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In the introduction I will give a short overview of current proteomics methodologies, 
relevant to the work described further on in the thesis, and place the presented work in 
the context of “systems biology”. I will explain technical aspects such as the genera-
tion and analysis of peptide ions from biological samples, protein and peptide separa-
tion technologies to reduce biological complexity, quantifi cation strategies and the 
targeted analysis of post-translational protein modifi cations. Another part of the intro-
duction will highlight specifi c analytical strategies for proteins that reside in biological 
membranes to bring attention to the various biochemical workfl ows that are necessary 
to obtain a comprehensive picture of the cellular entity.

Systems biology 

“Systems biology” can be defi ned as the integration of large and diverse amounts of 
various experimental data as well as mathematical models in order to understand a bio-
logical system such as an organelle, cell or organism as a complete entity. In contrast to 
hypothesis driven research, in which a well defi ned biological question is answered by 
focused genetic or biochemical approaches, large scale analysis put emphasis on gath-
ering, storing, integrating and understanding system wide information 1. The ultimate 
goal is to enhance knowledge about the interplay of processes on a molecular level to 
be fi nally able to characterize an organism entirely. This includes the ability to predict 
or simulate its reactions to perturbations or manipulations, to explore its capabilities 
and tolerances, but also to understand its relation to other organisms and the environ-
ment. This is an incredibly complex task even for a relatively “simple” model organ-
ism like the unicellular fungi Saccharomyces cerevisiae, but the insights gained from 
such holistic approaches are invaluable to understand the dynamics of intracellular 
processes and how they are connected and infl uenced by the outside world. Therefore, 
such strategies have the potential to open up new perspectives on biology and life 
sciences in general. This challenge has united various different fi elds of biological re-
search such as the sequencing of genomes, analysis of transcripts, proteins and metab-
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olites in order to combine large scale data into an integrated and more comprehensive 
view of model organisms. We focus on the analysis of proteins, which are responsible 
for most molecular functioning and thus are likely the most important molecules that 
need to be studied to understand and predict a cellular system. 

Proteomics

The proteome (set of proteins expressed under specifi c conditions at a specifi c time) 2 
of a relatively simple eukaryote like Saccharomyces cerevisiae is already very diverse, 
showing a abundance range of more than six orders of magnitude 3. Current databases 
(http://www.yeastgenome.org/) of this organism consist of about 6000 protein entries 
(based on genomic annotation), which are probably not all expressed at the same time, 
however these do not include proteins with alternative translation starts, splice variants 
or modifi cations (phosphorylation, acetylation, methylation, glycosylation etc.), which 
make the true proteome even more complex. All these modifi cations are essential for 
protein function or localization and obviously some of these are better understood than 
others. Recently a lot of efforts have been placed on understanding particular aspects 
like phosphorylation events and their role in signal transduction and protein regulation 
in large scale studies 4-6. However, the effect of other modifi cations e.g. N-terminal 
acetylation 7, 8 or protein characteristics like interactions 9, abundance 10 or turnover 
(speed of protein synthesis and degradation) 11-13 are still poorly understood. The de-
velopment of more suitable analytical techniques is needed to enhance our knowledge 
in such areas requiring dedicated techniques that can target particular proteome as-
pects and are sensitive enough to overcome the high dynamic range of biomolecules. 
Another important attribute to an optimal method to assess proteome characteristics is 
that it should be straightforward and consume as little time and resources as possible 
in order to present such strategies to a larger number of researchers. This makes it pos-
sible to obtain more complementary data. The development of modern mass spectrom-
etry instrumentation as well as protein and peptide separation technology over the last 
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ten years was the key to a more comprehensive analysis of the proteome now referred 
to as “Proteomics”. This research area has experienced a boom in recent years due to 
technological developments in computerization to handle large scale data on one side 
and the improvement of mass spectrometry instrumentation on the other. Numerous 
studies have been published showing the application of this methodology in different 
aspects of biological sciences for example in the analysis of protein expression 14, in-
teractions 15 or localization 16 and the fi eld is still experiencing constant improvement 
and novel developments such as the proteome characterization of sub-cellular organ-
elles 17-19 membranes 20, 21 or proteome de-novo sequencing without prior knowledge 
about genome sequences 22. A proteomics workfl ow generally involves various separa-
tion methodologies and enzymatic digestion of proteins into peptides. Those peptides 
are then ionized and transferred into a mass spectrometer where those molecules are 
characterized using their mass to charge ratio. Identifi cation is achieved using different 
fragmentation techniques combined with database comparisons of the acquired data. 
In the following sections the most commonly used methods will be described to ionize 
and analyze enzymatically derived polypeptides from biological samples and we will 
focus on proteomics strategies to acquire large scale datasets.  

Ionization techniques

Before biomolecules can be analyzed using various mass spectrometric techniques, 
they fi rst have to be transferred from solution or solid state into the gas phase. This 
results in charged molecule species (ions) that will enter the vacuum environment of 
the mass spectrometer. The transition from early gas chromatography and mass spec-
trometry in the 1950s to the analysis of complex mixtures of biomolecules such as pep-
tides and proteins required major breakthroughs regarding the ionization of analytes. 
The harsh conditions of early ionization techniques (electron ionization or chemical 
ionization) would simply destroy or degrade such molecules and therefore soft ioniza-
tion methods had to be developed before peptides could be transformed into ions and 
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introduced into a mass spectrometer. These methods, in contrast to electron ioniza-
tion or chemical ionization, transfer a minimum of internal energy to the molecules 
of interest, keeping them intact during the process. One of the fi rst improvements 
was plasma desorption (PD) ionization, which was followed by techniques like fast 
atom bombardment (FAB), matrix assisted laser desorption ionization (MALDI) and 
electrospray ionization (ESI). Those last two are now the most commonly used meth-
ods in biological research and revolutionized the high throughput analysis of cellular 
components. This development of ionization procedures for large biomolecules led to 
the chemistry Nobel Prize award (shared with Kurt Wüthrich for protein NMR spec-
troscopy) for the scientists Dr John B. Fenn (Virginia Commonwealth University) and 
Koichi Tanaka (Shimadzu Corporation, Japan) in 2002. 

Matrix assisted laser desorption ionization
The matrix assisted laser desorption ionization technique (MALDI), which was 

developed in the 1980s 23-26, uses an aromatic matrix compound that is co-crystallized 
with the analyte on the surface of a steel plate. The matrix molecules are then be-
ing excited by a laser beam and the energy is transferred onto the analyte molecules, 
which are then ionized via a complex array of chemical reactions and taken into the 
gas phase in the process (Figure 1). MALDI can ionize very large molecules but often 
has limitations in the lower mass to charge (m/z) region due to the presence of matrix 
ions 27. There are many different matrices available (basic and acidic matrices for the 

Figure 1. Matrix assisted laser de-
sorption ionization

A simplifi ed schematic illustration of 
the MALDI process. Analyte and matrix 
molecules are co- crystallized on a solid 
surface. A laser beam is directed on these 
co-crystals to excite matrix ions, which 
in turn, in a cascade of chemical reac-
tions may ionize the analyte. In this pro-
cess, analyte and matrix ions are trans-
ferred into the gas phase and accelerated 
into the mass spectrometer by an applied 
high-electric fi eld.

+

+

+

laser beam

-----

excited matrix molecule
charged analyte

matrix-analyte crystal
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generation of negative and positive ions) 28 but the ionization process itself is still 
very poorly understood since no theory to date can explain all phenomena observed 
in MALDI mass spectra 29. It has been pointed out that this method is more useful for 
qualitative rather than quantitative analyses since the ionization variability is very high 
due to a number of factors like matrix-analyte crystal dependent laser desorption 30, 31. 
Most quantitative proteomics experiments are therefore being performed using ESI, 
however the tolerance of MALDI toward contaminants like salts and detergents 32 as 
well as its ability to produce mainly singly charged ions makes it a very valuable tool 
to study large proteins, carbohydrate and lipids 33. Latest developments in this fi eld 
include methods like surface-enhanced laser desorption ionization (SELDI), a combi-
nation of a chemically selective surface with MALDI 34.

Electrospray ionization 
ESI is the most predominantly used ionization technique when working with 

peptides and the work presented in this thesis also utilized this technology. One of the 
advantages of ESI for high throughput analysis lies in the possibility to interface the 
ionization procedure directly with peptide separation like reversed phase chromatog-
raphy 35. The analyte of interest is kept in solution, usually in a volatile solvent like 
water, acetonitrile, isopropanol or mixtures thereof, and transferred into the gas phase 
at atmospheric pressure via a metal e.g. gold coated, conducting needle tip. The basic 
principle of this technique was introduced in the 1960’s 36 and was adapted twenty 
years later by John B. Fenn for the ionization of biomolecules 37, 38. Since then it has 
been applied to the analysis of enzymatically generated peptides, intact proteins and 
even high molecular weight protein complexes 39, 40. In principle, a high voltage, which 
is being applied to the needle, causes the formation of a liquid cone at the needle tip 
(Taylor cone) 41. This cone disperses into fi ne droplets from which analyte ions are be-
ing formed 42. Two main models exist that explain the formation of ions from solution 
using electrospray, namely the ion evaporation model (IEM) and the charged residue 
model (CRM). A schematic illustration of both is depicted in Figure 2. The IEM (Fig-
ure 2A) postulates that analyte ions can be ejected from the shrinking droplet when the 
charge repulsion between the ions exceeds the surface tension of the droplet 43. 
The CRM (Figure 2B) states, especially for larger ion like proteins and proteins com-
plexes, that the solvent will gradually evaporate and the droplets will become continu-
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ously unstable. According to the Rayleigh limit 44, smaller and smaller droplets will be 
formed until all solvent is evaporated resulting in analyte ions in the gas phase 45. As 
soon as ions are formed in the source region, they are accelerated and transferred into 
the near vacuum environment of the mass spectrometer where their mass to charge 
ratio can be measured by various mass analyzers.  The following section will highlight 
some examples of mass analyzers, which were used in the proteomics experiments 
presented in this thesis. 

Figure 2. Electrospray ionization

A schematic representation of the two models explaining the formation of ions during elec-
trospray ionization. The analyte solution is placed into a capillary with a metal coated needle 
tip. An electric potential, which is applied to the tip, generates a liquid cone (Taylor cone) 
from which smaller droplets are formed. (A) depicts the ion evaporation model (IEM), that 
holds mainly for smaller molecules such as peptides. Here, the evaporation of solvent leads 
to smaller and smaller droplets until ions will evaporate directly from the droplet surface. 
(B) depicts the charged residue model, which describes electrospray for large molecules 
such as intact proteins or protein complexes. The shrinking droplets will force the charged 
molecules closer together until the repulsion of charges leads to coulombic explosions and 
the formation of single ions in the gas phase. The fi gure was adapted from 45.    

A

B
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Mass analyzers

Quadrupole ion trap
Today’s ion trap mass analyzers are very versatile and used in a variety of ap-

plications utilizing their ability to cover a wide mass range at high sensitivity 46. Origi-
nally developed in the 1950’s by Wolfgang Paul, 3D ion traps consist of a ring and two 
end cap electrodes, which surround a spherical space where ions can be trapped in a 
three dimensional electric quadrupole fi eld 47 (Figure 3A). Besides the mass selective 
storage of one particular ion 48 those traps are also capable of analyzing an m/z range 
of charged molecules 49.  A constant RF voltage on the ring electrode is used to trap 
ions from a broad m/z range in a potential well. The presence of a gas like helium in 
the trap reduces the kinetic energy of the ions, which infl uences their trajectories and 
focuses them into the center of the trap, hereby increasing resolution and sensitivity 50. 
Ramping this RF voltage will cause destabilization of ions trajectories. Ions with con-
secutive m/z values can then be sequentially ejected from the trap towards an electron 
multiplier detector 50. Furthermore, a supplementary potential, that can be applied on 
the end cap electrodes of the ion trap, allows for resonance excitation of the trapped 
ions 51. As a result, the kinetic energy of those excited ions increases, leading to colli-
sions of the trapped ions with the surrounding damping gas molecules, which will end 
in collisionally induced fragmentation (CID). Those fragments are then also trapped, 
subsequently ejected from the trap and detected 52. This technology allows for ion re-
actions 53 like the recently developed electron transfer dissociation (ETD) fragmenta-
tion method 54 or multiple stages of fragmentation, therefore providing a valuable tool 
for the in-depth characterization of ions. Up to twelve subsequent tandem MS events 
(MS12) have been performed in an ion trap and in proteomics this feature is exploited 
to gather amino acid sequence information of peptide ions. In such experiments,  MS3 
is usually enough to obtain suffi cient sequence information 55. Due to its relatively low 
price, speed and ability to accumulate ions in order to increase the signal to noise ratio, 
ion trap instruments developed into one of the main workhorses used in the analysis 
of complex biological samples. There are however limitations of the ion traps such 
as relatively low mass resolution, mass accuracy and space charging effects, which 
reduce performance when the trap is overfi lled. Another disadvantage is the low-mass 
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cutoff of fragment ions that is dependent on the applied RF voltage used to trap the 
precursor ion. The original design of the 3-D ion trap has been modifi ed and enhanced 
in multiple ways to increase performance and applicability. An example for this is the 
linear ion trap, which employs a rectilinear geometry to trap ions in a larger axial cy-
lindrical space 56. Such traps have an increased ion capacity and dynamic range, which 
makes them ideal to use in current hybrid high performance mass spectrometers 57.

Fourier transform ion cyclotron resonance
For many applications in proteomics such as the quantitation of peptide isotope 

distributions, mass accuracy and resolution has to be achieved with much higher preci-
sion than offered by mass analyzers such as the quadrupole or the ion trap. The meth-
odology of Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry, 
which provides very high mass accuracy and resolution, was developed in the 1970’s 

ESI Ion source                  C-trap

Orbitrap

ring electrode

end cap electrode

excitation plates

detector plate

Linear ion trap

A

C

B

Figure 3.  Different types of ion traps 
commonly used in biomolecular mass 
spectrometry

Schematics of ion traps used for MS-anal-
yses described in this thesis. (A) ions are 
transported and injected into the quadropole 
ion trap using quadrupole or octapole ion 
guides. In the ion trap, ions are held in the 
center of the trap using an RF voltage on 
the ring electrode. By ramping the potential, 
ions can be ejected from the trap and detect-
ed. Additionally, a supplementary potential, 
which can be applied to the end cap is used 
to fragment the trapped ions. (B) Represen-
tation of the FT-ICR principle, where ions 
are trapped in an electric and magnetic fi eld. 
A resonance frequency is used to excite the 
ions, hereby inducing an image current in 
the detector plates. (C) depicts the sche-
matic of a hybrid linear ion trap – orbitrap 

instrument. The ion trap is used for fast sequencing events while the orbitrap can measure 
masses very accurately and with high resolution. This is achieved by trapping ions around 
a central electrode where they undergo harmonic axial oscillations. These oscillations can 
be detected using detector plates and are dependent on the mass and charge of the trapped 
ions.  
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by the group of Alan G. Marshall and Melvin Comisarov 58. It uses the cyclotron fre-
quency of ions in a homogeneous magnetic fi eld, which is generated by a supercon-
ducting magnet, to measure their mass to charge ratio. This is achieved by injecting 
ions into a Penning trap 59 where they are trapped by an electric and a super positioned 
uniform magnetic fi eld. To detect the ions, an oscillating electric fi eld pulse is ap-
plied perpendicular to the magnetic fi eld via excitation plates, exciting the trapped ions 
with the corresponding cyclotron frequency, hereby increasing their cyclotron radius 
(Figure 3B). Usually a broadband ion cyclotron excitation covering a wide frequency 
range is used to excite ions with different m/z values at the same time. The ion packets 
then pass the detector plates in closer proximity hereby inducing a “free induction de-
cay” signal, which displays a sine-wave profi le. Once the resonance frequency pulse 
stops, the ions will relax and fall back into a smaller radial trajectory.  The angular ion 
cyclotron frequency of each ion is dependent on the magnetic fi eld constant, charge 
of the ion and its mass. Therefore, it is possible to deduce its m/z values directly 
from the measured frequency 60. In contrast to ion trap mass analyzers, FT-ICR can 
analyze all trapped ions at the same time, which results in a complex signal pattern 
consisting of multiple superimposed sine waves. Mathematical Fourier transformation 
is needed to deconvolute the signal pattern into individual frequencies and fi nally mass 
to charge values. The mass accuracy in this method is dependent on the strength and 
homogeneity of the applied magnetic fi eld and the mass resolution will increase the 
longer the ion frequencies are analyzed in the ICR cell. Mass resolution of more than 
200,000 and mass accuracy below 300 ppb, using an acquisition time of one second, 
have been achieved on such instruments 61.  Since analytes are not destroyed in the 
process, this methodology allows various ion manipulations e.g. fragmentation or gas 
phase ion reactions. Tandem MS experiments can be performed in FT-ICR utilizing 
multiple methods e.g. by electron capture dissociation (ECD) 62, resonance excitation 
with stored waveform inverse Fourier transform excitation (SWIFT) 63, collisionally 
activated dissociation using sustained off-resonance irradiation (SORI) 64-66 or via in-
frared multi photon dissociation (IRMPD) by a high energy laser beam 67. All these 
methods however, are relatively slow compared to CID fragmentation in a quadrupole 
collision cell or ion trap and therefore not the method of choice for high throughput 
proteomics, which relies on fast sequencing events. This has lead to new mass spec-
trometer designs that combine the advantages of ion traps with the high resolution and 
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mass accuracy capabilities of FT-ICR 68. Such hybrid instruments combine the best of 
both worlds, allowing rapid peptide sequencing in the ion trap parallel to very accurate 
measurements (100 000 mass resolution and below 10 ppm mass accuracy) of precur-
sor masses using the ICR cell 69.

Orbitrap
A new Fourier transform mass analyzer, the orbitrap, was introduced in 2000 by 

Alexander Makarov 70. The design is based on the kingdon ion trap (invented in the 
1920’s) 71, 72 where ions are trapped between an cylindrical outer and a central elec-
trode in a electrostatic potential, which forces them into an orbit around the central 
electrode. In the orbitrap mass analyzer, the central electrode is spindle shaped and the 
ions are trapped by centrifugal force and electrostatic attraction in an orbit around this 
central electrode, which is surrounded by another barrel-shaped electrode. A decentral 
point of ion injection causes the ions to undergo axial oscillation across the electrode. 
The frequencies of these harmonic oscillations are inversely proportional to the mass-
to-charge ratio and not dependent on ion velocity 73. They can be detected, similarly 
to FT-ICR, using detector plates and mass accuracy, resolution and dynamic range 
(ability to analyze a range of different concentrations) of the orbitrap are comparable, 
if not superior to FT-ICR instruments (150 000 mass resolution and below 5 ppm mass 
accuracy) 74, 75. An advantage of this mass analyzer is that it does not require a super-
conducting magnet that has to be cooled by liquid helium. To facilitate the analysis 
of complex biological samples in proteomics research, the orbitrap mass analyzer is 
usually coupled to a linear ion trap from where ions can be transferred to the orbitrap 
via a C-shaped temporary ion storage device (C-trap) (Figure 3C). This C-trap is used 
to collisionally cool and compactly inject the ion population into the orbitrap analyzer 
by a quick increase of the orbitrap’s electrical fi eld 76 where they can be analyzed with 
high precision. 
The high performance of this mass analyzer has been exploited in multiple bottom up 
and even top down proteomics studies 77. Recent instrument improvements like the 
development of more a effi cient ion transmission, trapping and faster scan speed 78, 79 
combined with novel fragmentation technology like ETD 80 or HCD 81 using the C-trap 
have made this mass analyzer one of the state-of-the-art analytical tools in protein sci-
ence. All these inventions and improvements contribute to a trend in the development 
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of mass analyzers where the analysis of complex biological samples becomes only 
limited by the analyte dynamic range created in the electrospray ionization process.   

Proteomics methodology

Proteolytic digestion
Proteomics is concerned with the identifi cation and quantifi cation of a large num-

ber of proteins from an organism or cellular system. However, it is often diffi cult to 
obtain sequence information from intact proteins. Therefore, the digestion of proteins 
into smaller peptides (below 4 kDa), which was fi rst described on proteins separated 
by SDS-PAGE, 82, 83 offers a number of advantages. Compared to proteins, peptides 
can be much more effi ciently separated using chromatography since they are not so 
prone to aggregation and precipitation. Another important point is that peptides can 
be fragmented much more easily in a mass spectrometer and yield relatively easy to 
interpret MS/MS spectra, which allows automated measurement, data analysis and 
interpretation. To obtain peptides from proteins, a regular proteomics experiment em-
ploys proteases with defi ned substrate specifi city such as trypsin, which cuts on the 
C-terminal side of lysine and arginine residues 68. Such peptides carry a charge at the 
basic residue on the C-terminus and produce mainly doubly and triply charged ions 
during electrospray ionization and will fragment in a more or less predictable way 
84.  Dependent on the sample complexity, peptides can then be analyzed directly by 
mass spectrometry or further fractionated.  An approach that leads to a comprehensive 
analysis of the proteome is the separation of peptides after proteolytic digestion using 
chromatography. Following this strategy, proteins are typically digested in solution us-
ing a high concentration of a denaturing agent e.g. urea, which helps to unfold proteins 
85 and prevents precipitation, hence providing better access for the protease. The Lys-
C protease for example, which cuts proteins on the C-terminal side of lysines, is still 
active at urea concentrations  up to 8 M and subsequent multiple steps of digestions 
with other enzymes e.g. trypsin can be performed to maximize protein sequence cover-
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age 86. Multiple protease approaches can lead to signifi cantly higher protein sequence 
coverage, which has for example been exploited to extensively characterize the RNA 
polymerase II subunits 87. For example the recently introduced Lys-N metallo-endo-
peptidase provides another complementary enzyme that produces peptides by cutting 
at the N-terminal side of lysines and has been used in combination with electron trans-
fer dissociation (ETD) to produce simplifi ed MS/MS spectra that allow straightfor-
ward de-novo peptide sequencing 88.

Peptide fragmentation
During mass spectrometric analysis using e.g. linear ion trap – FT hybrid in-

struments 89, accurate measurements of peptide mass to charge ratios are recorded 
alongside product ion fragmentation spectra that provide direct information on peptide 
sequence. The most commonly used fragmentation method employed in ion trap-, Q-
ToF- and triple quad instruments is “collision induced dissociation” where peptide 
molecules undergo multiple collisions with inert gas molecules such as helium or ni-
trogen. The collision energy is transformed into internal energy causing the peptide 
backbone to break at possibly three positions. During low-energy CID, mainly y and b 
ions are formed 84, 90 and the potential mechanism of this fragmentation process is de-
scribed by the “mobile proton model”, which states that peptide excitation will cause 
proton movement and protonation of less favorable sites. This leads to a weakening 
and ultimately cleavage of the peptide amine bond (Figure 4B) 91. The annotation of 
such peptide fragment spectra was introduced in the 1980’s by P. Roepstorff and J. 
Fohlmann 92, 93 (Figure 4A). During the fragmentation process, charges of the precur-
sor will be distributed among the fragments. Only the charged fragment ions will be 
subsequently detected by the mass spectrometer and the mass difference between sub-
sequent ions will represent the mass of an amino acid. These ions have been labeled 
x, y, z, if the positive charge resides on the C-terminus and a, b, c when the charge is 
present at the N-terminus. 
Other fragmentation techniques like electron transfer dissociation (ETD) 54, 94 or elec-
tron capture dissociation (ECD) 95 rely on the transfer of electrons to peptides via colli-
sions with radical ions (e.g. fl uoranthene) in case of ETD or by interaction of peptides 
with low energy electrons in case of ECD. Those two methods tend to produce differ-
ent fragment ions compared to CID (mainly c and z) and provide a promising alterna-
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tive e.g. for the analysis of phosphorylated peptides, which will be discussed below.

Generally, the experimental MS/MS data are matched to theoretical spectra generated 
by a protein database using search engines like MASCOT 96 or SEQUEST 97 to obtain 
peptide matches that fi t the theoretical data with high probability. This has the advan-
tage that a subset of candidate spectra can be selected according to the precursor mass, 
which then can yield a confi dent match even if the MS2 spectrum would contain too 
little information to deduce a peptide sequence by direct interpretation 98. A disadvan-
tage of this approach is that database information is often incomplete and inaccurate. 
Therefore, a part of the experimental data will always not be matched and is therefore 
wasted in high throughput studies. The quality of database search results are in general 

Figure 4. Peptide fragmentation

Overview of most common peptide frag-
mentation mechanisms observed in tandem 
mass spectra of peptide ions. (A) depicts the 
Roepstorff and Fohlmann ion nomenclature 
for the fragmentation of peptide ions 92. The 
peptide back-bone can be fragmented at 
three different positions. a-, b-, and c-ions 
are formed from the N-terminal side while 
x-, y-, and z-ions arise from the C-terminus. 
(B) depicts the “mobile proton” model of 
low-energy CID fragmentation. Proton-
ation of less favorable sites at the backbone 
of a multiply protonated peptide leads to 
the formation of mainly y and b ions.
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theoretically validated using searches against randomized databases to get an indica-
tion of the representation of false positive matches in a dataset 99, 100.  
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Peptide separation

Ion exchange chromatography 
The principle of ion exchange has been employed throughout the entire human his-

tory since examples for water desalination can be found in reports from Aristotle and 
even in passages of the Bible 101. About 150 Years ago, selective compound retention 
started in the agricultural sector by studies on the “Powers of soil to absorb manure” 102 
and around 50 years later the fi rst adsorption chromatography reports on chlorophylls 
and carotenoids were published by Mikhail Semenovich Tswett 103. Today, a large vari-
ety of chromatographic separation tools for all kinds of compounds exist, which have 
become essential for many biochemical and industrial applications.
In proteomics, peptide chromatography exploits chemical and physical properties of 
peptides to separate them into multiple fractions in order to reduce the complexity of 
protein digests. One of the most commonly used peptide separation technology be-
sides reversed phase is strong cation exchange chromatography (SCX). Here, peptides 
are separated using their in solution net charge using the ionic interaction between 
the positively charged peptide (under weak acidic conditions) and negatively charged 
sulfonic groups coupled to a stationary phase. A gradient with increasing salt con-
centration is used to disrupt this interaction and sequentially elute peptides from the 
stationary phase. During the elution of peptides, the eluents are usually supplied with 
an organic modifi er like acetonitrile to reduce the amount of hydrophobic interaction 
of the peptides with the stationary phase material therefore increasing the separation 
effi ciency based on the analyte charge 104. This allows the partitioning of the peptide 
pool in multiple categories since peptides can contain multiple charges. The charge is 
dependent on the number of basic residues in the respective peptides and this is again 
dependent on the specifi city of the proteolytic enzyme. If trypsin, the most common 
enzyme in proteomics experiment, is used the C-terminus of peptides should always 
contain a basic residue (lysine or arginine). Furthermore the amino group at the peptide 
N-terminus should also be protonated and carry a positive charge at pH-values below 
3. This leads to doubly charged peptides, which represent the overwhelming major-
ity in tryptic proteolytic digests 105. Lower charged peptides usually point to certain 
peptide modifi cations (this can be used to enrich for modifi ed peptides, which will be 
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discussed below) and higher charged peptides contain multiple basic residues due to 
incomplete digestion. Often, this separation tool is used for preparative purposes using 
large amounts of peptides and high capacity columns. However, the use of polymeric, 
monolithic columns with an inner diameter of 75 μm has also recently been described 
for the fast separation of proteins and peptides 106. If multiple orthogonal separation 
techniques, for example reversed phase liquid chromatography (RP), are used in suc-
cession, individual fractions from the SCX can be subjected to another separation di-
mension based on peptide hydrophobicity. It has been shown that these two methods 
can be automated and coupled in one chromatography system, which is directly inter-
faced with a mass spectrometer 107. The MudPIT strategy even combines SCX and RP 
material in one single column, which is connected to an electrospray source enabling 
effective peptide separation and analysis 105, 108.  While SCX and RP are most often 
used in proteomics, other separation tools like HILIC, which exploits hydrophilic in-
teractions 109, IEF, which focuses peptides using their isoelectric point 110, 111 or strong 
anion exchange 112, 113 provide interesting alternative orthogonal separation dimensions 
to fractionate thousands to millions of peptides from a complex proteome.  

Reversed phase chromatography
Using electrospray ionization, peptide chromatography can be directly coupled 

to mass spectrometry, providing simultaneous chromatographic separation and analy-
sis of peptides. Here, the separation method of choice is reversed phase, since the 
organic compounds used to elute are typically completely volatile, allowing easy ion-
ization of peptides with different hydrophobicity during electrospray. Normally, unpo-
lar material like C18 is utilized as stationary phase, which binds peptides in aqueous 
conditions. A gradient of increasing organic solvent (e.g. acetonitrile) is subsequently 
used to elute peptides with increasing hydrophobicity from the column into the ESI 
source. Flow-rates in the μl range were originally applied 114 using such a setup. It has 
been shown however, that the fl ow-rate is inversely proportional to sensitivity, which 
is mainly due to the increased ionization effi ciency using smaller solvent droplets 115. 
Therefore, columns with increasingly smaller diameter (capillaries with 50 to 100 μm 
in diameter) in combination with higher pressures are used to maintain high separa-
tion effi ciency. The chromatographic system used in this work consists of a trapping 
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and analytical column organized in a vented system meaning that the setup can be 
opened before and after a trapping column 116. During the trapping of peptides, which 
is performed to concentrate and clean the sample, a low primary solvent fl ow (approxi-
mately 5 μl/min) is directed through a short trap column. Due to the vented setup, the 
bound peptides can then be separated on the analytical column using a high primary 
fl ow, which is passively splitted in front of the trapping column 117. The analytical 
column is directly connected to the electrospray emitter, minimizing the dead volume 
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Figure 5. Reversed phase nano-HPLC (vented column system)

Schematic of a vented reversed-phase nano-HPLC system. The trap column is 
fl anked by two microtees that connects it to the autosampler and pumps on one side 
and to the analytical column on the other side. The analytical column is connected to 
an ESI emitter allowing direct nano-electrospray of eluting peptides.  The microtees 
are connected to a switching valve that can block solvent fl ow through either capil-
lary.  (A) displays the valve position during peptide trapping on the smaller guard 
column while (B) shows the valve position during peptide separation, typically us-
ing a gradient of organic solvent. In this position, the restrictor is open and will di-
rect the majority of the primary fl ow to waste. The fi nal fl ow, which passes through 
the columns (in the nanoliter range), can be controlled via the pressure generated by 
the primary fl ow and restrictor length.
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present in the system. The solvent fl ow that arrives at the needle tip (approximately 
100 nl/min) is then directly controlled by the pressure generated by the HPLC pump’s 
primary fl ow unlike in “split-free” nano-HPLC systems where the pumps produce a 
primary nano-fl ow 118. Figure 5 shows the “vented” nano-HPLC setup during the bind-
ing of peptides on the trap column (Figure 5A) and during analytical separation using 
a gradient of organic solvent (Figure 5B). 
Recent developments in this fi eld improve separation results and sensitivity by em-
ploying monolithic columns and lowering the fl ow-rate to around 10 nl/min 119. Anoth-
er very promising strategy, the “ultra high pressure liquid chromatography” (UPLC) 
uses smaller stationary phase particles (around 1,5 μm) in combination with higher 
pressure, to achieve better chromatographic resolution. It was shown that such tech-
nology can be used to separate peptide isomers with a resolution above 10 and even 
indicated separation of peptide conformers 120. Using higher pressures and smaller 
column diameters also leads to the miniaturization of the entire chromatographic pro-
cess on microfl uidic devices, facilitating the development of easy to implement and 
maintainable nano-LC on chips 121, 122.  

Quantifi cation strategies 
 The analysis of accurate peptide and peptide fragment masses using mass spec-

trometry allows not only confi dent identifi cation of particular peptides or proteins but 
also enables us to determine relative protein abundance levels between two or more 
different samples. Such analysis is performed to analyze relative differences in protein 
abundance, which occur due to any type of change, for example a different growth 
condition, a mutant or developmental stage. To distinguish biological samples from 
each other, incorporation of heavy stable isotopes (2H, 13C, 15N, 18O) into the proteome 
can be performed to increase peptide masses in one state by a defi ned value without 
signifi cant alteration of the cellular metabolism 123-125. Subsequently, the samples can 
be mixed and analyzed together, hereby reducing the amount of variation introduced 
by independent sample handling. The labeling of biological material can be performed 
at several different stages in the sample preparation process (Figure 6). The most ac-
curate methods are the introduction of stable isotopes (metabolic labeling) during cell 
culturing using a 13C or 15N sources or via isotopically labeled amino acids (SILAC) 
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126. The latter method was widely introduced by the group of M. Mann 127, 128 and has 
been recently shown to be even applicable to mouse 129. These labeling strategies tend 
to produce very reliable and reproducible quantifi cation results since the samples can 
be mixed and treated together very early on in the sample preparation process (Figure 
6A). 
Various other chemical labels that target different reactive groups like cysteines or 
carboxylic groups such as isotope coded affi nity tags (ICAT) 130 or aniline benzoic 
acid labeling (ANIBAL) 131 have been described and provide a source for quantitative 
strategies at the protein level 132 (Figure 6B). Other quantifi cation strategies rely on 
introducing the label at the peptide level e.g. by attaching two methyl groups (light, 
intermediate or heavy labeled) to each free amine group 133, 134 (Figure 6C). A disadvan-
tage of peptide labeling is that the isotopes are introduced after sample preparation and 
protein digestion, which generally results in higher ratio deviations of quantifi ed pro-
tein levels. Despite this drawback there are a lot of applications where a metabolic or 
SILAC label cannot be introduced or is too laborious and costly like in samples from 
higher model organisms, human tissue 134 or cells that convert arginine (often used as 
a SILAC label) rapidly into proline 135.  After the full incorporation of the isotopic la-
bel, both isotopic peptide distributions will appear on separate m/z values in the mass 
spectrum. This provides the opportunity to relatively compare both distributions based 
on ion intensity. The ratio between those intensities ideally represents the differential 
protein expression levels. This ratio should be measured for multiple peptides from the 
same protein providing a statistically sound collection of data points 136. Alternative 
quantifi cation strategies use isobaric peptide tags (such as iTRAQ), which are cova-
lently attached to N-terminal and amino acid side chain amine groups. During MS2 
events those tags enable the generate of reporter ions in the low mass region allowing 
quantifi cation of peptides from multiple samples 137. 

All these methods use isotopic labels in some way but there are also efforts to achieve 
quantifi cation without the incorporation of heavy stable isotopes. Generally referred to 
as “label-free quantifi cation” such methodology uses software to compare individual 
LC-MS experiments directly. In a nutshell, mass spectrometry analysis produces a 
number of indicators for absolute protein abundance, which can be compared between 
experiments. It was shown for instance that a protein spectral count divided by the 
molecular weight of the protein provides an indication of its abundance 108, 138, 139. An-
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other commonly used strategy takes peptide peak height as an abundance measure into 
account 140-142. Here, MS1 peaks are aligned using a chromatographic retention time 
window as well as their measured m/z value. Quantifi cation is subsequently carried 
out by comparing absolute ion intensities of MS1 signals across their chromatographic 
retention time (Figure 6D). This allows the comparison of a theoretically limitless 
number of samples while the MS2 fragmentation information can be missed in one ex-
periment as long as the peak has been sequenced in one of the aligned data sets 143-145. 
For proteomic experiments, this approach poses a number of challenges since there is 
always substantial experimental variation caused by sample handling or slightly differ-
ent performance of chromatographic systems. Therefore, smart normalization strate-
gies or introduced standards are necessary to effi ciently implement this technique into 

Cell culture

Protein level

MS

A B C D

Figure 6. Quantifi cation strategies

Overview of various different strategies used in quantitative proteomics. Incorporation of 
two types of stable isotopes, one for the fi rst sample, the second for the sample to be com-
pared with, allows a relative comparison of ion intensities from co-eluting peak pairs in a 
proteomics experiment. Labeling of biological samples can occur at different stages in the 
sample preparation process. The black color indicates the introduction of heavy isotopes. (A) 
shows labeling at the cell or model-organism level, whereby stable heavy isotopes are incor-
porated into the proteome of the cells or entire organisms (metabolic stable isotope labeling). 
(B) illustrates the chemical isotope labeling of proteins after extraction and (C) symbolizes 
isotope labeling at the peptide level. (D) depicts an alternative strategy to the use of stable 
isotopes. Here, multiple non-labeled samples are analyzed individually and identical peptide 
peaks can be subsequently aligned and quantifi ed in a specialized data analysis workfl ow us-
ing accurate masses and retention times, also known as the “label-free” approach. 
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standardized proteomics workfl ows.  

