
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protein. For more detail of the approach please see Chapter2C. The protein copy numbers per
nucleus of young mycelia ranged from eleven to about 56,000 copies. The membrane bound
guanine nucleotide‐exchange factor (GEF) Cdc25 (Jones et al., 1991) had the lowest copy number
per nuclei with 11 proteins. In contrast, the cytoskeleton protein actin, which plays an essential role
in cell polarization and endocytosis (Pruyne and Bretscher, 2000), was found with 56,676 copies per
nucleus.

Figure4‐11: Abundances of 30 pairs of heavy/light peptides in MS1‐spectra for the determination of absolute
quantities of reference proteins. (A) Red bars: Abundances of 13 AQUA peptides added as 2 pmol to the
peptide mixture. Blue bars: Abundances of the corresponding light peptides. (B) Red bars: Abundances of 17
AQUA peptides added as 20 pmol to the peptide mixture. Blue bars: Abundances of the corresponding light
peptides. The proteins from which the reference peptides were selected are indicated at the bottom of the
graphs.
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Figure4‐12: Regression line of protein abundances in relation to the measured copies per nucleus. The x‐axis
represents the logarithm of the copy numbers calculated via the ratio of heavy – light peptides. The y‐axis
represents the logarithm of the protein abundance defined by (A) iBAQ and by (B) T3PQ. (A) The function
values a has an error of 0.30836 and b of 0.10287. (B) The function values a has an error of 0.39933 and b of
0.13321.
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In the following, we were able to determine the copy number for all detected proteins in young
mycelia. We calculated the copy numbers via linear regression (Figure4‐12) with the given formula y
= a + bx. To build the regression line, we used the AQUA‐peptides based protein numbers (Table4‐4
column 13) versus the analogous protein abundance determined of both, All‐ and Top3‐method
(column 14 and 15). The logarithmic values were plotted in Figure4‐12 and both methods iBAQ (A)
and T3PQ (B) were compared. The correlation is represented by R² which was determined with 0.8
for iBAQ and 0.6 for T3PQ. The R‐Square for the iBAQ method indicates the better correlation which
should result in more accurate protein copy numbers. In addition, we validated the results of the
linear regression with the copy numbers based on heavy to light peptide ratios. In Table4‐6, the
ratio between both results were listed for the iBAQ and T3PQ method. The ratio difference
indicated if the copy numbers were accurately determined with the linear regression. We
compared the mean ratios of iBAQ and T3PQ to gain a better understanding of the results of the
two methods. Concluding, the iBAQ method showed a better correlation using isotope‐labeled
peptides expressed by the higher R‐Square and low ratio of the copy number determination. For
the iBAQ method, we identified most of protein copy numbers in a close ratio. Only for the two
histone proteins Hht2 and Hhf2 huge difference were determined. Both proteins also differed in the
copy number to each other by a factor over ten. Furthermore, histones H3 and H4 interact as a
heterodimer. Two of these H3‐H4 heterodimers together with two heterodimers of histone H2A
and H2B form the histone core octamer called nucleosome (Schafer et al., 2005). Thus, Hht2 and
Hhf2 should be within the same protein copy number rage. In spores, we found both proteins with
same copy numbers (Table2‐19). This changed from spores to young mycelia indicating alterations
in the peptide detection. The decreased detection of the Hhf2 peptide most likely resulted from
modifications in the endogenous protein during digestion. This is supported by the fact that the
determined heavy peptides ratio between Hht2 and Hhf2 in spores of ten (Table1‐18) is compared
to young mycelia (Table4‐4) stable with a ratio of 17.

Discussion
Within eleven hours, an A. gossypii spore develops to a young mycelium. On average, a young
mycelium has seven hyphae tips, a total hyphal length of about 120 µm, and approximately
50 nuclei. Spores and germ bubbles, present in the eleven hour cell mixture, did not affect the
entire protein content. Young mycelia have a huge increased size compared to the relatively small
volume of spores and germ bubbles. At most, only 1% of the total extracted proteins originate from
remaining spores and germ bubbles. At the eleven hour time point, polar cells morphologically
ranges from a single germ tube to a young mycelium with over 20 established polarity axes. In
young mycelia, morphological differences as well as molecular and intracellular alterations can be
identified. For example, the plasma membrane and the cell wall at growing tips is constantly
remodeled by adding lipids and proteins. In contrast, it is suggested that older and non‐expanding
parts of the mycelia are surrounded by a completed membrane and cell wall. Therefore, we defined
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the first 6 µm of the hyphae tips as active and growing (Köhli et al., 2008) and the rest as finished
mycelium.
We defined the general behavior of proteins based on their abundance changes from spores to
young mycelia. Proteins which were only highly expressed at certain locations led to conflicts and
problems in defining accurate changes of protein abundances. In general, proteins that strongly
increased their abundance are most likely essential for polar growth and for building strong hyphal
cell walls. In contrast, proteins decreased in abundance are actively degraded and are therefore
effecting sporulation or germination. Protein abundances which are stable or minor decreased are
actively expressed, due to the increased protein concentration per biomass from 5% to 15% in
young mycelia. In addition, the protein amount of a young mycelium is about 20 times higher than
in spores (Figure4‐4). This is represented by the overall expression of ribosomal proteins, which are
the most abundant protein group in young mycelia. Because of the higher ribosomal count, the
biomass has increased faster. The protein concentration in young mycelia reaches over 15%. It is
not in detail understood why the protein content increased disproportionately to the biomass.
Most likely the high content of wall polysaccharides in spores is the reason for the relatively low
protein content. Importantly, we compared a single mono‐nucleated cell with a developed multi
nucleated cell. By comparing both cell stages, the major volume differences had to be considered.
The volume of an average young mycelium is calculated to be 1300 µm3, which is about 35 times
larger than the spore volume of 35 µm3 (Figure2‐1). Compared with the twentyfold biomass
difference between young mycelia and spores, these data strongly indicates an enormous surface
expansion over time.
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Table4‐6: Evaluation of the protein copy numbers defined via the AQUA peptides and the calculated protein
copies per spore using the regression line. *1) Intensities of all detected peptides divided by the number of
possible peptides for a protein – iBAQ. *2) The average of the 3 peptides with the highest abundance was
used to calculate the copies per nucleus – T3PQ. *3) Mean was computed without outliers that are indicated
light gray.
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Introduction
The life cycle of the filamentous fungus A. gossypii is relatively simple. This and the smallest
genome of a free‐living eukaryote (Dietrich et al., 2004) make it a perfect target to gain
understanding of protein profile changes during the life cycle. The different stages of the life cycle
and the corresponding distribution of the cell types are presented in Figure5‐1. A major difficulty is
the asynchrony of the development. Except for the spore stage each stage consists of a mixture of
all types. Until the third hour after inoculation no morphological changes could be observed. After
five hours at standard growing conditions 35% of the spores formed a germ bubble of different size
and the rest of the spores kept the initial shape. At seven hours only 30% spores were detected and
70% consisted of a mixed population with 20% germ bubbles, 30% unipolar germlings and ca. 20%
bipolar germlings some showing already a branch. Nine hours after inoculation of spores the
population of cells contained 20% spores, 11% germ bubbles, 18% unipolar germlings and ca. 50%
young mycelia and bipolar germlings. At eleven hours we observed over 70% fast growing young
mycelia and about 10% each of spores and germ bubbles and germlings with germ tubes. The high
resolution proteome analysis was performed with the zero, five and eleven hour populations.

Figure5‐1: Cell type composition in relation to the inoculation time of the spores in liquid medium. Cells are
differentiated based on the morphological shape in spores, germ bubbles, unipolar germlings, and young
mycelia including bipolar germlings, n=2,453.
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Figure5‐2: Biomass increase from zero to eighteen hours after inoculation of spores. Subtraction of the spore
weight, based on the cell population for each time point to improve the data.

During the first 18 hours of after inoculation of spores, we could observe a logarithmic increase of
the biomass. Figure5‐2 shows the Log scale of the biomass in mg per time plotted on the ordinate.
From zero to five hours the biomass 2.17 mg spores (35% of the inoculated spores) increased 2.6
times to 5.67 mg biomass of germ bubbles. From zero to eleven hours the biomass of 5.6 mg spores
(80% of the inoculated spores) increased to 586.1mg biomass of young mycelia, 100 times more
than the starting biomass. This enormous increase in biomass allowed us to exclude the remaining
traces of spores and germ bubbles in the characterization of the young mycelia proteome (see
Figure5‐1). The equation based on the linear fit results in a high coefficient of determination R2 with
0.98. By solving the equation for x we calculated a pseudo generation time of 1.7h. Because of the
asynchronous mitoses in A. gossypii and the variation of the general nuclear duplication time, thus
generation time could not be exactly defined. But with the duplication of the biomass we could
estimate the “pseudo generation” time with approximately 100 minutes, which is similar to
S. cerevisiae growing in full medium of the same temperature. During the development from a
spore to young mycelia the protein concentration with respect to biomass increase shows a
remarkable increase. Spores have an average of 5.6% protein of the total biomass which increase
during growth to 9.2% at seven hours up to a maximum of about 15% in young mycelium (Figure5‐
3). Therefore, a smaller cell volume is needed to extract the same amount of proteins. The lower
protein concentration in the spore stage most likely reflects high concentration of sugar polymers
in the spore wall needed to protect the spore. The increase of the protein concentration over time
is not completely understood but the thick protein layer in the outer hyphal wall may be one of the
reasons for this increase.
142

Chapter 5: Developmental proteomics from spores to young mycelia (a preliminary view)

This chapter was written as a preliminary attempt to use the data sets for getting a first view of
developmental proteomics in A. gossypii and should therefore not be seen as a final result. It is
more a stimulus for the continuation of this developmental proteomics project as a postdoc aiming
at high resolution and quantitative proteomics of three additional stages of the A. gossypii life
cycle. Together with the three stages described in this PhD‐thesis a complete view of
developmental proteomics of A. gossypii should than be possible.

