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Scope of the thesis

Global and in-depth protein characterisation is a key fundamental step in the unravelling of 
biological processes in all living organisms.  However, the characterisation of the protein content 
(i.e. the proteome) of a cell, tissue or organism is an extremely challenging task due to the large 
number of proteins present, and their relative abundance spanning several orders of magnitude.  
Despite recent revolutionary developments in mass spectrometry (MS) based protein and peptide 
identification techniques, which have increased the speed and sensitivity for peptide sequencing, the 
reduction of the complexity of a proteome prior to MS analysis is currently still a prerequisite for in-
depth proteome analysis.  Therefore, numerous pre-fractionation techniques have been introduced 
for global proteomic profiling, which ideally result in an increase of the total number of protein 
identifications, evidently at the expense of an increase in analysis time.

In this thesis, various protein and peptide pre-fractionation techniques have been explored, optimized 
and applied to the characterization of proteomes of several different origins ranging from cells to 
organisms, including Saccharomyces cerevisiae, Drosophila melanogaster and human Hek293 cells.  
These protein and peptide separation techniques have been used orthogonally or separately, but 
always in combination with high mass-accuracy mass spectrometers to not only identify the peptides, 
but additionally also to identify post-translational modifications, primarily phosphorylation and 
N-terminal acetylation.  A significant part of this thesis has focused on the use of orthogonal 
separation techniques for the comprehensive characterisation of the yeast nuclear proteome.  In this 
study, phosphocellulose p11 chromatography was evaluated as a generic pre-fractionation technique 
as well as an enrichment technique for DNA binding proteins. 

The work in this thesis has revealed that each of the used pre-fractionation techniques has its own 
merits. Therefore, the combined use of multiple approaches is of fundamental importance, especially 
for the identification of low abundant proteins as well as to increase the confidence of the identification 
of proteins and/or their post-translational modifications.  

To create a better general understanding of the field of proteomics, I will first describe in chapter 1 
important aspects of mass spectrometry and separation techniques, with a special attention to their 
use in proteomics analysis.
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Introduction
Genome sequencing efforts of the past century have resulted in several fully sequenced 
genomes, with as the current flagship the completion of the Human Genome in 
2001.1  The sequencing of this genome led to the revelation that the number of genes 
present in humans was considerably lower than expected, namely only around 
22,000, with only a few thousand more genes present than in the worm or fruit fly.  
Despite the low number of these genetic building blocks, the complexity of biological 
processes and variability in humans is overwhelming at the molecular level. So how 
can the complexity in appearance and function of human beings then be explained?
Part of the solution to this question comes from the realisation that not only the genes, but 
even more so the gene-products, largely the proteins, are a major cause of an organism’s 
complexity. Proteins are the workhorses of living systems and play a plethora of important 
biological roles. For instance, proteins are involved in ligand interactions (e.g. receptor 
binding, most drugs target proteins),2 multi-protein complex formation (as present for 
instance in ribosomes and proteasomes),3 inter and intra cellular signalling,4 which is often 
regulated by protein post-translational modifications.5 Therefore, the global characterization 
of proteins and their interactions is an essential next step to comprehend how cells and 
organisms function.  Soon after the human genome became available the post-genomic 
era began, wherein the new field of proteomics became a major player.  In proteomics, the 
total complement of proteins expressed by an organism’s genome at a certain time point is 
investigated.6  This ideally includes, for a complete understanding of protein function, the 
study of all protein modifications, their localization and their protein-protein interactions.7 
Whereas the genome is considered relatively constant, the proteome is a very dynamic 
entity changing drastically over time and in response to external factors.8  Adding 
further to the complexity of the proteome, a single gene can encode various functionally 
different proteins due to splice variants and post-translational modifications,9 
raising the complexity of the proteome at least an order beyond that of the genome.10  

1. Post-translational modifications
Especially in higher organisms, a plethora of protein post-translational modifications play an eminent 
role in the diversity and regulation of the proteome. A post-translational modification (PTM) occurs 
after translation of the protein and is often described as a covalent (bio)chemical process which alters 
the properties of a protein by either proteolytic cleavage or the addition of a modifying group.11  More 
than 300 post-translational modifications have been described to date, all having a potential effect on 
the biological function of the modified proteins.11,12  
Protein post-translational modifications can play an important role in cell signalling, protein-ligand 
interactions, protein stability as well as activation/deactivation of enzyme activity.11 In cell signalling 
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processes, for example, cascades of proteins in signalling pathways are regulated by the addition or 
removal of phosphate groups i.e. reversible phosphorylation.13-15 