Analysis of post translational modifi cations
The complexity of the proteome includes processes like protein modifi cations 

and interactions, which regulate protein function, localization and activity. Protein 
degradation and synthesis are other important characteristics. 
One of the better characterized protein modifi cations is phosphorylation. In eukaryotes, 
the covalent addition of a phospho-group can occur on serine, threonine and tyrosine 
amino acid side chains (Figure 7). These protein modifi cations play major roles in cel-
lular signal transduction and cell proliferation via kinase networks 146-148. Furthermore, 
phosphorylation is known to be involved in many  crucial functions such as apoptosis 
149 and cancer development 150. Phosphorylation patterns form complex regulatory net-
works in the cell and in recent years several analytical techniques have emerged to un-
ravel those cascades. One of the major challenges is that phosphorylation often occurs 
on a sub-stoichometric level and in a regular proteomics experiment conducted on e.g. 
cell lysates, the vast majority of unphosphorylated peptides will cause the phosphory-
lated peptides to remain undetected and disappear into the vast dynamic range of the 
mixture. To cope with this, a plethora of enrichment techniques that target phosphory-
lated peptides and proteins have been developed 151. Phosphopeptide enrichment can be 
performed by calcium precipitation 152 or immobilized metal affi nity chromatography 
(IMAC) using metals like gallium 153, zirconium 154, titanium 155 or iron 156. Especially 
the use of titaniumdioxide has been widely implemented in phospho-proteomics ex-
periments and it has been shown that such affi nity enrichment can be directly coupled 
to reversed phase chromatography and mass spectrometry in a nano-HPLC system 
157. Strong cation exchange chromatography of peptides, which was discussed above, 
proves to be another very useful tool in the analysis of modifi ed peptides since the 
negatively charged phospho-moiety will cause a peptide retention time shift during 
SCX separation 105, 158. Such peptides will elute earlier than the majority of the doubly 
charge peptides allowing effi cient enrichment of this particular peptide pool. Another 
promising strategy is immunoprecipitation using antibodies that target the phospho-
moiety. This methodology has been shown to provide strong enrichment of tyrosine 
phosphorylated peptides, which are usually very much underrepresented compared to 
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serine and threonine phosphorylation, even in targeted phospho-proteomics strategies. 
Nonetheless they are very important in cell growth, differentiation and cancer devel-
opment 159-161. Evidently, all these advancements drive the analysis of phosphorylation 
events further towards automated processes however, multiple enrichment techniques 
are often still required to expand the results into unknown realms of the proteome 
162. Furthermore, even though established biochemical enrichment techniques can be 
used to purify phosphorylated peptides, mass spectrometry analysis of such peptides 

H
N

O

R1 O

N
H

R3

C terminus

N terminus

O

P O

OH

HO

OH

H
N

O

R1 O

N
H

R3

C terminus

N terminus

O

P OHO

H
N

O

R1 O

N
H

R3

C terminus

N terminus

O

P O

OH

HO

phospho-tyrosine

phospho-serine

phospho-threonine

Figure 7. Most commonly phosphorylated 
amino acid residues

Chemical structures of phosphorylated tyrosine, serine 
and threonine amino acid residues within a tripeptide.

poses challenges as well, since 
their fragmentation behavior of-
ten hampers identifi cation and 
correct phospho-site assignment. 
Especially in serine and threo-
nine phosphorylated peptides, 
the phosphoric acid can be easily 
lost during collision induced dis-
sociation (neutral loss) leading 
to an intense peak, which corre-
sponds to the precursor ion with-
out the phosphate moiety. This 
neutral loss is most dominant in 
serine phosphorylated peptides, 
slightly less in threonine phos-
phorylated peptides and least 
prominent in threonine phos-

phorylated peptides 163. As a result, phosphopeptide fragment ions are often very much 
underrepresented in those spectra due to the domination of the neutral loss peak mak-
ing it diffi cult to obtain confi dent peptide sequence information 164. The mechanism of 
the neutral loss reaction are not yet fully understood however there are models that ex-
plain the loss of H3PO4 (in case of serine and threonine) or HPO3 (in case of tyrosine) 
by β-elimination reaction, SN2-neighbouring group participation or charge directed 
E2-elimination 165-167. In order to facilitate the analysis by mass spectrometry, more 
elaborate fragmentation strategies have been developed for phosphorylated peptides. 
Ion trap instruments are very suited for this kind of analysis since they can perform 
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multiple stages of MS/MS. Neutral loss dependent MS3 for example, will isolate the 
MS2 neutral loss peak again and fragment it to improve the number and signal to noise 
of fragment ions 148, 168, 169. Similar strategies like multistage activation will not re-
isolate the neutral loss ion but directly re-fragment it with the fragments from the MS2 
still present in the trap. This strategy is faster and retains more diagnostic ions from the 
MS2 event than the traditional neutral loss dependent MS3 analysis 170. However, mul-
tistage activation is most useful if the samples are highly enriched for phosphorylated 
peptides since the procedure will be performed on every precursor and is not, like the 
real neutral loss MS3, data dependent. Additionally, alternative electron driven peptide 
fragmentation techniques like ETD or ECD can also help to improve sequencing of 
phosphopeptides. These fragmentation mechanisms tend to leave the phosphate group 
intact while the peptide backbone is fragmented effi ciently 171-173 thus facilitating cor-
rect interpretation of phosphopeptide MS/MS spectra since phospho-site assignment 
often needs extensive validation 174. Phosphoproteomics analysis has unravelled vari-
ous phosphorylation networks, kinase motifs and thus biological functions of this post 
translational modifi cation. 

Compared to this, the analysis of other protein modifi cations like acetylation, espe-
cially αN-terminal acetylation are still much more enigmatic. Even though a large 
portion of the proteome (20 – 90 % in eukaryotic cells) is N-terminally acetylated, 
the biological implications are largely unknown. The reaction, that takes place at the 
ribosomal complex, is catalyzed by N-terminal acetyltransferase protein complexes 
(NatA, NatB, NatC, NatD, NatE), which have different substrate sequence specifi cities 
175 and attach an acetyl group to the free α-amine group of nascent polypeptide chains 
8, 176, 177. Even though comprehensive information on N-terminal protein acetylation is 
still lacking, there have been some efforts to study the extent and biological function of 
this protein modifi cation by classical 2D gel approaches 7, 177, 178 and recently also using 
peptide chromatography. Like in the “peptide centric” analysis of phosphorylation, N-
acteylated peptides require signifi cant enrichment to be detected by mass spectrometry 
approaches in large enough quantities. There are currently mainly two methods that 
have been shown to provide a substantial enrichment of this peptide pool. The fi rst 
one makes use of combined fractional diagonal chromatography (COFRADIC) where 
acetylated peptides are chemically modifi ed by 2,4,6-trinitrobenzenesulphonic acid 
and subsequently identifi ed by a chromatographic shift. Peptide separation by strong 
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cation exchange was used before and after the modifi cation step to allow chromato-
graphic sorting 179-181. Since free N-termini are chemically acetylated using a deuter-
ated reagent before sorting, this technique also allows quantitative analysis of acety-
lated versus non-acetylated N-termini. This technique has been successfully used to 
characterize N-terminal acetylation in different proteomes 182, 183 and also to evaluate 
the orthologous function of the yeast and human NatA complex 184. It was shown that 
in yeast a loss of both catalytic subunits (Nat1p and Ard1p) can be complemented by 
the two human orthologs but not by a combination of yeast and human subunits. This 
indicates that the function of N-acetyltransferases is highly conserved even though 
apparent structural differences between species do not allow a direct combination of 
subunits from different species. Another important aspect of N-terminal proteomics is 
the identifi cation of alternative protein translation starts or splice variants, which helps 
to improve protein characterization annotations in databases 185. The COFRADIC pro-
cedure is however, with its multi dimensional chromatographic steps and chemical al-
terations, rather diffi cult to implement for a broader audience.  Therefore, we recently 
introduced a refi ned SCX separation method that allows a separation of phosphory-
lated and N-terminal acetylated peptides, which usually co-elute. By using C18 pre-
columns to concentrate the sample and an initial, shallow salt gradient we show that 
it is possible to achieve near baseline separation of these two peptide populations 186. 
Thus the effi cient analysis of large scale N-acetylation can be performed in a straight-
forward way that can be easily implemented and used to assess unknown proteome 
characteristics. 

Beside the modifi cations addressed above, that are most relevant to the work described 
in this thesis, there are numerous other protein modifi cations like glycosylation 187, 
methylation 188, lysine acetylation 189, sulfation 190, formylation 191 ect. and even modi-
fi cations involving small proteins like ubiquitination 192 or sumoylation 193. However, a 
description of all these areas is outside the scope of this thesis.  
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Proteomics of biological membranes

Even though the proteomics fi eld has experienced major breakthroughs in terms of 
protein identifi cation and quantifi cation, a large part of the cellular structure is still dif-
fi cult to assess. Especially, proteins and protein complexes that reside in a membrane 
lipid bilayer pose various diffi culties requiring targeted effective methods to analyze 
those integral membrane proteins. Below, challenges and most promising strategies in 
proteomics to deal with membrane proteins are being discussed. 

Biological membranes – important and challenging 
The biological membrane is one of the most essential requirements for life to 

exist. All organisms are enclosed and compartmented by at least one lipid bilayer, the 
function of which is to provide an interface of the inside with the outside environ-
ment. The structure of membrane systems becomes more complex from prokaryotes to 
eukaryotes. Endo-membrane structures such as the endoplasmic reticulum, Golgi ap-
paratus and nuclear envelope provide the cell with very distinct compartments that can 
fulfi ll totally different roles, despite being in a very fl uidic and adaptive environment. 
The functionality of these biological membranes is mediated mainly by proteins that 
form either an integral part of the lipid bilayer or that are attached to this layer. It has 
been estimated that approximately 30% of the cellular proteome consists of integral 
membrane proteins 194, which can be divided into several categories (Figure 8). Type 
I and II membrane proteins cross the lipid bi-layer only once. In type I the C-terminal 
domain extends into the cytoplasm while the N-terminal domain faces the cellular 
outside. This order is reversed for type II membrane proteins. Multi-pass membrane 
proteins span the membrane multiple times and often lack exposed globular domains 
outside the bilayer. Proteins can also be attached to the membrane via a lipid chain 
or a GPI anchor. Membrane protein functionality is further highly dependent on both 
protein-protein and protein-lipid interactions. 
One of the most important tasks of integral membrane proteins is to selectively trans-
port molecules across the membrane, such as ions, metabolites or proteins, to establish 
a controlled exchange from the inside to the outside of the cell, and vice versa. Such 
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transport mechanisms are carried out by transporters such as the voltage dependent ion 
channels 195. Aquaporins transport water across the membrane 196, and protein trans-
location can be carried out by large membrane bound structures, such as the nuclear 
pore complex 197. Membrane proteins also play very important roles in signaling 198, 
they contribute to cellular identity, especially in multi-cellular organisms, and protect 
the cell from harmful stimuli or attacks 199. Membrane proteins are therefore important 
drug targets, and also clinical biomarker candidates. The structural complexity of bio-
logical membranes ranges from single proteins to large multi-protein complexes that 
can be found in electron transport chains like the photosynthetic electron chain or the 
respiratory chain.

Although membrane proteins form a very important protein class, their analysis by 
proteomics methodology, can be very challenging. Recently, many successful method-

Figure 8. Classes of membrane proteins

Schematic overview illustrating a general classifi cation 
of different types of membrane protein topology. Type 
1 and 2 are proteins that span the lipid bilayer with one 
transmembrane domain. In type 1 membrane proteins, 
the C-terminus faces the cytoplasm while type 2 pro-
teins show an opposite orientation. In contrast, multi-
pass proteins span the membrane multiple times, while 
peripheral membrane proteins only make contact with 
the membrane surface by hydrophobic and/or ionic in-
teractions. Other types of membrane-protein contact can 
be facilitated by lipid or glycolipid chains that are cova-
lently attached to proteins and used as anchors to attach 
to the membrane.

ologies have been developed to 
improve membrane protein iden-
tifi cation, and also to perform 
reliable quantifi cation, allowing 
in-depth membrane protein stud-
ies. Technologies for selective 
enrichment of membranes and 
integral membrane proteins and 
coping with protein hydropho-
bicity will be discussed below.

The membrane proteomics 
fi eld faces a lot of challenges. 
Most membrane proteins show 
relatively low expression lev-
els compared to the majority of 
e.g. cytosolic proteins, which is 
one of the causes for their un-
derrepresentation in proteome 
analyses. Further, a proteomics 
workfl ow relies typically on ap-
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propriate protein solubility under the chosen experimental conditions, to avoid precipi-
tation and subsequent sample loss. Solubility is however a serious issue for membrane 
proteins, as they typically contain 1 to 20 hydrophobic membrane spanning domains, 
each consisting of lipid bilayer domains of 15-25 hydrophobic amino acids, which 
form transmembrane α-helices or β-barrels. Due to these hydrophobic domains, mem-
brane proteins tend to aggregate and subsequently precipitate using conventional pro-
teome preparation methods, like e.g. denaturing with urea prior to digestion 169, 200. 
Reliable protein identifi cation and quantifi cation with suitable sequence coverage is 
highly dependent on the generation of many unique peptides that can be analyzed by 
MS. However, the digestion of membrane proteins into relatively short peptides for 
proper MS analysis is complicated due to lack of charged residues (arginine or lysines) 
in the trans-membrane domains. A fi nal challenge is that the native lipid environment 
of membrane proteins needs to be exchanged with detergent containing buffers. How-
ever, the use of detergents is not directly compatible with reversed-phase liquid chro-
matography or with mass spectrometry, which are the most commonly used tools for 
high throughput proteomics approaches 201. Thus membrane proteins are consistently 
underrepresented in large-scale proteomics studies 202.  

Specifi c enrichment of membrane proteins
Due to their relatively low abundance, integral membrane protein enrichment has 

to be performed at multiple levels (Figure 9). A fi rst enrichment step mostly consists 
of a sub-cellular fractionation, for example by using density gradient- or differential 
centrifugation that allows separation of cellular sub-structures like mitochondria from 
nuclei, based on their relative density, which has been employed to fractionate for 
almost every cellular membrane system 203-205. Subsequently, further enrichment can 
be performed by additional washing and centrifugation steps, or by using for example 
techniques like free-fl ow electrophoresis 206 or two-phase partitioning of the membrane 
vesicles 207.
Such strategies have been successfully applied in a number of studies 19, 207, 208, but the 
biological complexity of the obtained fractions is often still too high for improved 
detection of integral membrane proteins. Therefore, once the desired cellular sub-
structure has been obtained, further purifi cation of integral membrane proteins can be 
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achieved by e.g. treatment of the membranes with Na2CO3 at high pH, which results 
in formation of membrane sheets 200, 209. Fractionation by alkaline treatment allows 
collection of the soluble protein fraction from the inner part of the membrane compart-
ment, and also, the extraction of peripheral membrane proteins from the membranes. 
The remaining membrane sheets contain the integral membrane protein fraction. It has 
been demonstrated that this approach can be used in combination with proteinase K 
treatment and multiple digestion steps using Lys-C and trypsin for in-depth membrane 
protein topology investigation 210 Recently, it has been demonstrated for embryonic 
stem cell samples that by employing optimized wash- and digestion protocols an al-
most fi ve-fold increase in integral membrane protein identifi cation can be established 
86. 

Other fruitful strategies to enrich for cellular membrane proteins include affi nity chro-
matography or similar capturing methods, which utilize specifi c characteristics of the 

Figure 9. Typical analytical workfl ows for membrane proteomics

Flowchart illustrating possible workfl ows to characterize integral membrane proteins. (A) 
The membrane structure of interest is enriched prior to the analytical workfl ow. (B) Mem-
brane proteins are then solubilized by either using detergents (SDS, BAC, CHAPS, Triton-
X100), organic modifi ers or mass spectrometry compatible surfactants. (C) If protein sepa-
ration is performed by electrophoretic methods (either one or two dimensions), detergents 
can be applied, as they can be easily removed prior to in-gel digestion. If an in-solution 
digestion is performed, RapigestTM, methanol or acetonitrile can be added to improve pro-
tein solubility. (D) Digestion can be carried out using proteases like trypsin, chymotrypsin 
or Lys-C but also using CNBr to facilitate cleavage within hydrophobic protein domains. 
(E) The complexity of peptide mixtures can be reduced by using liquid chromatography 
methodology such as strong cation exchange or peptide isoelectric focusing. (F) Reversed 
phase LC-MS/MS can be applied directly after digestion or after the subsequent fraction-
ation procedures to identify and quantify the membrane proteome.
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membrane proteins, i.e. natural protein modifi cations such as glycosylation or GPI-
anchoring of membrane proteins or synthetically through the addition of chemical tags 
such as biotin. Glycosylated proteins, which reside typically in the plasma membrane, 
have been captured successfully by lectin affi nity purifi cation or via hydrazine resins. 
This has been demonstrated by studies from Zhou et al. 211 and McDonald et al. 212. 
As alternative, a biotin tag has been attached to the proteins located at the outer cell 
surface through incubation with sulfo-NHS-SS-biotin prior to cell lysis 213. These bio-
tinylated proteins could then be purifi ed via streptavidin coupled resins. This method 
has also been combined with stable isotope labeling to compare membrane proteins of 
primary and metastatic melanoma cells, providing an appropriate method for quanti-
tative analysis of integral membrane proteins on the cell surface 214. A valuable strat-
egy to selectively enrich for GPI-anchored proteins has been the so-called “shave and 
conquer” method 215, 216. For this approach, membrane structures were enriched and 
reconstituted in a two-phase buffer system consisting of an aqueous and a detergent 
phase. After cleavage of the GPI anchor by phospholipase-C or phospholipase-D, the 
“shaved off” proteins were collected in the aqueous phase, separated by SDS-PAGE, 
and subsequently identifi ed with mass spectrometry.  

Denaturing and solubilization of membrane proteins
Usually, after the enrichment of a particular sub-proteome, membrane proteins 

have to be solubilized from the lipid layers and sample handling should be focused 
on prevention of protein precipitation (Figure 10). This can be performed by apply-
ing relatively high concentrations of detergents like SDS, CHAPS or Triton-X100 in 
the solubilizing buffers 217. SDS, CHAPS and detergents like the bile acid salts oxy-
cholate or desoxycholate are known to disrupt both intra- and inter-protein-protein 
interactions, hence these are used in experiments where comprehensive solubilisation 
of membrane proteins is required 218. As the use of high concentrations of these deter-
gents is not compatible with either enzymatic in-solution digestion or mass spectrom-
etry, RapigestTM (Waters) surfactant, InvitrosolTM (Invitrogen) or similar commercially 
available surfactants can be used for membrane protein solublilization. The advantage 
of using RapigestTM is that this surfactant can be cleaved under acidic conditions, and 
that the residual tridecan-2-one can be removed by centrifugation, which makes the 
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use of this surfactant highly compatible with subsequent LC-MS analysis. The suc-
cessful utilization of this surfactant has been illustrated for example in combination 
with detergent phase extraction of heart membrane proteins 219, and has resulted in a 
3-fold increase of membrane protein identifi cations. Alternatively, organic modifi ers 
have been used as additives to promote proteolytic in-solution digestion. For example, 
up to 60% (v/v) methanol has been added to a membrane protein sample to facilitate 
the enzymatic cleavage of hydrophobic proteins 20, 220. In other studies multiple diges-
tion steps have been applied in buffers containing up to 80% (v/v) acetonitrile to keep 
the hydrophobic membrane proteins solubilized 86. 

Separation of denatured membrane proteins
Regarding protein separation methods, it is known that hydrophobic proteins are 

very diffi cult to solubilize and to resolve using classical 2D IEF/SDS-PAGE, indicat-
ing that this technique is not very compatible with membrane protein analyses 221, 222. 
Generally membrane protein solubility is low at their isoelectric point, and therefore 
membrane proteins tend to precipitate at their pI range 223. It has been shown that the 
addition of zwitter-ionic detergents 224 or the application of agarose containing IEF 
strips facilitates the analysis of membrane proteins 225. Moreover, IEF of peptides has 
recently been re-evaluated as a tool to handle hydrophobic peptides, as Chick et al. 
have shown that narrow range IPG strips are better suited for the recovery of hydro-
phobic peptides 226. Many other improvements have been introduced for enhanced 
membrane protein separation in electrophoresis, like the use of suited detergents (re-
viewed in e.g. 227) or the utilization of different acrylamide concentrations 228. Rais et 
al. 228 have observed that hydrophobic proteins migrate faster than hydrophilic proteins 
in low percentage acrylamide gels, probably due to altered binding of the membrane 
proteins to SDS. In the second dimension this effect is less pronounced, which leads to 
an enrichment of hydrophobic proteins in a particular area of the 2D gel.
As alternative for SDS-PAGE, other protein separation tools have been used to opti-
mize the recovery of hydrophobic proteins, like by applying 16-BAC 229. The use of 
16-BAC is benefi cial since SDS is an anionic detergent, while membrane proteins usu-
ally are characterized by their alkalic pI, thus solubilization with a cationic detergent 
such as 16-BAC dramatically improves separation resolution during electrophoretic 
separation. This methodology has been shown to work well both in combination with 
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Figure 10. Enrichment strategies for membrane proteins

For successful analysis of low abundant membrane proteins  it is es-
sential to employ multiple enrichment steps. Starting from cell lysis, 
enrichment of sub-cellular structures can be achieved by density gra-
dient centrifugation techniques and/or other means like free-fl ow elec-
trophoresis. Once the desired compartment is purifi ed to a satisfac-
tory degree, high pH treatment creates membrane sheets and extracts 
soluble proteins from the membrane, hereby providing an additional 
enrichment of the residual integral membrane proteome. Further puri-
fi cation of a certain class of membrane proteins such as GPI-anchored, 
biotin-tagged, or glycosylated proteins, can be achieved by specifi c 
enzymatic cleavage coupled to a two phase partitioning system (in 
case of GPI-anchored proteins) or affi nity purifi cation (in case of gly-
cosylated or biotinylated proteins) prior to subsequent separation. The 
last steps comprise protein digestion and mass spectrometry.

acrylamide gels and with IEF gel strips 230. As good alternative for 16-BAC, the com-
pound CTAB can be used, resulting in a similar improvement in membrane protein 
recovery 231. In most of these studies SDS PAGE was used to separate proteins in a 
second dimension after the fi rst 16-BAC or CTAB PAGE dimension. Although both 
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separation methods rely on molecular size, a certain degree of orthogonality can be 
observed between the separation with the cationic compounds and SDS PAGE. These 
experiments result in a diagonal ellipsoid area in the 2D gel where membrane proteins 
are retained. Further, all common protein visualization methods, Coomassie, silver and 
fl uorescence, can be successfully combined with this methodology.  

Alternatively, also many “gel-free” separation methods have been explored to improve 
membrane protein analysis. The MudPIT method for example, which is based on pep-
tide separation by SCX chromatography in the fi rst- and reversed phase chromatog-
raphy in the second separation dimension, has been shown well-suited for analysis 
of membrane proteins of a wide diversity of sources, like yeast 232, heart tissue 233, 
organellar membranes 234 and human parotid gland exosome 235. Melchior et al. have 
recently reported the use of a novel semi-top-down method by 2D chromatography, in 
which the fi rst dimension separation was performed on the intact membrane protein 
pool, and the second dimension separation on the corresponding tryptic peptide pool 
236. They used ion-pair reversed-phase chromatography, which is known to be capable 
of effi ciently separating proteins having a wide range of chemical properties such as 
size, charge, or hydrophobicity. Further improvements have been obtained by the same 
group using a bottom-up method separating the sample peptides by SCX, followed 
by IP-RP chromatography, that outperformed the earlier developed MudPIT methods. 
IP-RP separation is a method, which has also been used to effectively separate thyla-
koid membrane proteins 237. Lately also iso-electric focusing in an off-gel format has 
been explored for enhanced membrane protein separation and detection 238. Improving 
reversed phase LC-MS analysis of peptides from integral membrane proteins is quite 
demanding. The LC-runs should be adjusted for a complete elution of the hydrophobic 
peptides, like has been performed for analysis of erythrocyte membrane proteins 239. 
Also, the use of less hydrophobic resins, like the use of C4-columns instead of the 
commonly used C18 material has been valuable for separation of very hydrophobic 
peptides 240.
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Solubilization of native membrane proteins
As alternative to compounds that denature and solubilize membrane proteins un-

der harsh conditions, soft solubilization methods can have complementary value and 
allow the analysis of proteins in their more native state. Prior to assessment of e.g. 
protein-protein interactions of membrane proteins, intact complexes have to be dis-
solved from the lipid bilayer, which is achieved by using appropriate detergents. This 
is a crucial step, as the proteins have to be transferred from their native environment 
into a condition that is better suited for subsequent separation and analysis. Detergents 
consist of a polar head group and a hydrophobic tail, enabling them to solubilize mem-
brane proteins by mimicking the lipid environment. The gentleness of a detergent is 
mainly determined by the size of its polar head group and length of its hydrophobic 
acyl tail 241. To solubilize native, intact protein complexes, non-ionic detergents like 
digitonin, DDM or Triton X-100 are being utilized. An important point is that deter-
gents form micelles without inner aqueous compartment, and that effective replace-
ment of the lipid environment can only occur above the critical micelle concentration 
(CMC) of the detergent 242, while concentrations below the CMC will usually result in 
aggregation of membrane proteins. Optimal detergent concentrations can vary quite 
signifi cantly, and depend on detergent type, sample origin and buffer conditions 241, 
but also temperature and incubation time are important factors 243, 244. These conditions 
have therefore to be optimized for each individual sample. Subsequently, proteins and 
protein complexes can be separated prior to further analysis using a broad diversity of 
electrophoretic separation methods.

Separation of native membrane proteins and their complexes
Gentle solubilization procedures that leave protein complexes intact enable the 

analysis of large membrane embedded protein assemblies. This methodology has been 
developed approximately 20 years ago 245 and has been widely used for the analysis of 
protein-protein interactions in various biological systems (reviewed in e.g. 241, 246, 247). 
For blue native PAGE, protein complexes are usually solubilized in digitonin, DDM 
or Triton-X100, whereas Coomassie Brilliant Blue G-250 is applied to provide the 
protein complex with a negative charge to enhance electrophoretic mobility. Typically, 
a native acrylamide gradient gel is used in the fi rst dimension, to separate the com-
plexes based on overall size. These complexes can subsequently be separated through 
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SDS-PAGE in a second dimension, and show up as spots in a vertical row, which has 
been applied to analyze the composition of the separated complexes by MS. It has been 
shown that mitochondrial supercomplexes with a size of up to 5 MDa can be separated 
in this fashion 248, 249. Moreover, this methodology allows monitoring of the protein 
complex stability by using two dimensional Blue Native/ Blue Native PAGE. For this 
approach a gentle detergent is used for the fi rst dimension and a less mild detergent 
for the second dimension separation to assess which protein-protein interactions can 
be disrupted 250. Proteins within a particular complex that show tight interaction with 
other proteins appear on a diagonal line, while less stably complexed proteins migrate 
under the diagonal into the lower part of the 2D gel 250. To identify known proteins, 
native electrophoresis has been used in combination with traditional biochemical tech-
niques such as Western blotting 244, but also in-gel activity staining can be performed, 
since protein complexes are retained in their native conformation 251. However, the 
Coomassie G-250 dye used in BN-PAGE sometimes interferes with activity staining or 
fl uorescent stains, for which Clear Native PAGE has been developed. When CN-PAGE 
is utilized, only the intrinsic charges of the protein complex determine mobility in the 
electrophoretic process, due to absence of a compound that provides the complexes 
with a negative charge (like Coomassie G-250). Therefore the CN-PAGE method re-
sults in poorer resolution of the separated proteins 252, but this has been improved by 
adding mild anionic detergents like sodium oxycholate 253. Still, the resolving power 
of these BN- and CN-PAGE methods are somewhat hampered by poor resolution, thus 
approaches have been developed to solve this problem. Lately it has been shown that 
similarly sized complexes can be effi ciently separated by adding an extra dimension, 
i.e. to separate the native membrane protein complexes by liquid isoelectric focusing. 
This fi rst dimension was followed by BN-PAGE, and fi nally by SDS-PAGE as third 
dimension separation step 243. 

Digestion of membrane proteins
The next step after protein separation consists of protein digestion. It should 

be noted that also digestion into suffi ciently short peptides suited for mass spectrom-
etry can be quite a challenge for integral membrane proteins, as hydrophobic domains 
rarely contain charged residues like lysine and arginine that can be digested by trypsin 
or Lys-C. It has been shown that improvements for in-gel digestion effi ciency can be 
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achieved by careful sample desalting, and also by peptide extraction from the gel us-
ing organic solvents such as methanol 254. Moreover, it has been demonstrated that a 
chemical instead of an enzymatic cleavage protocol using CNBr is very well suited for 
membrane protein studies 232, 255n. This compound cleaves proteins at the C-terminal 
site of methionine residues and has often been applied to the pelleted insoluble mate-
rial that remains after a previous digestion step. Washburn et al. have described further 
improvement by the use of Lys-C prior to this more harsh CNBr treatment 232. The Lys-
C enzyme cleaves at the C-terminal site of lysine residues and has the advantage that 
digestion can be performed in 8 M urea, thereby keeping proteins unfolded and also 
preventing precipitation. Another promising strategy has been the use of V8-protease, 
which cleaves at glutamic acid and aspartic acid residues, which has also been used 
in combination with CNBr 256. Other promising approaches demonstrate the use of the 
unspecifi c proteolytic enzyme proteinase K in combination with a high pH treatment 
of the membranes 257. Usually proteinase K digests proteins into dipeptides that are too 
small for proteomics analysis but the high pH will alter the enzyme activity resulting 
in longer peptides being produced during digestion, which are more suited for subse-
quent analysis. Generally, the combined use of different enzymatic and/or chemical 
digestion steps has been shown to largely improve sequence coverage for membrane 
proteins, mainly due to the complementarity of commonly used proteases like trypsin, 
chymotrypsin or V8-protease 87.  

Scope of this thesis

The work described in this thesis is centered around the development and application 
of novel technologies to study the behavior of cellular systems at the global proteome 
level. Mass spectrometry and (quantitative) proteomics are thereby forming the core-
technology to contribute to knowledge on the studied biological systems. Nowadays, 
modern instrumentation makes it possible to quickly obtain large amounts of data to 
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identify and characterize a signifi cant amount of all proteins present in the cell. This 
fl ood of information, however, has to be carefully directed by picking the right ex-
perimental design enabling the extraction of biologically relevant information. We 
demonstrate that these novel powerful analytical proteomics tools can be used to gain 
insights into often underrepresented aspects of the proteome, for example to facilitate 
the analysis of certain protein modifi cations, acquire data on protein complexes or 
provide information on the dynamics of protein turnover.

Thesis outline

In chapter 2 quantitative proteomics was utilized to differentially characterize the mi-
tochondrial proteome of Saccharomyces cerevisiae grown under aerobic and anaerobic 
chemostat cultured conditions. Beside the quantifi cation of soluble proteins we focus 
on the separation and quantifi cation of the membrane protein complexes present in 
the mitochondria using Blue Native electrophoresis and demonstrate the feasibility of 
high throughput analysis of protein-protein interactions using correlation profi ling of 
protein migration on native gels. 

In Chapter 3 we use yeast chemostats combined with a gradual incorporation of the 
15N isotope to analyze the kinetics of protein degradation. Utilizing label-free method-
ology to align complex isotopic patterns from multiple time points provided us with 
protein turnover rates and abundance indicators for more than 600 proteins. Our data 
shows that the turnover of certain cellular processes can markedly slow (e.g. proteins 
involved in the proteasome) or fast (e.g. proteins involved in the elimination of radi-
cals) and we used this dataset to discuss cellular aspects like protein folding of meta-
bolic pathways (e.g. glycolysis) in the context of protein dynamics.            

Chapter 4 describes a refi ned straightforward and easy to implement SCX based meth-
odology for the enrichment and separation of phosphorylated peptides from tryptic, 
Lys-N and Lys-C digests. Besides this technological aspect we also provide a resource 
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of around 5000 unique phosphorylated peptides and demonstrate the ability of trypsin 
and Lys-N to cover complementary parts of the phosphoproteome. 

Chapter 5 describes the profi ling of N-acetylated peptides from human cells, using 
SCX as an enrichment technique, which provided around 1400 unique acetylated N-
termini of gene products including so far unknown protein variants. Bioinformatics 
analysis revealed insights into the effi ciency of N-terminal methionine cleavage and 
additionally, extensive comparisons with other published datasets showed evolution-
ary trends of the identity of the penultimate amino acid residue.  

Chapter 6 follows up on the analysis of N-terminal acetylation and describes the char-
acterization of a yeast strain defi cient for the N-terminal acetyltransferase NatB using 
metabolic labeling. Beside a substrate catalogue for this enzyme, we also show that the 
loss of this enzyme causes a wide range of down-stream effects on protein levels and 
phosphorylation networks.
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Abstract

To investigate the effect of anaerobiosis on the Saccharomyces cerevisiae mitochon-
drial proteome and the formation of respiratory chain and other protein complexes, 
we analyzed mitochondrial protein extracts that were enriched from lysates of aerobic 
and anaerobic steady-state chemostat cultures. We chose an innovative approach in 
which native mitochondrial membrane protein complexes were separated by 1D BN-
PAGE. This methodology was combined with an analysis of each complex subunit 
using stable isotope labeling and LC-FT(ICR)-MS/MS to identify and quantify the 
mitochondrial proteins. In addition, to assess mitochondrial complex composition un-
der aerobiosis and anaerobiosis, we investigated the 1D BN-PAGE protein migration 
patterns by Pearson correlation analysis. Surprisingly, we discovered that under anaer-
obic conditions, where the yeast respiratory chain is not  active, the respiratory chain 
supercomplexes, like complex V dimer, complex (III)2(IV)2 and complex (III)2(IV) 
were still present, although at reduced levels. Pearson correlation analysis showed that 
the composition of the mitochondrial complexes was unchanged under aerobic or an-
aerobic conditions, with the exception of complex II. Furthermore, the latter approach 
allowed screening for possible novel complex interaction partners, since for example 
protein Aim38p with a yet unknown function, was identifi ed as a possible component 
of respiratory chain complex IV. 
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Membrane protein complexes

Introduction

The intriguing ability of Saccharomyces cerevisiae to adapt easily to anaerobic condi-
tions 1 is a key contributor to its success in industrial applications such as the leaven-
ing of bread, brewing of beer and ethanol production. The effect of anaerobiosis on 
S. cerevisiae has been studied at the level of the transcriptome 2-5 and recently at the 
combined levels of the transcriptome and proteome 6. In this latter study, a dataset of 
474 reliably quantifi ed proteins was obtained of which 249 showed oxygen-dependent 
changes in expression level. Furthermore, changes in mRNA levels were compared 
to those of the corresponding protein levels, which surprisingly revealed that many 
responses were regulated post-transcriptionally, such as for pathways as glycolysis, 
amino-acyl-tRNA synthesis, purine nucleotide synthesis and amino acid biosynthesis 
6. Since previous research was based on total yeast lysates, key structural aspects of 
mitochondria operating under anaerobic conditions, like organization of their respira-
tory chain complexes, have not yet been investigated.

Mitochondria are eukaryotic organelles of endosymbiotic origin that are presumably 
derived from respiring alpha-proteobacteria which, during evolution, were assimilated 
by anaerobic hosts 7, 8. They still possess their own protein biosynthesis machinery but 
a lot of the original symbiont genes have been transferred to the nucleus of the host 
so that extensive interaction between these two organelles is necessary to assemble 
important mitochondrial structures like the mitochondrial ribosomes and the respira-
tory chain complexes 8. The mitochondrial respiratory chain, which couples electron 
transport to the generation of proton motive force 9, is an example of membrane pro-
tein architecture in which specifi c protein complexes assemble into functional entities. 
In S. cerevisiae this respiratory chain consists of complexes II, -III, -IV and -V, while 
complex III can form supercomplexes with complex IV with different stoichiometries, 
and complex V exists both as a monomer and dimer 10. While S.cerevisiae lacks a 
‘classical’ complex I NADH-dehydrogenase complex, oxidation of mitochondrial and 
cytosolic NADH can be coupled to ubiquinone via several alternative dehydrogenases, 
and shuttle mechanisms 11. As illustrated in Figure 1, complex II reduces ubiquinone 
by oxidizing succinate to fumarate. Subsequently, ubiquinol is oxidized by complex 
III. The electrons are then transferred to cytochrome C, which is then oxidized by com-
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plex IV by reducing O2 to H2O 12. Complexes III and IV can translocate protons across 
the inner mitochondrial membrane throughout electron transfer, resulting in a proton 
gradient that drives ATP synthesis by complex V. In respiring cultures of S.cerevisiae, 
this mechanism is the major source of energy to sustain the various anabolic processes 
in the cell.

The mitochondrial proteome of aerobically grown yeast has been studied extensively 
by various approaches 13, 14, in contrast, little is known about the function of mitochon-
dria in anaerobic cultures, in which ATP is exclusively dependent on alcohol fermenta-
tion. It has been shown by electron microscopy that these organelles undergo major 
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Figure 1.  Protein complexes of the respiratory chain

Under aerobic conditions, the yeast respiratory chain is organized in four main 
protein complexes and super-complexes that generate ATP by chemi-osmotic 
energy conservation. Respiratory chain complex II is the succinate dehydroge-
nase complex that catalyzes the oxidation of succinate to fumarate in the TCA 
cycle, after which it transfers the electrons to the ubiquinone pool. Respiratory 
chain complex III is the cytochrome bc1 complex that transfers electrons from 
ubiquinol to cytochrome C. Respiratory chain complex IV or cytochrome oxi-
dase is the terminal electron acceptor of the respiratory chain that removes 
two electrons from two molecules of cytochrome C and produces H2O by 
transferring electrons to O2. It translocates two protons across the membrane 
and produces a proton gradient for ATP generation. Respiratory chain com-
plex V is F1F0-ATP synthase, of which the F1 part is involved in ATP synthesis 
and hydrolysis reactions, whereas the membrane-bound F0 mediates proton 
transport. Respiratory supercomplexes are formed by complexes III and IV in 
different stoichiometries, and by dimerization of complex V.
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structural changes 15, and it was suggested that the metabolism of anaerobic mitochon-
dria is widely reprogrammed to cope with the absence of respiration 16. 