Figure5‐3: Protein concentrations of the cell population stages from 0 to 18 hours. Spores were inoculated in
AFM and uniform distributed by vortexing. Spore solution was homogeneous separated into cultures for six
time points (0, 5, 7, 9, 11, and 18 hours) each with biological replicas. The cell weights were measured via a
microbalance after dehydration of the samples using a SpeedVac. The cell samples were lysed and the
protein concentrations were measured via Bradford protein assay. The values of the biomass and protein
mass were computed results in the protein concentrations of the different A. gossypii cell stages.

Results
To gain an improved overview about the increase / decrease of all 3,800 proteins we
simultaneously looked at all three time points and clustered proteins in groups according to their
abundance changes during the elven hours of after inoculation of spores. The abundances were
computed into the logarithm to the base 10 and the five and eleven hour stages were divided by
the spore stage, which functions as a starting point of the protein characterization. Correlation
between the different time points, by transforming the protein abundances into logarithm to the
base 2, shows a high variability. In Figure5‐4 the log2 abundance values of two different time points
are plotted on the y‐ and x‐axis. The pairs plots in Figure5‐4A shows the log2 of the five hour
abundance on the ordinate and the values for the zero hour time point on the abscissa. The eleven
and zero hour time points are compared in B. In Figure5‐4C the abundance of the five hour values
are presented at the x‐axis and the elven hour values are plotted at the y‐axis. The Figure5‐4 shows
an increase in the variance from A over C to B. This indicates the more the time points are apart the
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higher the distribution of the data points. The five hour time point is closer to the zero hour time
point than to the eleven hours. The zero hour and eleven hour time points display huge differences
in the abundance of proteins, which indicates strong alterations in the protein expression or
stability. These analyses clearly represent the dynamics of the A. gossypii proteome during the
development.

Figure5‐4: Pairs plots of log2 transformed protein abundances. Correlation between: five and zero hours (A),
eleven and zero hours (B), and eleven and five hour (C).
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Protein abundance changes at five and eleven hours
Protein levels develop from spores over germ bubbles to young mycelium in different ways. To
categorize the different abundance behaviors we simply grouped the proteins into 4 clusters, based
on the time point and their ratio to the starting point of the analysis. To define under which
conditions a protein is up‐ or down‐regulated we developed minimum limitation settings for the
clusters. In Figure5‐5A the theoretical settings are indicated. The protein abundance was
transformed into the logarithm to the base 10 and the ration to the zero hour time point was
defined for each time point. For each time point, five and eleven hour, the increased and decreased
protein levels were added to the group and separated into solid and slight changes. Major changes
were assumed when the protein abundance was altered by a factor of 10, which has a value of 1 in
logarithmic scale. Protein abundances with minor changes were defined with an increase or
decrease by the factor of 0.48 or higher, which is about all proteins that have an abundance
alteration by a factor of three to ten. The average development of the different protein groups is
shown in Figure5‐5B. The alteration between the cluster A and B is not changing in a significant
manner in relation to the average calculation. Both the up‐ and down‐regulated proteins are mainly
developing in the same way at five and eleven hours and on average all an abundance change
higher then factor 10 at eleven hours. In Figure5‐5C the total number of proteins that were grouped
together is plotted. At five hours only about 300 proteins were up regulated and about 100 down‐
regulated. In contrast to later developmental stages of A. gossypii close to 800 proteins are
increased in their abundance and more the 800 are decreased. In general the protein abundance
changes are more dramatic over time and lead to the higher amount of protein variations at young
mycelium compared to spores.
The top50 up‐regulated proteins from spores to germ bubbles are listed in Table5‐1 and their
corresponding common names based on the S. cerevisiae data including the SGD description of first
S. cerevisiae homolog (Table5‐2). The total amounts of proteins that are induced by fold changes
from three up to ca. 10,000 times are presented in the diagram in Figure5‐6. All proteins that are
induced more than three times (Figure5‐6A) and the protein that are ten times and higher
expressed at five hours (Figure5‐6B) were analyzed with the DAVID Functional Annotation
Bioinformatics tool (Huang da et al., 2009). The resulting categories display the score and general
function. By comparing the frequencies of proteins, which share similar function in the cluster, with
the frequency of randomly detection in the background of the total proteome, we calculated the
probability (P‐values) for the different functional annotations. The P‐values are presenting the
enrichment factor, the smaller the value the more this protein group is enriched in the cluster. The
lists of the corresponding functional groups are presented below the diagrams in Figure5‐6A and B.
At five hours we find 321 proteins that are up‐regulated combined in the cluster 1a. The functional
annotations of the cluster show enrichment by the low P‐values for example for ribosome
biogenesis, nucleolus proteins and also 20 proteins that are involved in rRNA processing.
Furthermore, regulation of transcription increased in proteins that are up regulated after five
hours. Also the cell cycle proteins are significantly enriched with a P‐value of 0.0036, because the P‐
Value is equal or smaller than 0.05, which is associated with a strong enrichment in this annotated
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class. The cluster 1b with a specification for higher induced proteins in germ bubbles show 166
proteins that are considered to be part of this category. Since in this category of cluster 1b fewer
proteins were annotated, also the P‐values are in general higher. With 19 proteins that are involved
in the regulation of transcription the majority of the proteins is highly up‐regulated. In contrast, cell
cycle proteins are not significantly enriched in the cluster. Interestingly, all the proteins that are
associated with the kinetochore are specifically located in the cluster of proteins that are highly
induced during germinating after five hours.
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Figure5‐5: Time point based cluster analyses. (A) Theoretical settings to group the proteins in four clusters.
(B) Line diagram of the average log abundance of proteins from zero to eleven hours. (C) Column chart of
protein numbers identify per cluster.
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Table5‐1: Ranking of the 50 most up‐regulated proteins from zero to fife hours.
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Table5‐2: SGD based description of the 50 most up‐regulated proteins from zero to five hours.
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Only 103 proteins are decreased in their abundance levels after five hours (Figure5‐5C). The top 50
highest down‐regulated proteins are presented in Table5‐3 and the corresponding function is listed
in Table5‐4. The cluster 2a and b are represented with a low number of proteins (Figure5‐7). In the
DAVID Functional Annotation only a few clusters were computed. Significantly enriched are
glycoproteins and integral to membrane proteins, which are proteins that are embedded in the
bilayer with the whole protein or part of the peptide. A putative mating‐type transcription factor is
also significantly reduced after five hours of growth in cluster 2a. With a higher enrichment factor
based on the lower P‐value the functional group in cluster 2b is more significant, which
characterizes proteins that are decreased in abundance by more than the 10 times. No other
significant functional annotations were discovered in the cluster 2b that contains only 47 proteins
(Figure5‐7B).

Figure5‐6: All up‐regulated proteins in five hour germ bubbles. (A) Minor increase of protein abundances.
List of biological groups of this cluster is shown below. (B) Proteins that show a major increase in their
abundances. Functional annotation of the increased protein groups is listed below.
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Table5‐3: Ranking of the 50 most down regulated proteins from zero to fife hours.
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Table5‐4: SGD based description of the 50 highest down regulated proteins from zero to five hours.
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Figure5‐7: All down regulated proteins in five hour germ bubbles. (A) Minor decrease in the protein
abundance with the list of biological decreased protein groups in this cluster. (B) Only proteins that are
reduced by a major value including the functional annotation of decreased protein groups.