1.1 Reversible protein phosphorylation
Reversible protein phosphorylation on serine, threonine and tyrosine residues is one of the most well-
studied and important protein post-translational modifi cations.16  In 1955, glycogen phosphorylase 
was the fi rst protein reported to undergo reversible phosphorylation.17-19 To date, more than ten 
thousand phosphorylation sites have been described in human proteins.20   
Protein phosphorylation can modulate the function of a protein in almost every conceivable way.  
Th e addition of the negatively charged phosphate groups can alter protein conformation, for example 
by attracting positively charged amino acid side chains. Conformational changes can in turn aff ect 
ligand or substrate binding. Furthermore, the phosphate group can create binding sites for other 
proteins, causing the assembly and disassembly of protein complexes.21

Reversible protein phosphorylation and dephosphorylation is enzymatically catalyzed by protein 
kinases and phosphatases respectively, with ATP as the phosphoryl donor (fi gure 1).16  It is estimated 
that one third of all eukaryotic proteins encoded by the human genome can at some point become 
phosphorylated, by action of one or more protein kinases, of which there are more than 500 reported 
in the human genome.16,22  Th ere are by and large two types of protein kinases, namely serine/threonine 
kinases and tyrosine kinases.23  By far, the most commonly occurring protein phosphorylation is at 
serine residues (70%) and threonine residues (30%), with tyrosine phosphorylation being less frequent 

(> 1%).  However, this does not render tyrosine 
phosphorylation less important, especially 
as it is known that tyrosine phosphorylation 
plays a dominant role in signal transduction.24 
Although very infrequent in eukaryotes, 
phosphorylation at other amino acid residues 
can sometimes also occur, such as histidine and 
arginine.25, 26

It is now well-recognized that irregular 
phosphorylation events can be a cause or 
consequence of disease.27 In fact, aberrant 
phosphorylation has been associated with 
forms of cancer,15,23,24 diabetes28 and Alzheimers 
disease.29    Since specifi c kinases regulate 
signalling pathways that are essential for 
cancer cells to proliferate and survive, ongoing 
research has addressed the use of kinase 
inhibitors for cancer treatment.30 Th erefore, a 
good understanding of these cellular processes 
and in particular the role of the kinases and 

P

P

ATP ADP

Phosphorylation
(Kinase)

Dephosphorylation
(Phosphatase)

Figure 1: Schematic representation of reversible 
phosphorylation under the regulation of protein kinases 
and phosphatases with ATP as a phosphoryl donor.
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phosphatases, plays a key role in the success of potential treatment.  

1.2  Protein N- acetylation
Protein acetylation regulates numerous protein functions such as protein stability, activity, DNA 
binding, protein-protein interactions and ligand binding.31 Th is modifi cation occurs both co- and 
post-translationally by the transfer of acetyl groups from primarily acetyl-coenzyme A under the 
catalysis of acetyl-transferases.32,33  Th is acetyl group can be transferred to either the α-amino group at 
the N-terminus34 or the ε-amino groups of  lysine residues,35 where α designates the central position 
of the carbon atom of the amino acids and ε refers to the carbon atom in the side chain.31    
Reversible lysine acetylation has been reported to occur frequently post-translationally on the amino 
terminal tails of histones, catalyzed by histone acetyltransferases (HATs) and removed by histone 
deacetylases.  Th is modifi cation reduces the net positive charge on these histone tails thereby 
regulating the protein interactions with DNA, chromatin, the nucleosome as well as other regulatory 
proteins.36,37  Apart from the histones, various other substrates of HATs have since been described, 
such as several transcription factors,38,39  nuclear import factors and molecular chaperones.31,39,40 
N-terminal acetylation is one of the most common irreversible co-translational modifi cations in 
eukaryotes, estimated to occur in 84% of mammalian proteins and 57% of yeast proteins,33,34,41,42 and 
occurring less frequently in prokaryotes.  N-terminal acetylation is described to occur predominantly 
at the N-terminal methionine residue of nascent polypeptide chains, when the fi rst 20 to 50 amino 
acid residues extrude from the ribosome.43  Alternatively, the N-terminal methionine can be cleaved 
off  by aminopeptidases followed by acetylation of the exposed penultimate residue by one of the 
numerous N-terminal acetyltransferases (fi gure 2).33,41  Th e tendency for methionine aminopeptidases 
to cleave the methionine residue is higher if the penultimate amino acid is less bulky, i.e. has a radius 
of gyration of 1.29å or less.33,44  Th erefore, next to methionine, amino acid residues such as glycine, 
serine, alanine and threonine account for the majority of experimentally observed N-terminally 
acetylated residues.33,34,44-46  
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Figure 2: Schematic overview of N-terminal acetylation in eukaryotes.  Th is modifi cation occurs at intact and cleaved 
N-terminal methionine residues of polypeptide chains. Th e methionine residue can be cleaved by methionine amino 
peptidases followed by the transfer of an acetyl group (Ac) from acetyl-CoA under the action of N-terminal acetyltransferases 
(NATs). Th e NATs possess diff erent substrate specifi cities whereby NatA substrates tend to be proteins with serine, alanine, 
glycine, threonine, cysteine and valine at the N-termini whilst NatB and NatC act on proteins with Met-N termini. 50  