Proteins are generally organized in complexes 17, and several strategies have been de-
veloped for large-scale analysis of protein interactions, e.g. by using affi nity purifi ca-
tion combined with mass spectrometry 18, by profi ling the co-sedimentation of proteins 
through rate zonal centrifugation gradients 19 or by in silico prediction 20. Other studies 
have demonstrated that protein correlation profi ling is a valid method to introduce 
a functional dimension into proteomics approaches 21. In particular 2D Blue Native/
SDS-PAGE has shown to be suited to study membrane protein complexes 22, and this 
is a well established method to identify respiratory chain protein complexes of yeast 
mitochondria 10.

We applied a three-way proteomics strategy to investigate the role of the mitochondria 
in both aerobic and anaerobic S. cerevisiae. First, we focused on the changes of the 
mitochondrial proteome during anaerobiosis by employing 14N/15N met  abolic labeling 
6, 23, 24 to aerobic and anaerobic steady-state chemostat cultures. Chemostat cultiva-
tion was used as it enables the accurate manipulation of individual culture parameters 
(e.g. the presence of oxygen) while keeping other cultivation conditions constant 25. 
Second, we used a novel approach that allowed us to accurately quantify the effect of 
anaerobiosis on the protein complex levels in the mitochondria, i.e. we used relative 
quantifi cation through 14N/15N metabolic labeling in combination with separation of 
the complexes using 1D BN-PAGE, making the commonly used second SDS PAGE 
dimension superfl uous. Third, to investigate whether the composition of the complex-
es changes under anaerobic conditions, the proteins separated by 1D BN-PAGE were 
analyzed upon correlated protein migration patterns. This last approach is also suited 
to detect possible new associations of proteins with known mitochondrial protein com-
plex members.
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Materials and Methods 

Experimental design

Figure 2. Flowchart of the three experimental designs. 

Three lines of investigation into the response of the mitochondrial proteome to anaerobio-
sis were chosen. (I) Protein quantifi cation of anaerobic versus aerobic samples enriched 
for mitochondria. Aerobic and anaerobic samples were mixed 1:1 based on protein con-
tent. After digestion peptides were separated using SCX and RPLC followed by on-line 
detection by FT(ICR)-MS and relative quantifi cation by MSQuant software. (II) Relative 
quantifi cation of mitochondrial protein complexes. Aerobic and anaerobic samples were 
again mixed 1:1 based on protein content. Subsequently, protein complexes were sepa-
rated by 1D BN-PAGE. Prominent bands were excised, digested and subjected to RPLC-
FT(ICR)-MS, followed by quantitative analysis using MSQuant. (III) Protein complex 
correlation analysis. BN-PAGE was performed for both the anaerobic and aerobic sam-
ples separately. Lanes with samples of the BN-PAGE gel were cut into 35 slices, and 
the proteins therein identifi ed by RPLC-FT(ICR)-MS. The number of identifi ed spectra 
versus the migration distance was determined for each of identifi ed proteins. Correlation 
analysis was performed, resulting in patterns of protein clusters. 
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Three lines of investigation of the response of the mitochondrial proteome to anaero-
biosis were chosen, as illustrated in Figure 2. In short, S. cerevisiae was grown in glu-
cose-limited chemostat cultures under aerobic or anaerobic conditions, and metabolic 
labeling was applied using 14N or 15N ammonium sulfate as sole nitrogen source. The 
cell lysates were enriched for the mitochondria. First, all these lysate proteins were 
relatively quantifi ed, i.e. the samples were mixed 1:1 based on protein content. After 
digestion, peptides were separated using SCX and RPLC followed by on-line detec-
tion by FT(ICR)-MS and relative quantifi cation by MSQuant (Figure 2, I). Second, 
complexed proteins in this mitochondrial sample were relatively quantifi ed. Aerobic 
and anaerobic mitochondrial samples were mixed 1:1 based on protein content. Sub-
sequently, protein complexes were separated by BN-PAGE. Prominent bands were ex-
cised, digested and subjected to RPLC-FT(ICR)-MS followed by quantitative analysis 
(Figure 2, II). Third, protein migration correlation analysis was performed to assess 
protein complex formation and/or stability. BN-PAGE was applied for the anaerobic 
and aerobic mitochondrial samples separately. Lanes with samples of the BN-PAGE 
gel were cut into 35 slices, and the proteins therein were identifi ed by RPLC-FT(ICR)-
MS. The number of identifi ed spectra versus the migration distance was determined 
for each of the identifi ed proteins. Pearson correlation analysis was performed to lo-
cate patterns of protein clusters (Figure 2, III).

Culturing
The Saccharomyces cerevisiae strain CEN.PK113-7D (MATa, MAL2-8c SUC2) 

was cultured and metabolically labeled using light (14N) and heavy (15N) nitrogen 
source (NH4)2SO4 as described earlier 6. Duplicate experiments were performed, using 
reversed labeling, thus anaerobic and aerobic cultures were each labeled once with 14N 
and once with 15N.

Enrichment of the mitochondrial fractions 
Approximately 1.5 g of cells (wet weight) were harvested for each sample. To 

avoid contamination of the anaerobic samples by oxygen the sampling from the fer-
menters was performed under argon environment. Used protocols for isolation of frac-
tions enriched for mitochondria were based on previously published procedures 26, 
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using 1 μg ml-1 cycloheximide to prevent mitochondrial protein synthesis during frac-
tionation 27. To maintain anaerobic conditions, all isolation steps of mitochondria from 
anaerobic chemostat cultures were performed in an oxygen-free cabinet. The mito-
chondrial fraction was kept in buffer containing 25 mM potassium-phosphate pH 7.5, 
1 mM MgCl2, 1 mM EDTA, 0.65 M sorbitol, supplemented with protease inhibitors 
(using protease inhibitor cocktail tablets according to the instructions of the manufac-
turer; Roche Diagnostics) and snap-frozen in liquid nitrogen until further use.
                     

BN-PAGE
BN-PAGE was carried out as previously described 22. The applied detergent/pro-

tein ratio was 5 mg digitonin (Calbiochem, San Diego, USA) per mg of protein. For 
the relative quantifi cation experiments about 100 μg of protein of the (15N-)aerobic 
and of the (14N-)anaerobic mitochondria were mixed prior to solubilization with 1 mg 
digitonin. The samples were incubated for 50 min on ice and then for 20 min at room 
temperature. Subsequently, membrane protein complexes were separated on a 3-16% 
acrylamide gradient gel (dimensions: approx. 16 x 16 cm). The proteins in the gels 
were fi xed with 40% methanol and 10% acetic acid, and then restained with Gelcode 
Blue Stain Reagent (Pierce, USA). Protein bands were excised, reduced with DTT, 
alkylated with iodoacetamide and in-gel digested with trypsin 24. For comprehensive 
analysis of protein complex formation and/or stability in the anaerobic compared to 
the aerobic mitochondria, BN-PAGE gel lanes of each of both samples were cut into 
35 equal slices.

Digestion and peptide separation
For direct digestion of the enriched mitochondria, organelles were pelleted at 

20 000 g for 20 min and resuspended in 8 M urea. Samples were reduced with 200 
mM dithiothreitol for 1 h, and subsequently alkylated with 500 mM iodoacetamide 
in the dark. Digestion with LysC (1:50; LysC:mitochondrial proteins) was performed 
overnight. Afterwards the urea concentration was reduced to 2 M and a subsequent 
digestion step with trypsin (1:50 ; trypsin:mitochondrial proteins) was performed. 
Urea and salts were removed by binding the peptides on a Resprosil C18-AQ, 3 μm 
(Ammerbuch-Entringen, Germany) column prepared in a gel loader tip 28. The sample 
was then dried in a vacuum centrifuge and resuspended in 20% acetonitrile with 0.05% 
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formic acid. Strong cation exchange was performed on Agilent Zorbax Bio-SCX Se-
ries II columns using a linear NaCl gradient from 0 to 0.5 M to elute the peptides from 
the SCX column. A fl ow rate of 0.3 ml min-1 was applied during peptide fractionation 
using buffers containing 20 % acetonitrile and 0.05% formic acid. We collected 1 min 
fractions and analyzed the peptides from fractions 1-20 with LC-FT(ICR)-MS. 

LC-MS/MS and data analysis
Nanofl ow liquid chromatography coupled to tandem mass spectrometry was 

performed on an Agilent 1100 nanofl ow system (Agilent Technologies) connected 
to a Finnigan LTQ-FT(ICR) mass spectrometer (Thermo Electron, San Jose, USA) 
equipped with a nanoelectrospray ion source. The sample was loaded on a C18 pre-
column (100 μm i.d.; 375 μm o.d.; Resprosil C18-AQ, 3 μm (Ammerbuch-Entringen, 
Germany) using a fl ow rate of 5 μL min-1. Sequential elution of peptides was accom-
plished using a linear 1 h gradient from buffer A (0.1 M acetic acid) to 50 % of buffer 
B (80 % acetonitrile; 0.1 M  acetic acid) over the precolumn inline with a 20-25 cm 
resolving column (50 μm i.d.; 375 μm o.d.; Resprosil C18-AQ, 3 μm (Ammerbuch-
Entringen)). Survey full scans were acquired in a range of 300- 1500 m/z with a resolu-
tion of R = 100 000 at 400 m/z and the two most intense ions were subjected to colli-
sion induced dissociation in the linear ion trap. 

Bioworks software (Thermo Electron) was used to centroid and merge all MS/MS 
spectra. Searches were performed against the Saccharomyces cerevisiae database 29, 
containing 5779 entries, (http://www.yeastgenome.org/2007) using Mascot version 
2.2 with a precursor mass tolerance of 10 ppm and a MS/MS mass tolerance of 0.9 
Da. All data are stored in the public depository PRIDE under the project description  
“Blue native electrophoresis combined with stable isotope labeling reveals that Sac-
charomyces cerevisiae mitochondrial respiratory chain supercomplexes are retained 
under anaerobic conditions” (currently only accessible for reviewers; username: re-
view58631, password: XgC-qjHz). Quantifi cation of 15N/14N ratios was performed us-
ing MSQuant (http://msquant.sourceforge.net). A Mascot protein cut-off score of 30 
was used, corresponding to a false positive rate of 1%, which was assessed by using 
a decoy reverse database search strategy. The Mascot searches of the relevant SCX-
fractions were combined prior to MSQuant analysis. Quantifi cation data were nor-
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malized on the bulk of unchanged proteins and the hereby determined normalization 
factors were also used to normalize the data obtained by the BN-PAGE experiments. 
Only proteins identifi ed and quantifi ed in both experiments (14N aeaerobic/15N aerobic 
and 15N anaerobic/14N aerobic) were accepted in the fi nal dataset. Subsequently, the 
two ratios were averaged, and propagation of the standard deviation (SD) was per-
formed based on standard mathematical rules, i.e.  SDtot = sqrt(SD1

2 + SD2
2).  Protein 

ratios from 0.5-2 were considered as unchanged, while with ratios outside these ranges 
were considered to be signifi cantly changed. Principal component analysis was carried 
out on the replicates using the multivariate analysis function in MiniTAB version 14 
(http://www.minitab.com/), after which protein hits outside a 95% confi dence interval 
were removed, as described by de Groot et al. 6. Some other proteins were not within 
the 95% confi dence interval, but these were included since their ratios were consis-
tent, as these pointed at either up- or down regulation. Further, a number of proteins 
were detected solely for one of the growth conditions, these were also considered as 
interesting and added to the dataset. Quantifi ed proteins from the robust data set were 
further analyzed using the software program BiNGO 30 to assess the overrepresenta-
tion of Gene Ontology ‘cellular component’ category ‘mitochondrion’ against the S. 
cerevisiae proteins database. A hypergeometric test was performed, and the p-value 
was adjusted for the false discovery rate through Benjamini-Hochberg correction. The 
chosen signifi cance level was 0.05.

In the last set of BN-PAGE experiments (experiment III, Figure 2), proteins were iden-
tifi ed by LC-FT(ICR) MS/MS and protein migration distances in the gel were analyzed 
(Figure 2, III). Mascot results were loaded into Scaffold (Proteome Software), with the 
following settings; a peptide confi dence level of 95% and a protein confi dence level of 
99%. This revealed the number of identifi ed spectra for each protein of the BN-PAGE 
gel lanes. The number of identifi ed spectra and the migration distance for each protein 
were used as input for Pearson correlation analysis. This was performed using Spotfi re 
version 19.1.977 (http://spotfi re.tibco.com) for hierarchical clustering 31.
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Results

Experimental approach
We are particularly interested in the S. cerevisiae mitochondrial proteome re-

sponse to anaerobiosis, for which the cells were grown in glucose-limited chemostats 
under either aerobic or anaerobic conditions. Metabolic labeling by 14N or 15N sources 
was applied to obtain adequate relative quantifi cation of protein levels using FT(ICR) 
MS/MS and MSQuant. The three basic approaches that were used for investigation of 
the effect of oxygen to the mitochondrial proteome are pointed out in Figure 2. First, 
we relatively quantifi ed the proteome from 1:1 mixed anaerobic and aerobic mitochon-
drial fractions, for which the corresponding mitochondrial peptides were separated by 
2D chromatography, using strong cation exchange and reversed phase separation, re-
spectively (Figure 2, I). Second, to assess the impact of anaerobiosis to mitochondrial 
protein complex formation and stability, BN-PAGE was applied to separate these com-
plexes under native conditions, followed by quantifi cation (Figure 2, II). Finally, the 
correlation of BN-PAGE mitochondrial protein migration patterns was investigated to 
detect if protein complex composition is maintained in anaerobic mitochondria (Figure 
2, III).

Anaerobic versus aerobic mitochondrial protein quantifi cation
In total, 1112 proteins were identifi ed in all replicates of the mitochondrial sam-

ples. Next, proteins were relatively quantifi ed using MSQuant, resulting in 623 quanti-
fi ed proteins common to both replicates. To determine which of these proteins were 
reliably quantifi ed, principal component analysis (PCA) was performed using a 95 % 
confi dence interval in a similar manner to what has been described earlier 6, which 
resulted in 549 reliably quantifi ed proteins (Supplementary Figure 1). This set was 
combined with the 84 proteins that were uniquely detected in samples from one of the 
two growth conditions, i.e. 18 proteins for the anaerobic and 66 proteins for the aerobic 
growth condition, respectively. Thus the fi nal robust dataset consists of 633 quantifi ed 
proteins, which is given in Supplementary Table 1. 
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The subcellular localization of the quantifi ed proteins was determined by retrieving 
annotations from the comprehensive yeast genome database (http://mips.gsf.de/genre/
proj/yeast/), which revealed that 362 of the 633 quantifi ed proteins in this robust data 
set could be annotated as mitochondrial (Supplementary Table 1). To establish if mi-
tochondrial enrichment had occurred, hypergeometrical distribution analysis was per-
formed on the quantifi ed proteins of the robust data set, using ‘BiNGO’ 30. This showed 
that the sample was indeed signifi cantly enriched for mitochondrial proteins (corrected 
p-value of 3.2 exp -24), indicating that our enrichment procedure is well suited to 
study the mitochondrial proteome. ’STRING’ 32 was used to analyze associations be-
tween the mitochondrial proteins in our robust dataset, showed a complex network 
of proteins in which interesting protein complexes and metabolic pathways could be 
recognized (Supplementary Figure 2). For the pathways, proteins involved in ubiqui-
none biosynthesis, branched amino acid biosynthesis, heme biosynthesis, organic acid 
catabolism, and TCA cycle were detected and reliably quantifi ed. Further, other as-
sociations were found for the proteins that form known mitochondrial complexes are 
the respiratory chain complexes III, IV and V, and the outer mitochondrial membrane 
protein translocase subfamily.

As can be concluded from our data, mitochondrial proteins with a higher level under 
anaerobiosis are Coq1p, Coq9p, and Cat5p in the ubiquinone biosynthesis pathway 
and Hem1p, Hem14p, and Hem15p in the heme biosynthesis pathway (Supplementary 
Table 2). For the branched amino acid biosynthesis pathway, elevated mitochondrial 
protein levels were found for Bat1p, Ilv3p, Ilv5p, and Mmf1p, while the other protein 
levels were unchanged under anaerobiosis, except for Bat2p and Leu3p, which were 
not detected, which is largely in accordance with earlier data 6. For the organic acid 
catabolism, only the level of Ald5p was slightly elevated, while the Acs1p and Ald4p 
levels were reduced. In the TCA cycle, the effect of anaerobiosis was only visible for 
the levels of Aco2p as being raised 2.4 times, and of Cit3p, Fum1p, Kgd2p, Lsc1p, 
Lsc2p, and the YJL045w protein product as being reduced more than 2 times under 
anaerobiosis, which is in good agreement with a reduced activity of the TCA cycle 
in the absence of oxygen 33. Mitochondrial protein levels for the detected members 
of the respiratory chain complexes III, IV and V were all reduced under anaerobic 
conditions. Most ribosomal proteins that are located in the mitochondria showed un-
changed levels, as only for 7 of the 43 detected proteins more than 2-fold changes were 
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detected. Finally, of the outer mitochondrial membrane protein translocase subfamily, 
only the Tom70p level was reduced. 

Quantitative analysis of mitochondrial membrane protein complexes  
BN-PAGE was applied to investigate if mitochondrial protein complexes are still 

present under anaerobiosis (Figure 2, II). For relative quantifi cation, 15N anaerobic and 
14N aerobic samples were mixed in a 1:1 ratio based on protein content and separated 
by BN-PAGE, the nine visible bands of the BN-PAGE gel were excised and proteins 
were identifi ed using LC-FT(ICR)-MS/MS. As shown in Supplementary Table 3, we 
could quantify most known components of the respiratory chain complexes and su-
percomplexes 22. In order of BN-PAGE migration distance these are supercomplexes 
V dimer, (III)2(IV)2, and (III)2(IV) and also complex V monomer. These supercom-
plexes are still present under anaerobiosis, however, their levels are reduced (Figure 
3; Supplementary Table 3). We could relatively quantify Sdh1p (band 9; its level was 
unchanged), which is a member of respiratory complex II. 

The largest complex in the BN-PAGE gel is that of prohibitin, of which the 4 co-
migrating protein levels show no signifi cant change in anaerobic mitochondria (Figure 
3, band 1; Supplementary Table 3). Detected levels of vacuolar ATPases were mostly 
increased (Supplementary Table 3), but since this complex is not localized in the mito-
chondrial membrane, this result may be an artifact from the fractionation, which was 
not aimed at selection for the vacuoles, thus it is not further discussed. The levels of 
the two isocitrate dehydrogenase complex members (Figure 3, band 7; Supplementary 
Table 3) and of the tetradecameric mitochondrial chaperonin HSP60 (Figure 3, band 8; 
Supplementary Table 3) did not change. Many dehydrogenases that are part of known 
monomeric or multimeric complexes, like for the complex II proteins and the pyruvate 
dehydrogenase complex proteins were detected (Figure 3, band 9; Supplementary Ta-
ble 3). Drastically reduced levels for anaerobic mitochondria were detected for dehy-
drogenases Fum1p, Gut2p, Ald4p, unchanged levels for Ndi1p, Kgd1p, Ald6p, Sdh1p, 
Idp1p and Pdb1p, and elevated levels for Ald5p, Pda1p, Tdh1p and Tdh3p, however, 
the latter two proteins are not localized in the mitochondria.

Finally, prediction analyses of protein transmembrane helices were performed to the 
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results of two methods, i.e. SCX-RPLC and BN-PAGE. As shown in Supplementary 
Figure 3, 49% of the 810 proteins separated by BN-PAGE have at least 1 transmem-
brane domain, while only 36% of the 1112 proteins separated by SCX-RPLC have 

Figure 3. Relative quantifi cation of the major mitochondrial complexes 
formed under anaerobic or aerobic conditions.

1D BN-PAGE was applied to the mitochondrial protein samples to investigate the effect 
of anaerobiosis to mitochondrial protein complex formation (Figure 2, II). To accurately 
quantify changes in complex member levels, 15N anaerobic and 14N aerobic mitochondrial 
samples were dissolved in digitonin, mixed in a 1:1 ratio based on protein content, and 
separated by BN-PAGE. At the left side the BN-PAGE gel image is shown, of which the 
9 prominent bands were excised and the complex subunits were identifi ed and relatively 
quantifi ed using LC-FT(ICR)-MS. Histograms of protein level ratios (i.e. ratio Anaerobic/
Aerobic) are shown for the following mitochondrial complexes: Prohibitin (1), F1F0-ATP 
synthase dimer (2), supercomplex of III and IV with stoichiometry (III)2(IV)2 (3), and 
with stoichiometry (III)2(IV) (4), F1F0-ATP synthase monomer (5), vacuolar ATPase (no 
histogram shown) (6), isocitrate dehydrogenase (7), HSP60 (8), dehydrogenases of which 
some form supramolecular complexes with complex II (9). The numbers 1-9 on top of the 
histograms correspond to the numbers of the BN-PAGE excised bands, and the size of the 
bars correspond to the detected ratios. For each band the protein ratios are given in exactly 
the same order as in Supplementary Table 3, with increasing ratios, thus for band 1, bars 
1-4 represent Afg3p (ratio 1.21±0.12), Yta12p (ratio 1.28±0.07), Phb2p (ratio 1.65±0.09), 
Phb1p (ratio 1.68±0.09), respectively. The histograms show that the prohibitin complex ra-
tios (gel band 1) did not change under anaerobiosis, in contrast to e.g. the supercomplexes  
(III)2(IV)2 (gel band 3) and (III)2(IV) (gel band 4) that show overall strongly reduced levels.
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predicted transmembrane domains. BN-PAGE has been developed to separate in par-
ticular membrane protein complexes 22, although less proteins were detected due to 
loss of uncomplexed proteins that migrate off the gel. This result indicates that the use 
of digitonin and BN-PAGE is indeed better suited for analysis of membrane proteins 
than 2 dimensional SCX-RPLC separation of the mitochondrial sample peptides.

BN-PAGE mitochondrial protein migration correlation analysis
To establish if the composition of mitochondrial complexes and supercomplexes 

is changed under anaerobiosis, samples of digitonin-dissolved aerobic and anaero-
bic mitochondrial membrane protein complexes were also independently separated 
by BN-PAGE (Figure 2, III). The gel lanes were cut into 35 equal pieces, after which 
the proteins were digested and analyzed by LC-FT(ICR)-MS/MS. After evaluating the 
number of identifi ed spectra per protein versus the migration distance in the BN-PAGE 
gel, similar profi les were obtained for interacting proteins, as shown in Figure 4. Al-
though, for most complex subunits fewer identifi ed spectra per protein were detected 
in the sample of the anaerobic mitochondria, which is in line with the BN-PAGE quan-
tifi cation results (Figure 2, II) that also showed reduced levels of respiratory complex 
proteins. Both complex V dimer and -monomer can be distinguished, similar to the 
results shown in Figure 3. Supercomplexes (III)2(IV)2 and (III)2(IV) are detected, and 
the data of band 20-28 suggest that a (III)(IV) supercomplex is present as well. More-
over, separate analysis of both mitochondrial samples reveals that all components of 
complex II are detected. This is in contrast to the results of the BN-PAGE quantifi ca-
tion experiments, where the 1:1 mixed anaerobic and aerobic samples were analyzed, 
for which only Sdh1p could be relatively quantifi ed. 

Strikingly, when comparing the complex II patterns for anaerobic and aerobic mito-
chondria, the maxima for the number of identifi ed spectra shift from gel band 32 to 
28, suggesting that a change in complex composition occurred. A possible explanation 
is that complex II associations with other dehydrogenases, like Gut2p, Ald4p, and 
Fum1p may be lost in the anaerobic mitochondrial membranes, since these dehydroge-
nase levels drastically reduced (Supplementary Table 3). Pearson correlation analysis 
on these profi les shows that known interacting partners in respiratory chain complexes, 
such as in complex III, -IV, and -V indeed have related profi les, as depicted in Figure 
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5 (details in Supplementary Table 4). Thus these BN-PAGE correlation data suggest 
that protein complex and supercomplex compositions are unchanged for all complexes 

Figure 4. BN-PAGE protein migration profi les reveal co-migration of respira-
tory chain complexes.

Membrane protein complexes of aerobic and anaerobic mitochondria were separated in in-
dividual lanes by BN-PAGE. Gel lanes were cut into 35 pieces, the numbers are indicated 
below the gel lanes and on the x-axes. Protein migration profi les, as assessed by the number 
of identifi ed spectra versus migration distance in BN-PAGE, show good correlation for the 
mitochondrial respiratory complexes, i.e. complex III, IV and V. However for complex II 
this is not true, as the migration of complex II members shift from gel band 32 to 28 for the 
anaerobic mitochondria. Also, supercomplexes (III)2(IV)2 and (III)2(IV) co-migrate well.
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Figure 5. Correlation of BN-PAGE migration and mitochondrial protein 
complex formation.

Heatmap showing correlation of the number of identifi ed spectra versus migration 
distance in BN-PAGE. Proteins that are known to form stable complexes in the mi-
tochondrial membranes were detected in clusters, both for anaerobic and aerobic 
mitochondria. Clusters of corresponding complexes and supercomplexes in aerobic 
and anaerobic mitochondria are closest, indicating that complex composition was not 
changed upon anaerobiosis. Names of mitochondrial protein complexes are given at 
the right side, indicated in regular or italic letters are the names of the complexes de-
tected in the aerobic or the anaerobic mitochondria, respectively. Correlation profi les 
of possibly new interaction partners of complex III/IV are indicated with symbols at 
that right axis; proteins Aim38p, Aim31p, YDR119W-A, and YBR255C-A. The color 
code of the heatmap ranges from dark grey to white; dark grey indicates a large num-
ber of identifi ed spectra for that particular protein, white indicates no spectra.
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Figure 6. Protein Aim38p is a potential new interaction partner of complex 
IV.

Protein migration profi les of all detected members of respiratory chain complex IV are 
indicated with grey lines, and of protein Aim38p with a black line. Pearson correlation 
analysis revealed that the migration profi le of hypothetical protein Aim38p correlates well 
to the complex IV protein migration profi les, indicating that this protein might be an inter-
action partner of this complex IV.
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and supercomplexes in anaerobic mitochondria, with an exception for complex II that 
besides the fi ve known members, Sdh1-4p and Sdh1Bp, may form complexes with 
other dehydrogenases. 

Surprisingly, Pearson correlation analysis revealed also that the migration profi le of 
some proteins with yet unknown function is highly correlated with the subunit pro-
fi les of respiratory chain complexes. For example the protein Aim38p, localized in 
mitochondria 14, showed a highly correlated migration profi le to complex IV proteins 
(indicated with * in the heatmap of Figure 5). Figure 6 highlights how well BN-PAGE 
migration profi les of protein Aim38p matches with those of complex IV members, in 
both the aerobic and the anaerobic mitochondria. Other examples of proteins that cor-
relate with the (III)(IV) supercomplexes are Aimp31p, and the proteins encoded by 
YDR119W-A and YBR255C-A, these are also indicated in the heatmap of Figure 5.



79

C
H

A
PT

ER
 II

Membrane protein complexes

Discussion

For functioning without oxygen as terminal electron acceptor, eukaryotes like S. cere-
visiae have to maintain redox balance without aerobic respiration. Aerobic respiration 
occurs in the mitochondria, and some eukaryotes like protists and metazoa have func-
tional mitochondria without respiration, in case of which terminal electron acceptors 
other than O2 are utilized 34. S. cerevisiae is rather unique among eukaryotes and even 
among other yeast species in that it can grow fast in the presence as well as in the 
absence of oxygen. The NADH, produced throughout glycolysis, is consumed in the 
reaction of pyruvate to lactate or ethanol, end-products that are subsequently secreted. 
Despite a plethora of scientifi c publications addressing mitochondria and their role in 
yeast physiology, comparatively little is known about how the absence of oxygen and 
therefore of respiratory chain activity, affects mitochondrial structure and function. 
This study focusses on the S. cerevisiae mitochondria proteome with an emphasis on 
membrane protein complex formation and stability. 

Overall quantitative analysis of the mitochondrial proteome
S. cerevisiae was cultured in chemostats to optimally control growth conditions, 

using either aerobic or anaerobic environment. The lysates were enriched for the mi-
tochondria by differential ultracentrifugation, while anaerobic samples were strictly 
kept oxygen-free during fractionation 26. However, the commonly applied last step of 
density centrifugation using sucrose gradients to further purify the mitochondria was 
omitted for several reasons. This was avoided since the density centrifugation step 
might have introduced oxygen into the anaerobic samples, which may have resulted 
in superfl uous effects on mitochondrial proteome levels or protein complex composi-
tion. Most importantly, earlier studies revealed that the morphology of mitochondria 
changes upon anaerobic growth conditions, resulting in dissimilarly shaped mitochon-
dria 15, which is not compatible with proper purifi cation of mitochondria using density 
gradient purifi cation. 

We compared the current results using mitochondrial fractionation with our earlier 
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results on the relative quantifi cation of total cellular yeast protein lysates 6. This earlier 
robust data set contained only 30% mitochondrial proteins, while for the current set 
this improved to 58%, and in addition, the number of reliably quantifi ed mitochondrial 
proteins increased from 143 to 362. It is thus apparent that our relatively simple proto-
col used for mitochondria enrichment was proven successful. 

Further, comparing the quantifi ed mitochondrial proteins of the current data set with 
this former data set 6 by Spearman Rank (SR) correlation analysis resulted in a SR co-
effi cient of 0.692, which is rather good, considering that the character of both samples, 
the total lysate and the mitochondrial enriched fraction, is fairly different. Accordingly, 
we detected an SR coeffi cient of 0.486 for the non-mitochondrial proteins.

Mitochondrial membrane protein complex formation 
We successfully separated and relatively quantifi ed mitochondrial membrane 

protein complexes using a novel combination of 1D BN-PAGE, a non-denaturating 
electrophoresis method that keeps protein complexes intact, and 14N/15N-labeling. This 
methodology was applied to Saccharomyces cerevisiae anaerobic and aerobic mito-
chondrial samples for accurate quantifi cation of  relative levels of individual membrane 
protein complex members (Figure 3, Supplementary Table 3). Usually BN-PAGE is 
followed by a second dimension, i.e. SDS-PAGE, to separate the complex members 
based on the overall size. However, by using our innovative approach involving rela-
tive quantifi cation and the correlation of migration profi les  we obtain an accurate 
evaluation of specifi c protein interactions and relative protein abundance levels, thus a 
second dimension is no longer needed.

The complex with the highest Mr is the prohibitin complex that is assembled into a 
membrane-associated ring-shaped supercomplex of approximately 1 MDa, consisting 
of Phb1p and Phb2p, and acts as a chaperone for newly synthesized membrane pro-
teins 35-37. This complex is also known to be associated with certain m-AAA proteases 
37 which were detected with a similar ratio (Supplementary Figure 3).

The mitochondrial protein respiratory chain complexes were still present when yeast 
cells were grown under anaerobic conditions, but their levels were reduced to on aver-
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age 55-60% for complex V dimer and monomer, and even to on average 20-30% for 
the two complex III/IV supercomplexes, (III)2(IV)2 and (III)2(IV). Moreover, the com-
position of these complexes is unchanged, since migration patterns of all supercom-
plex members are highly correlated. S. cerevisiae can grow rapidly under anaerobiosis, 
while it can also adapt quickly when growth conditions are changed back into aero-
biosis, which may be facilitated when the respiratory chain complexes are still present 
in the anaerobic mitochondria 38, 39.  Furthermore, although oxygen is not available as 
fi nal electron acceptor under anaerobiosis, it has been reported that some remaining 
activity exists in the mitochondrial respiratory chain, suggesting that other electron 
acceptors are being utilized 38.

A remarkable change for anaerobic mitochondria, however, was found for complex II 
that showed a signifi cant change in migration for all fi ve complex II proteins Sdh1-4p 
and Sdh1Bp. The ratio anaerobic/aerobic in the BN-PAGE experiment could only be 
determined for Sdh1p, which was 1.3 +/- 0.1 (Supplementary Table 3), thus no change 
in mitochondrial level was detected for this complex II member. Still, the difference 
in migration points at a difference in complex II composition between aerobic and an-
aerobic mitochondria, which may be due to association with other proteins or protein 
complexes. It has been found earlier through other native electrophoresis experiments 
that yeast mitochondrial dehydrogenases can form supramolecular complexes 36. A 
model was proposed that linked the mitochondrial membrane bound dehydrogenases 
Gut2p, Nde1p, Nde2p and Ndi1p to a.o. Sdh1p and Fum1p as TCA cycle enzymes 
that are located close to the membrane 36. Except for Nde1p and Nde2p, we detected 
all these proteins in our BN-PAGE quantifi cation experiment, all with reduced levels 
under anaerobiosis, i.e. ranging from 20 to 50% reduction (Supplementary Table 3), 
which might explain this change in migration distance within the 1D BN-PAGE gel. 
Gut2p is localized in the inner mitochondrial membrane, where it oxidizes glycerol-3-
phosphate to dihydroxyacetone phosphate. Together with Gut1p it acts as a glycerol-3-
phosphate shuttle that is responsible for oxidation of NADH under aerobic conditions 
40. It has been proposed that under anaerobiosis the aldehyde dehydrogenase Adh3p, 
collaborates together with the fumarate reductase and the glycerol-3-phosphate de-
hydrogenase to maintain redox balance 41. We detected down-regulation of Gut2p, 
which points to reduced participation of the glycerol shuttle in the control of the NAD/
NADH redox balance during anaerobiosis. Adh3p, however, was found at higher lev-
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els (Supplementary Table 1), indicating its importance for maintaining the redox bal-
ance during anaerobiosis. 

Correlation of protein profi les has been successfully used earlier to identify unknown 
members of organelles 21, 42, 43 and here a variant of this principle was demonstrated by 
analyzing the protein migration patterns in BN-PAGE. Pearson correlation analysis to 
the BN-PAGE protein migration profi les of all proteins in the mitochondrial samples 
revealed clusters of proteins with known interactions (Figures 4, 5). Interestingly, by 
using this approach we could assign protein Aim38p, with unknown function, as pos-
sible member of complex IV (Figure 6). Although further evidence should be obtained 
that Aimp38p is indeed a complex IV member, this protein was identifi ed as mitochon-
drial protein 14, while deletion of the AIM38 gene leads to impaired growth on non-
fermentable carbon sources 44, which points at its involvement in respiration. 