A young mycelium of A. gossypii is morphologically much more altered compared to five hours
stage where still a high amount of spores is present in the cell mix. After eleven hours the changes
in protein abundances and composition are more dynamic then after five hours. Table5‐5 shows
the top 50 up‐regulated proteins after eleven hours of growth under standard conditions. The
cellular functions of the top 50 proteins are summarized in Table5‐6. The clusters of the induced
proteins during germination are plotted in Figure5‐8. The characterization of the protein
development is presented in the diagram. The logarithms to the base 10 values are placed in the
relation to the time in hours and separated into tow clusters. Cluster 3a up‐regulated proteins with
an abundance increase of more than log 5 (Figure5‐8A) and cluster 3b that contains only proteins
that are induced with a higher fold change of log 1 (Figure5‐8B). In total we sorted 751 proteins in
the first group and by computing with the DAVID Functional Annotation Bioinformatics tool we
were able to identify several biological sets of proteins. The highest enriched cellular components
are the intracellular non‐membrane‐bounded organelles with a total number of 121 proteins and
an P‐value of 3.7x10‐25. The proteins of ribonucleoprotein biogenesis are significantly enriched with
a P‐value of 1.1x10‐28 and 59 proteins could be defined in this cluster. Proteins that are imported for
DNA replication are also significantly increased in this cluster. This correlates well with the
enrichment of proteins that are involved in the pyrimidine and purine metabolism. Both have a
clearly low P‐value which indicates the high association of this protein groups with growth. The
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rapid nuclear duplication during the germination of A. gossypii demands a high increase in the
amount of proteins involved in this process in order to produce the high amount of biomass.
Similarly, the RNA polymerase shows a high significance to be induced during this development,
which is important to proportionally increase the transcription of genes with the increase of DNA.
Like already shown at five hours the kinetochore proteins are also in a significant manner induced
after eleven hours. We were able to identify in this cluster with a high coverage, 14 proteins of the
total 19 kinetochore associated proteins. In the cluster 3b we could detect the same functional
groups like in cluster 3a. With overall 481 proteins that are induced by a factor of 10 or more, we
found a high number of proteins for these functional categories. This indicates the dramatic
increase in the expression of the protein groups and their central role in the biomass increase and
the growth of A. gossypii.

Figure5‐8: All up regulated proteins in eleven hour young mycelium. (A) Minor increase in the protein
abundance with the list of biological increased protein groups in this cluster. (B) Only proteins that are
induced by a major value including the functional annotation of increased protein groups.

154

Chapter 5: Developmental proteomics from spores to young mycelia (a preliminary view)

Table5‐5: Ranking of the 50 most up regulated proteins from zero to eleven hours.

155

Protein abundance changes at five and eleven hours

Table5‐6: SGD based description of the 50 highest up regulated proteins from zero to eleven hours.
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Table5‐7: Ranking of the 50 most down regulated proteins from zero to eleven hours.
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Table5‐8: SGD based description of the 50 highest down regulated proteins from zero to eleven hours.
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Figure5‐9: All down regulated proteins in eleven hour young mycelium. (A) Minor decrease in the protein
abundance with the list of biological reduced protein groups in this cluster. (B) Only proteins that are
decreased by a major value including the functional annotation of the down regulated protein groups.

The group of proteins which are degraded during the development from spores to young mycelium
was manually annotated. In total we could identify over 800 proteins are most likely no longer
present in germ bubbles and / or young mycelia. The top 50 decreased proteins at eleven hours are
presented in Table5‐7 and their cellular functions in Table5‐8. To gain a better understanding of
these proteins we analyzed the cluster 4a and b with the DAVID tool (Figure5‐9). This lead to a
global view of the most significantly changed functional protein categories. Some of the identified
groups were basically already identified at five hours, but not with a lower protein counts and a
higher P‐values. Only 41 proteins were degraded, which indicates that it is less essential to degrade
proteins than to express huge amounts of novel proteins. Also autophagy proteins and the
exopeptidase are down‐regulated during the development from spores to young mycelium.
Suggesting that those biological functions play a higher role during sporulation, the presence of
protein categories in this cluster is not surprising. With the incubation in high glucose liquid full
medium the observed down‐regulation of proteins belonging to the starch and sucrose metabolism
can be explained. With a P‐value of 0.000026 the significance for these pathways to be down‐
regulated is evident. 64 transmembrane proteins with a low P‐value were also identified.
Furthermore, 88 membrane proteins are found in this down‐regulated cluster. The global group of
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proteins that carry moieties, which are inserted in the membrane such as a GPI anchor is not
necessarily actively down‐regulated. Because of the increase of the membrane surrounding volume
the percentage of the volume expands faster than the bilayer during the germination from spores
to young mycelium. Compared to the cluster 4a the cluster 4b with the more than 10 times
decreasing protein abundances carries the same functional categories, only a more specific protein
group is significantly enriched. Ten glycoproteins with a P‐value of 0.0094 were identified. This
group of proteins is mainly located at cell membranes and is probably reduced in their abundances
because of the same reason (volume, perimeter ratio) as the other membrane proteins.

K‐means clustering of protein species during the development of A. gossypii
Development is characterized by dramatic variations in the protein levels over time. We did a K‐
means clustering using the ratio of logarithmic scales of protein abundances. Figure5‐10 shows the
clustering results and the developing proteins species during germination of A. gossypiiI. The
theoretical description of the behavior of the log values over the time is presented by an overview
graphic (Figure5‐10A). Included are the limitations of the log values for the different clusters as well
as the specification for the five and eleven hours time points. In total we obtain 5 clusters with
general protein characterization. Cluster 1 represents proteins that are induced and cluster 2 those
proteins that are decreasing. Cluster 3 contains proteins that are first up‐regulated at five hours and
down‐ or un‐regulated after eleven hours. Cluster 4 shows proteins that are first down‐regulated
during the first five hours and are than increasing during later stages. Cluster 5 covers the proteins
that are mainly un‐regulated during the first eleven hours of the development of A. gossypii. For a
more specific interpretation we split the up‐ and down‐regulated clusters into subassembly groups
of minor and major alterations plus changes that only occur after five hours. In Figure5‐10B the
average logarithmic ratio of the five clusters including the sub clusters is plotted. The general
behavior of the proteins that are grouped in one cluster are easily comparable. As example, the up‐
regulated sub clusters are more like the theoretical predictions compared with the down‐regulate
sub clusters, which all show a more or less similar curve. In contrast, the induced clusters show
specific log ratio differences at the five hour time point. The total number of proteins per cluster is
shown in the chart diagram (Figure5‐10C). The largest and most prominent cluster with over 2,000
proteins is the unregulated cluster 5. There are 800 up‐ and also about 800 down‐regulated
proteins. For only about 100 proteins we up‐regulation followed by down‐regulation and vice versa.
The first cluster with all proteins that share the same characterization of increased abundance over
the time points is presented in Figure5‐11. The logarithm to the base 10 protein abundances of all
cluster 1 proteins are plotted together (Figure5‐11A). The subassembly groups of this cluster are
divided into three clusters 1a, 1b, and 1c (Figure5‐11B). In cluster 1a all proteins are grouped that
show a more than 10‐fold increase after elven hours. Proteins that only change by a factor of five to
ten after eleven hours are assembled in cluster 1b. The last cluster contains up‐regulated proteins
that are stable during the first five hours and then become induced. The functional categories that
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are associated with cluster 1 proteins and the sub‐groups are listed in Table5‐9. As described
previously for the time point clusters (Figure5‐6&8) we could identify similar functional groups.

Figure5‐10: K‐means clustering of protein abundances during the development of A. gossypii. (A) Theoretical
cluster description with the log values changes and the limitation settings for the different time points. (B)
Average of each cluster over the time points. (C) Protein species numbers of the different clusters.
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Especially proteins for ribosome biogenesis, regulation of transcription, RNA processing, and RNA‐
binding are significantly enriched in the cluster of up‐regulated proteins. Furthermore, proteins
involved in cell division and DNA replication are found to be substantially induced. In the sub‐
clusters 1a we found many expected protein groups based on Figure5‐8. In the function cluster 1a
of Table5‐9 proteins are found involved in cell growth, like biogenesis for ribonucleoproteins or ten
sub‐units of the RNA polymerase. Among proteins that are moderately induced we found for
example proteins of non‐membrane‐bound organelles, in a cluster of only 68 proteins.
Interestingly, we found the same protein categories in cluster 1a and 1c, like the ribonucleoprotein
complex proteins, which suggests that these cellular functions become more and more important at
later stages of the life cycle of A. gossypii to achieve the huge increases of biomass and levels of
proteins.

Figure5‐11: K‐means cluster of up‐regulated proteins. (A) All up‐regulated proteins combined in cluster 1. (B)
Separation of cluster 1 into three sub‐groups with different specification of up‐regulation.

Table5‐9: Functional annotated protein groups based on the DAVID Bioinformatics tool.
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Over 800 proteins were found to be down‐regulated. In Figure5‐12 the K‐means cluster is shown of
the down‐regulated proteins (Figure5‐12A) and of the subassembly groups (Figure5‐12B). The
corresponding functional annotations of the cluster are listed in Table5‐10. In general we could
identify the same protein families like as in the time point clustering. The intrinsic membrane
annotation was detected in all three sub‐clusters with over 80 proteins. Similarly, peptidases other
degrading enzymes are all enriched in the three sub‐clusters 2a‐c. Interestingly, we could detect a
significant decrease of 14 starch and sucrose metabolism proteins in cluster 1c, which indicates
either active degradation inhibition of gene expression. As said before during growth in glucose rich
medium these additional metabolic functions, are no longer needed. As calculated from cluster 2c
unspecific transport proteins are reduced in general. The P‐value of the 43 transport proteins is
0.0026, which reflects a significant enrichment in this sub‐cluster.