ch
ap

te
r 

1 
| p

ag
e 

15

Protein N-terminal methionine excision is a co-translational process which involves two types of 
aminopeptidases namely methionine aminopeptidase type-I (MAP1) and type-II (MAP2).47,48  MAP-
type-I is further divided in three subclasses namely type-Ia, b and c of which type-Ia and c are present 
in prokaryotes, whilst type-Ib is present only in eukaryotes.49,50 MAP type-Ib and type-II have similar 
three dimensional structures but diff er in the presence of an N-terminal zinc-fi nger domain in 
MAP type-Ib whilst MAP type-II has a 60 amino acid insertion in the C-terminal domain.49,51,52 Th e 
N-terminal domain extension in eukaryotes has been reported to possibly play an important role in 
protein-nucleic acid or protein/protein interactions.52  Th ese two types of methionine aminopeptidases 
have clearly diverged early in evolution, with MAP type-I and type-II of eukaryotes being more 
closely related to eubacterial and archaic forms respectively, than to each other.51  Th e physiological 
importance of the MAP enzyme activity was studied in Saccharomyces cerevisiae by deleting the 
N-terminal zinc-fi nger domain in MAP type-I which resulted in a slow growth phenotype.  Deletion 
of both MAPs was found to be lethal.48,53 Th is indicates that these two enzymes play similar roles and 
that the presence of one of these enzymes is suffi  cient to function as an N-terminal processing agent.51  
An important approach to study sequence specifi city of N-acetylation is the specifi c deletion of 
N-acetyltransferase genes, which can be easily accomplished by using yeast strains.  From these 
studies, substrate specifi cities of Naa10p, Naa20p and Naa30p, the catalytic subunits of the three yeast 
N-terminal acetyltransferases (NATs) termed NatA, NatB and NatC respectively, have been deduced 
by observing specifi c diminished protein N-acetylation in these knock-out strains.45,54  Each of these 
N-acetyltransferases contains, in addition to the catalytic subunit, at least one auxiliary subunit. Th ese 
complexes are known to associate with ribosome complexes.32,55  More recently, two other NATs have 
been described in yeast, termed NatD and NatE, with Naa40p and Naa50p as their catalytic subunits, 
respectively.  NatD is responsible for N-terminal residue acetylation in histones H4 and H2A,56 whilst 
NatE was found associated with NatA, however its substrate specifi city is still unknown.55,57  NatA 
is probably the best characterized N-acetyltransferase complex, consisting of the catalytic subunit 
Naa10p in complex with Naa15p.58   Each of these subunits is essential for optimal acetyltransferase 
activity since yeast strains lacking either one of these subunits display the same phenotype, indicating 
that these proteins function together to catalyze N-terminal acetylation of a subset of proteins.57   Th e 
NATs possess diff erent substrate specifi cities (table 1) whereby NatA substrates tend to N-acetylate 
proteins with serine, alanine, glycine, threonine at the N-termini, whilst NatB acts on proteins with 