Conclusion

Here we demonstrate that metabolic labeling can be successfully combined with either 
two dimensional peptide separation by SCX-RPLC or protein complex separation by 
BN-PAGE. We demonstrate that the latter separation technology can form the core 
of a powerful multi-faceted methodology that yields accurate quantitative proteomics 
data on intact membrane protein complexes. Our novel approach allowed us to ana-
lyze relative changes of individual protein complex members in yeast mitochondrial 
membranes without the need of a second protein separation dimension after the BN-
PAGE. We also show that 1D BN-PAGE migration correlation analysis permits not 
only analysis of changes in complex composition, but can also reveal possible new 
complex members. Our strategy provided us with new insights into the changes that 
occur in anaerobic mitochondria and also demonstrates a new approach to study mem-
brane complex dynamics and protein networks in general. 
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I

Abstract

To establish more advanced models of molecular dynamics within cells, protein char-
acteristics such as turnover rate and absolute instead of relative abundance have to be 
analyzed. Here, we apply a proteomics strategy to analyze protein degradation and 
abundance in S. cerevisiae. We used steady-state cultures to ascertain well-defi ned 
growth conditions and used nitrogen limited media, which allowed us to rapidly switch 
from 14N to 15N-isotope containing media and to follow the decay of the 14N mono-iso-
tope signals in time. We acquired both protein abundance information and degradation 
rates of 648 proteins. We report that half-lives of individual proteins are very diverse 
under nitrogen-limited steady-state conditions, ranging from less than 30 minutes to 
more than 500 hours. Even proteins involved in physical complexes such as the ribo-
somal complex, can exhibit a wide diversity of half-lives from 2.5 to 47 h, although 
their cellular abundances are quite similar. In contrast, the subunits of the chaperonin 
containing TCP-1 complex show largely related half-lives. The stabilities of the pro-
teins involved in the central sugar metabolism are overall quite intermediary (i.e. half-
lives between 7 and 20 h), with exceptions for the glycolytic enzyme Hxk1p (116 h), 
TCA-cycle proteins Lsc2p (202 h) and Kgd1p (41 h). These data add an important new 
dimension to the systems biology of S. cerevisiae.
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Introduction

To date, proteome experiments provide a comprehensive ‘snapshot’ of relative protein 
abundances in S. cerevisiae 1, 2, while much less information is gathered from such ex-
periments about cellular protein dynamics. For example, when comparing changes in 
mRNA- and corresponding protein levels, it has often been established that poor cor-
relation exists between these two levels 2-7.  For example Godoy et al. obtained a very 
comprehensive dataset about changes in protein levels between haploid and diploid S. 
cerevisiae 2. Overall, the in this study detected relative protein levels showed poor cor-
relation with concurrent changes in mRNA levels (R=0.24), which largely improved 
after correction for e.g. low-level microarray signals (R=0.46). Only for some of the 
protein classes they found much better correlation, such as for the strong regulation 
for proteins involved in the pheromone response that were co-regulated at the mRNA 
level (R=0.68), although, actual protein ratios could not be accurately predicted from 
changes of mRNA levels 2. These changes may also partly result from slight differ-
ences in growth conditions in the successive experiments, but even for highly repro-
ducible chemostat cultures, that permit a fi xed and constant specifi c growth rate under 
tightly defi ned nutritional conditions, relatively poor correlations were detected. For 
example Kolkman et al. compared S. cerevisiae growth under carbon and nitrogen 
limitation, and detected a positive Spearman rank correlation of no more than 0.55 
between changes in transcript and corresponding protein levels 3. This work indicat-
ed that up-regulation in response to glucose-limitation was mainly transcriptionally 
controlled, whereas up-regulation in response to nitrogen-limitation was essentially 
controlled at the post-transcriptional level. When comparing S. cerevisiae aerobic and 
anaerobic growth conditions in chemostat cultures, also de Groot et al. found strong 
evidence for  post-transcriptional regulation of central cellular processes, such as gly-
colysis, amino-acyl tRNA synthesis and amino acid biosynthesis 4. It has therefore 
been suggested that the regulation of the protein quantities not only takes place at tran-
scriptional and translational level, but that regulation mainly occurs at the level of the 
protein synthesis and -degradation rates, which is often indicated as protein turnover 
rates 3, 4. Consequently, a largely missing dimension in proteomics and systems biol-
ogy, and our present knowledge of regulation of cellular processes, is detailed insight 
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into individual protein dynamics.

To address protein turnover, many organisms have recently been used as model, rang-
ing from bacteria such as E. coli 8 and M. tuberculosis 9, to eukaryotes such as S. cere-
visiae 10, and mammalian cell lines like lung carcinoma cells 11, adenocarcinoma cells 
12 but also whole animals (chicken) have been used 13. In the past, radioactive isotopes 
were employed to determine turnover rates (3H, 14C, 35S), which is highly sensitive, 
such that very low levels of incorporation could be analyzed using scintillation count-
ing or autoradiography. However, to date less hazardous approaches are preferred, for 
which mostly proteomics techniques were used and incorporation of stable isotopes 
(2H, 13C, 14N, 18O), enabling in-depth proteome coverage. Different ways of analyzing 
in-vivo protein stability have been described. O’Shea et al. used an epitope-tagged 
yeast strain library to determine protein half-lives. They used exponentially dividing 
yeast cells, and after translation inhibition by cycloheximide, they could analyze the 
decay in abundance of 3,750 protein levels through Western blotting 14. Most other 
reported large-scale approaches make use of mass spectrometry to analyze turnover 
rates. For example, an unlabelled chase after complete 2H-leucine incorporation was 
used to assess protein dynamics in yeast steady-state cultures 10. For the about 50 pro-
teins that were identifi ed from the corresponding 2D gels, ratios of ‘heavy’ and ‘light’ 
labeled peptides were extracted over a time course of 50 hours and protein degrada-
tion rates were calculated using non-linear curve fi tting. Another study used the time 
dependent incorporation of 15N into the proteome of HeLa cells followed by 2D PAGE 
and analysis of fully labeled peak intensities. This approach was used to evaluate the 
effect of heat stress on protein turnover rates. It has even been demonstrated that it 
is possible to analyze protein turnover in complex organisms by the incorporation of 
2H-valine into chickens followed by the analysis of the relative isotope abundance 15. 
Many other studies have used similar principles for the determination of protein turn-
over rates by e.g. SILAC using A549 adenocarcinoma cells 16,  or 13C incorporation 
into Eschericha coli 8. 

Here we present an approach that allowed us to obtain information on individual pro-
tein turnover in a high throughput fashion. To achieve this, we used nitrogen limited 
Saccharomyces cerevisiae steady-state chemostat cultures where parameters such as 
density, growth rate, pH, pO and temperature can be very accurately controlled 17. We 
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used a pulse-chase-like set-up, switching from 14N to 15N-media, which permitted to 
analyze the protein degradation rate through analysis of the decay of the 14N-labeled 
proteins over a time course of 16 h. We made use of multidimensional peptide separa-
tion using strong cation exchange (SCX) to fractionate peptides and applied reversed 
phase nano-LC-MS/MS combined with label-free quantifi cation methodology to align 
and normalize LC-MS data from six different sampling time points. This enabled us to 
obtain turnover and half-life values for about 650 proteins. The label-free quantifi ca-
tion allowed additionally to estimate cellular protein abundance values for these pro-
teins. We show that this information can provide a complementary viewpoint to look 
at protein families such as the chaperones, metabolic pathways, like the glycolysis and 
TCA cycle, and large protein complexes such as the ribosome. The data represents a 
quite large inventory of protein degradation rates, demonstrating that this approach is 
very suitable for acquiring information on temporal protein dynamics in a straightfor-
ward and comprehensive manner.       

Materials and methods

Cell culture and sample preparation
The wild type Saccharomyces cerevisiae strain CEN.PK113-7D (MATa) was 

grown at 30°C in 2 L chemostats as described earlier 3, 18, 19. Cultures were supplied 
with a defi ned mineral medium as described by Kolkman et al. 3 that limited growth by 
nitrogen, and with all other growth requirements in excess and at a constant residual 
concentration 14N ammonium sulfate was supplied as the sole nitrogen source. The 
dilution rate (which is equivalent to growth rate in steady-state cultures) was set at 
0.1014 h-1 and the pH was measured online and kept constant at 5.0 by the automatic 
addition of 2 M KOH with the use of an Applikon ADI 1030 biocontroller. Stirrer speed 
was maintained at 800 rpm and the gas infl ow was 0.5 L min-1. The dissolved oxygen 
tension was measured online with an oxygen electrode (Ingold model 34 100 3002), 
and was above 60% of air saturation. After steady-state growth was accomplished, the 
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14N ammonium sulfate medium supply was exchanged for a 15N ammonium sulfate 
containing medium to feed the culture for a 16 hour time course. 

Samples were taken directly from the chemostat, using special small sampling ports 
that enable small sample size with very short residence time, to minimize interrup-
tion of the steady-state growth. Samples were taken at 0 hours (i.e. just before the 15N 
switch), and after the switch to 15N media at 2 hours, 4.5 hours, 7 hours, 10 hours and 
16 hours. The cells were washed in ice cold water, and snap-frozen in liquid nitrogen 
to prevent unwanted protein synthesis and degradation after harvest. Yeast cells were 
lyophilized prior to protein extraction. Samples of 10 mg lyophilized yeast cells were 
resuspended in 200 μl of a solution containing 4% SDS, 25% glycerol, and 138 mM 
TRIS pH 6.8 and 200 mM DTT. The suspension was kept on ice and after the addition 
of glass beads it was vortexed 5 times for 5 min to break the cells and to solubilize the 
proteins. The supernatant was then centrifuged at 3000 g for 5 min to remove unsolubi-
lized material. The protein sample was then embedded within polyacrylamide through 
the addition of 12% acrylamide, 0.5% TEMED and 5 μl of 10% ammonium persul-
fate. The resulting gel matrix was cut into small pieces, fi xed (30% methanol, 20% 
acetic acid), and washed extensively with 50 mM ammonium bicarbonate to remove 
detergent and other contaminating agents. Reduction and alkylation was carried out 
as previously described for in-gel digestion 20. After overnight digestion with trypsin, 
peptides were extracted from the gel by the addition of 100% acetonitrile which was 
removed from the sample by vacuum evaporation.

Strong cation exchange chromatography
Yeast sample peptides were further separated using strong cation exchange chro-

matography. For each time point separately, peptides corresponding to 1 mg of protein 
material were loaded onto two C18 cartridges using an Agilent 1100 HPLC system. 
The applied fl ow rate was 100 μl/min using H2O pH 2.7 as eluent. After that peptides 
were eluted from the trapping cartridges with 80% acetonitrile pH 2.7 onto a PolySul-
foethyl A column 200 x 2.1 mm (PolyLC inc.) for 10 min at the same fl ow rate. Separa-
tion of differently charged peptide populations was performed using a non-linear gra-
dient, i.e. from 0 to 10 min 100% Eluent A (5 mM KH2PO4, 30% acetonitrile, pH 2.7), 
from 10 to 15 min a linear increase to 26% Eluent B (5 mM KH2PO4, 30% acetonitrile, 
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350 mM KCl, pH 2.7), from 15 to 40 min linear increase to 35% Solvent B,and from 
40 to 45 min to 60% Eluent B.  At 49 min the concentration of Eluent B was 100%.  
The column was subsequently washed for 6 min with Eluent B and fi nally equilibrated 
with 100% Eluent A for 9 min.  The fl ow rate was 200 μl/min. From the start of the 
run, approximately 40 fractions were collected in 1 min intervals. After evaporation 
of the solvents, fi ve peptide fractions containing the majority of the +2 peptides were 
resuspended in 60 μl of 10% formic acid. Subsequently, 20 μl of each of these fractions 
were analyzed by reversed phase LC-MS/MS for each time point of harvest.  

Mass spectrometry 
The MS-analysis was performed using a nano LC-LTQ-Orbitrap (Thermo, San 

Jose, CA).  An Agilent 1200 series LC system was equipped with a 20 mm Aqua C18 
(Phenomenex, Torrance, CA) trapping column (packed in-house, i.d., 100 μm; resin, 5 
μm) and a 400 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) 
analytical column (packed in-house, i.d. 50 μm; resin, 3 μm). Trapping was performed 
at 5 μL/min for 10 min with eluent A (0.1 M acetic acid in water), and elution was 
achieved with a gradient of 10−35% B (0.1 M acetic acid in 80/20 acetonitrile/water) 
in 90 minutes for a total analysis time of 120 minutes. The fl ow rate was passively split 
to 100 nL/min when performing the elution analysis. Nanospray was achieved using 
a distally coated fused silica emitter (New Objective, Cambridge, MA) (o.d. 360 μm; 
i.d., 20 μm, tip i.d. 10 μm) biased to 1.7 kV. A 33 MΩ resistor was introduced between 
the high voltage supply and the electrospray needle to reduce ion current.

The LTQ-Orbitrap mass spectrometer was operated in data-dependent mode, auto-
matically switching between MS and MS/MS. Full scan MS spectra (300-1500 m/z) 
were acquired with a resolution of 60,000 at 400 m/z after accumulation to a target 
value of 500,000.  The fi ve most intense peaks above a threshold of 500 were selected 
for collision induced dissociation in the linear ion trap at normalized collision energy 
of 35 after accumulation to a target value of 30,000.
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Data analysis
Raw MS-data were analyzed using Rosetta elucidator (http://www.rosettabio.

com), i.e. data management and analysis software capable of aligning mono-isotopic 
peaks of multiple LC-MS experiments. After grouping the data according to time point 
and fraction, the MS1 peaks were aligned using the PeakTeller algorithm with a peak 
retention time window of 5 min. Subsequently, peak lists were generated by Rosetta 
elucidator and peptides were identifi ed using the MASCOT v.2.2 search engine against 
the yeast SGD database (2008) containing 5779 entries (http://www.yeastgenome.
org/). A mass tolerance of 0.6 Da was used for MS2 data and a tolerance of 10 ppm was 
used for the MS1 data.

This resulted in peptide identifi cations with a minimum MASCOT ion score of 30. 
The visual script feature of the Rosetta elucidator software was used to normalize the 
14N mono-isotopic MS1 peptide peak intensities of each time point according to the 
sum of all peak intensities (14N peaks, partially labeled peaks and fully labeled 15N 
peaks). This was allowed, since the yeast biomass concentration was constant due to 
the constant growth rate. Subsequently, the identifi ed 14N peptides were grouped into 
proteins and their normalized ion intensities were summed up.  This summed intensity 
value for individual proteins could then be monitored and compared throughout the 
six time points.  For the analysis of protein degradation rates, intensity values and de-
viations were imported into the GraphPad Prism v.5 software (http://www.graphpad.
com/prism/Prism.htm) and non-linear curve fi tting was performed to obtain protein 
degradation (KDeg) values. The settings used were: one phase decay, initial values = 
choose automatically; Constraints: plateau = 0; Weights: weigh by 1/SD2.  K values 
and protein half-lives could be calculated by subtracting the dilution rate of 0.1014h-1 
from the fi tted K values. Only proteins with an R2 value above 0.6 were kept in the 
dataset. Protein interaction networks were analyzed using the network analysis tool 
STRING 21. The analysis was performed using the high confi dence setting.
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Results

Experimental design
The large-scale analysis of protein turnover rates is a signifi cant challenge, get-

ting so far somewhat less attention in the proteomics fi eld. Here we present an analysis 
strategy that allowed us to obtain information on protein degradation in wild type S. 
cerevisiae. Therefore, as illustrated in Figure 1, S. cerevisiae was cultured in a che-
mostat under nitrogen-limited conditions (using 14N ammonium sulfate) until steady-
state was accomplished. Culture media was then switched to 15N ammonium sulfate, 
resulting in a time dependent incorporation of 15N stable isotopes into the proteins (See 
Supplementary Figure 1 for a schematic experimental overview). 

One sample was taken just prior to the 15N-pulse, and further sampling occurred in 
distinct intervals after 2, 4.5, 7, 10, and 16 hours. Care was taken to prevent disruption 
of the steady-state growth by taking small sample volumes and using relatively large 
time intervals for the sampling. Further, cells were quickly snap-frozen after harvest to 
prevent protein synthesis and/or degradation outside the chemostat. Cells were lyophi-
lized and proteins were solubilized in an SDS containing solution and subsequently 
polymerized within a polyacrylamide matrix, which allowed us to combine optimal 

Figure 1.   Schematic overview of 
cell culture and time dependent 
stable isotope incorporation

S. cerevisiae was grown in chemostats 
under nitrogen-limitation with a con-
tinuous supply of 14N medium until 
steady-state was obtained. At steady-
state, the medium supply was switched 
to 15N and the culture was grown for 
another 16 hours. During steady-state 
culturing, the growth rate and therefore 
total yeast biomass in the fermenter re-
mains constant. The growth rate was 

kept constant at 0.1014 h-1 throughout the experiment. Newly synthesized proteins incor-
porated increasing amounts of the 15N-stable isotope over time, therefore a simultaneous 
one-phase decay of the 14N isotope can be found in the yeast cells in the fermenter. 



98

Protein degradation dynamics

C
H

A
PT

ER
 II

I

denaturing conditions for digestion with most favorable conditions for multidimen-
sional chromatographic separation of peptides (Supplementary Figure 1A).  Strong 
cation exchange separation was used to collect the +2 charged peptide fractions for 
each sample of the 15N-chase time series 22 (Supplementary Figure 1B). The pooled 
fractions were further separated using reversed phase nano-HPLC coupled to an LTQ-
Orbitrap (Supplementary Figure 1C). The acquired raw MS-data were imported into 
the Rosetta elucidator software where peak alignment of the LC-MS runs from six 
different sampling  time points was performed (Supplementary Figure 1D). Database 
searches using MASCOT were performed on the combined data set to identify the 
proteins (Supplementary Figure 1E). The peak intensities of the six time-point data-
sets were normalized, after which the 14N mono-isotope peptide ion intensities were 
summed up for each protein. Those summarized protein peak intensities that could be 
detected for each of the six time-points were used as input to calculate the turnover 
rates (Supplementary Figure 1F).  

Data normalization
The gradual incorporation of the 15N stable isotope into yeast proteins lead to 

quite complex peptide isotope peak distributions, which could however easily be re-
solved using high resolution mass spectrometry. It can be seen in Figure 2A that dur-
ing the 16 hour time course of the 15N-chase a second isotope peak distribution is 
appearing next to the 14N peak distribution (the 14N mono-isotopic peak is highlighted 
with a white-headed arrow, and the 15N mono-isotopic peak with a black-headed ar-
row). It is apparent that many of the newly synthesized proteins have only partially 
incorporated the 15N isotope, as can be expected since the yeast biomass still contains 
a decreasing amount of the 14N nitrogen in the course of the experiment. Since we used 
nitrogen-limited growth conditions, we could assume that the 14N-ammomium sulfate 
supply in the fermenter was immediately exchanged for the 15N-supply. The exchange 
of nitrogen isotopes may, however, be somewhat slower within the yeast biomass, 
although together with the culture media, also part of the 14N-biomass was continu-
ously removed in a chemostat culture (the dilution rate was 0.1014 h-1). Further, we 
could assume that the ammonium sulfate import into the S. cerevisiae cells was not 
affected by a change in the nitrogen isotope supply. From earlier experiments using 14N 
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and 15N-media for relative protein quantifi cation, no signifi cant effect was detected, as 
duplicate isotope-reversed experiments (with swapped 14N and 15N-media) resulted in 
extremely similar data sets 3, 4.  

The aim of our strategy was to be able to directly compare the mono-isotopic 14N 
peak intensities for the six sampling time points. Since the chemostat cultures were 
grown at a constant growth rate, the total biomass in the fermenter was kept constant 
throughout the experiment. Therefore, the sum of all peptide isotope peak intensities 
(14N peak distribution together with partially and fully labeled 15N peaks) is considered 
to be constant when comparing different time points as indicated in Figure 2A. Using 
this rationale, we utilized the ‘visual script’ option in the Rosetta elucidator software 
to normalize the 14N intensity values of peaks belonging to peptide identifi cations prior 
to summing up all detected MS1 peaks in each time point. 

Figure 2.   Data normalization strat-
egy and protein degradation analysis 
using non-linear curve fi tting

(A) Examples of the evolution of a peptide 
peak isotope distribution during the 16 hour 
gradual incorporation of the 15N isotope. 
The 14N mono-isotopic peak is marked with 
a white-headed arrow, and the 15N mono-
isotopic peak is indicated by a black-head-
ed arrow. Further, the 14N isotope peaks 
are labeled with circles and the 15N isotope 
peaks with triangles. Many partially labeled 
peaks can be observed in the peptides from 
lysates from different sampling time points. 
For protein turn-over analysis, the intensity 
of the decreasing 14N mono-isotopic peak 
was monitored. A constant growth rate was 
accomplished, thus the biomass in the che-
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mostat was constant, and therefore the intensity of the sum of all isotope peaks is equal for 
each time point and each peptide. (B) Typical results of one-phase decay curve fi tting using 
normalized and summed peptide ion intensities for three proteins with notably different pro-
tein turnover rates. YLR259C displays a markedly stable behavior, YAL038W appears to be 
a protein of intermediary stability, while YEL034W shows very fast degradation.
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Protein turnover rates and half-lives
The Mascot search lead to the identifi cation of 9431 unique peptides that could be 

traced throughout all six time points, which corresponded to 1230 unique proteins as 
listed in Supplementary Table 1. First, we calculated protein degradation rates from the 
exponential decay of the summarized 14N intensities for each protein, which is given 
by the following equation (fi rst order kinetic): 

 

(1) IA14 (t) = I14(0) x e-[t (KDeg +D)]

(2) KDeg = K – D 

             This allows for a subsequent calculation of protein half-life values:

(3) t1/2 = ln 2 / KDeg

                   t1/2 = half-life (in hours)

IA14 = Isotope abundance or 14N mono-isotopic peak intensity (i.e. for each 
protein the sum of the detected peptide mono-isotope peak intensities; KDeg = 
protein degradation rate; D = dilution rate (=0.1014 h-1)

The IA14(t)-values were used as input for non-linear curve-fi tting assuming 
exponential one phase decay. Graphpad software was used for curve fi tting of 
the 1230 proteins. The protein degradation rate (KDeg) was subsequently cal-
culated by subtracting the dilution rate from the decay (K) measured directly 
from the 14N peak intensities:
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We applied stringent data analysis criteria, demanding that peptide ion intensities were 
obtained for all 6 sampling time points. Using a cutoff value for R2 of 0.6, a list of 648 
proteins was obtained for which the turnover-rate and half-life could be calculated 
(Supplementary Table 2). It should be noted that if degradation rates are approaching 
the protein dilution (for very stable proteins) caused by the removal of cells during cul-
turing, calculations of half-lives become less reliable due to deviation in ion intensity.  

Figure 2B illustrates the decay of the normalized 14N peak intensity for three pro-
teins, which clearly show a difference in protein turnover rates. YLR259C exhibits 
a relatively stable behavior with a half-life of 21 hours, and YAL038W has a shorter 
half-life of 9 hours, while YEL034W illustrates a much faster protein turnover with 
a half-life of 18 minutes. Figure 3 shows the plots of the 648 protein K values (3A) 
and the corresponding protein half-lives (3B). The median of the calculated half-lives 
is 10.8 hours, and the large majority of the proteins (408 proteins) show intermediate 
half-lives between 7 and 20 hours (Supplementary Table 2). To guide further discus-
sions, we subjectively defi ned the 139 proteins with a shorter half-life than 7 hours 
as ‘unstable’ proteins, the 101 proteins with a half-life longer than 20 hours as ‘very 
stable’ proteins, and the 408 proteins with the half-lives between 7 and 20 hours as 
‘intermediary’ stable. It can be seen that even though most proteins exhibit half-lives 
between 7 and 20 hours, there are also extreme cases, as 10 proteins show half-lives 
longer than 100 hours, and  6 proteins are degraded very fast, as they show half-lives 
of less than 1 hour. 

Protein abundance
Another important aspect of the cellular proteome is the actual protein abundance. 

In our analysis with the Rosetta software, we summed the peptide 14N-mono-isotopic 
ion intensities for each confi dently identifi ed protein. We took the summarized ion 
signals for the sample obtained at time point 0 h (i.e. just before the switch to 15N-
media) as a measure for initial protein abundance. It has been previously shown that 
such ion intensities can be regarded as a reasonable estimate for protein abundance 
23-25. We found that in our experiments this quantitative data correlated well with that 
obtained by spectral counting, which is another method to assess protein abundance 
(data not shown) 23, 26.  In Figure 3C the protein abundances are plotted for all 648 
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proteins (Data summarized in Supplementary Table 2). It can be observed from this 
plot that the protein abundances span approximately 5 orders of magnitude, indicating 
that our methodology allowed us to estimate protein turnover rates not only from the 
highest abundant proteins, but from a much wider dynamic range of protein levels. We 
observed that the observed turnover rates do not correlate well with protein abundance, 
as can be concluded from Figure 3D. We therefore also categorized the protein half-
lives into intervals of 3 hours (from 0 to 40 hours), of 10 hours (from 40 to 60 hours) 
and used one interval category for proteins with half-lives above 60 hours (Figure 3E). 
When comparing the same half-life categories against the average protein abundances 

Figure 3.   Overview of protein turnover and abundance in S. cerevisiae under 
nitrogen-limited steady-state conditions

(A) Plot of the calculated K values for all 648 proteins (with standard deviations). (B) Plot of 
corresponding half-lives of all 648 proteins, the median value is indicated by a dotted line at 
10.8 h. (C) Abundance range of all 648 proteins, based on total ion intensity (i.e. normalized 
and summed peptide ion signal intensities). Standard deviations are also shown and indicate 
that the largest deviations are observed at relatively low protein abundance. (D) Distribution 
plot of protein half-life versus their abundance. The half-life thresholds that we defi ned for 
very stable (t1/2 > 20 h) and unstable (t1/2 < 7 h) proteins are indicated in the plot. (E) Binned 
categories of protein half-lives, showing how many proteins exist within each category (half-
life intervals were taken of 3 hours from 0 to 40 hours and larger intervals above 40 hours). 
(F) Relationship between protein abundance and protein half-lives for the same categories, 
as described under (E). 
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per category (Figure 3F), we observe that the half-life category containing the largest 
amount of proteins (3F) is the same as the one displaying proteins with the highest 
abundance. This indicates that the analysis shows a bias towards highly abundant pro-
teins.

Discussion

Benefi ts of label-free quantifi cation
Recently, label-free quantifi cation software has been developed for protein quan-

tifi cation by mass spectrometry. This label-free methodology relies on the alignment 
of mono-isotopic MS1 peptide peaks from multiple LC-MS experiments via accurate 
mass and retention time, and allows protein quantifi cation based on peptide peak inten-
sities from separate chromatographic experiments 27, 28. The advantage of this approach 
is that the quantifi cation is uncoupled from peptide identifi cation, since it is performed 
on MS1 peaks prior to the peptide identifi cation using database searches 29, thus also 
for the 14N mono-isotope peaks that show low intensities (from samples collected in 
the late time points) that were not selected for MS2. After alignment of MS1 peaks 
from all LC-MS runs, peptide identifi cations from the fi rst experiment (t=0 h) were 
used across all aligned data sets. To calculate turnover rates, we analyzed the decay of 
the protein 14N peak intensities (i.e. sum of its peptide intensities) that occurred after 
changing the growth media from 14N into 15N stable isotopes. Using our approach with 
label-free quantifi cation we could reliably estimate 648 protein half-lives and protein 
abundances.

Comparison with similar S.cerevisiae protein dynamics studies
We compared our results with the study of Pratt et al. 30, who also used chemostat 

cultures to obtain highly reproducible proteome data for S. cerevisiae turnover rates. 
Pratt et al. reported turnover rates on 50 proteins, whereby for only 23 we also have 
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values. Some of the turnover rate values were quite alike, e.g. for Hsp26p we detected 
a turnover rate of 0.129 (h-1) versus Pratt et al. 0.126 (h-1), for Tpi1p, the detected 
turnover rates were 0.077 (h-1) versus 0.097 (h-1), and for Ssa1p these were 0.88 ver-
sus 0.103 (h-1). In contrast, for very stable proteins in our data set, such as Kar2p, we 
detected a turnover rate of 0.018 (h-1) whereas Pratt et al. reported a value of 0.095 
(h-1), thus a difference of a factor fi ve. Averaged over all 23 proteins the correlation 
coeffi cient was only -0.011. A potential problem in the dataset of Pratt et al. arises from 
their 2D gel approach, wherein often in a single spot can contain multiple proteins, 
making it diffi cult to get the proteins individual turnover rates 30. Another factor that 
may explain the weak correlations comes from the fact that Pratt et al. used a leucine 
auxotroph S. cerevisiae strain, grown under glucose limitation, while our experiments 
were performed using a prototrophic S. cerevisiae strain that was cultured under nitro-
gen limitation. It is likely that turnover rates vary depending on the strain type, organ-
ism and/or growth conditions, like steady-state cultured versus cells grown in shake 
fl asks. These differences and the very limited availability of comparable datasets make 
it diffi cult to perform comparisons. 

Protein network analysis
We performed gene ontology and protein network analysis on the protein half-life 

data using the network analysis tool STRING 21, to fi nd clusters of proteins that might 
be related to the two categories of extreme protein half-lives. For this we considered 
again the part of our data set that contained all very stable proteins (t1/2 > 20 h; 101 
proteins), and the part that contained the unstable proteins (t1/2 < 7 h; 139 proteins).
Figure 4 shows the retrieved protein interaction maps of these very stable and unstable 
subsets. The map of very stable proteins shows interaction clusters for 10 of the 28 20S 
proteasome proteins, for 9 chaperones and for 15 proteins involved in tRNA synthesis. 
In the category of unstable proteins, signifi cant protein interaction clusters were found 
for 20 of the 78 ribosomal proteins, for proteins involved in the secretory pathway, for 
free radical scavengers, and for proteins involved in fatty acid biosynthesis.
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Figure 4.   Protein networks of stable and unstable proteins. 

Subsets of the very stable proteins (101 proteins, t1/2 > 20 hours) and unstable proteins 
(139 proteins, t1/2 < 7 hours) were separately analyzed for certain protein interaction net-
works using STRING 21.  The most prominent protein interaction clusters as classifi ed by 
STRING are highlighted in the map.

Rpl9ap
YBR084B

Rps12p Rpl24bp

Rps19bp Rpl2ap
Rpl28p

Rpl8apRps0ap

Rpl40ap
Rps31p

YDL083C

Rps9bp
Sui3bp

Rps5p Rpl33bp
Rpl33ap

Rpl16ap Rpl14bp

Rps27bp
YBL072C

Rpp1bp

Trx1p

Grx1p

Grx2p

Rnr1p

Hsp26p

Grx5p

Ypt1p

Yip3p
Ypt31p

Ypt52p

Sec4p

Mlc1p

Yop1p

Sso1p

Faa1p
Faa4p

Nmt1p

Plb1p
Not1p

Mnn1p
Bmh2p

Hsc82p
Hsp82p

Ssb1p

Kar2p

Aha1p Sse1p

Sse2p

YHR029C

Pup1p
Pre5p

Rpn3p

Rpn1p

Rpn2p

Ubp6p

Rpt5p
Rpn9p

Rpn5p
Rpt2p

Ths1p

Ser1p

Ilv5p

Frs1pArc1p

Dps1p

Ade12p

Ade5p

Fur1p

Vas1p

Ade17p

Ade3p

Shm2p

Ilv1p

Gln4p

ribosome

 elimination of radicals

fatty acid metabolism

secretory pathway

proteosome
chaperone network

tRNA synthesis

slow degradation fast degradation

Ribosomal protein turnover
The ribosome is one of the most abundant protein complexes in the cytoplasm 

of cells and is involved in protein translation. This ribosome consists of 78 proteins 
(of which 59 are duplicated), 32 of the small subunit and 46 of the large subunit, and 
four ribosomal RNAs 31, 32. Due to the large consumption of resources its biosynthesis 
is tightly controlled and connected to other major cellular pathways such as protein 
processing and protein folding 33. In this study we could estimate protein turnover rates 
and abundance values for 67 ribosomal proteins, of which 35 of the 60S large ribo-
somal subunit, and 32 of the 40S small subunit, as shown in Figure 5 and summarized 
in Supplementary Table 3. 
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The data in Figure 5 indicate, as expected, that the abundance of the majority of ribo-
somal proteins is alike, with very few exceptions (Rps28bp, Rps29bp and Rpl24bp), 
which may be refl ected by their stoichiometries within the complex 34.  In total, 20 
ribosomal proteins show half-lives shorter than 7 h of which 11 of the 60S and 9 of the 
40S ribosomal subunit (Figure 4). Of these, the ribosomal proteins Rpl33ap, Rpl9ap, 
Rpl19bp, Rps27bp, and Rps31p display a much faster turnover (half-lives between 
2.5 and 4 hours).  Only three proteins, Rps28bp, Rpl16ap and Rpl35b show half-lives 
of longer than 20 hours. There is evidence that the protein Rps31p is also involved in 
translational regulation via eIF2B 35, which might explain its degradation rate being 
very different. Moreover, it has been suggested that ribosomal proteins have a number 
of extra functions, such as auto-regulation of the protein and RNA synthesis of the ri-

Figure 5.   Protein turnover and abundance of 
ribosomal proteins

Protein half-lives versus abundance for the 67 de-
tected 60S (grey circles) and 40S (grey triangles) ri-
bosomal subunits. The protein abundance (summed 
peptide ion intensities) is indicated on the y-axis, 
while corresponding protein half-lives are indicated 
on the x-axis. Protein names of proteins showing 
relatively exceptional behavior regarding their half-
life are indicated. The majority of ribosomal complex 
members have similar abundance and intermediate 
protein half-lives and fall within the box indicated by 
the dashed lines.  
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bosomal subunits, and regulation 
of mRNA splicing and of mRNA 
half-lives 36, which may account 
for these differences in abundance 
and turnover rates. The synthesis 
of ribosomal complexes requires 
involvement of 200 protein and 
RNA molecules, and is thus a very 
complex process 37. Rat liver ribo-
somes for instance are not synthe-
sized and degraded as functional 
units, but instead most ribosomal 
proteins are rapidly exchanged 
with proteins present in the cy-
toplasm 38. Our data on protein 
half-lives indicates that protein 
synthesis and degradation rates 
are very diverse, even if proteins 
are organized in physical protein 
complexes, which would suggest 
that such entities are signifi cantly 
affected by dynamics, such as 
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subunit exchange.

Protein maturation and folding
Protein folding is a complex process that is mediated by a network of chaperones 

and co-chaperones. It is well established that proteins interact with a large variety of 
chaperones during their life time 39. There exist a variety of protein families and protein 
complexes that exert chaperone function and fulfi ll a wide array of tasks in the cell. 
Table 1 lists proteins with an annotated chaperone function that could be detected in 
our protein turnover dataset, together with their half-life and intensity values, showing 
that the half-lives in our chaperone data subset can vary by factors of 300 (compare 
Sgt1p and Cpr1p) or 80 within the HSP90 class of chaperones (Sgt1p and Hsc82p). 

Chaperone-assisted folding by the CCT complex (chaperonin containing TCP-1) has 
been shown to occur when proteins are being synthesized 40. CCT is a 900 kDa multi-
subunit complex existing in the cytosol that targets a wide range of substrates 41. In 
contrast to the ribosomal complex, the detected chaperones of this CCT complex show 
largely similar protein half-lives for the subunits Cct2p, Cct3p, Cct4p, Cct7p, Cct8p 
and Tcp1p indicating a stable complex that is not showing obvious dynamics or ex-
change. 

Proteins belonging to the HSP90 chaperone family however, display some interesting 
characteristics. Under our growth conditions Hsc82p is very stable with a half-life of 
over 50 h. Together with Hsp82p (t1/2 ≈ 21 hours), it is involved in assisting a specifi c 
subset of proteins to fold into their native conformation 42. Both proteins show similar 
cellular levels and have a sequence homology of 97%, according to our data. This is in 
contrast to the fi ndings of Borkovich et al. 43 who described that Hsp82p is strongly in-
duced during heat stress, while Hsc82p is usually present at high protein levels 43. The 
HSP90 co-chaperone Sgt1p has been shown to interact with HSP90 proteins but also 
functions as a dimeric interactor of Skp1p and is known to be involved in the assembly 
of the centromer-DNA binding complex 44, 45. Surprisingly, this protein was degraded 
very fast (t1/2 ≈  0.6 hours) compared to other proteins related to the HSP90 family. 

Cyclophilins are proteins that belong to a protein family of cis-trans peptidyl propyl isom-
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Table 1. Protein half-lives and abundance of chaperones. 

For identifi ed chaperone proteins the intensity is a direct indicator of their 
abundance. The ‘intensity’ in the third column represents the summarized 
peptide 14N mono-isotopic peak intensities. For each detected protein the 
corresponding K, R2, standard deviation and protein half-lives are given.

protein name accession intensity K (h-1) R2 protein half life (h)

Tcp1p YDR212W 9.23E+09 0.172 0.95 9.81

Cct2p YIL142W 8.09E+09 0.164 0.79 10.97

Cct8p YJL008C 3.97E+09 0.147 0.74 14.98

Cct4p YDL143W 6.09E+09 0.146 0.84 15.47

Cct7p YJL111W 3.83E+09 0.139 0.73 18.28

Cct3p YJL014W 4.54E+09 0.137 0.93 19.26

HSP90 family

Sgt1p YOR057W 5.51E+08 1.194 0.7 0.63

Cdc37p YDR168W 4.15E+09 0.175 0.86 9.38

Sti1p YOR027W 2.19E+10 0.153 0.92 13.33

Aha1p YDR214W 5.54E+09 0.135 0.81 20.27

Hsp82p YPL240C 2.27E+10 0.134 0.84 20.75

Hsc82p YMR186W 4.00E+10 0.111 0.8 50.1

Cpr3p YML078W 2.96E+09 0.172 0.68 9.82

Cpr1p YDR155C 2.80E+10 0.104 0.69 198.15

HSP70 family

Ssa3p YBL075C 1.44E+09 0.198 0.87 7.16

Ssa1p YAL005C 6.43E+11 0.189 0.95 7.91

Hsp104 YLL026W 2.43E+11 0.177 0.9 9.16

Hsp78p YDR258C 1.86E+10 0.167 0.81 10.58

Ecm10p YEL030W 8.99E+08 0.165 0.75 10.86

Ssa2p YLL024C 3.94E+10 0.161 0.67 11.54

Ssc1p YJR045C 1.49E+11 0.156 0.85 12.68

Ydj1p YNL064C 2.44E+09 0.146 0.86 15.47

Zuo1p YGR285C 1.41E+10 0.132 0.81 22.19

Sse1p YPL106C 3.66E+10 0.129 0.82 24.52

Sse2p YBR169C 1.26E+09 0.122 0.92 32.93

HSP60 family

Hsp10p YOR020C 1.89E+10 0.182 0.79 8.53

Hsp60p YLR259C 1.01E+11 0.134 0.9 21.25

Hsp26p YBR072W 1.96E+10 0.23 0.78 5.39

Hsp42p YDR171W 1.26E+09 0.221 0.81 5.79

Pdi1p YCL043C 2.48E+10 0.156 0.75 12.69

Kar2p YJL034W 1.75E+10 0.119 0.65 38.33

Other chaperones

Chaperonin containing TCP-1

Cyclophilins
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erases.  Cpr1p, however, seems to perform multiple other functions that deviate from 
mammals to yeast 46. This protein becomes essential for the cell only if the function 
of Ess1p is impaired. This isomerase is present at very low levels and binds to phos-
phorylated protein stretches, hereby altering conformation and function of its targets 46. 
Additionally, it has been proposed that Cpr1p is involved in regulatory processes in the 
nucleus that affect meiosis and sporulation 47. Another protein of the same cyclophilin 
family, Cpr3p, is involved in protein folding within in the mitochondria 48. This diver-
sity in function and localization may account for the detected differences in protein 
turnover, since we found a half-life of around 10 h for Cpr3p and of 200 hrs for Cpr1p. 