Figure5‐12: K‐means cluster of the down‐regulated proteins. (A) All down‐regulated proteins combined in
cluster 2. (B) Separation of cluster 2 into three subassembly groups with different specification of down
regulation.

Table5‐10: Functional annotated protein groups based on the DAVID Bioinformatics tool of the cluster 2.
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Also we had a look at proteins that undergo different regulations over the time points (Figure5‐13),
as indicated by different log ratio changes between five and eleven hours. In Figure5‐13A cluster 3
is plotted and in the Table the corresponding annotation categories. Only 65 proteins specifically
up‐regulated in germ bubbles could be identified. DNA binding proteins are significantly enriched
with a P‐value of 0.026. The eight proteins which are strongly enriched in this cluster show a
decrease after eleven hours. Cluster 4 presented in Figure5‐13B represents down‐regulated
proteins at five hours, which are found to be increased after elven hours. With 44 proteins that
show this behavior cluster 4 comprises the smallest group of proteins in this analysis. A P‐value
smaller than 0.05 is only detected by the annotated category of cell division. Considering the P‐
value of 0.002 this protein group demonstrates a significant enrichment is this cluster. Since cell
division proteins play a role during sporulation and at later cell stages as well for septation this
annotated group of proteins is biologically meaningful. When the regulation of proteins changes
twice during development one can assume that these proteins have a specific function at a short
time and are probably needed at certain cell stages. On the other hand such predictions are difficult
because the development of A. gossypii is a rather asynchronous process.

Figure5‐13: K‐means cluster of proteins that are different regulated at the five and at the eleven hour time
points. (A) Proteins that are increased at five hours and degraded after eleven hours. (B) Down‐regulated
proteins from zero to five hours that are up‐regulation after eleven hours.

The formed cluster of un‐regulated proteins is presented in Figure5‐14 and included in total 2,295
protein, which is more than the half of the 3,892 identified proteins. Cluster 5 shows the proteins
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that are stable in their abundance. These proteins have to be actively expressed during germination
and formation of young mycelia, because of the huge biomass and protein mass increases during
development. With the volume increase from spores to young mycelia the abundance of no longer
expressed proteins should be slowly diluted over the time. The functional annotation categories
that are significantly enriched in this group are for example; 248 nucleotide‐binding proteins and
126 proteins involved in nitrogen metabolism. Mitochondrial proteins are considered to be
significantly enriched with a P‐value of 0.00074. Other proteins that are expressed during
germination and do not significantly further increase are involved in tRNA metabolic processes.

Figure5‐14: K‐means cluster of proteins that are stable in their abundances during the development of
A. gossypii. Functional annotation categories of this cluster are listed below.
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Cluster of orthologous groups (COGs) based on S. cerevisiae annotations
Clusters of Orthologous Groups of proteins (COGs) are characterized by comparing protein species
determined in complete genomes (Tatusov et al., 2003). The fraction of protein classifications are
calculated by the quantitatively determined protein levels and are shown in percent of the
proteome. The quantitative protein levels are calculated via the protein copy numbers using
internal heavy peptide standards, which are used to globally estimate absolute protein
concentrations for all identified proteins. This analysis predicts fractions of specific biological
functions by the total protein masses.

Figure5‐15: Association of Clusters Orthologous Groups (COGs) classes composition found in the genome,
proteome and quantitative proteome. The fraction of predicted genes and identified proteins are shown as
percentages based on their biological category. The quantitative proteome displays the absolute protein
levels in the appearance at eleven hours young mycelium. Functional COG categories are color coded in the
legend. Genome n=2,047; Proteome/Quantitative proteome n=1,838.
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To obtain a global picture of proteome rearrangements during cell growth, the protein profiles and
abundances were determined for several growth states and in a system‐wide manner. Clusters of
Orthologous Groups (COG) describe functional characteristics of different microbe species (Tatusov
et al., 2003). Figure5‐15 shows the COG distribution of the A. gossypii genome, proteome (both by
numbers), and the quantitative proteome (by mass). We analyzed the relationship between the
genome, proteome, and the quantitative proteome. The genome and the proteome show huge
similarities, which indicates a high identification rat of proteins across the whole genome. In
contrast quantitative proteome shows huge differences to both, reviling the importance of
expression regulation. The functional clusters provide a good representation of the actual allocation
of protein classes in the cell, indicating that some proteins groups, which are low in number, are
highly expressed and cover a large fraction of the quantitative proteome. Especially, proteins
involved in posttranslational modification, carbohydrate transport, metabolism, and translation are
highly expressed. In particular, translation contributes almost half of the protein mass in fast
growing cells (11h time point). In contrast, low expressed proteins seem to be involved in the
functional clusters of cell cycle control, chromatin structure and dynamics, and signal transduction.
Moreover, proteins with unknown function are remarkably reduced in the quantitative proteome.
Thus, these proteins are generally lower expressed and therefore probably less well‐studied. These
differences further enhance the importance of using quantitative proteomics to determine absolute
protein abundances.
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Table5‐11: Cluster orthologous groups (COGs) dynamics during the three cell stage: spores, germ bubbles,
and young mycelia.
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Figure5‐16: Cluster orthologous groups (COGs) of predicted gene products are plotted in percent on the
quantitative proteome levels. The fractions are defined by the functioning in specific biological processes
(see legend).

In Figure5‐16 the COGs protein fractions of different development stages are shown on the
quantitative proteome levels in percent. The protein copy numbers of single proteins were
calculated in masses via the molecular weight of the protein. The categories are shown in the insert
from top to bottom (Figure5‐16) and are fragmented by the function into specific biological
categories. The COGs and the percentage of the protein mass of each group are listed in Table5‐11.
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The Translation, ribosomal structure and biogenesis cluster is the most abundant category in the
total protein amount. In spores over 20% of the proteome is composed of proteins that belong to
this category, which slowly increases to 25% after fife hours. The category including translation is
highly induced after eleven hours. In total 50% of the quantitative proteome is represented by this
class in young mycelium, which can explain the enormous biomass and protein concentration
increase during the development. Another high represented COG is the group including
posttranslational modification, protein turnover and chaperones. But in contrast to the previously
described group this class shows a stable protein mass during the development of A. gossypii. The
group of carbohydrate transport and metabolism is stable and prominent with 10% over the three
time points. These processes are controlled by the nutrients source, which is needed to be
transported in high amounts necessary for the accelerating growth speed. The total mass of
proteins that are involved in the energy production and conversion shows first an increase in the
quantitative protein amount from spores to germ bubbles and is in young mycelia reduced 3.6%. In
full medium the carbon source glucose is present in high supply, which guaranteed energy
maintenance and this functional category becomes less important to be present in such high
percentages. The proteins organizing the amino acid metabolism are reduced after eleven hours
from 9.1% to 3.6%, because of the growth in full media. Signal transduction mechanisms are
reduced in the protein mass over time. Sporulation may be induced because of nutrients limitations
and spores need to have a decent sensing of the environment to induce germination at right
conditions, which can explain the higher amount of signal transduction proteins at zero hours.
Signal transduction mechanisms can processes information of the surrounding environment, which
is not needed in higher amounts for cells that are growing at optimized conditions. The protein
quantifications of cytoskeleton components show an increase at 5 hours and decrease at 11 hours.
Chromatin structure and dynamics are represented in low concentrations, but are stable (0.2%)
during the development. Identified proteins with unknown functions have overall a low
concentration and are reduced from 1.5% at zero hours to 0.4% at eleven hours. Proteins with
unknown functions are expressed in low copy numbers in spores and have even less impacted in
growing cells, which may be the reason why it is complicated to characterize these protein classes.
Furthermore, proteins that regulates defense mechanisms and cell motility were not identified,
which is in agreement with the immobility of A. gossypii cell and the lack of established defense
mechanisms.
Clustering all quantified proteins in COG classes (Figure5‐17) shows a general dynamics between
spores, germ bubbles, and young mycelia. Figure5‐16 shows the stacked bar diagram of this
functional groups in including the no COG annotated quantified proteins (gray bar). We detected a
general decrease in the protein mass of metabolic functions from 1/3 to 1/5 of the total proteome
during the development. Proteins involved in information storage and processing are increased by a
factor of 2.5 from spores to young mycelia of the quantified protein components, which is
specifically caused by increase of ribosomal proteins (Figure5‐16). Importantly, not all known
S. cerevisiae proteins are annotated by COGs, which leads to a relative prominent amount of
proteins in the empty category. In spores 33% of the quantitative proteome is not functional
annotated by COGs. In young mycelia this amount decreases to 20%. Interestingly, COGs that are
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not annotated (Empty) decreases over time, which indicates that a high number of these proteins
are not strongly expressed in growing cells, which leads to the suggestion that the majority of these
proteins are not essential during growth. In total this does not change the characterization of the
functional class behavior, but in some cases it can lead to changes of the protein cluster course.