 Type NatB NatC NatD NatENatA
Catalytic subunit Naa10p    Naa20p   Naa30p    Naa40p                 Naa50p    

Auxilliary subunit Naa15p    Naa25p               Naa35p    
Naa38p

Substrates Ser-
Ala-

�r-
Gly-

Val-
Cys-

†

Met-Glu-
Met-Asp-
Met-Asn-

Met-Ile-
Met-Leu-
Met-Trp-
Met-Phe-

Ser-Gly-etc.- unknown

 

† Found in humans but not in yeast

Table 1        �e �ve types of N-terminal acetyltransferases (adapted from Polevoda et al., 2008/2009)

Met-Met-
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Met-Glu, Met-Asp, Met-Asn termini and Nat-C acts on Met-Ile, Met-Leu, Met-Trp and Met-Phe 
termini.32,54,59,60

Higher eukaryotes have NAT genes homologous to the yeast NATs, indicating that large parts of the 
different N-acetylation machineries are shared between eukaryotes.34,45,61  Similarly as in yeast, in 
humans three NAT complexes have been described termed human NatA (hNatA),62  Natb (hNatb)63 
and NatC (hNatC).64  Human homologues of NatD and NatE have been predicted; however, these 
complexes have still not been well characterised.  Not surprisingly since they share similar machineries 
N-acetylation patterns in yeast and humans are found to be reasonably similar.  However, compared 
to yeast it seems that human proteins are much more prone to N-terminal acetylation.45,59  Through 
knock-down studies various phenotypes, substrate specificity and expression patterns of the three 
human NATs have been described and seem to be conserved from yeast to human.  However, still 
little is known about the function and regulation of the human N-acetylation system.  This is further 
complicated by the presence of orthologous genes in humans such as in the human NatA complex, 
whereby the specific contribution of these ortholog proteins to N-terminal acetylation is still unclear.65

With this in mind, definitely the detailed role and biological function of this modification needs 
further targeted investigation.

2. Mass spectrometry based proteomics
Essential aspects in proteomics are the identification of every protein expressed in a cell or tissue 
as well as the characterisation of protein modifications.  Global proteome identification can 
already pose serious challenges if the proteins or peptides in question are low-abundant such as 
phosphopeptides and/or if the biological sample is extremely complex.  Revolutionary developments 
in mass spectrometry have been a key step in the identification and characterisation of peptides and 
proteins in complex samples.66,67   In the past years MS has gained much attractiveness, equally due 
to important developments in experimental methods, instrumentation and data analysis approaches.  
For any mass spectrometry experiment, the type of instrument, (peptide) fragmentation technique 
and analysis strategy, is of great importance.  In the next section, an overview of several current mass 
spectrometry techniques will be given.
Essentially a mass spectrometer consists of three main parts: an ion source, which converts analyte 
molecules to gas-phase ions, a mass analyzer separating the ionized analytes according to their mass 
to charge (m/z) ratio and a detector which records the number of ions at each m/z value.67,68  The 
generated mass spectra are thereby used to identify the protein by submitting in an appropriate 
genome or protein database.

2.1 Ionization techniques
Since most proteins and peptides are non-volatile and thermally unstable, they require ionization 
techniques that convert the analyte molecules into gas-phase ions without considerable decomposition.  
In the late 1980s, the introduction of the relatively soft ionization techniques Matrix-assisted laser 
desorption/ionization (MALDI) and electrospray ionization (ESI) have revolutionized the analysis 
of large molecules, including peptides and proteins.  MALDI and ESI have gained wide popularity in 
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the proteomics fi eld, due to their ability to cause minimal analyte fragmentation and possibly even 
maintain non-covalent interactions during the ionization process.67,69