Other detected molecular chaperone systems are proteins belonging to the SSA (Ssa1p, Ssa2p 
and Ssa3p) or SSE HSP70 families, which also assist in protein folding and prevent protein ag-
gregation. These proteins are characterized by their ATP dependent stabilization of substrates 
49, 50. Proteins belonging to the SSA class show very high sequence homology and 
were all found in our study to display half-lives between 7 and 11 hours. The SSE 
(also HSP110) protein family is functionally different and acts mainly as nucleotide 
exchange factor (that remove ADP after ATP hydrolysis) for the SSA chaperones 51. 
Interestingly, this difference in function may have also some implication on protein 
stability, since the half-life of both Sse1p and Sse2p is about twice as long when com-
pared to proteins from the SSA family (Table 1).

The central sugar metabolism
In S. cerevisiae, the glycolysis and TCA cycle are part of the central sugar me-

tabolism, which is connected to ethanol fermentation via multiple aldehyde and alco-
hol dehydrogenases 52, 53. During glycolysis, glucose is converted to pyruvate through 
a series of enzymatic steps that take place in the cytosol. In the pyruvate branchpoint, 
this is converted into oxaloacetate and subsequently metabolized within the TCA 
cycle. These pathways are illustrated in Figure 6A, which displays the responsible 
enzymes and their detected abundances in the cell, and it can be seen that these vary 
approximately four orders of magnitude. We detected that proteins from the TCA- and 
glyoxylate cycle show markedly lower levels than proteins involved in glycolysis and 
gluconeogenesis. Similar observations were also made by quantifi cation using selected 
reaction monitoring mass spectrometry of yeast proteins 1, which confi rms our data. 
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Figure 6.   Protein abundance and half-lives of enzymes from the central 
sugar metabolism

A pathway map indicating the enzymatic steps involved in the central sugar metabolism 
(glycolysis, TCA-cycle, glyoxylate cycle and alcohol fermentation) of S. cerevisiae. 
Dots are indicative for metabolites while the major compounds; glucose, acetyl-CoA 
and ethanol are highlighted in the map. Catalyzing enzymes that could be detected in 
our turnover rate analysis are given for each metabolic step.  (A) Displays the meta-
bolic pathway map indicating protein abundance of enzymes using a grey-scale color 
code. The intensity scale as indicated with different grey tones is displayed at the left 
part of the pathway map. (B) The same pathway map as under (A), indicating protein 
half-life, ranging from a few to more than hundred hours. Again, the half-life value as 
indicated with different grey tones used is displayed at the left side of part B. 

Clearly high protein levels were found for Pdc1p that decarboxylates pyruvate to ac-
etaldehyde, and Adh1p that catalyzes the reduction of aldehyde to ethanol.  Figure 
6B shows the same pathway map as Figure 6A, but now with the protein half-lives 
indicated. Interestingly, most of the proteins display a half-life of 10 to 20 hours, while 
only a few proteins exhibit much longer half-lives. One of the most striking examples 
is the hexokinase-1 protein (Hxk1p; t1/2=116 h) which, like Hxk2p and Glk1p, irrevers-
ibly phosphorylates glucose at the C6 position and regulates one of the most important 
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control points of the glycolysis  pathway 54. It has been shown that Hxk2p is pre-
dominantly expressed when S. cerevisiae is grown on glucose and is also involved in 
glucose-induced Hxk1p expression repression 55.  Other very stable proteins are found 
in the TCA cycle, i.e. Lsc2p, part of the succinyl-CoA ligase complex, and Kgd1p, 
part of the alpha-ketoglutarate dehydrogenase complexes. The succinyl-CoA ligase 
complex consists of two subunits namely Lsc1p and Lsc2p 56, which are both neces-
sary for the activity of the enzyme 57. Lsc1p is phosphorylated and shows a half-life 
of 11 hours which is comparable with most of the enzymes in the pathways described 
in Figure 6. In contrast to this, Lsc2p displays a relatively long half-life of 202 hours, 
again indicating that subunits within a functional complex do not always show similar 
protein dynamics. 

Conclusion

We present a mass spectrometry driven methodology to analyze S. cerevisiae protein 
turnover rates using the incorporation of 15N stable isotopes in a pulse-chase-like ap-
proach, in combination with label free quantifi cation of MS1 peptide peaks, enabling 
us to determine the protein abundance and degradation rates of 648 proteins. We show 
that protein turnover rates do generally not relate to protein abundance. Our data sug-
gest that S. cerevisiae individual protein turnover rates under nitrogen limitation in 
steady state condition are strikingly varied, ranging from protein half-lives of 30 min 
to more than 500 hours. We found that protein subunits involved in physical protein 
complexes, such as the ribosome, do exhibit turnover rates that are not necessarily in 
the same range, suggesting that dynamics of complex subunits can be diverse, where-
by complex functionality may be regulated by the protein with the shortest half-life. 
In pathways such as the glycolysis and TCA cycle only a few proteins are very stable. 
We have shown that it is essential to study proteome characteristics like temporal dy-
namics and abundance on a large scale to add a new dimension to the systemic view 
of cellular processes.   
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Abstract

The analysis of proteome wide phosphorylation events is still a major analytical chal-
lenge due to the enormous complexity of protein phosphorylation networks. In this 
work we evaluate the complementarity of Lys-N, Lys-C and trypsin with regard to their 
ability to contribute to the global analysis of the phospho-proteome. A refi ned version 
of low pH SCX was used to effi ciently separate N-terminally acetylated, phosphorylat-
ed and non-modifi ed peptides. A total of 5036 non-redundant phosphopeptides could 
be identifi ed with an FDR of less than 1% from 1 mg of protein using a combination 
of the three enzymes.  Our data revealed that the overlap between the phosphopeptide 
datasets generated with different proteases was marginal, whereas the overlap between 
two similarly generated tryptic datasets was found to at least four times higher. In this 
way, the parallel use of Lys-N and trypsin enabled a 72% increase in the number of 
detected phosphopeptides compared to trypsin alone, whereas a trypsin replicate ex-
periment only lead to a 25% increase. Thus, when focusing solely on the trypsin and 
Lys-N data we identifi ed 4671 non-redundant phosphopeptides. Further analysis of the 
detected sites showed that the Lys-N and trypsin datasets were enriched in signifi cant-
ly different phosphorylation motifs, further evidencing that multi-protease approaches 
are very valuable in phosphoproteome analyses. 
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Introduction

In recent years immense progress has been made in the global analysis of cellular 
protein phosphorylation events, a research area sometimes referred to as phospho-
proteomics.1-4 The analysis of phosphorylated proteins is analytically challenging for 
several reasons. For instance, phosphorylated peptides are present at sub-stoichiomet-
ric levels when compared to non-modifi ed peptides in digested lysates.  Additionally, 
phosphorylated peptides undergo facile fragmentation inside a mass spectrometer to 
create potentially diffi cult to interpret mass spectra and they often provide poorer signal 
responses than their unphosphorylated counterparts.5 A number of strategies have been 
introduced to improve the detection, site-localisation and quantitation of phosphorylat-
ed peptides, which largely can be placed in two broad categories: mass spectrometric 
and sample preparation.  The former category includes the development of a  targeted 
analysis of phosphorylated peptides including precursor ion scanning using diagnos-
tic phosphorylated peptide fragments,6, 7 neutral loss scanning revolving around the 
phosphate fragmentation properties,8 multiple reaction monitoring (MRM),9 multiple 
stages of fragmentation10, 11 and most recently electron transfer dissociation.12-14  In 
terms of sample preparation, research has focused on a number of different aspects of 
the phosphate moiety.  Its intrinsic negative charge and/or polarity has been exploited 
through the use of low pH strong cation exchange (SCX)15, strong anion chromatogra-
phy exchange (SAX) 16, 17, HILIC 18 and isoelectric focussing.19  For phosphorylation 
occurring at tyrosine residues, enrichment can also be achieved through the use of 
specifi c antibodies that can be either applied at the protein20-22 or peptide level.23, 24 The 
phosphate group’s ability to co-ordinate has also been found to be an excellent charac-
teristic for capture and has lead to enrichment strategies based upon immobilised met-
al cation affi nity chromatography (IMAC)25-27 with its more recent variants based on 
metal oxides of titanium28-31 , zirconium,32 and aluminum33. In the case of titanium we 
developed and demonstrated a microfl uidic device to allow automated phosphopeptide 
enrichment that requires little human intervention.34 Recently, the use of calcium35 and 
barium36 precipitation of phosphopeptides has been introduced as a useful alternative 
to enrich phosphopeptides.  

The most effective method to enrich for phosphopeptides, currently,  involve the com-
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bination of two methods, starting with low pH SCX to enrich the phophopeptides in 
the early fractions followed by either IMAC10, 37 or titanium dioxide for further en-
richment. 38-41 Despite all these considerable efforts it remains a challenge to perform 
comprehensive identifi cation of protein phosphorylation sites since all the current 
methods seem to have inherent biases.28, 42, 43 In order to achieve comprehensive global 
phosphoproteomics, multiple methods need to be used.  It still remains to be proven 
whether the small overlap often observed between experimental phosphopeptide da-
tasets genuinely originates from complementary methods, or from undersampling of 
the phosphoproteome in these reported experiments.  However, clear differences have 
been observed when different enrichment strategies and enzymes have been applied.43

In this report we address both the complementarity of an established method when 
multiple enzymes are utilized, as well as the nature of undersampling in large scale 
SCX-based phosphoproteomics studies. We evaluate the relative effi cacy of three pro-
teolytic enzymes (namely Lys-N, Lys-C and trypsin) in conjunction with the de facto 
standard for phosphoproteome screening which is based on low pH SCX. We show 
that Lys-N is a highly viable complementary alternative to trypsin as a starting point 
for phosphopeptide enrichment by low-pH SCX.  An improved SCX method allowed 
us to detect and identify thousands of phosphopeptides in fractions that were nearly 
exclusively enriched with phosphopeptides.  This suggests a potential redundancy of 
the, generally accepted, required second step of IMAC or titanium dioxide enrichment 
for phosphopeptides containing solely one basic residue.  

Materials and methods

Material and reagents
Sequencing grade trypsin and Lys-C were purchased from Roche Diagnostics 

(Ingelheim, Germany) and Lys-N from Seikagaku Corp. (Tokyo, Japan). Ammonium 
bicarbonate, sodium phosphate, potassium fl uoride, potassium chloride, sodium or-
thovanadate, acetic acid and formic acid were from Sigma (Zwijndrecht, The Neth-
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erlands). AquaTM C18, 5 μm, 200 Å, (Phenomenex, Torrance, CA, USA) resin was 
used for the trap column and ReproSil-Pur C18-AQ, 3 μm 120 Å, (Dr. Maisch GmbH, 
Ammerbuch, Germany) resin was used for the analytical column. HPLC grade ace-
tonitrile was purchased from Biosolve (Valkenswaard, The Netherlands), Potassium 
silicate (KASIL® 1624) was purchased from PQ Europa (Winschoten, The Nether-
lands). Fused silica capillaries (50 & 100 μm ID, 375 OD) were obtained from Bester 
(Amstelveen, The Netherlands).  A PolySULFOETHYL column 200 x 2.1 mm with a 
pore diameter of 200 Å was purchased from PolyLC Inc.(Columbia, USA). Opti-Lynx 
C18 cartridges from Optimize Technologies (Oregon City, USA) were used for online 
trapping and desalting of peptides.

Sample preparation and digestion
HEK293 cells were grown on plates until confl uence was reached. After harvest-

ing the cells by scraping them off the plates, lysis was carried out by resuspending 
them in lysis buffer containing 50 mM ammoniumbicarbonate, 8M urea, EDTA free 
protease inhibitor cocktail, 1mM potassium fl uoride, 1mM sodium orthovanadate and 
5mM potassium phosphate.  The suspension was vortexed and incubated for 20 min 
on ice. After spinning down unbroken cells and debris at 1000g for 10 min at 4 °C the 
protein concentration was determined by the 2DQuant Kit (GE Healthcare, Diegem, 
Belgium).

Three 1mg aliquots of the HEK293 lysate were resuspended in 8M Urea/50mM NH4H-
CO3 pH 8.0 and reduced with 45 mM DTT (50 °C, 15 min) followed by alkylation 
using 100 mM Iodoacetamide (dark, RT, 15 min). The fi rst 1mg aliquot was digested 
using Lys-N at an enzyme:substrate ratio of 1:85 in 8M urea/50 mM NH4HCO3 pH 
8.0 overnight at 37°C.  This digest was subsequently diluted eight-fold using 50 mM 
NH4HCO3 pH 8.0 to a fi nal concentration of 1M urea/50mM NH4HCO3 pH 8.0 and 
a second digestion with Lys-N at 1:85 (w/w) for 4 hours was performed. The second 
1 mg lysate aliquot was digested using Lys-C at an enzyme:substrate ratio of 1:50 in 
8M urea/50 mM NH4HCO3 pH 8.0 overnight at 37°C.  After diluting eight-fold with 
50mM NH4HCO3 pH 8.0, a second digest was performed using Lys-C (1:50 w/w) for 
an additional 4 hours. The fi nal 1 mg of lysate was subsequently diluted with 50 mM 
NH4HCO3 pH 8.0 to a fi nal concentration of 2M urea/50 mM NH4HCO3 pH 8.0 and 
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digested with trypsin overnight at an enzyme:substrate ratio of 1:50 at 37°C.  This 
was followed by a second digestion with trypsin after diluting two fold with 50 mM 
NH4HCO3 pH 8.0 at an enzyme:substrate ratio of 1:50 for an additional 4 hours. The 
three digests were subsequently desalted using Sep-Pak 50ml C18 cartridges (Waters 
Corporation, Massachusetts) and reconstituted in 10% formic acid for further analysis.    

Strong cation exchange
Peptides from each digest corresponding to 1 mg  of protein material were loaded 

onto 2 C18 cartridges using an Agilent 1100 HPLC system . The fl ow rate applied was 
100 μl/min using water pH 2.7 as solvent. After that peptides were eluted from the 
trapping cartridges with 80% acetonitrile pH 2.7 onto a PolySULFOETHYL A column 
200 x 2.1 mm (PolyLC inc.) for 10 min at the same fl owrate. Separation of different 
peptide populations was performed using a non-linear 65 min gradient, 0 to 10 min 
100% Solvent A  (5 mM KH2PO4, 30% Acetonitrile, pH 2.7), 10 to 15 min up to 26% 
Solvent B (5 mM KH2PO4, 30% acetonitrile, 350 mM KCl, pH 2.7), 15 to 40 min to 
35% Solvent B and from 40 to 45 min to 60% Solvent B.  At 49 min the concentration 
of Solvent B was 100%.  The column was subsequently washed for 6 min with high 
salt concentration and fi nally equilibrated with 100% Solvent A for 9 min.  The fl ow 
rate applied during the SCX gradient was 200 μl/min.   

Fractions were collected in 1 min intervals for 40 min. After evaporation of the sol-
vents, fractionated peptides were resuspended in 60 μl of 10% formic acid. 20 μl of 
each fraction were then analyzed by reversed phase LC-MS/MS.  

Mass spectrometry
The analysis was performed using a nano LC-LTQ-Orbitrap (Thermo, San 

Jose, CA).  An Agilent 1200 series LC system was equipped with a 20 mm Aqua C18 
(Phenomenex, Torrance, CA) trapping column (packed in-house, i.d., 100 μm; resin, 
5 μm) and a 400 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Ger-
many) analytical column (packed in-house, i.d., 50 μm; resin, 3 μm). Trapping was 
performed at 5 μL/min for 10 min in solvent A (0.1M acetic acid in water), and elution 



123

Phosphopeptide enrichment by SCX

C
H

A
PT

ER
 IV

was achieved with a gradient of 10−35% B (0.1M acetic acid in 80/20 acetonitrile/wa-
ter) in 90 minutes in a total analysis time of 120 minutes. The fl ow rate was passively 
split to 100 nL/min when performing the elution analysis. Nanospray was achieved 
using a distally coated fused silica emitter (New Objective, Cambridge, MA) (o.d., 
360 μm; i.d., 20 μm, tip i.d. 10 μm) biased to 1.7 kV. A 33MΩ resistor was introduced 
between the high voltage supply and the electrospray needle to reduce ion current.

The LTQ-Orbitrap mass spectrometer was operated in data-dependent mode, auto-
matically switching between MS and MS/MS.  Full scan MS spectra (300-1500 m/z) 
were acquired with a resolution of 60,000 at 400 m/z after accumulation to a target 
value of 500,000.  The fi ve most intense peaks above a threshold of 500 were selected 
for collision induced dissociation in the linear ion trap at normalized collision energy 
of 35% after accumulation to a target value of 30,000.  

Data analysis
All MS/MS and MS2 spectra were converted to DTA fi les using Bioworks 3.3.1 

(Thermo, San Jose).  An in house developed Perl script was used to assign for each 
MS3 spectrum the original and accurate parent mass from the full scan. Eventually all 
spectra were converted to a single fi le and searched using MASCOT search engine 
(Matrix Science, London, UK, Version 2.2.01) against a concatenated SwissProt hu-
man database containing an equivalent size decoy protein set (version 56.2, 40656 
sequences; 22416002 residues) with cysteine carbamidomethylation as a fi xed modi-
fi cation.  Methionine oxidation, N-terminal acetylation and phosphorylation of serine, 
threonine and tyrosine were chosen as variable modifi cations.  A peptide mass toler-
ance of 5 ppm and fragment mass tolerance of 0.6 Da were selected.  trypsin, Lys-N 
and Lys-C were chosen appropriately as the proteolytic enzyme allowing one missed 
cleavage.  A mascot cut-off score corresponding to an FDR of 1% was calculated per 
fraction.  A PTM score was assigned for each phosphopeptide with MSQUANT ver-
sion 1.5a61 41. Phosphorylation motif discovery was performed using the Motif-X al-
gorithm. 44  An occurrence threshold of 20 and a p-value threshold of 10-6 were chosen 
for all the datasets. Note: Amino acid sequences from the IPI human dataset were used 
in order to achieve compatability with the Motif-X algorithm.
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Lys-N, Lys-C, trypsin and trypsin SCX replicate datasets can be accessed on: https://
proteomecommons.org/tranche/data-downloader.jsp?fi leName=NjbSR7B4qUXyYk0
bvRn4rT9tmGNhvhmmK1W0vN2JBC%2Br%2Fmk7gSQHeQMyp6yOq31qgnWa0
2MYNrUB3vsXVIo9dqPHcekAAAAAAAAFyA%3D%3D (passphrase: scx-gauci).

Results and discussion

In general, most of the recent extensive phosphoproteome screens have exploited the 
use of a low pH SCX as their starting point for phosphopeptide enrichment.28, 37, 40, 41 
The idea is to separate from a digested lysate phosphopeptides from ‘regular’ non-
phosphorylated tryptic peptides by exploiting the net negative charge of the phosphate 
group. However, many of these phosphopeptides have the same net charge as N-acet-
ylated and most C-terminal peptides of proteins.45 Thus, for a tryptic digest the SCX 
will generate a mixture dominated by these three types of peptides.  Although this en-
riched mixture is far less complex than the peptides originating from the entire lysate, 
it is generally accepted that the prefractionation by SCX still requires a further step of 
phosphopeptide enrichment.   Often, a second step of phosphopeptide-enrichment is 
carried out using either titanium dioxide or IMAC.  Recently, we described the use of 
an alternative protease Lys-N 46, 47 where we observed that in SCX separation it gener-
ates N-acetylated, C-terminal and phosphopeptide populations with distinct net charg-
es.46 We demonstrated that these distinct net charges allowed full separation and thus 
isolation of phosphopeptides from N-acetylated peptides, which possibly eliminates 
the need for a second enrichment step in order to isolate phosphopeptides containing 
one basic residue.  However, the scale of the reported experiment was rather small and 
the identifi cation was performed using a quadrupole ion trap mass spectrometer, which 
suffers from a rather poor dynamic range, mass resolution and mass accuracy. There-
fore, from these reported experiments we were not able to gauge performance against 
the current preferred trypsin-based methods.  Furthermore, we expected that it could 
be possible that Lys-N provides access to a different pool of (phospho)peptides when 
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compared to trypsin or the other protease commonly used in proteomics approaches, 
Lys-C.  

To assess the potentially complementary nature of the protease Lys-N for global phos-
phoproteomics studies we set out to perform a three way comparison. Our starting 
point was to switch to a higher performance mass spectrometer, the Orbitrap48, 49 be-
cause of to the higher dynamic range, mass accuracy and better signal to noise ratio of 
this instrument compared to an LTQ. We conduct a larger scale experiment (approx. 
300 ug of human cell lysate per full analysis) and perform identical experiments with 
Lys-N, trypsin and Lys-C digests. We optimized the SCX gradient such that peptides 
with net charges 0 to +1 could be separated over approximately 20 minutes and we 
collected 1 minute fractions.  The gradient and net charge separation we used is quite 
similar to that reported by Gygi and co-workers, which should not be surprising since 
the column, buffers and gradient are also nearly identical.15  

The SCX performance with Lys-N generated peptides lead to a fractionation that 
closely matched that reported by us previously14,  namely that fi rst the multiply phos-
phorylated peptides eluted, followed by N-acetylated peptides, then N-acetylated pep-
tides containing a miss-cleavage and subsequently the singly phosphorylated peptides 
(see Figure 1A).  The analysis of these Lys-N generated peptides allowed identifi cation 
of 2302 non redundant phosphopeptides with an FDR below 1% (Supplementary table 
1). The number of phosphopeptides identifi ed is in the same range as that recently 
reported by us and others for large screens 28, 44, 50 that used a second stage of enrich-
ment by titanium oxide or IMAC after SCX. Using equal amounts of material, separa-
tion protocols, mass spectrometric parameters and data base search cut-off values we 
compared the tryptic and Lys-C digests data to that of Lys-N. In Figure 1B and 1C, 
the numbers of unique peptide identifi cations resulting from the analysis of the SCX 
fractions are summarized for Lys-C and trypsin, respectively.  The analysis of the 
tryptic digest lead to the identifi cation of 2719 phosphopeptides with an FDR below 
1% (Figure 1 and supplementary table 2).  From the Lys-C digest we identifi ed 861 
phosphopeptides (supplementary table 3).  When compared to Lys-N and trypsin, this 
is signifi cantly poorer. Interestingly, Lys-C resulted in a relatively high number of N-
acetylation identifi cations (655 acetylated peptides).  These results suggest that Lys-C 
is not as effi cient an enzyme for handling regions containing phosphorylation as Lys-N 
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and trypsin.43  We also noted that, on average, Lys-N peptide spectra were scored more 
poorly than equivalent ‘quality’ tryptic and Lys-C data. The root cause appeared to be 
in the MASCOT algorithm used wherein the weighting of doubly charged fragment 
ions appeared to be signifi cantly lower than singly charged fragments.  Lys-N peptide 
tandem spectra contain signifi cantly more doubly charge fragment ions when com-
pared to the spectra obtained for tryptic peptides, 46 which can be rationalized by the 
localization of two charges on the N-terminus of the Lys-N peptides.  

Surprisingly, for trypsin and Lys-C, we noted that N-acetylated peptides were very well 
separated from phosphorylated peptides although we found it somewhat unexpected 

Figure 1. Number of detected 
unmodifi ed and modifi ed pep-
tides.

Overview of the number of detected 
unmodifi ed and modifi ed unique pep-
tides per SCX fraction in the HEK293 
proteolytic lysates generated by using 
A) Lys-N, B) Lys-C, C) Trypsin repli-
cate 1 and D) Trypsin replicate 2. The 
different colors are indicative for the 
distinct classes of detected peptides. 
These data clearly reveal the near 
baseline specifi c isolation/enrichment 
of the different classes of peptides (i.e. 
N-terminal acetylated peptides, phos-
phorylated peptides etc.). The left y-
axis provides a scale for the number 
of unique peptides detected. A false-
discovery-rate (FDR) was set at 1% 
per each individual SCX fraction. The 
purple line, linked to the right y-axis, 
shows the MASCOT cut-off score re-
quired to obtain a FDR of 1%.
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that SCX was able to separate these two tryptic peptide populations. We did fi nd in the 
earlier Lys-N SCX work that miss-cleaved N-acetylated peptides were separated from 
phosphorylated peptides but we rationalized the effect to be related to physicochemical 
properties of Lys-N peptides. In the case of Lys-N phosphopeptides the two basic moi-
eties are in close proximity and thus potentially aiding retention on the SCX column.   
It appears that the observed effect of separating peptides with the same net charge but 
different levels of positive and negative charge occurs more generically.  The order of 
elution; fi rst the N-acetylated peptides followed by phosphorylated peptides suggests 
that the separation is primarily governed by the peptides’ positive charges.   

Plotting the frequency of C-terminal tryptic peptides across the SCX fractions revealed 
that these peptides with a net charge of +1 were spread across all ‘+1’fractions i.e. they 
were present as a minority population in the N-acetylated and phosphorylated frac-
tions (see Supplementary fi gure 1).  N-acetylated tryptic peptides (and N-acetylated 
Lys-N peptides with a single miss-cleavage) possessing a single basic residue and no 
negative charge, are separated from phosphorylated tryptic (and Lys-N) peptides pos-
sessing two positive charges and one negative charge.  The separation can be explained 
if one considers the contribution of the phosphorylated residue charge to be less than 
full i.e. the phosphate group partially masks one of the basic charges. However, this 
hypothesis is speculative and characterization of the underlying mechanism requires 
further investigation.

The three way comparison of Lys-N, trypsin and Lys-C, resulted in the identifi cation of 
5036 non redundant (i.e. unique) phosphopeptides, with a FDR below 1%, using 1 mg 
of total cell lysate (Figure 2), i.e. consuming less than 1/3 of each proteolysed lysate. 

Next we set out to determine the overlap and/or complementarity of the three generated 
datasets. First, we performed an in silico digest on the full genome/proteome for Lys-N, 
Lys-C and trypsin. We fi ltered these dataset for peptides with a single basic residue, as 
enriched in our fi rst 20 SCX fractions.  From this data we extracted the theoretical pep-
tide population and hypothetical overlap. Before a comparison can be made, sequences 
generated by the enzymes require adjustment.  In order to create identical sequences 
the terminal basic residue is removed from each theoretical peptide e.g. ACDEFGIK 
(generated by Lys-C and trypsin) KACDEFGI  (generated by Lys-N) require removal 
of lysines in order to be recognized as identical. In this way it was calculated that there 
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is a 95% overlap in peptide population between Lys-C and Lys-N, which is expected 

phosphopeptides 
(5036 total)
FDR < 1% 

Trypsin

Lys-C
Lys-N

2270

1759365

146

99

193

204

(7%)

(35%)

(45%)

(4%)

(2%)
(4%)

(3%)

Figure 2. Overlap in detected unique                                                                                                                                           
       phosphopeptides.

Venn diagram showing a three way comparison 
of detected phosphopeptides from a HEK293 
lysate digested with Lys-C, Lys-N and Trypsin 
(SCX replicate 1). The total number of unique 
peptides and their distribution in % is indicated 
in the diagrams. Peptide identifi cations from all 
SCX fractions were combined for each digest 
and a MASCOT cut-off score corresponding to 
a FDR of 1%, was chosen for each SCX frac-
tion. In order to allow peptide sequences created 
by Lys-N cleavage to be compared to sequences 
generated by Trypsin and Lys-C, the terminal 
basic residue was removed from the peptide 
sequences. It can be seen from this comparison 
that the overlap of phosphopeptide populations 
between Lys-N, Trypsin and Lys-C is very low 
(6 - 8%) and that the largest peptide pools come 
from unique phosphopeptides generated by 
Trypsin (45%) or Lys-N (35%). 

since both these sets of peptides will 
be fl anked by lysine residues in the 
protein sequence (Supplementary fi g-
ure 2).  The total population of single 
basic residue peptides for trypsin was 
approx. three times higher than Lys-C 
or Lys-N, which can be attributed to 
trypsin’s ability to cleave at arginine 
as well as lysine. In these theoretical 
datasets the additional use of Lys-C or 
Lys-N allow an expansion of peptide 
space of only approximately 6% when 
compared to a tryptic dataset.  More-
over, only 26.8% and 25.3% of the 
trypsin generated peptide population 
could be generated by Lys-C and Lys-
N, respectively (Supplementary fi gure 
2). This theoretical data on the whole 
proteome suggest the supremacy of 
trypsin over Lys-N or Lys-C.

Next we performed a similar compari-
son with the actual experimental data 
generated by using the three prote-
ases. In this analysis we also included 
the data we generated from the non-

modifi ed peptides that eluted in the later (n>25) SCX fractions. In sharp contrast to the 
theory described above, we found that only 4% of the total non-modifi ed peptides were 
present in the datasets of all three enzymes and only 7.5 % and 6.9% of the total pep-
tide population was in common between trypsin and Lys-C and Lys-N, respectively 
(Figure 3A).  

A similar comparison of overlap was performed for the generated phosphopeptide 
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datasets. To eliminate possible miss-assignments by the database search software as 
a source of poor overlap for peptide populations the predicted exact location phos-
phosites were removed.  When compared to the non-modifi ed peptide datasets a near 
identical picture was observed for the phosphopeptides (Figure 3B). However, when 
comparing the overlap in identifi ed protein populations (based upon accession num-
bers) the overlap was found to be much larger (Figure 3C). Over 2000 out of the ~6000 
protein identifi cations (i.e. 41%) were found to be in common for the three enzymes. 
However, when looking at the phosphoprotein overlap (Supplementary fi gure 3) only 
15% of the phosphoproteins were identifi ed by all three enzymes, which is more in 

Figure 3. Overlap in detected unique peptides and proteins.

Venn diagrams illustrating the overlap in detected peptides between a Trypsin, Lys-C and 
Lys-N digest of a HEK293 lysate for (A) non-modifi ed peptides, (B) phosphopeptides 
and (C) proteins. The total number of unique peptides and their distribution in % is indi-
cated in the diagrams. Peptide identifi cations from all SCX fractions were combined for 
each digest and a MASCOT cut-off score, corresponding to an FDR of 1%, was chosen 
for each SCX fraction. For peptide comparisons, the terminal basic residue was removed 
from the peptide sequences created by Lys-N, Trypsin and Lys-C. Additionally, modifi ca-
tions such as oxidations and phosphate localization were removed to eliminate possible 
miss-assignments by the database search software. It can be clearly seen in the peptide 
level comparisons that only 4-5% of the phospho and non-modifi ed peptides were detect-
ed in all three digests. In contrast, the three-way overlap in detected proteins was about 
41% in between the Lys-N, Lys-C and Trypsin experiments.     
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line with the overlap obtained from the phosphopeptide comparison.  From this data it 
could be suggested that protein detection is more infl uenced by relative abundance i.e. 
dynamic range.  The two main possible reasons for the difference between theoretical 
and experimental results at the peptide level are undersampling of the peptide popula-
tions or enzymatic generation of signifi cantly different pools of peptides.  

In order to estimate the level of undersampling and the level of method repeatability, 
several months later a second 1 mg aliquot of the tryptic digest was subjected to SCX 
fractionation and analyzed by nanoLC-MS using identical experimental parameters 
(Figure 1D and supplementary table 4).  Although, the number of identifi cations in the 
second experiment was slightly poorer than in the fi rst the overlap between the fi rst 
and second experiment was over 40% for non-modifi ed peptides and around 32% for 
phosphopeptides (Figures 4A and 4C respectively).  

Furthermore, a direct comparison of these phosphopeptides with the phosphosite re-
moved resulted in a 39% overlap (Supplementary fi gure 4).  Previous reports sug-
gest the level of undersampling observed here, resulting in about a 40% overlap of 
datasets, are in line with expectations.51  These data with the trypsin replicate also 
unambiguously reveal that the enzymatic generation of peptides by trypsin, Lys-N or 
Lys-C results in signifi cantly different pools of experimentally detected peptides. This 
is highlighted by the fact that the overlap between the trypsin and Lys-N dataset was 
signifi cantly smaller compared to the overlap observed between the trypsin and trypsin 
replicate dataset. We found that only 8% of the non-modifi ed peptides and 7% of the 
phosphopeptides were overlapping between the trypsin and Lys-N experiment (Figure 
4B and D respectively) indicating the complementary nature of these datasets. This 
strongly suggests that each peptide pool possesses specifi c characteristics. 

Characterization of the identifi ed peptides
The substantial overlap observed in the replicate trypsin based study suggested 

that the poor overlap between the three enzymes cannot be fully explained by under-
sampling.  Therefore, we performed an analysis addressing the characteristics of the 
identifi ed phosphopeptides. First we examined, in the three experimental datasets, the 
distribution of peptide length (Supplementary fi gure 5), which revealed that all three 
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enzymes produce similar peptide length distributions.  The result was not surprising 
because the majority of the phosphopeptides in our experimental datasets contain just 

Figure 4. Undersampling and/or complementarity.

Venn diagrams comparing the overlap in detected peptides between Trypsin analytical rep-
licate experiments (A and C), and Trypin versus Lys-N experiment (B and D). The total 
number of unique peptides and their distribution in % are indicated in the diagrams. Peptide 
identifi cations from all SCX fractions were combined for each digest and a MASCOT cut-
off score, corresponding to an FDR of 1% was chosen for each SCX fraction. For the Tryp-
sin versus Lys-N comparisons, the terminal basic residue was removed from the peptide 
sequences in order to allow peptide sequences created by Lys-N cleavage to be compared to 
sequences generated by Trypsin. The two top diagrams compare peptide sequences obtained 
from two SCX analytical replicates of the same trypsin digest performed on a HEK293 ly-
sate. The two bottom diagrams compare peptide sequences from a Trypsin and Lys-N digest. 
(A and B) show the overlaps of non-modifi ed peptides and (C and D) displays overlapping 
phosphopeptides. Sequence modifi cations such as oxidation were removed from the peptide 
sequences but peptides still contain their phosphate localization. This comparison shows 
that the peptide overlap generated by two analytical replicates (32% for phosphopeptides 
and 43% for non-modifi ed peptides) is signifi cantly higher than the overlap between a Tryp-
sin and Lys-N digest (7% for phosphopeptides and 8% for non-modifi ed peptides).       
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one basic residue, which is the main parameter dictating peptide length when using 
these three enzymes. In addition, the relative amino acid composition for each of the 
three experimental phosphopeptide datasets was calculated (Supplementary fi gure 6). 
Strikingly, all three enzymes generated peptide populations with near identical amino 
acid composition i.e. between the three datasets there was no preference for certain 
amino acid combinations.  Evidently, lysine and arginine showed a prominence in the 
Lys-C/Lys-N and trypsin datasets, respectively.  However, a direct comparison of these 
datasets to the general amino acid composition for the IPI human database brought up 
some distinct enrichment in amino acid composition. The underrepresentation of hy-
drophobic amino acids such as leucine or isoleucine in our datasets could be due to the 
general diffi culty of identifying hydrophobic stretches in proteomics approaches. Ser-
ine and proline residues were found to be overrepresented in the experimental phos-
phopeptide pools most likely due to the most prominent kinases which have a proline 
as part of their consensus motifs.  As outlined before, the high frequency of proline in 
phosphopeptides could be in principle troublesome in SILAC experiments due to the 
in vitro conversion of arginine to proline leading to labeled prolines that may hamper 
quantitative analysis.52, 53  

We assessed the potential preference of certain kinase motifs in the three experimental 
phosphopeptide datasets using the Motif-X algorithm.54 Several motifs could be found 
in common between the Lys-C (Supplementary fi gure 7), Lys-N (Supplementary fi g-
ure 8) and trypsin (Supplementary fi gure 8) datasets. Although threonine specifi c mo-
tifs could be observed we focus here on the serine specifi c motifs as their numbers 
were more signifi cant. Comparing the Lys-N and trypsin datasets we also observed 
some distinct motif profi les (Figure 5).  

A striking feature in the Lys-N serine phosphorylated peptides was the higher pres-
ence of lysine residues in the motifs generated compared to the peptides in the trypsin 
sample.  The fi nding of distinct Lys-N motifs coupled to the analysis of the peptide 
amino acid composition indicates that the main difference between the Lys-N and tryp-
sin peptide pools is simply the prevalence of lysine residues in the latter. In the case of 
trypsin, the MS will undersample a peptide population consisting of lysine and argi-
nine containing peptides while in the case of Lys-N it will undersample solely lysine 
containing peptides.  This indicates that experiments focusing on proteins with proline 
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and lysine containing motifs such as CDK substrates, which are mainly involved in 

Figure 5. Prevalent sequence motifs in phosphopeptide 
datasets.