Figure5‐17: Proteome composition changes in response to the germination process and hyphal growth.
Cluster of orthologous group class dynamics over eleven hours of growth in liquid full medium. Functional
classes are color coded as described in the insert.

Discussion
We confidently identify 4,217 proteins at a 1% false detection rate (FDR) based on the target‐decoy
search strategy (Elias and Gygi, 2007). Most proteins were confidently identified with five or more
peptides (Figure5‐18).
The Characterization of proteins during the development of A. gossypii via cluster analyses is an
easy way to identify proteins that show same behaviors over certain time points. Followed by the
systematic and integrative analysis with the DAVID Bioinformatics tool (Huang da et al., 2009) the
identification of functional categories in this clusters is an informative way to show the regulation
of different biological processes. The predictions of enriched protein groups in the clusters were
identified in agreement with the biological understanding of development from spores to young
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mycelium. For example, ribosomal proteins are strongly induced during the germination and
proteolysis genes are suggested to be repressed.
The Tables of the top 50 regulated proteins at different time points show extreme changes in the
abundances. Most of the identified proteins in this list have low peptide coverage (fewer than
three). This could explain why the values of these protein abundances are changing in such a high
manner. High coverage of proteins followed over time is not crucial, because peptides are internally
compared and have the same ionization frequency, in contrasted to comparing protein abundances
of different protein species.
The Cluster of orthologous groups (COGs) based on the S. cerevisiae protein functions is in
agreement with the prediction generated by the DAVID Bioinformatics tool and shows prominently
similarities in the development. This finding we discovered as well by comparing the protein copy
numbers and the protein abundances between different protein species (described in Chapter2 ‐4).
We found that in young mycelia the majority of ribosomal proteins is highly enriched (Table4‐1)
where in spores other proteins are found to be more abundant (Table2‐2).

Figure5‐18: All detected proteins based on the position in the genome during the proteome project of
A. gossypii. White boxes represent genes, which products were not detected during this study. The numbers
of detected peptides per protein are indicated.

The four septins
To demonstrate that the variations of quantified proteins during the development of A. gossypii are
not caused by fluctuations of measurement we characterized the 4 septins (Table 5‐12). The
relative protein abundances and the protein copy numbers of the septins Cdc3, 10, 11, and 12 are
in the same range and show the same abundances in the spore proteome (0h). By comparing the
development over 11 hours, the septins show the same ratio and the same protein copy numbers
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per nucleus. The four septins (Hartwell, 1971) are known to be required for cytokinesis (Field and
Kellogg, 1999). This uniform behavior of the septin protein complex suggests a hetero oligomer of
four components, because these proteins are found to be in the same concentrations at different
cell stages. Studies showed that septins are organized in multi‐septin hetero‐oligomers (Versele and
Thorner, 2005) and in S. cerevisiae the core is proposed to assemble in the order of Cdc11–Cdc12–
Cdc3–Cdc10–Cdc10–Cdc3–Cdc12–Cdc11 (Weirich et al., 2008). This is in agreement with our
presented stoichiometric ratio based on the relative protein abundances. Our current knowledge of
protein concentrations approves the septin organization and reflects the accuracy of the
established MS data of the Ashbya gossypii proteome during the development from spores to
young mycelia.

Table5‐12: Development of the relative abundances and the protein copy number of the four septin
proteins.
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Materials and methods

Strains and growth conditions
For this study we used the laboratory strain Agleu2Δthr4Δ, a derivative of the A. gossypii wild‐type
strain ATCC 10895 (Ashby and Nowell, 1926), which carries deletion of the AgLEU2 and AgTHR4
genes (Altmann‐Johl and Philippsen, 1996). A. gossypii was grown on full medium (AFM) containing
10 g/l Bacto Peptone (Pancreatic Digest of Casein, Difco), 10 g/l Yeast Extract (Micro Granulated,
Formedium, Norwich, England) 1 g/l Myo‐inositol (Merck), and 2% D(+)‐Glucose‐Monohydrate
(Merck). Glucose was autoclaved separately and added directly before usage to the medium. For
spore production, A. gossypii was grown on 35x10 mm Petri dish (Falcon 1000, Becton Dickinson
Labware, New Jersey, USA) by adding 15 g/l agar (Formedium, Norwich, England) to solidify the
medium. Cultures were incubated at 30°C in a temperature controlled environment. Liquid cultures
were specially incubated in baffled flasks (Duran, Schott, Germany) on a rotary shaker (INFORS® AG)
at 150 rpm, to guarantee oxygen supply.

Spore preparation
Spores were isolated without enzymatic digestion by exploiting their high hydrophobicity to
eliminate vegetative mycelial contamination. We used coated glass tubes with Sigmacote® (Sigma‐
Aldrich CAT# SL2) which were incubated overnight and autoclaved to fix the cote to the glass. The
method was invented and described by Sophie Lemire‐Brachat (Brachat, 2003). Harvested
mycelium containing the spores was incubated in the coated glass tube with dH2O for several hours
and after washing three times with dH2O, the spores were eluted with 0.1% (v/v) Triton X‐100
(Triton® X‐100 BioChemica, AppliChem, CAT# A1388,1000) by vortexing under strong shaking
conditions. Spores were transferred from a 15 ml Falcon tubes into a 1.5 ml Eppendorf tubes by
centrifugation at 3000 rpm for 5 minutes at room temperature, washed and incubated overnight at
4°C with 0.03% (w/v) RapiGest SF Surfactant (Waters, CAT# 186002123). All spore preparations
were controlled by light microscopy for purity and only fresh spores were used as an inoculums for
liquid cultures and the sampling of life cycle stages. For more information and detailed description
see chapter2 part A and figure2‐2/2‐3.

Sampling of life cycle stages
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We obtained different life cycle stages of the fungus A. gossypii by inoculation of fresh spores in
liquid full medium (AFM) and assayed them after: 0h, 2h, 5h, 7h, 9h, 11h, and 18h. For the sample
collection at 0h time point we used 169 mg of fresh spores originated from 40 six days old
A. gossypii colonies on AFM plates and the use of 60 coated glass tubes to produce 5.4 mg protein
extract for LC‐MS analysis (for more details see Chapter2 partA). For the other time points, we
followed the established diagram of the protein concentration based on the biomass and cell
population stage in Figure5‐3 and Figure6‐1 to estimate spore levels. We prepared a uniform spores
solution in AFM, generated equal aliquots in 250 ml baffled flasks and grow them for 0, 5, 7, 9, 11,
and 18 hours. Time point samples were dried using a CentriVap Vacuum Concentrator System
(Labconco). The weighted samples were then lysed in lysis buffer (8 M urea, 0.1% RapiGest, 0.1M
ammoniumbicarbonate). Protein concentrations were determined by Bradford assay (Bradford,
1976). Figure6‐1 shows the increase of the dry biomass and protein mass by an inoculation of
6.192 mg spores into AFM. To control the different protein yields, we adjusted the spore amount
that was inoculated for the different time points accordingly. To ensure optimized nutrients and
oxygen supply for the growth we used 250 ml baffled flasks filled with 50 ml AFM for the 0h, 2h,
and 5h time points and for the 7h, 9h, 11h, and the 18h time point we used 200 ml AFM in 500 ml
baffled flasks. Additionally, to growth higher amounts under optimal conditions, we used multiple
baffled flasks per time point. 500 µl aliquots were removed and fixed with paraformaldehyde and
stored for later DAPI staining and inspection. Sample collection was done via centrifugation at
4000 rpm and room temperature in 50 ml falcon tubes and stored in 2 m micro tubes (Sarstedt
CAT# 72.693.005) at ‐80°C after fast freezing in liquated nitrogen.

Figure6‐1: Correlation of needed biomass of specific cell stages to gain protein amounts. All time points (0, 5,
7, 9, and 11 hours) were inoculated with the same amount of spores (6,2mg) to define the mg of spores is
required to reach a cell stage biomass and a extracted protein amount.
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Cell fixation
500 µl of the time point sample were mixed with 4°C cold 500 µl 4% paraformaldehyde (PFA)
solution and incubated for 20 min at room temperature on ice. Fixed cells were then washed three
times with 1xPBS (4 mM K2HPO4; 1 mM KH2PO4; 15 mM NaCl) and diluted with 0.03% Triton X‐100.
The washing was performed via centrifugation with a „Biofuge Pico“ centrifuge (Heraeus) at
500 rpm for five minutes. Fixed samples were stored at 4°C. The 4% PFA was prepared by dissolving
4 g PFA with 50 ml sterile H2O and 1 ml 1M NaOH at 65°C. Afterwards, 10 ml 10x PBS (0.04M
K2HPO4; 0.01 M KH2PO4; 0.15 M NaCl) were added and after cooling down to room temperature the
pH was adjusted to 7.4. Finally, the volume of the solution was adjusted to 100 ml with sterile H2O.