Matrix-assisted laser desorption/ionization (MALDI)
Since its introduction in 1987, MALDI has evolved to be a powerful technique in the analysis of 
peptides and proteins.70-72  MALDI can be used for many classes of molecules, and its applications 
range from the analysis of polymers73, carbohydrates74, lipids75, drugs, and metabolites.76  More recently 
MALDI has also been used for spatially resolved imaging of molecules in tissues.77  In MALDI the 
analyte is dissolved in a matrix solution, containing a laser absorbing chromophore, and spotted onto 
a target plate.  Th e solvent is left  to vaporize, resulting in the co-crystallization of the matrix with the 
analyte.  Th is crystallized spot is then hit by a pulsed laser light, typically with a wavelength 
of 337nm (i.e. a cost-eff ective nitrogen laser). Th e energy of the laser photons is absorbed mostly 
by the matrix molecules in the crystal.  Th is excitation energy is thought to be subsequently partly 
transferred to the analyte molecules leading to desorption of the analyte and matrix molecules and 
resulting in the formation of gas phase neutrals and ions, whereby the latter are largely singly charged 
(fi gure 3A).78-80  Th is renders MALDI an ionization technique applicable for the analysis of high 
molecular weight compounds, even of above 1 million Da.  Although most analytes become charged 
in the MALDI process by the addition of a single proton, the formation of ions paired with sodium, 
matrix or doubly charged ions is also possible, depending on the sample preparation, composition 
and matrix used.  Th e choice of an appropriate matrix for each sample is of utmost importance to 
achieve effi  cient desorption and ionization of the analyte molecules.  In proteomics, various matrices 
are routinely used such as 2,5-dihydroxybenzoic acid (DHB),81 sinapinic acid(SA),82 and α-cyano-4-
hydroxycinnamic acid(CHCA).83  Th e advantages of using MALDI is the relative high tolerance to 
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Figure 3: Schematic representation of “soft ” ionization techniques. A. In MALDI the sample is co-crystallized with a matrix 
spotted onto a target plate.  Following bombardment with a pulsed laser light, the matrix absorbs laser energy and transfers 
this energy to the analyte molecules leading to the desorption of the analyte and matrix molecules.  Th is results in the 
formation of generally singly charged gas phase ions. 113 B.  In ESI, gas phase ions are produced from ions in solution.  A 
voltage is applied between the emitter and the inlet of the mass spectrometer causing the electrostatic dispersion of the 
analyte.  Th e creation of an electrically charged spray occurs, and desolvated ions are created by the desorption of analyte 
ions or the formation of small droplets due to droplet fi ssion. 73 
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salts and detergents, the possibility to revisit sample spots for repetitive analysis, the speed of analysis 
as well as the low amount of sample consumed.  Matrix-free techniques have also been introduced, 
such as surface-assisted laser desorption ionization (SALDI) and desorption ionization on porous 
silicon (DIOS), which utilize porous graphite and silicon, respectively and offer the advantage of 
having no matrix effects and a higher tolerance to detergents and salts, making the method also 
applicable to molecules smaller than the matrix molecules.84,85,79  Further improvements or additions 
to MALDI have also been described, such as atmospheric pressure MALDI (AP-MALDI), which 
offers the possibility to perform ionization at atmospheric pressure and is thus more readily coupled 
to chromatographic methods and even interchangeable with ESI.86  The pulsing laser used in this 
ionization method produces ions, which makes MALDI particularly suited to be used in combination 
with Time-of-Flight (TOF) mass analyzers.   Although MALDI can be used in conjunction with liquid 
chromatography (LC) for the pre-fractionation of peptide mixtures,87,88,89 MALDI is generally used to 
analyse relatively simple peptide mixtures, whereas LC ESI-MS is still the method of choice for more 
complex samples.68

Electrospray ionization (ESI)
Electrospray ionization has gained immense popularity, partially due to the ease with which it can 
be coupled with chromatographic and electrophoretic liquid phase separation techniques.90 This is 
mainly due to the fact that in contrary to MALDI, ESI produces ions directly from the liquid phase 
(figure 3B).  The analyte is first dissolved in an appropriate solvent and sprayed from a fine capillary 
needle to which a high voltage is applied. The applied voltage can be positive or negative depending 
on the analyte measured; however, in the case of peptides typically only the positive ion mode is 
considered. This voltage provides the electric field required to produce a charge separation at the 
liquid surface.  In the presence of even traces of electrolytes in solution, the positive and negative 
electrolyte ions will move in opposite directions under the influence of this electric field, causing an 
enrichment of positive ions in the vicinity of the surface of the meniscus, whilst negative ions are 
repelled.  This charge polarization results in downward forces causing a distortion of the meniscus 
into a cone.  The surface tension of the liquid counteracts the increase in surface caused by this cone 
formation, which is termed the Taylor cone.91  If the applied field is sufficiently high it causes instability 
in the cone tip and a fine jet of small droplets is released.  Since the surface of the jet is highly positively 
charged, a repulsion exists, which causes breakdown of the jet to form even smaller droplets. These 
droplets will in turn travel through the air towards the opposing electrode during which extensive 
solvent evaporation can take place.  The solvent evaporation causes the droplets to shrink, resulting 
in an increase in the charge density, until it reaches the so-called Rayleigh Limit at which Coulomb 
repulsion at the surface overcomes the surface tension of the solution.  Further evaporation of these 
droplets leads to repeated fissions, of which in turn the daughter droplets evaporate where after even 
further fissions can occur.  These small charged droplets finally lead to the formation of completely 
desolvated gas phase ions.92