The Motif-X algorithm revealed more than ten specifi c Serine 
phosphorylation motifs in each of the Trypsin, Lys-C and Lys-
N datasets of phosphopeptides (see Supplementary fi gures 6 
to 8). Here a few of these motifs and their specifi c prevalence 
in the Lys-N and Trypsin datasets are represented. (A) and (B) 
show motifs that were  found in about equal prevalence in the 
phosphopeptide datasets from the Trypsin and Lys-N digest. In 
contrast to that, (C) and (D) display motifs rather unique to the 
Trypsin experiment while (E) and (F) show motifs uniquely ex-
tracted from the Lys-N experiment. The presence of each motif 
in the respective phosphopeptide dataset is given in % and the 
total number of peptides displaying the motif is shown in brack-
ets. The unique prevalence of the latter four motifs is illustrative 
for the complementarity of the Trypsin and Lys-N datasets. 
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(1859 peptides) 
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cell cycle regulation, could benefi t from using the Lys-N protease.  Furthermore, none 
of the Lys-N serine motifs contained an arginine residue, which were present in the 
trypsin dataset.  These motifs mainly belong to substrates of CKII and ATK-like ki-
nases which are known to have various roles in signal transduction and cancer. This 
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suggests that the choice of enzyme can have signifi cant effects on the analytical re-
sults, especially if one chooses a targeted phospho-proteomics approach.

Conclusion

We describe a refi ned low-pH SCX separation method that allows near complete en-
richment of phosphopeptides containing a single basic residue. In future studies this 
approach could be nicely complemented by additional enrichment techniques like 
TiO2 or IMAC to specifi cally enrich a phosphopeptide pool with multiple basic resi-
dues. Our method was explored on peptide digests generated by either Lys-N, Lys-C 
or trypsin.  Combining the data from the experiments with the three different enzymes 
leads to a more comprehensive picture revealing that the enzymes are signifi cantly 
complementary. However, the major contribution of unique identifi cations is supplied 
by trypsin and Lys-N where 4572 phosphopeptides were gained with approximately 
650 μg of cell lysate material. Lys-C contribution was thus only minor for the phospho-
peptide analysis, although this dataset enabled the identifi cation of many N-acetylated 
peptides. In-depth analysis of the phosphopeptide datasets generated by each enzyme 
indicated that Lys-N allows observation of lysine containing phosphopeptides, which 
are more poorly represented in a tryptic peptide dataset because of the presence of ar-
ginine containing phosphopeptides and MS undersampling.  The bias caused by Lys-N 
leads to the observation of certain phosphorylation motifs, which could be potentially 
exploited in targeted kinase substrate strategies.   Ultimately, next to showing the ben-
efi t of a multi-enzyme approach, we present a simple 2-D LC method for exploring 
phosphoproteomes without the need for multiple enrichment steps.   
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Abstract

N-terminal processing of proteins is a process affecting a large part of the eukaryotic 
proteome. Although N-terminal processing is an essential process, not many large in-
ventories are available, in particular not for human proteins. Here we show that by us-
ing dedicated mass spectrometry based proteomics techniques it is possible to unravel 
N-terminal processing in a semi-comprehensive way. Our multi protease approach 
leads to the identifi cation of 1391 acetylated human protein N-termini in HEK293 
cells and revealed that the role of the penultimate position on the cleavage effi ciency 
by the methionine aminopeptidases is essentially conserved from E. coli to human. 
Sequence analysis and comparisons of amino acid frequencies in the datasets of ex-
perimentally derived N-acetylated peptides from D. melanogaster, S. cerevisiae and 
H. salinarum showed an exceptionally higher frequency of alanine residues at the 
penultimate position of human proteins, whereas the penultimate position in S. cerevi-
siae and H. salinarum is predominantly a serine. Genome wide comparisons revealed 
that this effect is not related to protein N-terminal processing but can be traced back to 
characteristics of the genome.
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Introduction

Protein Nα-terminal acetylation (i.e. N-acetylation), in which an acetyl group is trans-
ferred from acetyl-coenzyme A to the α-amino group of the N-terminal residue of a 
protein, is one of the most common covalent modifi cations of proteins. This modifi -
cation can occur on the ultimate methionine residue, which forms the main target of 
acetylation, or after the cleavage of the N-terminal methionine residue. Together, these 
modifi cations occur on the vast majority of eukaryotic proteins 1, 2. For mammalian 
systems it has been suggested that up to 90% of the proteins can be N-acetylated 3, 4. 
Cleavage of N-terminal methionine residues and N-acetylation occurs co-translation-
ally on nascent polypeptide chains, as they leave the ribosome. Protein N-terminal 
methionine excision is performed by the ubiquitous, essential methionine aminopep-
tidase (MetAP) enzymes. The ability of these enzymes to cleave a methionine residue 
is dependent on the penultimate residue according to experiment evidence and predic-
tions based on both in vivo and in vitro data 2, 5. In general, methionine residues are 
removed more effi ciently if the penultimate residue has a small radius of gyration (i.e. 
a small side chain). The preferred residues can be approximately placed in the order of 
glycine, alanine, serine, cysteine, threonine, proline, and valine 3. 

Nearly all N-acetylations are accomplished by N-terminal acetyltransferase (NAT) 
complexes, of which some are known to associate with the ribosome complexes 6. 
Attempts have been made to predict the likelihood of N-terminal acetylation based on 
the properties of the N-terminal amino acid residue, but such methods are still largely 
ineffective 7-10. Most of the current insights into sequence specifi city for N-acetylation 
comes from studies using yeast strains in which specifi c NAT genes were deleted. In 
these studies the substrate specifi cities for the yeast acetyl transferases (Ard1p, Nat3p 
and Mak3p) were deduced from the lack of acetylation of protein subsets in the differ-
ent yeast knock-out strains. The corresponding substrate proteins were classifi ed as ei-
ther NatA (Ard1p), NatB (Nat3p) or NatC (Mak3p) substrates. Proteins with Ser, Ala, 
Gly, Thr, Cys and Val N-termini are most likely substrates of NatA, proteins with Met-
Glu or Met-Asp termini and subclasses of proteins with Met-Asn and Met-Met termini 
are potential substrates of NatB. Subclasses of proteins with Met-Ile, Met-Leu, Met-
Trp or Met-Phe termini are considered putative NatC substrates. However, despite a 
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substantial amount of data, in most cases, the effi ciency of N-acetylation on a given 
protein cannot be accurately predicted solely from its primary amino acid sequence 10. 

NatA is the acetyl transferase responsible for most of the protein acetylation observed 
in yeast. Based on the existence of homologous N-acetylases in many eukaryotic or-
ganisms (worms, fl ies, plants up to human) it has been suggested that yeast and more 
complex eukaryotic systems have a similar set of machinery for N-terminal acetylation 
3, 4. However, it cannot be excluded that unrecognized NATs may exists since there are 
proteins with unusual and rare N-terminal sequences that are not substrates for the 
known transferases. For example, the acetylation of Cys-Asp actin in yeast is not, as 
expected, a NatA substrate 3. The situation for human cells is most likely even more 
incomplete. For instance, the human genome encodes 2 orthologues for both Ard1p 
(hArd1p and hArd2p) and Nat1p (hNat1p and hNat2p), the two components of the 
yeast NatA complex. It was recently shown that hArd2p had acetyltransferase activity, 
but the expression levels of hARD2 (and hNat2) appear to be quite low in most tissues 
and therefore the exact contribution of these proteins to N-acetylation remains unclear. 
Recent large-scale proteomics studies on a yeast strain expressing the human NatA 
demonstrated that hNatA acts on almost the same set of (yeast) proteins as yNatA, 
indicating that NatA complexes of humans and yeast have nearly identical specifi cities 
11. Nevertheless, only a part (57%) of all protein substrates in yeast were N-acetylated, 
whereas almost all (84%) protein substrates in HeLa cells are N-acetylated. 

The large-scale experimental identifi cation of N-acetylated protein termini is still 
somewhat in its infancy, although it has seen a rapid growth in the last decade corre-
sponding to the development of high-throughput proteomics methods. Several groups 
have applied 2D gel electrophoresis to identify N-acetylated proteins since they show 
markedly different electrophoretic behavior compared to their non-acetylated form 9, 

12. More recently, peptide-centric approaches have been introduced for the analysis 
of protein N-terminal peptides. In a typical peptide-centric experiment proteins are 
fi rst digested by the protease trypsin, separated based on their biophysical properties 
(e.g. charge or hydrophobicity) and identifi ed using tandem mass spectrometry. Since 
trypsin cleaves proteins adjacent to basic amino acids the resulting peptides sequester 
typically two charges (one at their N-terminus and one at the C-terminal basic residue). 
N-acetylated peptides, originating from the original protein N-terminus, do not have 
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such a free amine group at the N-terminus, and therefore generally acquire one charge 
less. This biophysical feature can be exploited in strong cation exchange chromatog-
raphy, which can separate peptides according to their charge. Several studies have 
already shown that SCX, when performed at acidic pH, can be used to more or less 
enrich for N-acetylated peptides 13, 14.

Another successful method that has been used to map N-acetylated protein termini is 
the so-called combined fractional diagonal chromatography (COFRADIC) technology 
15-18. Diagonal peptide chromatography consists of two consecutive, identical peptide 
separations that contain an enzymatic reaction or chemical labeling step in between 
that alter the chromatographic properties of only a subset of the peptides. Such altered 
peptides can therefore be distinguished  from non-altered peptides in a series of sec-
ondary peptide separation steps. Gevaert et al. introduced and exploited this procedure 
for the sorting of protein N-terminal peptides in protease degradome and xenopro-
teome studies 16. Recently, a more refi ned COFRADIC technique was described which 
combined SCX separation with an enzymatic step liberating pyroglutamyl peptides 
for 2,4,6-trinitrobenzenesulphonic acid (TNBS) modifi cation to allow COFRADIC 
sorting18. Using this procedure close to 95% of all COFRADIC-sorted peptides were 
found to α-acetylated. As a recent example, Arnesen et al. reported on the use of CO-
FRADIC to isolate N-terminal peptides and characterize the N-terminal acetylation 
of 742 proteins from human HeLa cells and 379 protein from yeast. 11 Aivaliotis et al. 
charted the N-acetylated terminal proteome from the two prokaryotes H. salinarum 
and Natronomonas pharaonis, combining data from COFRADIC and SCX based ap-
proaches, which led to about 600 and 300 N-terminal peptides of the two organisms, 
respectively. 19 Their data revealed that, perhaps surprisingly, in archaea approximately 
60% of the proteins undergo methionine cleavage and 13-18% of the proteins become 
Nα-acetylated. Most recently, Goetze et al. 20 revealed, by combining data of SCX, 
COFRADIC and multiple MUDPIT experiments, a fi rst glimpse of the N-terminal 
proteome in D. melanogaster Kc167 cells reporting 900 in vivo acetylated N-terminal 
peptides.

Recently, we refi ned a SCX based peptide separation method to achieve higher resolu-
tion in the separation of the singly charged peptides. 21 We showed that using this SCX 
approach we could base-line resolve and thus separate singly charged N-acetylated 
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peptides from singly charged phosphorylated peptides. In previous reports these latter 
two peptide categories were found to largely co-elute, hampering their targeted analy-
sis signifi cantly 22, 23.  Here, we exploit this improved separation power in a targeted 
analysis of N-acetylated peptide termini from human HEK293 cells. Additionally, we 
take advantage of the complementarity of the proteases Lys-N, Lys-C, and trypsin to 
identify a total of 1391 non-redundant acetylated protein N-termini with a false dis-
covery rate of <1% from approx. 1 mg of protein, the largest dataset of human acetylat-
ed protein N-termini to date. We analyzed the presence of consensus sequence motifs 
in the experimentally observed peptides, and observed several remarkable sequence 
features, especially in the putative hNatA substrates. Additionally, we compared our 
data with other reported datasets on acetylated protein N-termini from D. melanogas-
ter Kc167 cells, S. cerevisiae, H. salinarum and human HeLa cells 11, revealing similar 
characteristics but also striking differences between N-terminally acetylated proteins 
from different organisms. Most notably our data reveals that the cleavage effi ciency 
by methionine aminopeptidases is conserved from E. coli to human. However, human 
N-acetylated peptides showed an exceptionally higher frequency of alanine residues at 
the penultimate position, whereas the penultimate position is predominantly a serine 
in S. cerevisiae and H. salinarum. Genome wide comparisons revealed that this ef-
fect is not related to protein N-terminal processing but can be traced back to genome 
characteristics.

Materials and methods

Ammonium bicarbonate, sodium phosphate, potassium fl uoride, potassium chloride, 
sodium orthovanadate, acetic acid and formic acid were purchased from Sigma (Zwi-
jndrecht, The Netherlands).  The proteolytic enzymes trypsin and Lys-C were obtained 
from Roche Diagnostics (Ingelheim, Germany) and Lys-N from Seikagaku Corp. (To-
kyo, Japan).  Aqua C18, 5 μm, 200 Å resin and ReproSil-Pur C18-AQ, 3 μm 120 Å 
resin were purchased from Phenomenex (Torrance, CA, USA)and Dr. Maisch GmbH 
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(Ammerbuch, Germany) respectively. Fused silica capillaries (50 & 100 μm ID, 375 
OD) were obtained from Bester (Amstelveen, The Netherlands) and the PolySULFOE-
THYL column 200 x 2.1 mm (pore diameter of 200 Å) was purchased from PolyLC 
Inc.(Columbia, USA).  Opti-Lynx C18 cartridges from Optimize Technologies (Or-
egon City, USA) were used for online trapping and desalting of peptides.  The HPLC 
grade acetonitrile was purchased from Biosolve (Valkenswaard, The Netherlands) and 
potassium silicate (KASIL 1624) from PQ Europa (Winschoten, The Netherlands).

Preparation of the HEK 293 lysate
HEK 293 cells were grown in plates until confl uence as previously described 21.  

The cells were harvested by abrasion, and lysed by resuspension in lysis buffer (50 
mM ammonium bicarbonate pH 8, 8 M urea, EDTA free protease inhibitor cocktail, 
1mM potassium fl uoride, 1 mM sodium orthovanadate, 5 mM potassium phosphate). 
The lysate was vortexed and incubated on ice for 20 minutes. Any remaining cells 
and debris were removed by centrifugation at 1000 x g for 10 minutes at 4 °C.  The 
fi nal protein concentration of the sample was determined using the 2DQuant Kit (GE 
Healthcare, Diegem, Belgium).

Proteolytic cleavage
Four 1 mg aliquots of the HEK293 lysate were resuspended in 8 M urea/50 mM 

NH4HCO3 pH 8 and reduced and alkylated with 45 mM DTT (50 °C, 15 minutes) and 
100 mM Iodoacetamide (dark, RT, 15 minutes). Two aliquots were diluted to 2 M 
urea/50 mM NH4HCO3 urea and digested with trypsin (1:50 w/w) overnight at 37°C, 
followed by dilution to 1M urea/50 mM NH4HCO3 and an additional digestion with 
trypsin (1:50 w/w) for 4 hours. The other two aliquots were independently digested 
with Lys-N (1:85 w/w) or Lys-C (1:50 w/w) overnight at 37°C, diluted to 1M urea/50 
mM NH4HCO3 and a second digestion for 4 hours was performed with either Lys-N 
(1:85 w/w) or Lys-C (1:50 w/w) 24. All digests were desalted using Sep-Pak 50 mg C18 
cartridges (Waters Corporation, Massachusetts) and reconstituted in 10% formic acid 
(FA) for further analysis 21.
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Strong cation exchange
Each of the peptide mixtures was loaded onto two C18 Opti-Lynx cartridges, us-

ing an Agilent 1100 HPLC system, at a fl ow rate of 100 μl/min in 0.05% FA, essen-
tially as described previously 21, 25.   Elution from the trapping cartridges was achieved 
using 80% acetonitrile / 0.05% FA and loaded onto a PolySULFOETHYL A column 
200 x 2.1 mm (PolyLC inc.) for 10 minutes at the same fl ow rate. The different peptide 
populations were separated using a non-linear 65 minute gradient at 200 μl/minute 
of solvent A (5 mM KH2PO4, 30% Acetonitrile, 0.05% FA) and solvent B (5 mM 
KH2PO4, 30% acetonitrile , 0.05% FA, 350 mM KCl). From 0 to 10 minutes isocratic 
fl ow of 100% solvent A  was performed, from 10 to 15 minutes a linear gradient up to 
26% solvent B, from  15 to 40 minutes a linear gradient to 35% solvent B from 40 to 45 
minutes a linear gradient to 60% solvent reaching 100% solvent B at 49 minutes. The 
column was then washed for 6 minutes with 100% solvent B and fi nally equilibrated 
with 100% solvent A for 9 minutes.  Fractions were collected at one minute intervals 
for 40 minutes, dried and re-suspended in 60 μl 10% formic acid.  Twenty microlitres 
of each fraction was used for further analysis.

Mass spectrometry
The nano LC-MS/MS analysis was performed using an LTQ-Orbitrap (Ther-

mo, San Jose, CA) and an Agilent 1200 series LC system equipped with a 20 mm 
Aqua C18 trapping column (packed in-house, i.d., 100 μm; resin, 5 μm) and a 400 mm 
ReproSil-Pur C18-AQ  analytical column (packed in-house, i.d., 50 μm; resin, 3 μm). 
Trapping was performed at 5 μL/min for 10 min in solvent A (0.1M acetic acid in wa-
ter), and elution was achieved with a linear gradient of 10−35% B (0.1M acetic acid in 
80/20 acetonitrile/water) for 90 minutes with a total analysis time of 120 minutes. The 
fl ow rate was passively split to 100 nL/min during the gradient analysis. Nanospray 
was achieved using a distally coated fused silica emitter (New Objective, Cambridge, 
MA) (o.d., 360 μm; i.d., 20 μm, tip i.d. 10 μm) biased to 1.7 kV. A 33MΩ resistor was 
introduced between the high voltage supply and the electrospray needle to reduce the 
ion current.

The LTQ-Orbitrap mass spectrometer was operated in data-dependent mode, automat-
ically switching between MS and MS/MS. Full scan MS spectra (300-1500 m/z) were 
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acquired with a resolution of 60,000 at 400 m/z and accumulation to a target value of 
500,000. The fi ve most intense peaks above a threshold of 500 were selected for col-
lision induced dissociation in the linear ion trap at normalized collision energy of 35 
after accumulation to a target value of 30,000.  

Data analysis
All MS/MS spectra for each SCX fraction were converted to DTA fi les using 

Bioworks 3.3.1 (Thermo, San Jose) with default settings, combined in a single fi le 
and searched using the Mascot search engine (Matrix Science, London, UK, Version 
2.2.01) against a concatenated SwissProt human database containing an equivalent 
size decoy protein set (version 56.2, 40656 sequences; 22416002 residues) with cys-
teine carbamidomethylation as a fi xed modifi cation. Methionine oxidation, peptide 
N-terminal acetylation and phosphorylation were chosen as variable modifi cations.  A 
peptide mass tolerance of 10 ppm and fragment mass tolerance of 0.6 Da were select-
ed. Trypsin, Lys-N and Lys-C were chosen appropriately as the proteolytic enzymes, 
allowing one missed cleavage. Additionally, database searches selecting semi-trypsin, 
semi-Lys-N and semi-Lys-C as the proteolytic enzyme were performed. SCX fractions 
known to be enriched for N-terminally acetylated peptides were searched and pro-
cessed separately from the other SCX fractions. For this targeted analysis, we excluded 
missed cleavages for fractions containing peptides with no or one basic residue and 
allowed one missed cleavage for fractions containing N-terminally acetylated peptides 
with two basic residues. The remaining SCX fractions, which were not particularly 
enriched for N-terminally acetylated peptides, were searched with one missed cleav-
age. A mascot cut-off score corresponding to an FDR of less than 1%, according to the 
number of decoy identifi cations, was selected and applied as threshold for each of the 
search approaches (regular enzyme search, semi-enzyme search targeting the fractions 
rich in N-terminally acetylated peptides and the non-targeted semi-enzyme search). 
This resulted in a minimum MASCOT score of 32 for peptides from trypsin or Lys-C 
generated peptides and a minimum score of 28 for Lys-N peptides. All mass spectrom-
etry data was loaded into Scaffold v.2 (Proteome Software, Portland, USA) and can be 
retrieved through the Tranche repository using the following weblink: https://proteo-
mecommons.org/tranche/data-downloader.jsp?fi leName=UVN8tcfpHyBzWDY4QL1
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nsqePFioGA58KgsNA50wGDttFe1gvnyTvMyjQmQpY1bLtHaIS1UXGpfPAlEVpw
7Wy8t5fcDsAAAAAAAAFPQ%3D%3D ; passphrase: hek293acetylation. 

Finally, all identifi cations were combined and redundancies eliminated from the data-
sets (peptides that identifi ed the same protein N-terminus were considered redundant). 
Amino acid frequency analysis of N-terminal peptide sequences were calculated using 
Weblogo (weblogo.berkeley.edu).

Statistical analysis of amino acid frequencies of protein N-termini
To determine amino acid frequency distributions from full proteins and protein 

N-termini, the SwissProt v56.2 fasta database containing protein sequences for a large 
variety of species was taken from the EBI/SIB repository. This fasta database was then 
fi ltered to obtain protein sets of selected species only, namely H. sapiens, D. melano-
gaster, S. cerevisiae and H. salinarum, for which experimental data on N-acetylated 
termini is available. Only protein entries that start with an N-terminal methionine (i.e. 
more than 90% of the entries) were used for this analysis. Each protein set was sub-
sequently parsed into four subsets to obtain; i. the penultimate amino acids following 
the N-terminal methionine (i.e. the X in MX); ii. amino acid 3 to 7 (i.e. the Ys in 
MXYYYYY) from the N-terminus; iii. amino acid 3 to 30 from the N-terminus and 
iv. the full length proteins. All redundant peptides and proteins were removed from 
these datasets. For each subsets the amino acid frequency was calculated. The fol-
lowing species were analyzed, with the number of unique (non redundant) entries in 
the SwissProt v56.2 fasta database given in parenthesis; Homo sapiens (n=18821), D. 
melanogaster (n=2789), S. cerevisiae (n=6551) and H. salinarum (n=443). 
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Results

Low pH SCX has been proven to enrich for N-acetylated peptides from a pool of 
‘regular’ tryptic peptides exploiting the fact that N-acetylated peptides have one less 
positive charge in solution due to the blocked N-terminus 13, 26-28. However, also phos-
phopeptides and most peptides derived from the C-terminus of proteins have a single 
charge. Consequently, a mixture of these three types of peptides is often obtained, ham-
pering an analysis that is focused solely on one of three peptide types. This is refl ected 
by the common strategy in large scale phosphoproteomics which utilize additional 
enrichment steps such as IMAC and/or TiO2 

13, 29-31. These strategies often discard the 
pools of N-acetylated and C-terminal peptides. Recently, we demonstrated that SCX 
can resolve these peptide populations with identical nominal net charges, allowing a 
clear separation of phosphopeptides from N-acetylated peptides 21, 24 .  Although we 
initially demonstrated this resolving power for peptides created by the Lys-N protease 
25, similar results could be obtained with either trypsin or Lys-C 21. Considering the 
data we acquired for phosphopeptides we set out to investigate here the possibility that 
these three proteases could provide access to different pools of N-acetylated peptides. 
Figure 1 provides a schematic overview of the experimental design. After digesting 1 
mg of human HEK293 cell lysate with either trypsin (two aliquots), Lys-N or Lys-C, 
we performed SCX fractionation. Subsequently, one third of each fraction was sub-
jected to nano RP-LC-MS/MS. All resulting MS/MS spectra were searched against all 
human proteins in the Swissprot database.  Furthermore, additional searches were per-
formed taking into account the possibility of the activity of other enzymes (described 
in materials and methods). The general performance of the SCX separation for dif-
ferent classes of peptides has been described earlier 21, 25 and is summarized in Figure 
2. As expected, the bulk of the “normal” doubly charged peptides eluted in the later 
SCX fractions, starting around fraction 25 (Figure 2, bottom graph). Phosphorylated 
peptides were found to be clustered in two distinct regions. Doubly phosphorylated 
peptides were found between fraction 5 and 9 and singly phosphorylated peptides were 
present in fraction 15 till 24 (Figure 2, bottom graph). The N-acetylated peptides were 
observed in three separate populations (Figure 2, top graph and Figure 3). To start with, 
N-acetylated peptides were present in the very fi rst fractions of the SCX run, primar-
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sine residues. Although some variation is observed between the two trypsin replicates, 
their overall appearance is very similar, showing the reproducibility of the SCX sepa-
ration (Figure 3). This is also illustrated by the number of non-redundant N-acetylated 
protein termini identifi ed in each independent SCX analysis, which was quite similar 
(between 600 and 700). For instance, the analysis of the fi rst tryptic digest lead to the 
identifi cation of 666 non-redundant in vivo N-acetylated peptides with an FDR below 

Figure 1. Scheme of the experimental ap-
proach for the analysis of N-acetylated 
protein N-termini in human HEK293 
cells. 

Four individual sets of peptides, generated by 
trypsin (twice), Lys-C and Lys-N, each originat-
ing from 1 mg of HEK293 lysate were subjected 
to SCX separation, LC-MS/MS, and database 
searches.

HEK293 lysate

PEPTIDEKKPEPTIDE

Lys-N 

PEPTIDEK
PEPTIDER

1 mg    2 x 1 mg 1 mg

Lys-C trypsin 

 1 mg  1 mg 1 mg

300μg 300μg300μg

 1 mg

300μg

nano LC-LTQ-ORBITRAP

Strong Cation Exchange

DATABASE SEARCH

ily originating from Lys-N generated 
N-acetylated peptides that do not con-
tain any basic residue. These peptides 
bind weakly to the SCX column due 
to their ability to coordinate protons 
via the peptide backbone. N-acetylat-
ed peptides that contain a single basic 
residue are clustered in SCX fractions 
8-14, and the last distinct population of 
N-acetylated peptides eluted in SCX 
fractions 24-28, originating from N-
acetylated peptides that contain two 
basic residues. 

This last population, which has a net 
charge of 2+, co-elutes with the huge 
population of “normal” doubly charged 
peptides. However, both other clusters 
elute largely separated from any other 
class of peptides. The three clusters ob-
served for N-acetylated peptides, seem 
to be independent of the protease used 
(see Figure 2, top graph and Figure 
3). It is however apparent that Lys-N 
generates the most “zero-charged” N-
acetylated peptides due to the fact that 
it cleaves on the N-terminal side of ly-
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1%. A list of the assigned N-acetylated peptides, the proteins they originate from, and 
additional details are provided for the experiments with trypsin (n=666), the trypsin 
replicate (n=618), Lys-C (n=577) and Lys-N (n=701) in Supplementary Tables 1, 2, 3 
and 4, respectively. It should be noted that these lists were fi ltered for redundancies, 
meaning that when multiple N-acetylated peptides were detected for the same pro-
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Figure 2. Schematic of the SCX fraction-
ation of different classes of proteolytic 
peptides. 

The bottom graph displays the observed elution 
patterns of unmodifi ed doubly charged peptides, 
typically very abundant in (tryptic) digests in 
grey, whereas the elution of doubly and singly 
phosphorylated peptides is displayed in light 
blue. In the top diagram the experimental derived 
elution profi les of the number of N-acetylated 
peptides is displayed, in a cumulative manner for 
the four experiments using trypsin, Lys-C and 
Lys-N. Characteristic patterns are observed for 
N-acetylated peptides containing 0, 1 or 2 basic 
residues, whereby the fi rst two categories can be 
nearly baseline resolved from the other classes 
of peptides.

tein terminus (due to miss-cleavages 
or additional modifi cations), only the 
most confi dently identifi ed (i.e. the 
highest scoring) peptide was included 
in the list.

Next we evaluated the redundancy, 
reproducibility and complementar-
ity of the multi-enzyme approach, 
with the additional aim to generate 
an overall non-redundant data set of 
in vivo N-acetylated protein termini 
of human HEK293 cells. Initially, un-
dersampling and SCX reproducibility 
was evaluated by comparing the over-
lap of trypsin replicate experiments 
(Figure 4). 

A total of 422 N-acetylated peptides 
were detected in both experiments, 
implying a 49% overlap. To assess the 
complementarity between the trypsin-
based experiments and the Lys-C and 
Lys-N experiments, all non redundant 
N-terminally acetylated sequences 
were compared based on protein ac-
cession and starting position. The 
overlap between the N-acetylated 
peptides identifi ed with trypsin com-
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pared to either Lys-C or Lys-N was somewhat lower (about 30%) when compared 
to the trypsin replicate experiments (Figure 4). The lower level of overlap suggests 
a signifi cant degree of complementarity, nevertheless, the substantial overlap allows 
a large portion of N-acetylated protein termini to be validated. Whenever a particu-
lar N-acetylated termini peptide was observed multiple times (in any one of the four 

Figure 3. Overview of the number of non-redundant N-acetylated pep-
tides observed per SCX fraction. 

The graphs display the observed elution patterns of N-acetylated peptides for the 
four experiments (trypsin (twice), Lys-C and Lys-N). Although there is some varia-
tion, they all possess similar elution patterns and number of identifi ed N-acetylated 
peptides. Shown in black are the number of peptides originating from N-termini pre-
dicted by the annotated genome (starting at either position 1 or 2 in the protein), 
whereas displayed in gray are peptides with a start residue at a different position in 
the proteins.
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digest experiments) only the most confi dent peptide identifi cation was kept for the 
non-redundant list. Combining data from all four experiments (a redundant list of 2562 
N-terminally acetylated peptides) and fi ltering lead to the experimental identifi cation 
of a total of 1391 non-redundant in vivo N-acetylated protein termini listed in Supple-
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mentary Table 5. These results provide currently the most extensive dataset of human 
in vivo N-acetylated protein termini.

Discussion

In this work we used SCX chromatography to chart the N-acetylated protein termini 
present in the proteome of human HEK293 cells. Although SCX has been used before 
for a targeted analysis of N-acetylated terminal peptides originating from protein ter-
mini 11, 14, 19, we were able to achieve nearly baseline separation of phosphopeptides 
from N-acetylated peptides, improving the targeted analysis of both sub-classes. By 
using this two dimensional approach we were able to identify over 600 N-acetylated 
peptides from a tryptic digest of approx. 300 μg of human HEK293 cells.  We imple-

196422244

Trypsin 1 Trypsin 2

(28 %) (49 %) (23 %) 
319258408

Trypsin 1 Lys-C

(41 %) (26 %) (32 %) 
381320346

Trypsin 1 Lys-N

(33 %) (31 %) (36 %) 

 in total 2562 N-acetylated peptides  
FDR < 1%

1391 non-redundant N-terminally acetylated peptides

Figure 4. Redundancy, reproducibility and complementarity of the multi-
enzyme approach and non-redundant data set of in vivo N-acetylated pro-
tein termini in human HEK293 cells. 

Each of the Venn-diagrams displays the overlap in identifi ed acetylated protein N-termi-
ni between a single trypsin dataset and each of the other datasets. As expected, the over-
lap in between the trypsin replicates is larger than between trypsin and Lys-C or Lys-N. 
After fi ltering for redundant protein N-termini, we obtained experimental identifi cation 
of a total of 1391 in vivo N-acetylated protein termini.
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mented a multi-enzyme approach 32, 33 in order to cover a larger section of the N-ter-
minal proteome using trypsin, Lys-C and, a relative new player in the fi eld, Lys-N 24, 

25. Each of these experiments performed quite similarly when evaluated by the number 
of non-redundant N-acetylated peptides identifi ed (i.e. 600-700 per experiment). After 
removing overlap, we exposed 1391 unique non-redundant N-acetylated protein N-
termini. 

The N-acetylated N-terminal proteome of human cells
The here reported dataset of unique non-redundant N-acetylated human protein 

N-termini is the largest reported to date. Previous work by Polevoda and Sherman 3 
listed over 450 yeast N-acetylated proteins and 300 N-acetylated mammalian proteins. 
Frottin et al. 5 gathered a dataset from literature consisting of 832 protein N-termini in 
E. coli and Aivaliotis et al. 19 identifi ed close to 600 N-termini in the archaeum H. sa-
linarum. Arnesen et al. 11 applied COFRADIC in combination with SCX to isolate N-
terminal peptides and thus determined the N-termini of 742 human HeLa cells and 379 
S. cerevisiae protein N termini.  Of these reported N-termini 632 and 241 were identi-
fi ed as in vivo N-acetylated peptides. The remainder were unmodifi ed N-termini that 
were in vitro acetylated to allow isolation and identifi cation18. Most recently, Goetze et 
al. 20 described, by combining data of SCX, COFRADIC and multiple MUDPIT ex-
periments, slightly over 900 in vivo acetylated N-terminal peptides in D. melanogaster 
Kc167 cells 20. Arnesen et al. 11 applied a similar methodological strategy on a human 
cell line (i.e. HeLa) to generate their data, providing an ideal reference for evaluation 
and comparison with our data set. Initially, we evaluated the overlap between the set of 
in vivo N-acetylated peptides reported by Arnesen et al. 11 in HeLa cells, and our datas-
et which is derived from HEK293 cells (Figure 5A). Of the 1391 N-acetylated peptides 
detected in our study, 299 were also reported by Arnesen et al., whereas they identifi ed 
333 in vivo N-acetylated peptides not present in our dataset. Similar small overlaps 
were observed when we compared our data set with the smaller data set obtained in our 
laboratory by Dormeyer et al. 14, extracted from a crude membrane fraction of human 
embryonic carcinoma cells (Figure 5A). We note that all these studies have been based 
on using transformed human cell lines, and therefore, may potentially not accurately 
represent the N-terminal proteome of primary human cells or specifi c human tissue. 
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Still, the relative small overlaps observed are likely due to differences in the (sub)
proteome of these different cell lines, “undersampling” of the full proteome and the 
different methods used to enrich for N-acetylated peptides. Combining the results of 
these three studies provides a list of 1861 non-redundant acetylated N-terminal pep-
tides (Supplementary Table 6). 

2

15
76
3

A C D

E F G

I L M

N P Q

R S T

V Y

8

1
14

74

Halobacterium salinarum (n=88)

41

10153
8

115
20

19

Saccharomyces cerevisiae (n=267)

210

6
16355

259
49 14

Drosophila melanogaster (n=909)

647

7
8
16

1
295

328

248

56

11 2

Homo sapiens ; HEK293 (n=1391)

282

1111

196

109
24

7
Homo sapiens ; HeLa (n=632)

299
1033

Homo sapiens ; HEK293

unique acetylated N-termini
(total 1861 non redundant) 

(56 %) 299

317
(17 %) 

267
(14 %)

(2 %)

   16
 (1 %)

  59 
(3 %)137

Homo sapiens ; human teratocarcinoma Nt2/d1

Homo sapiens ; HeLa

A B

C

 0
10
20
30
40
50
60
70
80
90
100

A S M G T P R Y I V Q N L F E D C

M
et

hi
on

in
e 

cl
ea

va
ge

 (%
)

Penultimate amino acid residue

(7%)

  32 

Figure 5. Characteristics of the experimentally measured N-terminal proteome. 

(A) Three-way comparison of N-acetylated peptides identifi ed by studies performed on hu-
man teratocarcinoma Nt2/d1 cells 14, HeLa cells 11 and HEK293 cells (this data) revealing an 
small overlap of 14% between the HeLa and HEK293 study. Combining the results of these 
three studies provides a list of 1861 non-redundant acetylated N-terminal peptides (Supple-
mentary Table 6).  (B) Frequency distribution of acetylated N-terminal amino acid residues. 
Results are summarized for data on HEK293 cells (this work), HeLa cells 11, D. melanogaster 
20, H. salinarum 19 and S. cerevisiae 11. The data on the two human cell lines are very similar. 
N-terminal acetylation on serine residues is much observed in organisms such as H. salina-
rum and S. cerevisiae while acetylation on alanine is more abundant in human HEK293 and 
HeLa cells. (C) Bar chart illustrating the effect of the penultimate amino acid residue on the 
effi ciency of methionine cleavage. If, for example, an alanine is in the second position, the 
N-terminal methionine is cleaved off in nearly 100% of the cases, however, when a valine is 
in this position only 50% of the N-terminal peptides undergo methionine cleavage.
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Furthermore, we evaluated the nature of the experimentally observed ultimate N-ter-
minal residue of the acetylated protein termini (Figure 5B). We found that this residue 
was an alanine residue in almost half of the detected protein N-termini (47%), with 
additional abundant residues being methionine (24 %), serine (18%), threonine (4 %) 
and glycine (2 %). The severe dominance of the alanine residue is quite apparent but 
is also present in the dataset of Arnesen et al. 11  from human HeLa cells (n=632) , in 
which the most abundant N-terminal residues are alanine (45 %), methionine (31 %) 
and serine (17%). However, in contrast to this observation,  a very different occur-
rence of primary residues is observed in S. cerevisiae and H. salinarum, with serine 
being the most prominent N-terminal residue (43% and 84%, respectively), followed 
by methionine (20% and 5%, respectively) and alanine (15% and 9%, respectively).  
Although the S. cerevisiae and H. salinarum datasets are smaller (n= 267 and n = 88, 
respectively) than the human datasets, our analysis suggests that these differences are 
signifi cant. Finally, the experimental data available for D. melanogaster reveals an 
acetylated N-terminal proteome state, somewhat in between human and S. cerevisiae 
with the most abundant N-terminal residues being methionine (39 %), serine (29%) 
and alanine (23%). Further on, we will discuss whether this behavior is related to spe-
cifi c N-terminal processing or characteristics of the whole genome.