DAPI staining
To stain the nuclei of A. gossypii we used the blue fluorescent dye 4,6‐Diamidino‐2‐phenylindol
(DAPI) (CarlRoth, CAT# 6335.2). To a total amount of 200 µl fixed cells in PBS, 0.03% Triton X‐100
we added 1 µl of a 1 mg/ml DAPI ethanol solution and incubated on ice in the dark for 10‐20 min.
Cells were washed 1x with PBS and 3‐5 µl of stained cells were placed on a microscope slide and
sealed with a cover slip.

Microscopy and fluorescence microscopy & image processing
For microscopy we used an Axioplan2 Imaging‐System equipped with an automated Epi‐fluorescent
microscope (Carl Zeiss AG, Feldbach, Switzerland), which is controlled via MetaMorph 6.2r5
software (Molecular Devices Corp., Downingtown, PA). For the setup, objectives Plan‐Apochromat
100x/1.40 NA Oil DIC and Plan‐Apochromat 63x/1.40 NA Oil DIC and appropriate filters (Zeiss and
Chroma Technology, Brattleboro, VT) were used. Images were acquired using a cooled charge‐
coupled device camera CoolSNAP HQ (Photometrics, Tucson, AZ) at room temperature. The
microscope was setup according to (Rodicio et al., 2006) and (Knechtle et al., 2003). Z‐distance of
two planes was set between 0.1 and 0.5 µm. Image processing was performed with MetaMorph
6.2r5 software. Z‐stacks were compressed by maximum projection with Stack Arithmetic and
converted from 16‐bit to 8‐bit and stored as 8‐bit gray scale and RGB TIFF files. Following
processing and measurements were although processed with ImageJ (Wayne Rasband, National
Institute of Health).
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Bradford & BCA – assay
We used Bradford & BCA assay to determine the protein concentration of the samples. For the
Bradford measurements (Bradford, 1976), we used the protein assay from BIO‐RAD (München) and
attend the orders of the producer. The measurements were performed with a photometer
Ultraspec 4000 (Pharmacia Biotech) at a wave length of 595 nm. The concentration definition was
done via a regression line by the use of bovine serum albumin (BSA). The BCA assay of Pierce® BCA
Protein Assay Kit (CAT# LE145476) is based on bicinchoninic acid (BCA) for color detection and
quantification of total protein. The method was performed according to the supplier instructions.

SDS‐Polyacrylamid Gelelektrophorese (SDS‐PAGE)
For sample quality control and digestion completeness, we use discontinuous sodium dodecyl
sulfate‐Polyacrylamide‐Gel‐Electrophorese (SDS‐PAGE) to separate proteins based on their
molecular weight (MW) (Laemmli, 1970). We used the 2D Gel electrophoresis system (Amersham
Bioscience Hoefer SE 400 Series) with a 12% resolving gel (10.42 ml dH2O; 6.5 ml 1.5M Tris/HCl, pH
8.8; 8.66 ml 30%Acryl Amid; 260 µl 10%SDS; 120 µl 10%APS; 40 µl TEMED) and a 5% stacking gel
(5.3 ml dH2O; 2.5 ml 0.5M Tris/HCl, pH 6.8; 2 ml 30%Acryl Amid; 100 µl 10%SDS; 60 µl 10%
ammonium persulfate (APS); 20µl TEMED). We proceeded with the gel system and cast gel
according to the instructors manual and separated the proteins in running buffer (1.2%Tris base,
5.76% glycerin, 1% SDS, pH 8.3). 20 µl of each sample were 1:1 mix with fresh sample buffer
(0.355 ml dH2O; 0.125 ml 0.5M Tris‐HCl, pH 6.8; 0.25 glycerol, 0.2 ml 10%(w/v) SDS; 20 µl 0.5%(w/v)
Bromophenol Blue; 50 µl β‐mercaptoethanol) and heated for 5 min at 95°C. We used the
prestained protein ladder mix from Invitrogen (MultiMark) and the BioRad protein ladder mix (Dual
Color). The experimental parameters were applied according to the descriptions by (Sambrook and
Russel, 2001). The proteins were aligned in stacking gel at a current of 15 mA and separated in the
Resolving gel at 25 mA. To visualize the proteins we stained the gel with Coomassie Brilliant Blue
(10% (v/v) acetic acid; 40% (v/v) EtOH; 50% (v/v) ddH2O; 1‐2 g Brilliant Blue) for several hours,
washed them multiple times in washing buffer (10% (v/v) acetic acid; 30% (v/v) EtOH; 60% (v/v)
ddH2O) and scanned the stained gel.

Sample preparation

Protein extraction from whole cells
The collected samples were split into aliquots of about 200 mg mycelia or spores, transferred in
2 ml bead beater tubes (Sarstedt CAT# 72.693.005) and dissolved in 500 µl ice cold lyses buffer (8M
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urea; 0.1%(w/v) RapiGest, 0.1M ammonium bicarbonate) containing 500 µl of chilled 0.5 mm
Zirconia/Silica beads (BioSpec Products Inc. CAT# 11079105z). The first steps of the cell lysis was
done via the FastPrep® Cell Disrupter (FP220A Instrument, MP Biomedicals Europe) by applying full
speed (6.5) and six cycles of 30 sec each, with sample placement on ice for 2 minutes between each
cycle. The extract was collected by puncturing the bottom of the tube with a needle and insert the
bead beater tube into an 2 ml Eppendorf tube, followed by quickly accelerate centrifuge at
3000 rpm at 4 °C by placing the stacked tubes in a 50 ml falcon tube. Afterwards the Zirconia/Silica
beads were washed with additional 200 ml lysis buffer. The protein extracts were then sonicated
(Hielscher Ultra sound Technology) to destroy remaining parts of the lipid bilayer and dissolve
membrane proteins in the samples. Three to six cycles depending on the density with the highest
ultrasound energy were applied to each sample. The lysate was cleared by 5 minute centrifugation
at 14000 rpm at 4°C and the supernatant transferred to a new 2 ml tube. The proteins in the extract
were then precipitated to get rid of Triton X‐100 that would interfere with MS analysis.

TCA protein precipitation
For the protein precipitation we added 1 volume of 100% (w/v) Trichloroacetic acid (TCA) to 4
volumes of protein sample and incubated for 10 min at 4°C. The sample was spun down in a micro
centrifuge at 14000 rpm for 5 min. Supernatant was removed and the intact protein pellet was
washed two times with 200 µl cold acetone. The protein pellet was dried at 95°C on heat block for 5
to 10 min and dissolve in 350 µl lyses buffer by shaking on an Eppendorf Thermomixer combined
with Sonication. The final protein concentration was measured by BCA assay.

Reduction and alkylation of disulfide bonds
For the reduction and alkylation of disulfide bonds, we adjusted the protein concentration to 2.5‐
10 mg/ml and corrected the pH to 8.5 using 0.1M HCl / NaOH. We added 1 µl 0,2M tris(2‐
carboxyethyl)phosphine (TCEP) (57.23 mg/ml TCEP dissolved in 0.1M TRIS pH=8.5) per 40 µl protein
extract and kept the mixture at 37°C for 1 h at 500 rpm on a Eppendorf Thermomixer comfort. After
the mixture was cooled down, 1 µl per 40 µl sample 0.4M freshly prepared iodoacetamide solution
(74 mg/ml dissolved in water) were added and kept at 25°C for 30 min at 500 rpm in the dark. Next
we pipetted 1 µl per 40 µl sample 0.5M N‐acetyl‐cysteine (81.6 mg/ml dissolved in 0.1M TRIS
pH=8.5) to the mixture and after vortexing we left the sample at room temperature and 500 rpm
for another 10 min.
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Proteolysis
For protein digestion we mixed the alkylated samples 1:4 with 0.1M ABC buffer to get a final urea
concentration below 2M. The pH was adjusted to 8‐8.5 using 0.1M NaOH / HCl and trypsin
(Sequencing Grade Modified Trypsin, Promega CAT# V5111) was added to a final enzyme / protein
ration of 1:50. The overnight digestion at 37°C was controlled by SDS PAGE to ensure complete
proteolysis and, if incomplete, additionally trypsin was added and incubated another for several
hours. Post digestion, 5% TFA was added to a final sample concentration of 0.5% and HCl was
added to a final concentration of 50mM. The adjustment was done to gain a pH lower than 2 and to
cleave RapiGest. Samples were then incubated at 37°C for 45 min at 500 rpm and centrifuged at
14000 rpm for 10 min at 4°C. The supernatant was transferred into a new 2 ml tube. AQUA
peptides were spiked into the sample at this stage where applicable using the described
concentrations and amount discussed in Chapter2 part C. In brief, AQUA peptides were grouped
into two abundance classes and spiked into A. gossypii peptide mixtures directly after digestion, at
a final concentration of 2 pmol or 20 pmol per 100 µg of protein extract.