As with MALDI, the precise mechanism through which these gas phase ions are produced is still not 
fully understood, however two models are proposed for this phenomenon, namely the ion evaporation 
model (IEM) and the charge residue model (CRM).  The ion evaporation model was first described 
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in 1976 by Iribame and Thomson,93 and predicts that gas phase ions are formed when the radius of 
the droplets is lower than 10 nm due to solvent evaporation and Coulomb droplet fission.  In this way 
small and volatile molecules are capable of leaving the larger droplets as charged species.  On the other 
hand, CRM assumes that ions are formed due to a series of droplets fissions and solvent evaporation, 
until no further solvent evaporation occurs, retaining some of the charges in the droplet.94  In this 
model it is assumed that these droplets contain only one analyte molecule and is thought to apply 
especially for larger molecules.95  In contrast to MALDI, ESI generally produces multiply charged ions 
causing the interpretation of the spectra to be somewhat less straightforward.

2.2 Mass Analyzers 
The identification of proteins by mass spectrometry is highly dependent on the capabilities of the 
mass analyzer thus determining the quality of the structural information obtained.  Factors such as 
mass resolving power and mass accuracy assist in the confidence of identification of the product ions.   
However, no single mass analyzer is superior to the others in all possible ways; therefore the choice of 
mass analyzer depends on the requirements for each particular application.96,97  There are two general 
categories of mass analyzers:  the scanning/ion-beam mass spectrometers such as the time of flight 
(TOF) mass spectrometer and the trapping mass spectrometers such as the ion trap.79  In the next 
section, a brief overview of the different types of mass analyzers will be given. 

Quadrupole mass analyzer
The Quadrupole mass analyzer consists of four parallel rods to which a combination of time-
independent DC and time-dependant RF voltages are applied, allowing only ions of a certain m/z to 
pass, whereby ions with a different m/z will collide with the rods and become neutralized, or expelled 
out of the quadrupoles.   By changing the voltages, different ions of m/z values can be selectively 
transmitted, trapped or ejected.98  Tandem or triple quadrupole mass spectrometers are an extension 
of the single quadrupole mass analyzer, with extended scan possibilities that may be used to identify 
specific peptides in a complex sample.  For instance in one such scan method, in the first quadrupole 
(Q1) and the third quadruple (Q3), specific m/z ions are filtered, whilst ion fragmentation occurs in 
the second quadrupole (Q2).   Typically, a mass resolution of 2000 (FWHM), and a mass accuracy of 
100 ppm can be reached with such instruments.79  This analyzer has been hyphenated with other types 
of analyzers such as the TOF analyzer.

Time-of-Flight (TOF) mass analyzer
In a time-of-flight mass analyzer a population of ions is accelerated in an electric field achieving a 
constant kinetic energy, causing the ions to transverse through the flight tube with a velocity inversely 
proportional to the square root of their mass/charge ratio.  Therefore ions with different m/z reach the 
detector at different time points, with higher speeds attained by smaller m/z ions.  The resulting masses  
are measured simultaneously which offers an advantage over scanning instruments, e.g. quadrupoles, 
which sequentially focus only one ion mass on the detector.99  This type of mass analyzer is frequently 
coupled with a MALDI ion source, as it requires a pulsed ion beam, but also due to its high analysis 
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speed.100  Th e limited resolution of the fi rst TOF instruments and the eff ects of the initial energy 
distribution and velocity have been largely overcome by the introduction of time-lagged focussing 
and an ion mirror (refl ectron).  Th is latter device located at one end of the fl ight tube, facing the ion 
source, decelerates the ions and re-accelerates them out of the refl ector towards a second detector, 
causing a decrease in the initial energy spread that occurs during ionization, thereby improving 
the focusing of the ions.69,101 Nowadays, typically a mass resolution of 20 000 (FWHM), and a mass 
accuracy of 5 ppm can be reached with the current TOF analyzer.67,99  