Effi ciency of Methionine processing

Our data also provides a resource for the qualitative assessment of the in vivo 
probability/effi ciency of N-terminal methionine cleavage in the human proteome. 
Although, we do not have, in contrast to the COFRADIC experiments, data on the 
concomitant non-acetylated peptide counterparts, our data allow us to qualitatively 
assess the methionine cleavage effi ciency, by comparing the number of observed N-
acetylated peptides with a specifi c N-terminal amino acid residue with the number 
of peptides that have that same amino acid in the penultimate position, next to an 
acetylated methionine. Hereby, we assume that the acetylation effi ciency of Ala and 
Met-Ala are in vivo similar. For instance, we detected 651 peptides N-acetylated at an 
alanine residue, but only 4 N-acetylated peptides starting with Met-Ala, indicating that 
more than 99% of the observed proteins that have an alanine residue in the penultimate 
position have their methionine readily cleaved in human cells. In contrast, we detected 
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11 N-acetylated peptides starting with valine, and 13 peptides initiated by Met-Val, 
indicating lower methionine cleavage effi ciency (46%). This fi nding could be further 
substantiated by the fact that 4 of the 13 N-acetylated Met-Val peptides were also iden-
tifi ed in a form that lacked the methionine and were instead acetylated on the valine 
residue. Figure 5C summarizes the qualitative effi ciency of methionine cleavage for all 
penultimate amino acid residues based on our experimental dataset. Considering only 
penultimate residues for which we detected at least 10 peptides the cleavage probabil-
ity was found highest for alanine (99%, 90%) and serine (99%, 84%), followed by gly-
cine (90%, 97%), threonine (90%, 90%), valine (46%, 84%), glutamine (40%), aspara-
gine (30%, 16%), leucine (17%, 16%), glutamic acid (10%) and aspartic acid (10%, 
16%). With a few exceptions, our values agree very well with those (given in italic) 
compiled by Frottin et al. 5, which were based on data for 862 E. coli proteins and/or on 
in vitro peptide assays and also agree with the values extracted from the work of Sher-
man et al. 3. Our human proteome data confi rm that the penultimate residue plays an 
important role in the cleavage effi ciency of the methionine aminopeptidases, and that 
in general methionine residues are removed more effi ciently if the penultimate residue 
has a small radius of gyration. This rule seems to be highly conserved from E. coli to 
human. We performed a sequence alignment of several methionine amino peptidases 
that revealed, in line with these fi ndings, high homology (data not shown). 

Dissimilarity in N-terminal sequences in between proteomes
Several approaches have been used to predict the nature and frequency of N-

acetylation for protein N-termini, suggesting that the presence of certain amino acids 
close to the N-terminus of the protein may play an important role. To analyze the 
presence of potential motifs in our dataset we visualized specifi c (sub)sets of the ob-
served protein N-termini using Weblogo, a program that generates sequence logos 
from multiple sequence alignments. To include also the shortest detected N-acetylated 
N-terminal peptides in our alignments we only considered the fi rst 6 amino acids of 
the identifi ed peptides. The top row in Figure 6 shows the sequence logos obtained 
from our dataset of 1391 N-acetylated peptides, and those generated from the in vivo 
N-acetylated peptide data sets from HeLa and S. cerevisiae reported by Arnesen et al. 
11.These sequence logos reiterate that the relative frequency of the terminal amino acid 
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residues is very comparable between our study on HEK293 cells and the HeLa cells 
of Arnesen, while very different relative abundances are observed for the N-terminal 
residues of S. cerevisiae. Moreover, the relative frequency of specifi c amino acids over 
the fi rst six residue stretch is quite similar between the human HEK293 and HeLa 
cells. In the human cells, the relative high frequency of Glu, Ala, Asp, Ser, Thr and Gly 
at the second position is quite evident. Strikingly, at positions 3 to 6 Ala, Ser, Glu and 
Gly seem also more abundant. In the S. cerevisiae dataset, however, this preference in 
amino acid composition is much less evident. Notably in S. cerevisiae lysine seems to 
be more present throughout the analyzed sequences.

To explore these phenomena in more detail we generated sequence logos for subsets 
of proteins, dividing our dataset of 1391 N-acetylated peptides in classes of peptides 
starting with an alanine, serine and threonine (potential NatA substrates) presented 
on the second row of Figure 6. Sequence motifs for peptide subsets starting with a 
methionine (likely NatB substrates), glycine and valine are presented on the third row 
of Figure 6. In our set of experimentally observed N-acetylated peptides, in the subset 
of N-acetylated peptides starting with a methionine, the penultimate residue is in most 
cases an aspartic or glutamic acid, which is also a feature of peptides starting with a 
valine and to a lesser extend for those starting with a glycine. Although, for N-acety-
lated peptides starting with an alanine, serine or threonine, also aspartic and glutamic 
acid residues are observed at the 2nd position they are less frequent. This observation 
is probably related to the specifi city in effi ciency of methionine processing which has 
been described above. As methionine cleavage is less effi cient for termini with an as-
partic or glutamic acid at the penultimate position (Figure 5C), it is not surprising to 
fi nd that for the majority of N-acetylated methionine peptides the penultimate residue 
is an aspartic or glutamic acid. Another interesting feature are the relative high similar-
ities observed between sequence stretches for peptides starting with a methionine and 
those staring with a valine, although the latter supposedly are largely NatA substrates, 
whereas methione starting peptides are NatB substrates.

Another observation for the group of peptides displayed in the second row of Figure 
6 is that for the N-acetylated peptides starting with an alanine, and to a lesser extend 
serine and threonine, there is the apparent repetitive occurrence of the starting amino 
acid.  For instance, N-acetylated peptides starting with an alanine are enriched further 
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HEK293 all acetylated peptides
(n=1391)

HEK293 acetylated peptides 
starting with A (n=646)

HEK293 acetylated peptides 
starting with M (n=328)

HEK293 acetylated peptides 
starting with AA (n=221)

Human proteins from Swissprot
starting with AA (n=1085)

HeLa all acetylated peptides
(n=632)

HEK293 acetylated peptides 
starting with S (n=247)

HEK293 acetylated peptides 
starting with G (n=29)

HEK293 acetylated peptides 
starting with AD/E (n=144)

Yeast all acetylated peptides
(n=267)

Yeast acetylated peptides 
starting with T (n=56)

HEK293 acetylated peptides 
starting with V (n=11)
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D. melanogaster all acetylated 
peptides (n=909)
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H. salinarum all acetylated peptides
(n=88)

Figure 6. Sequence logos illustrating the frequency of amino acid residue 
occurrence in the primary N-terminal stretch of proteins. 

The amino acid position (1 marking the ultimate N-terminal residue) is indicated 
below each sequence logo. The top row shows the logos obtained from our dataset of 
1391 N-acetylated peptides detected in HEK293 cells, and those generated from the 
in vivo N-acetylated peptide data sets from HeLa cells, S. cerevisiae 11, D. melanogas-
ter 20 and H. salinarum 19. These sequence logos reveal that the relative frequency of 
the terminal amino acid residues is very comparable between the HEK293 and HeLa 
cells, while different relative abundances are observed for the N-terminal residues 
of S. cerevisiae.  The second and third row reveals subsets of the experimentally 
measured HEK293 N-acetylated peptides, dividing them in classes of peptides start-
ing with an alanine, serine, threonine, methionine, glycine and valine. Similarly, the 
fourth row contains sequence logos for peptides starting with an Ala-Ala, Ala- Asp/
Glu or Ala-Ser stretch. The fi fth row displays for comparison the sequence logos for 
all proteins in the human genome with a (Met)-Ala-Ala sequence (from the Swissprot 
database) and shows amino acid frequency plots of N-terminally acetylated peptides 
from Drosophila melanogaster and Halobacterium salinarum.
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in the N-terminal stretch of 6 amino acid residues for alanine. For N-acetylated serine 
peptides a small further enriched is observed for serine residues, and for N-acetylated 
peptides starting with a threonine especially at the adjacent subsequent position fre-
quently a threonine is observed. This “self-repetitive” behavior is notably absent for 
the peptides starting with a Met, Val or Gly. The fourth row contains sequence logos 
for peptides starting with Ala-Ala, Ala- Asp/Glu and Ala-Ser, which further iterates the 
“self-repetitive” behavior in the peptides starting with Ala-Ala, whereas this behavior 
is absent in the peptides starting with Ala- Asp/Glu. Notably, in the peptides staring 
with Ala-Ser the dominance of alanine in the later part of the sequence is diminished 
in favor of serine (and glycine).

To test whether these self-repetitive patterns have their origins in the selectivity of 
N-acetyl transferases or other N-terminal protein processing mechanisms, or if it is 
specifi c frequency patterns are already present throughout the proteome, we retrieved 
all predicted N-termini from the Swissprot database. From these we selected protein 
termini that had an alanine at the second and third amino acid residue, resulting in a 
full set of 1085 proteins. The sequence logo obtained for the fi rst six of the amino acid 
residues of these proteins is shown in the fi fth row of Figure 6. This logo resembles 
the logo obtained from our experimental dataset of N-acetylated peptides starting with 
Ala-Ala, indicating that this “self-repetitive” behavior has its unknown origin at the 
genome level, and is most likely not a specifi c feature of N-terminal processing. It has 
been stated previously, in agreement with our data, that the protein termini of proteins 
of mammalian systems are enriched for alanine residues 34.

Establishing that this observed behavior is already present at the genome level we 
next determined amino acid frequency distributions from full proteins and protein N-
termini as present in the SwissProt database for H. sapiens, D. melanogaster, S. cerevi-
siae  and H. salinarum. For all protein entries starting with an N-terminal methionine, 
we calculated the amino acid frequency for a) the penultimate amino acids following 
the N-terminal methionine (i.e. the X in MX); b) the amino acid stretch from 3 to 7 
from the N-terminus; c) the amino acid stretch from 3 to 30 from the N-terminus and 
d) the full length proteins. The frequency plots of the last three categories were found 
to be highly similar (Supplementary Table 7). However, in comparing the amino acid 
frequency profi les between the penultimate amino acids and the full length proteins 
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substantial differences in between genome were observed. In Figure 7 the amino acid 
frequency profi les of the penultimate amino acids and the full length proteins are com-
pared for H. sapiens, D. melanogaster, S. cerevisiae  and H. salinarum. 

Most strikingly, in the human genome the occurrence of a penultimate alanine is about 
3-fold enriched when compared to the whole proteome. This enrichment is still about 
2-fold in D. melanogaster, but nearly absent in S. cerevisiae  and H. salinarum. In con-
trast, in the S. cerevisiae  and H. salinarum genomes the occurrence of a penultimate 
serine is about 3 to 5-fold enriched when compared to the whole proteome. This en-
richment is still about 2-fold in D. melanogaster, but absent in H. sapiens. Other trends 
can be observed, such as leucine not often being present at the penultimate position of 

Figure 7. Proteome wide amino acid frequency distributions. 

The frequency of occurrence for the penultimate amino acid (i.e Met-X) residue of 
protein N-termini is given in black solid bars and for comparison the frequency of 
occurrence over all intact proteins present in the proteome is give by the striped bars 
(Data was taken from the SwissProt v56.2 database for H. sapiens (n=18821), D. 
melanogaster (n=2789), S. cerevisiae  (n=6551) and H. salinarum (n=443))
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proteins, but most of them are less striking. Our analysis indicates that there is a clear 
bias around the translation start of proteins, albeit that this bias is most evident for the 
penultimate amino acid residue, and strikingly different for genomes from different 
branches of the tree of life. Although, a serine bias has been suggested for S. cerevisiae 
by analyzing the context around the AUG start codons these phenomena have been less 
described from a comparative genomics point of view 35, 36. This bias at the genome 
level is experimentally verifi ed in the analysis of N-acetylated protein N-termini of 
the four mentioned organisms, discussed above. Overall, our data indicate that the 
mechanisms for N-terminal processing of proteins are preserved throughout the three 
of life, whereas genome-defi ned differences do exist in the N-terminal proteome of 
these species.

Non-predicted protein N-termini and protein isoforms
Of the 1391 N-acetylated peptides 1192 (86%) start at the predicted ultimate 

or at the penultimate amino acid residue (Figure 3 in black). This leaves about 200 
primarily N-acetylated peptides that do not correspond to the predicted start amino 
residue (Figure 3 in gray). These peptides contain potentially interesting information 
about these proteins. For instance, we fi nd confi dent evidence for two variants of the 
Polypyrimidine tract-binding protein 1 (PTBP1). These two proteins were found to be 
N-acetylated either at the N-terminal Met amino acid or at the Ser residue at position 
32 (MDGIVPDIAVGTKRGSDELFSTCVTNGPFIMSSNSASAAN). Another inter-
esting example is the Aurora B kinase of which we very confi dently detected the N-
acetylated peptide SRSNVQ starting at residue 43. This start-site is especially intrigu-
ing since this would represent a truncated form of the kinase that lacks the N-terminal 
part of the protein containing the “A-Box” motif. It has been stated that Aurora A and 
B variants missing this protein domain become much more stable as they are not as 
readily degraded by the proteasome 37. Increased stability of Aurora can lead to unin-
hibited cell growth, which is further substantiated by the fact that other variant forms 
of Aurora B have been linked to tumorigenesis and cancer 38, 39. As our data are from 
an immortalized HEK293 cell line, the observation of this Aurora B truncation site is 
conceivable. Another example is RUSC, a protein putatively involved in regulation 
of NGF-dependent neurite outgrowth. For this protein we detected the N-acetylated 
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peptide AEAQSG, starting at residue 471. In the Uniprot database a second isoform of 
this protein has been predicted that misses the fi rst 469 residues with residue 470 be-
ing a Met. Our data confi rms this prediction. Since we did not detect an N-acetylated 
peptide for RUSC starting at the predicted N-terminus we cannot distinguish whether 
the observed N-acetylated terminus at amino acid residue 471 is indeed an isoform 
or whether the genome annotation is simply incorrect. As a fi nal example, several 
isoforms of the SCOC protein are described in the UNIPROT database, with different 
deletions in the N-terminal region. In our dataset, we detected the N-acetylated peptide 
MMNADM, which is in good agreement with the predicted isoform 4 (Q9UIL1-4), 
missing amino acids 1-77. Such examples show that our data is a valuable source to 
verify predicted or discover new isoforms of known proteins.

Conclusion

We applied a straightforward but refi ned proteomics strategy to identify almost 1400 
N-terminally acetylated peptides in a human cell line using SCX in combination with 
a multi protease protein digestion approach. This data represents the largest inventory 
of human acetylated protein N-termini to date and we report on novel protein isoforms 
for e.g. the Aurora B kinase and the RUSC protein. In conjunction with extensive bio-
informatics analysis of annotated proteomes from different species and comparisons 
with other data sets on acetylated protein N-termini, our data provides new insights 
into N-terminal processing and characteristics of the N-terminal proteome. The mech-
anisms for N-terminal processing seem to be largely conserved in between organisms 
as varied as H. sapiens, D. melanogaster, S. cerevisiae  and H. salinarum, whereby in 
all these species methionine cleavage of protein N-termini is clearly dependent on the 
penultimate amino acid. Our experimental data suggests that proteins from more basal 
organisms, such as S. cerevisiae  and H. salinarum, more likely have a serine residue 
as their penultimate acetylated residue while higher organisms such as H. sapiens, 
display a much higher preference for alanine. Genome wide comparisons revealed 
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that this effect is not related to protein N-terminal processing but can be traced back 
to characteristics of the whole genome with a clear bias around the translation start of 
proteins, strikingly different for genomes from different branches of the tree of life. 
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Abstract

In yeast NatB is one of the main N-acetyltransferases and targets a subset of proteins 
possessing an N-terminal methionine, but so far only a handful of substrates have 
been reported. Using a nat3Δ strain, defi cient for the catalytic subunit of NatB, we 
employed a quantitative proteomics strategy to identify NatB substrates. Comparing 
WT and nat3Δ strains, using metabolic 15N isotope labeling, we confi dently identi-
fi ed 59 NatB substrates, out of a total of 756 detected acetylated protein N-termini. 
In-depth proteome wide measurements of expression levels of about 2580 proteins 
revealed only minor changes in between WT and the nat3Δ strain (n < 100), whereby 
only a few proteins involved in ribosome biogenesis, cytokinesis and budding had 
higher abundance in nat3Δ. More interestingly, Nat3 deletion led to a very signifi cant 
increase of protein phosphorylation levels, more specifi cally of those mediated by the 
AMP-activated serine/threonine kinase Snf1p. We propose a model to explain the hy-
peractivity of this kinase in nat3Δ involving the phosphatase Glc7p and Reg1p, which 
act as a regulatory interaction partner targeting Glc7p to Snf1p. 
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Introduction

Post translational modifi cations of proteins are important events that infl uence pro-
tein function, interaction and localization 1, making those key elements in cellular 
processes and systemic reactions of organisms. The transfer of an acetyl group from 
acetyl-coenzyme A to the α-amino group of an N-terminal amino acid residue is a very 
common modifi cation that occurs on a large part of the proteome (i.e. about 50% of 
yeast proteins and up to 90% in mammals) 2, 3. This modifi cation can be carried out by 
one of fi ve protein complexes (NatA, NatB, NatC, NatD and NatE), whereby each con-
sists of a catalytic and a varying number of auxiliary subunits 4. The function of these 
complexes seems to be highly conserved across species 5. For yeast NatB, which will 
be the target of this study, the complex consists of Nat3p (catalytic subunit) and Md-
m20p (auxiliary subunit) 6. N-acetyltransferase complexes act upon the N-terminus of 
polypeptide chains at the ribosome during their synthesis 7. They work in conjunction 
with methionine amino peptidases that can cleave the initial methionine dependent on 
the penultimate amino acid residue 8, 9. The substrate recognition of the different N-
acetyl transferases is primarily dependent on the N-terminal amino acid sequence of 
target proteins 10. However, other (co-)factors may play a role. For instance, the Hun-
tingtin (Htt) interacting protein HYPK, which associates with NatA in human cells, is 
required for N-acetylation of certain NatA targets 11.  

The best characterized N-acetyltransferases (NATs) are NatA, NatB and NatC. NatA 
acetylates the largest set of proteins, which have had their initial methionine removed 
and possess predominantly a serine, alanine, threonine, valine or glycine at their N-
terminus 10. The substrates of NatB and NatC still contain the N-terminal methionine 
whereby the specifi city of these N-acetyltransferases is directly dependent on the pen-
ultimate amino acid. NatB targets proteins that display a glutamic acid, aspartic acid or 
glutamine in the penultimate position while NatC seems to prefer isoleucine, leucine, 
tryptophan and phenylalanine at the penultimate position 4. 

In a number of studies protein N-acetylation in yeast has been charted 5, 12, 10, 13. How-
ever, the overall coverage and characterization of the yeast N-acetylated proteome is 
still far from complete. For instance, for the N-terminal acetyltransferase complex 
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NatB, subject of this study, only 14 substrates have been experimentally verifi ed so far. 
Mutants defi cient for NatA, NatB or NatC are viable but they generally display defects 
in aspects such as growth, temperature sensitivity and sporulation. Despite targeting 
a signifi cantly smaller subset of proteins, the phenotype of a NatB (nat3Δ) knockout 
is much more apparent than the phenotype for a NatA (nat1Δ) defi cient strain. In case 
of the NatB defi ciency, the effects cover decreased resistance to chemicals, abnormal 
budding, increased cell size and a decreased growth rate 13. Caesar et al. 13 proposed 
that putative NatB targets are preferentially involved in cell cycle progression and 
maintenance of the nucleus. It has been shown, for instance, that the N-acetylation 
of the NatB target tropomyosin is necessary for its association with actin 14. Here the 
N-acetylation is thought to induce a conformational change that stabilizes coiled-coil 
structures involved in tropomyosin-actin polymerization. Restoring the actin fi laments 
did not suppress the NatB phenotype, indicating a complex interplay of multiple NatB 
related effects on different proteins.  Another study demonstrated that N-acetylation of 
the CPY inhibitor Tfs1 is necessary for its inhibitory function 15. Most recently, it was 
suggested that protein N-acetylation can act as a degradation signal recognized by the 
Doa10p ubiquitin ligase 16. This implies that protein N-acetylation can also be involved 
in protein stability. All this recent work indicates that the complex and diverse role of 
protein N-terminal acetylation is slowly more and more revealed.   

Traditionally, N-acetylated proteins were identifi ed by their change in electrophoret-
ic mobility, for instance on 2D gels. New experimental strategies like the diagonal 
chromatography COFRADIC approach now allow for the enrichment and quantita-
tive characterization of protein N-acetylation at a much higher through-put 17, 18. CO-
FRADIC sorting of N-acetylated peptides enabled the large-scale charting of protein 
N-acetylation in human cell lines 19, Drosophila melanogaster 20 and even the pro-
karyotes Halobacterium salinarum and Natronomonas pharaonis 21. Another tech-
nique amendable for the targeted analysis of protein N-termini involves the coupling 
of free N-terminal amine groups to CNBr activated sepharose 22 or dendritic poly-
glycerol aldehyde polymers 23. This allows the subsequent removal of all “normal” 
peptides enriching the N-terminally modifi ed peptide subset. Recently, we introduced 
a straightforward methodology, based solely on strong cation exchange (SCX) that is 
able to achieve near baseline separation of N-acetylated, phosphorylated and unmodi-
fi ed peptide populations 24, 25, 26, and applied this technique to characterize for instance 
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the human N-acetylated proteome of human HEK293 cells 9. 

Here, we extend the use of this technology, in conjunction with metabolic 15N stable 
isotope labeling 27, to experimentally identify NatB substrates and to investigate the 
effects of NatB mediated protein N-acetylation on the S. cerevisiae proteome. Employ-
ing a comprehensive mass spectrometry based strategy that utilizes the complemen-
tarity between trypsin and Lys-N proteases we map differential protein abundances, 
protein phosphorylation and N-terminal acetylation in a WT and nat3Δ yeast strain, in 
an effort to investigate in more depth the role of protein N-terminal acetylation. 

Materials and Methods

Cell culturing
Saccharomyces cerevisiae strains were purchased from Euroscarf (University 

of Frankfurt, Germany). Yeast wildtype (BY4742, MATα, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0) and NAA20 (Nat3) knockout (BY4742, MATα, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, YPR131C::kanMX4) strains were cultured on YNB medium (medium base 
1.72 g/l), which was supplied with a 20 amino acid mix (1.4 g/l) and glucose (20 g/l). 
Ammoniumsulphate (5 g/l) was used as a nitrogen source. Both yeast strains were 
grown on “regular” and “heavy” medium, containing 15N labeled ammoniumsulphate 
and 15N labeled amino acid supplements (Sigma Isotech). After growth on selective 
plates, both strains were cultured in shake fl asks to a similar optical density in the 
exponential growth phase (OD between 1 and 2). Subsequently cells were harvested, 
washed twice with water and subjected to lyophilization.

Sample preparation
Wildtype and mutant lyophilized material (a biological replicate experiment was 

conducted with reversed isotopic labels) was mixed 1:1 based on dry weight. A total 
of 50 mg mixed biomass was resuspended in 200 μl of lysis buffer containing 4% 
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SDS, 25% glycerol, 138 mM Tris-HCL pH 6.8 and 200 mM DTT. After the addition 
of glass beads, the solution was kept on ice and subsequently vortexed 5 times for 2 
min to solubilize proteins. The supernatant was then centrifuged at 1000 g for 5 min. 
Solubilized proteins were polymerized in a polyacrylamide gel matrix. The gel was 
cut into small pieces, fi xed (30% methanol, 20% acetic acid) and washed extensively 
with 50mM ammonium bicarbonate. Reduction and alkylation was carried out as pre-
viously described for in gel digestion using Lys-N and trypsin 28, 29. After overnight 
digestion, peptides were extracted from the gel by the addition of 100% acetonitrile, 
which was removed from the sample by vacuum evaporation prior to strong cation 
exchange chromatography of peptides.

Strong cation exchange
Approximately 1.5 mg of peptide material was loaded onto one 50 x 4.6 mm C18 

cartridge (Phenomenex, USA) using an Agilent 1100 HPLC system. Strong cation 
exchange was performed as described in 26. Fractions were collected in 1 min intervals 
from the start of the gradient up to 40 min. After evaporation of the solvents all frac-
tions were resuspended in 40 μl of 10% formic acid. Subsequently, 20 μl of these frac-
tions (5 μl for the major +2 fractions) were analyzed subsequently by reversed phase 
LC-MS/MS as described in 9.  

Data processing
As described in 9, all MS and MS/MS spectra were searched using the MASCOT 

search engine (Matrix Science, London, UK, v.2.2.04) against the yeast SGD database 
(www.yeastgenome.org, 2009) containing 5779 entries. Trypsin and Lys-N were cho-
sen appropriately as proteolytic enzyme allowing one missed cleavage. N-terminal 
acetylation was chosen as a variable modifi cation. Additionally, the data was searched 
using semi-trypsin or semi-Lys-N as enzyme and N-terminal acetylation as variable 
modifi cation. Calculation of false-discovery-rates (FDR) was performed according to 
26. For phosphopeptide identifi cation, the data was searched using trypsin and Lys-N 
as enzyme and phosphorylation on serine, threonine and tyrosine residues was chosen 
as variable modifi cations. A PTM score was assigned for each phosphopeptide above 
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a MASCOT ion score of 25 with MSQUANT version 1.5a61 30. Relative quantifi ca-
tion of 14N and 15N peptide MS1 intensities was performed using MSQUANT version 
1.5a61. Ratios were subsequently 2log transformed. Only regular and N-acetylated 
peptides showing a MASCOT ion score above 30 were kept in the datasets. To evalu-
ate reproducibility, a 95% confi dence interval was calculated for peptides quantifi ed in 
both biological replicates 31. Network analysis was performed using STRING v8.2 32 
and the extraction of main protein interaction clusters was performed using MCODE 
v1.2 33 and Cytoscape v2.6.3 34. Prediction of kinases was performed using NetworKIN 
v2.0 35 and protein localization information was retrieved from the SGD database. 
Amino acid frequency analysis of N-terminal peptide sequences were calculated using 
Weblogo (weblogo.berkeley.edu). Corrected p-values for overrepresented predicted 
kinases were calculated using the Pearson’s chi-square test. All mass spectrometry 
data was loaded into Scaffold v.2 (Proteome Software, Portland, USA) and the data 
associated with this manuscript may be downloaded from ProteomeCommons.org 
Tranche using the following hash: 

f9XjmbCVZwessddnJXDrKqDBiGTCEoLvFvr2v0zKnl5+TpH29Un/pvJQscS4JCLh
4IJEyr6f1yz/32CpHeORp2UTTgMAAAAAAAAKXw==

Results

Yeast N-acetylome and primary nat3Δ effect
To investigate the primary and secondary effects of the loss of NatB mediated 

protein N-acetylation, we conducted a systemic quantitative proteome analysis using 
differential 15N labeling of WT and nat3Δ strains. Trypsin and Lys-N digestions were 
performed to increase proteome coverage and a refi ned strong cation exchange chro-
matographic separation was employed to separate and enrich N-acetylated, phosphor-
ylated and unmodifi ed peptides. Cumulatively, we identifi ed 21375 unique peptides 
(17261 unmodifi ed, 989 N-acetylated and 3125 phosphorylated). These corresponded 
to 2747 proteins and 756 unique N-acetylated protein N-termini (Supplementary table 
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1). Up to now 363 protein N-termini have been reported to be fully or partially acety-
lated in yeast (compiled by Arnesen et al.19). In our data we could confi rm 165 of these 
termini and additionally, we expanded the known N-acetylated yeast proteome by ad-
ditional 591 N-termini providing the most comprehensive catalogue of yeast protein 
N-terminal acetylations to date. 

Using 14N/15N peptide ion intensities from WT and nat3Δ we obtained quantitative 
information on 2663 unmodifi ed proteins (Supplementary table 2), 564 acetylated pro-
tein N-termini and 2309 phosphorylated  sites (Supplementary table 3) (Figure 1A, C, 
D). 

Quantifi cation data from the biological replicates showed very consistent and repro-
ducible results since only a low number of outliers (4-7%) were observed outside 
a 95% confi dence interval. 15N/14N ratios revealed that N-acetylated peptides with a 
NatB specifi c N-terminal sequence (ac-MDX, ac-MEX, ac-MNX) showed drastic 
down-regulation in the nat3Δ strain, verifi ed in the biological replicate (Figure1A). In 
total, 69 N-terminal peptides corresponding to 59 unique proteins were detected with 
very signifi cant decreased levels in the nat3Δ strain (Supplementary table 4) (Figure 
1B). They all possessed the NatB specifi c N-terminal sequence. Since only 14 NatB 
substrates had been reported up to date, this is quite an expansion of experimentally 
verifi ed NatB substrates. Strikingly, at the protein expression level, the detected NatB 
substrates were for the most part unchanged in the nat3Δ (Figure 1C) suggesting that 
the expression and/or degradation of these proteins is not signifi cantly affected by 
N-acetylation. An initial network and clustering analysis of these 59 NatB substrates 
indicated that they can be found indiscriminately in different cellular localizations, e.g. 
the nucleus (e.g. Nsp1p, Nup84p or Rnr4p), the endoplasmatic reticulum/Golgi (e.g. 
Sec23p, Ypt1p or Bos1p) and the cytoplasm (e.g. Glc7p, Bud27p or Rpt3p).  

Notably, our targeted analysis also revealed extensive N-acetylation of peptide N-ter-
mini, not originating from the predicted ultimate or penultimate gene-starting position 
(Supplementary table 5), as earlier reported to occur also in human cells 24  and Dro-
sophila 36 . Amino acid frequency analysis of the acetylated residues of these over 200 
“internal” acetylated N-termini showed that there was no clear consensus sequence, in 
sharp contrast to proteins that are acetylated at position 1 or 2, i.e. specifi cally by the 
N-acetyltransferase complexes NatA or NatB (Figure 2). This might infer the presence 



179

NatB mediated N-acetylation

C
H

A
PT

ER
 V

I

Figure 1. Differential quantitation of 2560 proteins in the yeast WT/nat3Δ 
proteome enables identifi cation of NatB substrates and reveals overall in-
creased phosphorylation levels.

Panel (A), (C) and (D) display peptide and protein 15N/14N ratios (2log transformed) deter-
mined in both biological replicates. Data of the two biological replicates are plotted versus 
each other. In experiment 1 the ∆Nat3 strain was labeled with 14N while WT incorporated the 
heavy 15N label. In experiment 2 the isotope labels were reversed. The dashed lines represent 
a 95% confi dence interval indicating high reproducibility of ratio data between biological 
replicates 31. The circles indicate the chosen arbitrary thresholds for diminished or elevated 
protein levels, which were set at a three-fold change.  Panel (A) displays 15N/14N ratio data 
of N-acetylated peptides, black spots mark N-acetylated peptides displaying the NatB target 
sequence while the dark grey indicates peptides located outside the 95% confi dence. Panel 
(B) displays 15N/14N ratio histograms. The upper histogram shows ratios for all detected 
N-acetylated peptides not containing the expected NatB substrate sequence. The lower plot 
illustrates the ratio distribution of N-acetylated peptides containing the expected NatB sub-
strate sequence, namely a methionine at the ultimate and an aspartic acid, glutamic acid or 
an asparagine in the penultimate position.  Individual ratios from the biological replicates 
were averaged.  The insets show frequency plots of the amino acids in the fi rst 5 positions of 
the N-terminus generated by Weblogo. Panel (C) displays protein ratios as determined from 
unmodifi ed peptides, with in black again the observed NatB substrate proteins. (D) displays 
phosphopeptide ratios, irrespective of being NatB substrate or not.
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of an alternative and more promiscuous N-acetylation mechanism. Strikingly, several 
proteins such as Cdc19p, Fba1p, Ura2p, and Pgk1p contain several of these “inter-
nal” N-acetylated termini. For instance, for Ura2p we detected 5 N-acetylated internal 
residues apparently at position 602, 684, 1152, 1332 and 1403. Moreover, for some of 
these proteins the same internal termini could be detected in their non-acetylated form 
(e.g. Ura2p, Pma1p, and Pgk1p). These fi ndings point to that some of these protein 
variants seem to be (partially) acetylated on N-terminal residues like asparagine, pro-
line, leucine, aspartic acid, or isoleucine (Supplementary fi gure 1), all not the usual tar-
gets of the common N-acetyl transferases. Network analysis of these internally cleaved 
and modifi ed protein variants revealed three main clusters with a prominent repre-
sentation of the proteasome, the chaperone network of the HSP70 family and energy 
metabolism (Figure 2). Obviously, many of these proteins are also highly abundant, 
which may also play a role in the explicit observation of the internally cleaved, and 
N-acetylated, forms of these proteins.  Interestingly, for 35 of those protein variants 
we also could detect the regular acetylated N-terminus at position 1 or 2. Examples 
for this are Rpn2p, which is part of the proteasome and Ssa3p, Ssb1p and Sti1p, which 
belong to the HSP70 chaperone family. It remains to be seen whether this category of 
internally cleaved and N-acetylated protein variants are generated co-translationally or 
are cleavage products of proteases, but their appearance cannot be discarded.

Next, we shifted our attention to the impact of nat3Δ on general protein and protein 
phosphorylation levels. Protein levels (n= 2580) showed a quite narrow centered dis-
tribution with only 2.4% (63 proteins) of quantifi ed proteins displaying a more than 
3-fold increase in abundance while only 1.2% (32 proteins) showed down-regulation 
(Figure 1C). In sharp contrast, protein phosphorylation levels were clearly and signifi -
cantly increased in the nat3Δ strain. 23% (489 phosphorylated peptides) of all quanti-
fi ed phosphorylated peptides displayed a more than 3-fold up-regulation (Figure 1D), 
whereas only 3.5% (78 phosphorylated peptides) displayed decreased levels. Notably, 
this increased phosphorylation was clearly evident in both biological replicates, in-
cluding the isotope label swap.
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A Venn diagram representation of  the overlap between identifi ed N-
acetylated proteins carrying the N-acetylation on position 1 or 2, and 
protein variants detected to display N-acetylation on amino acid posi-
tion 3 or higher. Sequence logos were calculated for peptides acetylated 
at position 1 and 2 from the predicted gene-start, following consensus 
sequences of NatA, NatB and NatC, which are displayed at the top. The 
frequency logo for proteins N-acetylated on a amino acid higher than 2 
(from the predict  ed gene-start) are indicated below, revealing no particu-
lar consensus sequence for this latter category. Network analysis was 
performed on these latter protein variants and the three main protein 
clusters are indicated below the frequency logo. These protein variants 
were found to be preferentially involved in the proteasome, chaperone 
network and energy metabolism. Proteins deteceted to be N-acetylated 
either in position 1 or 2 and additionally at a position higher than 2 are 
indicated in dark grey in the protein clusters. All detected protein vari-
ants are given in Supplementary Table 5.
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Effect of nat3Δ on protein levels
The phenotype of the nat3Δ strain is quite complex and the consequences on 

growth rate suggest that changes in overall protein levels could be expected. To in-
vestigate nat3Δ downstream effects on the cell we were able to quantify 2580 proteins 
(excluding quantifi ed proteins outside the 95% confi dence interval) and subjected pro-
teins displaying a more that 3-fold change (i.e. less than 100 proteins) to a network and 
cluster analysis. In contrast to proteins with decreased abundance levels, proteins with 
increased levels showed interesting associations and localization. Amongst the higher 
expressed proteins in the nat3Δ strain we detected a signifi cant amount of proteins 
involved in ribosome biogenesis (Nob1p, Cic1p, YNL110C, Nop4p, and Nop12p). 
Interestingly, even though the biogenesis of the ribosome seems to be affected, ribo-
somal proteins themselves did not display a change in abundance (average 2log ratio of 
ribosomal subunits was 0.02 ± 0.1). 

Other proteins with increased expression in the nat3Δ strain are involved in cytokine-
sis and budding such as the kinase Hsl1p, which is involved in septin assembly and 
linkage of morphogenesis to mitotic entry 37. Another protein, Chs1p is responsible for 
the synthesis of the chitin ring involved in bud emergence and cytokinesis 38. This is 
particularly intriguing since it is known that the phenotype of the nat3Δ strain shows 
abnormal budding behavior such as multiple buds 13 and coincides with fi nding up 
regulation of proteins like the glucanases Sun4p and Scw10p or the endochitinase 
Cts1p, which are associated with cell wall separation and therefore morphogenetic 
events like budding.  