Solidphase extraction and speed‐vac concentration
For peptide purification and preparation for the MS we used C18 columns (Sep‐Pak from Waters
and Micro Spin Columns C18 Silica from The Nest Group, Inc). The peptide cleaning with the C18
reversed‐phase spin columns was performed according to the manufacturer‘s instructions. The
eluted peptides were dried under vacuum (CentriVap Vacuum Concentrator System, Labconco) and
dissolved in LC‐MS/MS buffer A (98% H2O, 2% acetonitrile, 0.15% formic acid) using 2 minutes ultra‐
sonication and shaking at 1400 rpm at 37°C for 5 min. Samples were stored at ‐20°C until further
use.

OffGel Electrophoresis (OGE)
The peptides were separated on pH 3–10 ImmobilineTM Dry Strips (GE Healthcare) with a 3100
OFFGEL fractionator (Agilent Technologies). The sample and stock solutions were prepared
according to the producer instructions. For the peptide library we used 24 cm IPG strips and for the
high resolution time point we used 13 cm IPG strips both having a pH range of 3‐10. The 24/12
fractions collected from the 24/13 cm IPG strip separation were desalted using Micro Spin Columns
(Nest Group), respectively, before LC‐MS analysis. For more details see Chapter 1.
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Mass spectrometry
The set‐up of the MS system was done as described in (Schmidt et al., 2008). Each fraction was
analyzed in a combined shotgun and directed (inclusion list) MS method to specifically directed LC‐
MS/MS analysis to the selected spiked in heavy reference and endogenous peptides according to
Schmidt et al., 2008. Samples for absolute protein quantification were analyzed using nLC/Orbitrap‐
Velos (ThermoScientific, Bremen, Germany) LC‐MS system with the following modified parameters:
peptides were separated using a linear gradient from 92% solvent A (98% water, 2% acetonitrile,
0.15% formic acid) and 8% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 40% solvent
B over 120 min. Each survey scan acquired in the Orbitrap at 60 000 FWHM was followed by MS/MS
scans of the 10 most intense and additional 3 precursor ions matching inclusion list masses in the
linear ion trap (Beck et al., 2011).

Protein identification and quantification
The acquired raw‐files were imported into the Progenesis LC‐MS software (v3.0, Nonlinear
Dynamics Limited), which was used to extract peptide precursor ion intensities across all samples
applying the default parameters. The generated mgf‐files were searched using MASCOT against a
decoy database (consisting of forward and reverse protein sequences) of the predicted proteome
from 4,748 A. gossypii proteins. The database consists of 4,748 A. gossypii proteins as well as
known contaminants such as porcine trypsin, human keratins and high abundant bovine serum
proteins (Non‐Redundant Protein Database, National Cancer Institute Advanced Biomedical
Computing Center, 2004). The search criteria were set as follows: full tryptic specificity was
required (cleavage after lysine or arginine residues, unless followed by proline); 2 missed cleavages
were allowed; carbamidomethylation (C) was set as fixed modification; oxidation (M), acetylation
and mono‐di‐trimethlyation (K) were applied as variable modifications; mass tolerance of 10 ppm
(precursor) and 0.6Da (fragments). The database search results were filtered using the ion score to
set the false discovery rate (FDR) to 1% on the peptide and protein level, respectively, based on the
number of reverse protein sequence hits in the datasets. The quantitative data obtained were
further normalized and statistically analyzed according to Brusniak et al., 2008.

Absolute protein quantification
Absolute quantification was carried out according to Schmidt et al., 2011. In brief, the raw files
were converted to mzXML file format, the database searched using XTandem/PeptideProphet
followed by isotope ratio calculation by the Xpress software tool. All software tools are part of the
trans‐proteomics pipeline (Deutsch et al., 2010). The median peptide ratios were used to determine
the endogenous protein levels in the individual samples. Based on the number of disrupted cells
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counted in triplicates for each sample before and after cell lysis, absolute abundances for the
selected proteins (in copies/cell) could be calculated across all samples. These were aligned with
the summed protein or top3 peptide intensities as provided by the Progenesis LC‐MS software
(v3.0, Nonlinear Dynamics Limited) divided by the number of expected tryptic peptides for the
summed intensity values. The thus generated models were applied to estimate absolute protein
levels for all quantified proteins in the individual samples.
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Appendix 1:
Protein abundances of the three time points: 0h, 5h, and 11h (Table2‐2)
Protein abundances of the three time points (0 h, 5 h, and 11 h) determined with LC‐MS/MS and
high resolution OGE fractionation were combined in Table2‐2. The complete Table2‐2 is attached in
an electronic *.xlsx file. Results are discussed in detail in Chapter2‐4. Developmental changes of
protein abundances between the time points were discussed in Chapter5. Table2‐2 is ordered by
the protein abundances starting with the most abundant protein at 0h using the All‐Method. The
printed version below is an example of the organization of the complete Table2‐2 and is sorted by
the A. gossypii accession entries (column1). The common names are based on the homologs in
S. cerevisiae (column2). Furthermore, protein abundances were determined using the All‐Method
(*1) (column3‐5) and the Top3‐Method (*2) (column6‐8). We included the detected and possible
peptides per protein (column9+10), the amino acid length (column11), and the molecular weight
(column12). Additionally, we determined the protein scores based on the sum of the MASCOT
peptide scores (column13).

Table2‐2
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Appendix 2:
Protein abundances of the time course from zero to nine hours (Table6‐1)

Table6‐1

To establish the best suited time points
for our developmental study, we first
checked short time intervals (called time
course) with low resolution LC‐MS/MS
runs. This time course for the first steps
in A. gossypii development, consisted of
samples taken after 0 h, 2 h, 5 h, 7 h, and
9 h. For these LC‐MS/MS analyses we
used three biological replicas for each
time point. The results of all data points
are combined in Table6‐1 sorted by the
A. gossypii accession entries. A subset of
Table6‐1 is shown in this Appendix. The
complete Table6‐1 is attached as an
electronic *.xlsx file. Protein abundances
were calculated by sum up all peptides
which are corresponding to one protein
resulting in the normalized abundance. In
total, we determined about 2,000
proteins with a false discovery rate (FDR)
of 1%. Additionally, we listed the peptide
numbers, the confidence scores, and the
maximal fold changes between the five
time points.
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Appendix 3:
Protein library of A. gossypii mycelia (Table6‐2)
In the proteome study of A. gossypii we first generated a protein library, to see how many proteins
can be detected matching the predicted proteome extracted from the genome annotation. In
addition, we could search the peptide intensities to help selecting AQUA peptide sequences. We
mixed the biomass from a nine hours and an 18 hours culture in equal protein amounts.
Additionally, we separated the tryptic peptides into 24 fractions using isoelectric focusing, to
reduce the peptide complexity. We individually analyzed each fraction by LC‐MS/MS and
determined 3,265 protein with a FDR <1%. The detected proteins are listed in Table6‐2, attached as
an electronic *.xlsx file, and below a summarized version. We listed in Table6‐2 the A. gossypii
accession entries, the sequence coverage, the total numbers of identified peptides, numbers of
unique peptides, and the determined Exponentially Modified Protein Abundance Index (emPAI)
(Ishihama et al. 2005).

Table6‐2
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Appendix 4:
Phospho‐proteome analysis of the zero, five, and nine hour time point (Table6‐3)

Table6‐3

We determined the phospho‐proteome by
enrichment of phosphorylated peptides using TiO2
resin (Titansphere TiO2 5 µm (#5020‐75000) in a
ratio of 1 mg per 1 mg tryptic peptide mixture. The
phospho‐peptide enrichment was executed with the
zero, five, and nine hour time point. All detected
phosphorylation sites are listed in Table6‐3, which is
attached as an electronic *.xlsx file and as a
summary printed below. We sorted Table6‐3 based
on the A. gossypii accession entries. In Table6‐3 we
listed the identified peptide sequences (column2),
the sites of modification (column3), the peptide
abundances (column4‐6), the abundance changes
between the time points (column7 and 9), and the t‐
test/Anova calculations (column8 and 10).
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Appendix 5:
Spore proteome based on AUQA peptides or the protein content in a single spore
(Table2‐20)
Based on two approaches described in Chapter2‐C, we applied the All‐ and Top3‐Method to
determine protein copy numbers per spore. The top 20 proteins of the first approach based on the
percentage in the total defined protein amount is shown in Table2‐15, which was extracted from
Table2‐20. We attached an electronic *.xlsx of Table2‐20. The copy numbers per spore (cps)
respectively nucleus (cpn) were listed based on both approaches. A summary of Table2‐20 is shown
below and sorted by the A. gossypii accession entries. We listed the cps using the iBAQ method
(column3), the T3PQ method (column5), the percentage based on the All‐Method (column 4), and
the percentage based on the Top3‐Method (column6).