Effect of nat3Δ on protein phosphorylation 
The nat3Δ strain displays a very clear increase in phosphorylation levels. A local-

ization analysis of proteins that display this increase in phosphorylation levels showed 
that the main effects seem to take place in either the cellular bud, the nucleus and the 
mitochondria, while the cytoplasmic compartment is underrepresented (Figure 3A). 
To dissect the underlying kinase networks, we used several tools to predict the kinases 
responsible for the sites displaying increased phosphorylation levels. The results of 
these predictions are listed in the Supplementary table 3. To pin-point the prevalence 
of particular kinases, the % of elevated phosphorylation sites phosphorylated by a par-
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ticular kinase was normalized to the % of unchanged nuclear phosphorylation. These 
analyses point out that the serine/threonine kinase Snf1p is most prominently involved 
in the observed elevated nuclear phosphorylation levels (Figure 3B). A similar trend 
for Snf1p could be observed when looking not only at the nuclear subset of elevated 
phosphorylation sites but at the complete dataset (data not shown) indicating a general 
increased activity of Snf1p, which can be localized in various cellular compartments 39. 

Snf1p infl uences a large protein network and is, amongst other things, responsible for 
energy regulation and glucose derepression by transcriptional activation 40, 41. 

In agreement, network analysis illustrated that the effects of the Nat3 deletion affects 
a large phosphorylation network, stretching to various cellular locations and functions 
(Figure 4). Alongside structural and scaffold elements such as proteins involved in 
transport e.g. Hxt3p and Tom6p or protein folding like Ssc1p, also elevated phos-

Figure 3. Localization of upregulated phosphoproteins and kinases predicted 
to be responsible for elevated phosphorylation levels

Panel (A) Bar chart indicating localization of proteins displaying signifi cantly increased 
phosphorylation levels. The % of proteins being localized in the respective categories was 
calculated for up-regulated proteins and normalized to the localization distribution deter-
mined for all detected proteins. The light grey color highlights proteins of the nucleus and 
nucleolus. Panel (B) Bar chart indicating kinases predicted to be responsible for the ob-
served elevated phosphorylation sites. The % of phospho-sites being targeted by the re-
spective kinases was calculated for up regulated sites and normalized to the background of 
detected unchanged phospho-sites, revealing the predominant role of SNF1 in the observed 
increased phosphorylation in the nat3Δ strain.
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phorylation levels are observed on proteins involved in cell cycle control, for example 
Slt2p, Ms1p or Cdc28p. The main protein clusters extracted from this network analysis 
consisted of nuclear proteins involved in RNA processing such as the proteins Pno1p, 
Cbf5p, Sik1p Rrp12p and Utp14p. Other proteins belonging to this cluster play impor-
tant roles in the biogenesis of ribosomal proteins. Other relevant elevated phosphopro-
tein clusters were found to be involved in the structural elements of the nucleus such 
as the nuclear pore complex (e.g. Nsp1, Nup60, Nup84p and Nup85p), and proteins in-
volved in DNA metabolism (e.g. Rad27p, Rfa2p, Dna2p, Pol2p and Pol12p), cell cycle 
progression (Cdc28p, Cdc54p) and transcriptional regulation (e.g. Spt7p, Spt8p and 
Snf1p). These results suggest possibly a primarily nuclear localized effect of nat3Δ on 

Figure 4. Functional association of proteins increased in phos-
phorylation

Protein networks illustrating associations between up-regulated phosphopro-
teins. In the middle the total network is depicted, including a rough functional 
classifi cation of the mapped proteins. Around this central network are de-
picted the three most prevalent nuclear protein clusters.
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protein complexes and networks involved in RNA processing (Figure 4).  

Discussion

The yeast N-acetylome and NatB substrates
Using a comprehensive quantitative proteomics approach enabled us to charac-

terize protein level changes in a nat3Δ yeast strain leading to the experimental obser-
vation of 756 acetylated protein N-termini, of which 59 (8%) substrates of the NatB 
complex, expanding the list of NatB substrates signifi cantly. Our data confi rmed that 
NatB has a very high specifi city in yeast and exclusively N-acetylates protein sequenc-
es starting with MD, ME and MN. Analysis of the yeast genome revealed that 4012 
N-terminal protein termini should theoretically be detected using our proteomics ap-
proach (more or less able to measure N-terminal peptides from 5 to 45 amino acids 
in length), of which 636 (16%) proteins display an N-terminal NatB target sequence 
(Supplementary table 6). The discrepancy between the theoretically possible and ex-
perimentally detected protein N-termini and NatB targets can be attributed to several 
sources. First of all, we primarily only enrich N-acetylated protein termini and it has 
been shown that in yeast only 60-70 % of the protein termini are modifi ed in this way. 
Thus it is very likely that not all proteins that possess the N-terminal NatB target se-
quence are actually N-acetylated in-vivo. Moreover, proteins of very low abundance 
(copy numbers) may not be detected, even by our targeted approach.  A third reason 
stems from the fact that protein N-termini that contain a lysine or arginine in one of 
the fi rst 5 to 6 amino acids will produce, using trypsin or Lys-N, N-terminal peptides 
typically too small to be sequenced by the mass spectrometer. The well-known NatB 
substrate Tpm1p, which we do not detect as it starts with MDKIRE, represents an 
example, illustrating this caveat of our approach. Using other proteases could assist 
in fi nding these NatB substrates, but at the expense that our targeted SCX method to 
enrich for “singly” charged N-acetylated terminal peptides would then fail on these 
peptides that contain basic amino acid residues. 



186

NatB mediated N-acetylation

C
H

A
PT

ER
 V

I

One of the main reasons for performing this work originates from the fact that the com-
plex phenotype of the nat3Δ strain cannot be easily explained by just the previously 
known NatB substrates. In our analysis, we identifi ed several “new” NatB substrates 
involved in processes impaired in the nat3Δ strain. The NatB target Bud27p, for ex-
ample, is involved in bud site selection and its KO leads to a random budding pattern 
similar to the budding behavior in the nat3Δ 42. The kinase Hsl1p, which is involved 
in septin ring formation during cell division 43 was found with elevated levels in the 
nat3Δ and could also be involved in the impaired budding phenotype.  However, since 
the underlying mechanism of Bud27p function is not well characterized, also the im-
pact of its (lack off) N-acetylation status remains elusive.

The reported inability of the nat3Δ strain to form functional actin cables is likely due 
to the loss of the N-acetyl group in actin, but we also found two other NatB substrate 
proteins functionally associated with actin (Arp1p 44 and Sac6p 45), that could further 
contribute to the loss of function. The observed increase in temperature sensibility 46 of 
the nat3Δ strain could be related to the heat shock protein Hsp104p, a NatB target and 
involved in thermo tolerance and stress response 47.  Further, the defect in mitochon-
drial inheritance observed when disrupting the NatB complex 48 could be attributed to 
the loss of the N-acetyl group of Ugo1p, a protein which is located in the mitochon-
drial outer membrane where it is required for mitochondrial fusion 49. 

One of the most intriguing fi ndings in this work is that we detected Glc7p, a serine/
threonine phosphatase 50, as a NatB target. This protein is an important regulator and 
involved in many processes including energy metabolism and G2/M cell cycle progres-
sion 51, 52. Considering the slow growth rate displayed by the nat3Δ mutant, our data, as 
well as data from Caesar et al. 2006 13, suggests that defects are not simply caused by 
the loss of functional actin cables. Instead the interplay of a variety of NatB substrates 
and further downstream effects may have even larger effects on for instance cell cycle 
control, cell metabolism and morphology. Also down-stream changes in phosphoryla-
tion networks may mediate signals and control cellular functions such as the cell cycle 
53, 54. There is no obvious direct link between the identifi ed NatB substrates and the 
observed drastic effect of the Nat3 deletion on protein and phosphorylation levels. 
However, taking primary and downstream effects into account, it is possible to deduce 
models that can possibly explain the NatB infl uence on protein and phosphorylation 
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networks (see below the discussion on Glc7p and Snf1p).

Model explaining the NatB infl uence on Snf1 mediated phosphorylation
Analysis of phosphorylation levels in the WT and nat3Δ revealed a clear in-

crease of phosphorylation levels in the nat3Δ strain. Evaluation of protein networks 
derived from elevated phosphorylation sites in the nat3Δ strain showed that the main 
affected phosphoprotein clusters could be found in the nucleus of the cell. Further-
more, kinase prediction indicates that the Snf1p kinase is signifi cantly (p-value = 
0.004) involved in phosphorylating elevated nuclear (and cytosolic) sites. Our data, 
however, also shows that protein levels of Snf1p do not change signifi cantly in nat3Δ. 
Snf1p becomes activated during glucose deprivation 55, 56 and gets then localized to the 
nucleus, where it is involved in controlling transcriptional activators, repressors and 
RNA polymerase II. As such Snf1p has a strong infl uence on the regulation of the cel-
lular metabolism 39, leading to the derepression of glucose related genes, inducing ad-
aptation to a nutrient poor environment by e.g. increased glycogen accumulation 57. As 
a consequence, proteins such as Hxt7p, which belongs to the hexose transporter family 
and is normally repressed at high glucose levels 58, will be derepressed. Strikingly, we 
found Hxt7p to be around 3-fold up regulated in the nat3Δ strain. The overrepresenta-
tion of predicted Snf1p targets in our detected elevated phosphorylation sites suggests 
a mechanism by which NatB catalyzed protein N-acetylation would have a negative 
regulatory effect on these phosphorylation networks (Figure 5) and hence the cellular 
metabolism. 

Snf1p activity is known to be controlled by the interplay of the phosphatase Glc7p 
and the protein Reg1p 59, which act as a regulatory interaction partner targeting Glc7p 
to Snf1p 60. Reg1p is known to be phosphorylated by Snf1p during glucose limitation 
and becomes de-phosphorylated by Glc7p after glucose addition. The Reg1p/Glc7p 
complex will deactivate Snf1p supposedly by de-phosphorylation 59 (Figure 5B). We 
clearly show that Glc7p is a NatB substrate, its N-terminus being fully acetylated in 
the WT strain (Figure 5A).  We now suggest that the loss of N-acetylation will im-
pair the proper function of this phosphatase in the nat3Δ strain. We observe hyper-
phosphorylation of Reg1p (Figure 5A) indicating that the interaction and subsequent 
de-phosphorylation by Glc7p is impaired. This is known to affect the phosphoryla-
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Figure 5.  Model explaining increased phosphorylation in nat3Δ 

Panel (A) MS1 spectra of peptides originating from the Glc7p N-terminus 
(on the left side). In WT Glc7p is fully N-acetylated while in the nat3Δ sta-
rin the N-acetylation has fully disappeared. The protein abundance level of 
Glc7p does not change in the nat3Δ (2log ratio 0.18 ± 0.2). On the right 
side spectra of phosphorylated peptides from Reg1p and Snf1p are shown. 
Protein abundance levels of Reg1p (2log ratio 0.08 ± 0.04) and Snf1p (2log 
ratio 0.16 ± 0.06) were unchanged between WT and nat3Δ. The following 
model offers a possible explanation for the nat3Δ effect on phosphoryla-
tion networks. In WT yeast, as schematically depicted in panel (B), Glc7p 
associates with and de-phosphorylates the regulatory protein Reg1p which 
becomes phosphorylated by Snf1p. In turn, the Snf1p/Reg1p complex is 
known to deactivate Snf1p. In the nat3Δstrain, depicted in panel (C) the loss 
of the N-terminal acetyl group on Glc7p impairs its interaction with Reg1p, 
which was found to then become hyper-phosphorylated at S863. Further, 
Snf1p was found to display increased phosphorylation levels on S443 and 
S487 in the nat3Δ strain. As a result the hereby increased Snf1p kinase activ-
ity and/or decreased Glc7p phosphatase activity, can explain the observed 
increase in Snf1p mediated protein phosphorylation.
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tion status of the Snf1 kinase 59. In agreement, we found increased phosphorylation of 
Snf1 at sites S443 and S487 (Figure 5A). Both of these residues are localized in the 
Snf4-interacting domain of Snf1p 61 suggesting that phosphorylation at these residues 
regulates interaction with Snf4p and hence Snf4p-mediated release of auto-inhibition 
of the Snf1 kinase 62. As a result, various targets of the Snf1p kinase could display 
elevated phosphorylation levels in the nat3Δ strain (Figure 5C), as observed in our 
data. Alternatively, there is the possibility that Glc7p acts directly on Snf1p substrates. 
An impaired Glc7p function in the nat3Δ strain could then also have a more direct ef-
fect on the phosphorylation levels.  Defects in Snf1p result in the inability of yeast to 
accumulate glycogen as energy storage, when grown on rich media 57. In our context, 
however, we see a hyperactivity of Snf1p which in turn could lead to an activation of 
glucose repressed genes. The resulting increase in glycogen accumulation is indeed 
one of the phenotypic characteristics of the nat3Δ strain 63. Therefore, we hypothesize 
that N-acetylation of Glc7p likely acts as a negative regulator of Snf1p-governed phos-
phorylation networks.

In conclusion, we applied a system-wide proteomics strategy to identify substrates 
of the N-terminal acetyltransferase NatB in Saccharomyces cerevisiae uncovering 59 
proteins lacking N-acetylation in a nat3Δ strain. In addition, we investigated the down-
stream effects of Nat3 deletion on protein and protein phosphorylation levels to gain 
insights into the biological role(s) of N-acetylation. We revealed a clear elevation of 
phosphorylation levels in the nat3Δ strain showing, for the fi rst time, an infl uence 
of N-acetylation on phosphorylation networks. The kinase Snf1p is apparently a key 
element responsible for this effect. We argue that the loss of N-acetylation on protein 
phosphatase Glc7p might be the cause of Snf1p hyperactivity in the nat3Δ strain by 
disturbing the regulatory network of Reg1p, Glc7p and Snf1p.   
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The characterization of protein architecture in complex cellular model systems such as 
the unicellular yeast Saccharomyces cerevisiae has become one of the major biological 
challenges of the last decades.. The development of high throughput methodology to 
identify and quantify proteins from biological samples, mainly using mass spectrom-
etry, has however enabled us to stitch biological concepts together into a more global 
perspective. Proteins are in that sense remarkable molecules since their interactions, 
modifi cations and catalytic functions give rise to a sheer endless amount of biologi-
cal networks.  Moreover, we now begin to understand that proteins often do not just 
have one particular function but participate in a wide range of processes.  In order to 
obtain more information on protein characteristics such as stability, interactions and 
modifi cations there is a need to develop dedicated analytical methods to focus on each 
particular aspect, for instance protein phosphorylation.  The integration of multiple 
levels of information that is gained in this way will lead to a better understanding of 
the cellular functioning.  

In this thesis it has been described how we have developed novel proteomics method-
ologies and applied technologies like chromatographic separations, stable isotope la-
beling and separation of native protein complexes to analyze protein modifi cations and 
characteristics like protein-protein interactions and rate of protein degradation from a 
systemic angle. In Chapter 2 we have outlined how we investigated the response of 
yeast mitochondria on oxygen free growth conditions. S. cerevisiae is one of the few 
eukaryotes that can switch rapidly between aerobic and anaerobic growth conditions, a 
feature that is widely exploited in fermentation applications. However, it was unknown 
how the mitochondrial membrane protein complexes and protein levels  would adapt 
in response to this change in condition. All quantitative analyses were performed us-
ing 15N metabolic labelling of cells. Besides a general proteomics analysis of relative 
protein levels using a peptide centric separation approach (SCX-RPLC), we employed 
Blue Native electrophoresis to separate solubilized membrane protein complexes from 
mitochondrial extracts. We demonstrated that native electrophoresis as fi rst separa-
tion dimension of protein complexes can be combined with nano-RPLC-MS/MS as a 
second separation dimension. We identifi ed, for instance, the known respiratory chain 
complexes like complex III, IV, and V and their known supercomplexes. Surprisingly, 
we could still detect protein complexes of the respiratory chain at reduced levels in the 
anaerobic yeast protein lysates, while the yeast respiratory chain is not active under 
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anaerobic conditions. In addition, we also could use the data to investigate the cor-
relation of protein migration distance in BN-PAGE with changes in formation of all 
these mitochondrial complexes in response to anaerobiosis. We have shown that the 
composition of the mitochondrial complexes remain unchanged, only the composition 
of complex II seems to undergo an alteration. Interestingly, this approach also allowed 
us to identify potential novel interaction partners, e.g. the protein Aim38p may be a 
possible novel interactor of complex IV.  Our strategy revealed novel insights into the 
changes in complex formation in mitochondria under anaerobic growth conditions and 
also displays a new approach to study membrane protein complex dynamics.  

In Chapter 3 we depicted how to expand the use of 15N metabolic labeling for accurate 
quantifi cation to investigate the dynamics of the S. cerevisiae proteome under nitro-
gen-limited growth conditions. We used a pulse-chase like approach in which a yeast 
chemostat culture was sampled in time after switching from 14N to 15N-media. Very 
little is known about actual rates of synthesis and degradation of individual proteins in 
a cellular system. Nonetheless this is vital information to understand which processes 
are regulated at the post translational protein level. These processes could be linked to 
mRNA turnover levels and to cellular protein and mRNA levels and metabolic fl uxes 
to obtain a comprehensive overview of cellular regulation processes. Proteomics and 
mass spectrometry offer the technical possibility to analyze protein dynamics on a 
large scale, however in this case challenges existed for management and analysis of the 
enormous data sets. We made use of label-free quantifi cation methodology that allows 
the alignment of identical peptide peaks and hence combination of peptide identifi ca-
tions throughout multiple individual analyses. At the same time this approach enabled 
us to follow the decrease in ion intensities of 14N peptide monoisotopic peaks during a 
time dependent incorporation of the 15N isotope into the yeast proteome. We detected 
half-lives of 648 individual proteins, ranging from less than 30 minutes to more than 
500 hours. Unexpectedly, proteins involved in physical complexes such as the ribo-
somal complex, can display a wide diversity of half-lives that range from 2.5 to 47 hrs, 
although their cellular abundances are quite similar. However, other protein entities 
such as the chaperonin containing TCP-1 complex show largely related half-lives. We 
also used the obtained information to take a closer look at the central sugar metabo-
lism pathway and found that the stability of the proteins involved in are overall quite 
intermediary (i.e. half-lives between 7 and 20 h), with exceptions for the glycolytic 
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enzyme Hxk1p, and TCA-cycle proteins Lsc2p and Kgd1p that display particularly 
stable behaviour. Hxk1p and Kgd1p are known to be repressed by glucose, which is 
refl ected in a slow rate of synthesis and degradation in a steady-state chemostat. This 
exemplifi es how protein stability information can contribute to a deeper understanding 
of protein fate.  

While we described the use of chromatographic strong cation exchange (SCX) separa-
tion in chapters 2 and 3 to reduce the complexity of peptide mixtures and improve the 
amount of protein identifi cations, we developed this technology further to enrich for 
post translationally modifi ed peptides. In Chapter 4 we describe the capability of SCX-
separation to retain singly and doubly phosphorylated peptides in separate fractions, 
achieving near baseline separation of these peptide pools and the usually co-eluting N-
acetylated peptides. Additionally, we evaluated the effect of using different enzymes 
namely Lys-N, Lys-C and trypsin for total cell lysates with respect to the amount of 
peptides identifi ed for each of these enzymes and the overlap in identifi cations.. Using 
SCX separation without further enrichment strategies we identifi ed more than 5000 
unique phosphorylated and more than 23,000 non-modifi ed peptides, observing a high 
degree of complementarity between enzymes. Exploiting this experimental strategy, 
we investigated the N-acetylated proteome of human HEK293 cells, which is outlined 
in Chapter 5. N-acetylation is a very common, however not very well characterized, 
protein modifi cation where an acetyl group is transferred from acetyl-CoA onto the 
N-terminal amino group of newly synthesized proteins. The biological function of this 
modifi cation is still mostly enigmatic. We compiled the most comprehensive catalogue 
of N-terminal acetylated proteins to date (1391 N-acetylated proteins) and performed 
extensive comparisons with datasets from other human cell lines as well as from yeast, 
Drosophila and an archaeum. This analysis showed that human proteins display an 
exceptionally high frequency of alanine residues at the penultimate position, whereas 
this position in simpler eukaryotes and bacteria is most often a serine. Comparisons at 
the genome level revealed that this effect is however not related to protein N-terminal 
processing but can be traced back to gene characteristics. 

The mechanism of N-terminal acetylation is conserved throughout the phylogenetic 
tree and is carried out by a number of protein complexes that show distinct substrate 
specifi city. The NatB complex for instance, targets proteins with a methionine in ul-
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timate position and an aspartic acid, glutamic acid or asparagine in penultimate posi-
tion, and these proteins are not subjected to the dominantly occurring excision of the 
initial methionine. Up to now, not many NatB target proteins have been described, 
although cells defi cient in NatB activity display serious defects. In Chapter 6 we 
describe an inventory of NatB targets and elucidated down-steam effects of NatB dis-
ruption, by proteome analysis of a wildtype and nat3∆ (catalytic NatB subunit) yeast 
strain. Besides the identifi cation of 756 N-acetylated proteins, metabolic 15N labeling 
uncovered 59 proteins that are acetylated by the NatB complex. Additionally, quan-
titative proteome analysis revealed only minor changes in the nat3∆ strain, however 
a signifi cant increase in protein phosphorylation levels was observed in the deletion 
strain that could be attributed to the AMP activated kinase Snf1p. We have proposed a 
model where the loss of N-acetylation on the Glc7p phosphatase affects the regulatory 
network between Glc7p, the regulatory protein Reg1p and the Snf1p kinase explaining 
the effect on phosphorylation networks. 

The great advantages of high throughput technologies like proteomics lie in their abil-
ity to observe how a biological system responds globally to a certain stimulus. This 
possibility naturally poses challenges, namely to put the obtained results in a biologi-
cal perpective to e.g. distil new biological questions from large data sets. This becomes 
a pressing concern since it cannot, for now, be part of automatable analytical work-
fl ows requiring a very diverse and at the same time deep set of knowledge, technol-
ogy and skills. Such demands facilitate interaction and collaborations among scientists 
making the “omics” strategies a central hub for biological research since various cell 
biological research disciplines can benefi t from the broad viewpoint of holistic strate-
gies. However, recent trends seem to direct more towards focused approaches, for 
instance targeting a certain protein group, network or pathway by e.g. “multiple reac-
tion monitoring” to reduce the complexity and make data interpretation more fruitful. 
Logistic issues of handling very fast increasing amounts of data and the need to orga-
nize biological information worldwide, play a big part in this as well.  While such a 
change in direction is certainly reasonable for the time being, it is my personal opinion 
that a global analysis of cellular content, organization and reactions will make a major 
comeback as soon as our models and infrastructure are advanced enough to automati-
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cally fi t analytical data into biological perspectives, which will redefi ne life sciences 
over the next 50 years.
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Nederlandse Samenvatting 

Het karakteriseren van de eiwitarchitectuur in complexe cellulaire modelsystemen 
zoals de eencellige gist Saccharomyces cerevisiae vormde de afgelopen tientallen 
jaren een van de belangrijke biologische uitdagingen. Dankzij de ontwikkeling van 
‘high-throughput’ benaderingen, o.a. gebruikmakend van massaspectrometrie voor 
het identifi ceren en kwantifi ceren van vele eiwitten uit diverse biologische systemen, 
konden de gedetecteerde biologische concepten in een breder perspectief worden gep-
laatst. Eiwitten zijn wat dat betreft zeer bijzondere moleculen, omdat ze op vele mani-
eren gemodifi ceerd kunnen worden, vele soorten interacties kunnen aangaan en op 
deze manier een groot aantal biologische netwerken kunnen vormen. Dankzij deze 
inzichten weten we nu dat de meeste eiwitten niet slechts een enkele functie bezitten, 
maar dat zij in meerdere cellulaire processen kunnen participeren. Om beter inzicht 
te krijgen in eiwitkarakteristieken zoals stabiliteit, interacties en modifi caties, is het 
noodzakelijk om voor elk van deze karakteristieken gerichte analytische methodes te 
ontwikkelen, zoals bijvoorbeeld voor detectie van eiwit-fosforylering. Op deze wijze 
is het mogelijk meerdere informatieniveaus aan elkaar te koppelen, wat uiteindelijk tot 
een beter begrip van de cellulaire functies zal leiden. 
In dit proefschrift wordt beschreven hoe we diverse vernieuwende proteomics 
methodologieёn hebben ontwikkeld en vervolgens hebben toegepast, zoals peptide 
scheidingen via vloeistofchromatografi e, kwantifi cering via stabiele isotoop labelin-
gen en scheiding van natieve eiwitcomplexen via electroforese met bijvoorbeeld als 
doel eiwit-eiwit interacties of eiwit degradatiesnelheden te kunnen bepalen om zo 
nieuwe inzichten te kunnen verwerven. In hoofdstuk 2 wordt belicht hoe S. cerevisiae 
mitochondrieёn reageren op zuurstof-vrije groeiomstandigheden. S. cerevisiae is een 
van de weinige eukaryoten die snel kunnen omschakelen van zuurstofrijke naar zu-
urstofarme groeicondities en vice versa. Van deze eigenschap van  S. cerevisiae wordt 
op grote schaal gebruik gemaakt in fermentatieve toepassingen. Het was echter tot nu 
toe onbekend hoe zaken als eiwitniveaus en vorming van eiwitcomplexen van de mi-
tochondriale membranen worden beïnvloed door de aan- of afwezigheid van zuurstof 
tijdens de groei. Alle kwantitatieve analyses zijn gedaan via metabole labeling van de 
cellen met 14N of 15N. Allereerst werd een globale analyse gemaakt van alle relatieve 
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eiwitniveaus door alle corresponderende peptides te scheiden via SCX (sterke katio-
nen wisseling chromatografi e) en RPLC (reversed phase chromatografi e). De natieve 
eiwitcomplexen van de mitochondriale membranen werden ook gescheiden via Blue 
Native electroforese. Doordat we metabole eiwitlabeling hebben toegepast bleek het 
niet langer nodig te zijn de gebruikelijke tweede dimensie, SDS-PAGE, uit te voeren. 
Direct na de eerste BN-PAGE dimensie werd een nano-RPLC-MS/MS analyse uit-
gevoerd op de gelbanden die de eiwitcomplexen bevatten. Op deze wijze hebben wij 
bijvoorbeeld de bekende complexen van de ademhalingsketen geïdentifi ceerd, zoals 
complex III, -IV en -V, en hun supercomplexen. We konden echter nog steeds ei-
witcomplexen van de ademhalingsketen aantonen in de mitochondrieёn van cellen 
die onder zuurstofvrije condities waren opgegroeid, dit vonden wij verrassend, omdat 
de ademhalingketen niet actief is onder deze condities. Bovendien konden wij deze 
manier van scheiden van de natieve eiwitcomplexen via BN-PAGE ook toepassen om 
de correlatie tussen de gedetecteerde migratie afstanden van elk eiwit te bepalen. Dit 
werd gedaan om te achterhalen of er verschillen bestaan in complexvorming in de 
mitochondriёle membraan tussen aerobe en anaerobe groeicondities. Hiermee konden 
we aantonen dat de samenstelling van het overgrote deel van de complexen betrokken 
bij de ademhalingsketen niet veranderd was. Een uitzondering werd gevormd door 
complex II, dit complex leek onder anaerobe omstandigheden een aantal componenten 
uit het supramoleculaire complex te verliezen. Interessant was tenslotte ook, dat wij 
via deze benadering (correlatieanalyse van migratieafstanden) mogelijk tot nog toe 
onbekende complexerende eiwitten hebben gedetecteerd, zoals bijvoorbeeld het Aimp 
eiwit dat naar alle waarschijnlijkheid een interactie aangaat met complex IV. Onze 
strategie heeft geleid tot nieuwe inzichten in de veranderingen die plaatsvinden in de 
mitochondrieёn  onder anaerobe groeiomstandigheden en vormt ook een innovatieve 
benadering die uitermate geschikt is om de dynamiek van membraaneiwit complexen 
te kunnen bestuderen.
In hoofdstuk 3 wordt beschreven hoe 14N /15N metabole labeling kan worden toege-
past om de dynamiek van het S. cerevisiae proteoom te kunnen meten onder stikstof-
limiterende groeicondities. Hiertoe hebben we een ‘pulse-chase’ benadering gekozen, 
waarbij gistmonsters werden getrokken op vaste tijdstippen nadat het 14N-bevattende 
medium was verwisseld voor het 15N-bevattende medium. Er is nog maar weinig bekend 
over de eiwitsynthese en -degradatie snelheden in de cel. Toch is dit cruciale informatie 
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die essentieel is om beter te kunnen begrijpen welke processen op post-translationeel 
niveau plaatsvinden. Wanneer deze processen gekoppeld zouden kunnen worden aan 
gegevens zoals de cellulaire mRNA-synthese en -degradatie snelheden, en cellulaire 
eiwit- en mRNA-niveaus of de metabole fl uxen, dan zou een beter beeld ontstaan van 
de diverse niveaus waarop de cellulaire processen gereguleerd worden. Proteomics 
en massaspectrometrie maken het technisch mogelijk om de dynamiek van eiwitsyn-
these en -degradatie op grote schaal te kunnen bestuderen, hoewel voor ons onderzoek 
het op juiste wijze verwerken van de grote hoeveelheden data een enorme uitdaging 
vormde. Wij hebben voor dit doel specifi eke software voor label-vrije kwantifi cering 
gebruikt, deze stelde ons in staat om overeenkomstige pieken (bijvoorbeeld van de 
14N-mono-isotopische peptiden) uit verschillende experimenten te kunnen groeperen 
(te ‘matchen’). Zo konden de intensiteiten van de 14N-mono-isotopische peptide pieken 
worden bepaald en de vermindering van hun intensiteit in de tijd worden gevolgd. De 
halfwaardetijden werden op deze wijze bepaald voor 648 eiwitten, deze varieerden van 
minder dan 30 minuten tot meer dan 500 uren. Wat we op voorhand niet hadden ver-
wacht, was dat eiwitten die bijvoorbeeld in het ribosomale complex voorkomen, sterk 
uiteenlopende halfwaardetijden laten zien, variërend van ca. 2.5 tot 47 uur, terwijl hun 
cellulaire eiwitniveaus ongeveer gelijk zijn. Er zijn ook een aantal complexerende 
eiwitten gevonden met overeenkomstige halfwaardetijden, zoals voor de eiwitten van 
het chaperonin TCP-1 complex. Voor de enzymen betrokken bij het centrale koolhy-
draat metabolisme werden intermediaire halfwaardetijden variërend van ca. 7-20 uur 
gemeten.  Uitzonderingen werden gevormd door het glycolytische enzym Hxk1p, en 
de eiwitten Lsc2p en Kgd1p (betrokken bij de citroenzuurcyclus) die relatief stabiel 
bleken te zijn. Bekend is dat glucose in het kweekmedium de expressie van Hxk1p en 
Kgd1p onderdrukt (zoals in de kweekomstandigheden van onze experimenten), dit zou 
ook blijken uit de gedetecteerde hoge halfwaardetijden van deze enzymen in onze S. 
cerevisiae. 
De complexiteit van een cellulair peptide monster kan worden gereduceerd via SCX 
chromatografi e, zoals werd toegepast in de onderzoeken beschreven in de hoofd-
stukken 2 en 3. Deze scheidingstechnologie is vervolgens verder verfi jnd, hetgeen 
leidde tot signifi cante verrijking van post-translationeel gemodifi ceerde peptides, 
zoals is weergegeven in hoofdstuk 4. Indien de juiste condities worden gekozen, kan 
SCX-fractionering met een basislijn-resolutie worden bereikt voor de fracties van en-
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kelvoudig- en dubbel gefosforyleerde peptiden en N-geacetyleerde peptiden die an-
ders zowat tegelijkertijd van de kolom zouden elueren. Peptides van een cellysaat van 
humane HEK293 cellen werden gescheiden via SCX door gebruik te maken van deze 
optimale elutie-condities, en op deze wijze konden meer dan 5.000 unieke gefosfory-
leerde peptides en meer dan 23.000 unieke niet-gemodifi ceerde peptides worden gede-
tecteerd. Bovendien werd het effect van verschillende proteolytische enzymen op de 
hoeveelheden gedetecteerde peptides met elkaar vergeleken, namelijk van Lys-N, Lys-
C en trypsine. Er werd tamelijk veel overlap in identifi caties gevonden voor deze drie 
enzymen. De gevolgde strategie werd vervolgens uitgebreid naar de gedetailleerde 
analyse van de N-geacetyleerde eiwitten in humane HEK293 cellen, dit is beschreven 
in hoofdstuk 5. Bij eiwit N-acetylering wordt een acetylgroep van een acetyl-CoA 
molecuul overgedragen naar een N-terminale aminogroep van een eiwit. Deze modi-
fi catie komt relatief vaak voor in de cel, maar de biologische functie hiervan is veelal 
onbekend. Wij hebben de tot nu toe meest uitgebreide catalogus van N-actyleringen 
in HEK293 cellen in kaart gebracht (er werden 1391 N-geacetyleerde eiwitten ge-
detecteerd), deze dataset is vervolgens vergeleken met bekende datasets van andere 
humane cellijnen (Nt2/d1 en HeLa), en van S. cerevisiae, en H. salinarium. Hieruit 
bleek dat N-terminale acetylering het meest voorkomt op alanine in de humane cel-
lijnen en op serine in S. cerevisiae, en H. salinarium. Dit proces lijkt meer gerelateerd 
te zijn aan eigenschappen van het genoom (de translatie startpositie), dan aan de eiwit 
N-terminale processing van het eiwit.
Het mechanisme van eiwit N-acetylering is geconserveerd in de gehele phylo-
genetische boom, en wordt uitgevoerd door een aantal enzymcomplexen die elk hun 
eigen substraatspecifi citeit vertonen. Bijvoorbeeld het NatB complex heeft als target 
de eiwitten met een methionine op de eerste positie in het eiwit, gevolgd door aspar-
aginezuur, glutaminezuur of asparagine op de tweede positie in het eiwit. In dit geval 
worden de methionines niet eerst van het eiwit afgehaald. Er waren tot nu toe nog 
niet veel NatB targets beschreven, hoewel duidelijk was dat NatB mutanten defecten 
vertonen. In hoofdstuk 6 wordt belicht hoe wij de NatB targets hebben gemeten en 
ook hoe wij de downstream effecten die als gevolg daarvan optreden hebben bestu-
deerd. Hiertoe zijn de proteomen van S. cerevisiae WT en de nat3Δ mutant (Nat3p is 
het katalytische subunit van het NatB complex) met elkaar vergeleken door gebruik te 
maken van 14N/15N metabole labeling. Hierbij werden 756 N-geacetyleerde  eiwitten 
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gemeten, waarvan 59 tussen met een NatB target motief. Verder werden er slechts ger-
inge veranderingen gevonden voor de eiwit expressieniveaus in de nat3Δ mutant. Er 
werden echter grote verschillen in fosforylering gemeten, dit was met name signifi cant 
toegenomen voor de AMP kinase Snf1p targets in de nat3Δ mutant. Wij postuleren 
daarom dat ten gevolge van het feit dat Glc7p fosfatase niet wordt geacetyleerd aan 
de N-terminus in de nat3Δ mutant, het regulerende netwerk dat bestaat tussen Glc1p, 
Reg1p en Snf1p wordt verstoord dat resulteert in een verhoging van de fosforylering 
van de Snf1p targets.  
Een groot voordeel van ‘high-throughput’ technologieёn zoals proteomics is, dat het 
nu mogelijk is om te onderzoeken hoe een biologisch systeem precies reageert op een 
bepaalde stimulus. Uiteraard leidt dit weer tot nieuwe uitdagingen, zoals hoe de ver-
kregen resultaten in een juist biologisch perspectief te plaatsen of hoe goede nieuwe 
biologische vragen te destilleren uit deze grote hoeveelheden resultaten. Dit maakt 
namelijk geen deel uit van een geautomatiseerde analytische werkstroom, en vraagt 
om andere expertises. Het gevolg hiervan is dat er een sterke interactie tussen weten-
schappers met verschillende expertises is ontstaan, waarbij de ‘omics’ strategieën een 
centraal knooppunt vormen voor biologisch onderzoek, en waar bijvoorbeeld cel-
biologen weer van kunnen profi teren. Toch zijn er ook trends naar meer gefocuste 
benaderingen ontstaan, waarbij niet het hele proteoom wordt bestudeerd, maar een 
subgroep van eiwitten met een gemeenschappelijke functie, of een eiwit netwerk, of 
een metabole route via bijvoorbeeld ‘multiple reaction monitoring’. Dit reduceert de 
complexiteit van het proteoom en vereenvoudigt de data interpretatie. Verder bestaan 
er ook nog belangrijke logistieke aandachtspunten, zoals het kunnen verwerken van 
de sterk toenemende hoeveelheden data en ook om deze wereldwijde beschikbaar te 
maken. Hoewel deze zaken op dit moment goed geregeld zijn, zal volgens mij in de 
nabije toekomst de focus zich weer richten op de uitgebreide analyses van de inhoud, 
organisatie en reacties van de cellen, zodra de modelsystemen en infrastructuur geav-
anceerd genoeg zijn om analytische data automatisch in een biologisch perspectief te 
kunnen plaatsen. Dit zal de levenswetenschappen gedurende de komende 50 jaar in 
een heel ander licht plaatsen.
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