Table2‐20
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Germ bubble proteome (Table3‐4; 3‐6A/B; 3‐7)
The germ bubble proteome and the protein abundances were discussed in Chapter3. First, we
determined in Table3‐4 the protein copy numbers per nucleus, which is attached as an electronic
*.xlsx file. A summary of Table3‐4 is printed below which is sorted based on the systematic name of
A. gossypii genes. The protein abundances determined by the All‐ and Top3‐Methode are listed in
column 3 and 4, respectively. We listed the cpn (copies per spore nucleus) using the iBAQ
regression line based on AQUA peptides (column5) and the T3PQ regression line based on AQUA
peptides (column6). Additionally, we listed the detected peptides, the possible peptides, and the
molecular weight.
Next, we determined the protein abundances for germ bubbles by substracting the part
corresponding to the non‐germinated spores. Short versions of these adjustments are listed in
Table3‐6A and B of this Appendix. The complete Tables are attached as an electronic *.xlsx file. The
lines in the Table are sorted based on the most abundant protein in A. gossypii spores. The protein
abundances were determined by the All‐Method. We listed the protein abundances of spores
(column3). The abundances were based on 0.202 mg proteins (column5 in Table3‐6A) or on
0.180 mg protein (column5 in Table3‐6B) in the germ bubbles of the 5 hours culture. The protein
abundances of the spore/germ bubble mixture (column7) was set to the total protein concentration
of 0.563 mg and reduced by the spore specific protein content (column5). The germ bubble specific
protein content is listed as µg for the summarized table (below).

Table3‐4
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To characterize proteins during the development from spores to germ bubbles, we determined the
changes of the adjusted protein abundances. Results are listed in Table3‐7 attached as an electronic
*.xlsx file and a summary version is listed below. We sorted Table3‐7 based on the highest ratio
from spores to germ bubbles. We listed the protein abundances of zero hours (column2), five hours
(column3), and their ratio (column4). For the adjusted germ bubble proteome we determined the
ratio (column9) between only germinating spores (column7) and proteins extracted only from germ
bubbles (column8).

Table3‐7
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Appendix 7:
Proteome of young mycelia based on AQUA peptides (Table4‐5)
We used the iBAQ and the T3PQ method for the use of the AQUA peptides to determined the
protein copy numbers per nucleus in young mycelia (Chapter4). Table4‐5 shows all determined
copy numbers per nucleus and is attached as an electronic *.xlsx file. A section of Table4‐5 is shown
below and was sorted by the A. gossypii accession entries. We listed the cps using the iBAQ method
(column5), and the T3PQ method (column6). Additionally, we listed the protein abundances based
on the All‐Method (column3) and on the Top3‐Method (column4). Finally, we included the numbers
of detected and possible peptides per protein and the molecular weight of the proteins.

Table4‐5
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Conclusions and outlook
The system‐wide study of protein abundances during the development of Ashbya gossypii from
spores to young mycelia revile can be used to discover certain protein species involved in cell
development. In total, we identified 82% of the ORF‐encoding genes at very low FDR of <1% using
the target‐decoy strategy (Reiter et al., 2009). Interestingly, we could show that A. gossypii spores
contain already the complete set of proteins for germination. During the development form spores
to germ bubbles 800 proteins increase in abundance by de novo protein synthesis and 200 proteins
are degraded. A prominent example is the heat shock and chaperon protein Hsp26 (Petko and
Lindquist, 1986), the most abundant protein in spores, is fast degraded in germ bubbles and young
mycelia. most likely the Hps26 plays an essential role in stabilizing the spore proteome in a non
vegetative stage. The development to strictly polarly growing young mycelia was documented using
cluster analyses. Specifically, monitoring of the ribosomal proteins reveled a huge increase in the
protein abundances. In young mycelia ribosomal proteins are the most abundant protein class. This
is in agreement with the fast growth‐orientated life style of A. gossypii. In contrast to S. cerevisiae,
A. gossypii has an accelerating growth speed (Knechtle et al., 2003). This explains the high demand
for protein biosynthesis and the need of high ribosomal amounts. Furthermore, we could show that
the intensity‐based absolute quantification (iBAQ) technique (Schwanhausser et al.) yields better
correlation than the top three protein quantification (T3PQ) method (Silva et al., 2006). In
conclusion, we generated a comprehensive quantitative data set that represents a helpful resource
for future proteomic studies of A. gossypii to further study biological processes of interest in a
quantitative manner. Additional, pilot data sets including phospho‐peptide analysis were generated
during this study, which have great potential to further elucidate molecular mechanisms during
growth and development but require further refinements. We used two phospho‐peptide specific
methods, immobilized metal affinity chelate (IMAC) (Ficarro et al., 2002) and magnetic metal oxide‐
coated TiO2 chromatographic spheres (Larsen et al., 2005). In total, we generated samples highly
enriched for phosphorylated peptides and could identify several hundred unique phospho‐sites.
However, further optimization of the sample preparation protocol is needed for robust and
reproducible enrichment of phospho‐peptides and their quantitative analysis.
In the future, we want to focus on comparing the protein expression with mRNA profiling obtained
with high‐density oligonucleotide microarrays (GeneChips) by Riccarda Rischatsch (Gattiker et al.,
2007). Differences can be caused for example by undetected post translational modifications, by
translation efficiency, and by protein turnover. In addition, study of evolution by comparing protein
abundances with the closely related yeast S. cerevisiae (Goffeau et al. 1996; Dietrich et al., 2004)
can detect imported changes between both organism. Especially, looking at genes that show high
or low sequence alterations can challenge the theory that high abundant proteins are less affected
by evolution‐based changes than low abundant proteins. We are also interested to identify yet
uncharacterized proteins by using a 6 frame shifted protein database. Finally, we are fascinated by
continuing experiments based on the SILAC approach (Ong et al., 2002) to study the turnover rate
of proteins in A. gossypii mycelia by switching cells from labeled to label free media and define the
protein changes of isotope to non‐labeled peptides by ratio calculations.
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List of abbreviations
°C
µg
µm
A
A. gossypii
aa
ABC
AFM
Ala
APS
AQUA
Arg
Asn
Asp
BCA
bp
BSA
C

degree Celsius
microgram
micrometer
Alanine
Ashbya gossypii
amino acid
Ammonium bicarbonate
Ashbya full medium
Alanine
ammonium persulfate
Absolute QUAntification
Arginine
Asparagine
Aspartic acid
bicinchoninic acid
base pair
Bovine serum albumin
Cysteine

h
H2O
His
HPLC
I
iBAQ
Ile
K
L
LC
Leu
LIT
LTQ
Lys
M
M
m/z
mA

COG

Clusters of Orthologous Groups

MALDI

cpn
C‐terminus
Cys
D
Da
DAPI

copies per nuclei
carboxyl‐terminus
Cysteine
Aspartic acid
daltons
4',6‐diamidino‐2‐phenylindole

Met
mg
min
ml
mRNA
MS

hour
water
Histidine
high‐pressure liquid chromatography
Isoleucine
intensity based absolute quantification
Isoleucine
Lysine
Leucine
liquid chromatography
Leucine
linear ion trap
linear trap quadrupole
Lysine
Methionine
molar concentration
mass‐to‐charge
milli ampere
Matrix‐assisted laser
desorption/ionization
Methionine
milligram
minutes
milliliter
messenger ribonucleic acid
mass spectrometry

DAVID

Database for Annotation, Visualization
and Integrated Discovery

MS/MS

tandem mass spectrometry

MW

molecular weight

N
ng
N‐terminus
OGE
ORFs
P
PFA

Asparagine
nanogram
amino‐terminus
OffGel Electrophoresis
Open reading frames
Proline
paraformaldehyde

pg

picogram

pH
Phe
pI
pKs
PMF

pondus hydrogenii
Phenylalanine
Isoelectric point
acid dissociation constant
Peptide‐Mass‐Fingerprinting

DIC
DNA
E
ESI
ESI
F
FDR
fg
FT‐ICR
G
Gln
Glu
Gly
H

Differential interference contrast
microscopy
deoxyribonucleic acid
Glutamic acid
electrospray ionization
electro spray ionization
Phenylalanine
false discovery rate
femtogram
Fourier Transform Ion Cyclotron
Resonance
Glycine
Glutamine
Glutamic acid
Glycine
Histidine
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Pro
P‐value
Q
QQQ
Q‐TOF
R
R2
rmp
RNA
S
S. cerevisiae
SDS‐PAGE
Ser
SGD
T
T3PQ
TCA
TECP
Thr
TOF
Trp
Tyr
Urea
V
Val
W
Y
μl

Proline
probability value
Glutamine
triple Quadrupole
Quadrupole/Time‐of‐flight
Arginine
coefficient of determination
rounds per minute
ribonucleic acid
Serine
Saccharomyces cerevisiae
sodium dodecyl sulfate polyacrylamide
gel electrophoresis
Serine
Saccharomyces cerevisiae genome
datbase
Threonine
top 3 protein quantification
trichloroacetic acid
Tris (2‐carboxyethyl) phosphine
Threonine
Time‐of‐flight
Tryptophan
Tyrosine
carbonyl diamide
Valine
Valine
Tryptophan
Tyrosine
microliter
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