Quadrupole-TOF mass analyzer
Current Q-ToF instruments consist of a triple quadrupole mass analyzer at the end coupled to a time 
of fl ight mass analyzer.  In some commercial instruments hexapoles are used to focus the ions in the 
instrument and fragment the ions, whilst in other quadrupole-TOF confi gurations an additional Q0 
is added for collisional damping and/or focusing.102  In the MS mode, the quadrupoles are operated 
in RF only mode, whilst the TOF records the mass spectra, benefi ting from the high resolution and 
mass accuracy this mass analyzer off ers.  In the MS/MS mode a mass fi lter mode is applied in Q1 to 
transmit only selected precursor ions of interest.  Th e ions are then accelerated towards the collision 
cell Q2 and fragmented by collision induced dissociation (CID) using argon or nitrogen as collision 
gas.  Th e resulting precursor and fragment ions are then cooled and refocused by ion optics into 
the TOF analyzer.  Subsequently, the ions are pushed orthogonally in a fi eld free drift  time-of-fl ight 
tube, where separation occurs.  One of the benefi ts of using a quadrupole TOF compared to a triple 
quadrupole mass analyzer is the high mass resolution which may even exceed 10 000 (FWHM).103  
Ion trap mass analyzer
Th e ion trap mass analyzer is one of the most widely used mass analyzers in the proteomics fi eld.  Th is 
is mainly due to its high scan speed, high duty cycle, sensitivity, relatively good resolution (around 
2000 FWHM) and mass accuracy, as well as its low price.79   Th e fi rst quadrupole ion trap was described 
in the early 1950s by Wolfgang Paul 104 who developed a means of trapping ions and measuring these 
ions while stored.  Th is mass analyzer (better known as the 3D trap or Paul trap) consists simply of a 
ring electrode and two end-cap electrodes with hyperbolic surfaces (fi gure 4A).  In the early ion traps, 
a “mass selective stability mode” of operation was used, whereby RF and DC voltages were applied to 
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Figure 4: Schematic representation of a Quadrupole ion trap (A) and LTQ-Orbitrap mass spectrometer (B). 
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the ring electrode to permit the storage of a single m/z value in the ion trap.  However this approach 
suffered from a low resolution and a high duty cycle.104  
It was not until the early 1980s that major improvements were made which turned the ion trap into 
a commercial success.105 Stafford and co-workers introduced helium as a damping gas improving 
the mass resolution of the instrument and developed the “mass selective instability mode” of 
operation.98,106 The principle of this operation consists in the ejection of the stored ions through the 
end-cap electrodes by changing voltages and frequencies causing specific ions to become unstable, 
which are then passed to the ion detector.  In this way the ions are stored prior to analysis unlike the 
“mass selective stability mode” of operation.  Furthermore, mass selective axial ejection of these ions 
to generate mass spectra was developed, which is the core concept for mass analysis using ion trap 
instruments.98,103,106

Another recent development in ion trap technology was the introduction of the so-called linear ion 
trap (LTQ).  In this type of ion trap, ions are trapped radially in a two dimensional RF field and axially 
through stopping potentials applied at the endcap electrodes.  A linear ion trap offers the advantage 
of reduced space charge effects, due to its better ion storage capacity as well as higher trapping 
efficiencies for injected ions.107,108 The resolution offered by this instrument is usually around 2000 
and a mass accuracy of around 100ppm.67  This mass analyzer has been hyphenated with other mass 
analyzers such as the FT-ICR and Orbitrap, offering higher mass accuracy and sensitivity. Especially 
these two latter hyphenated instruments are now widely used in proteomics for the in-depth analysis 
of complex mixtures.  

Fourier transform ion cyclotron resonance mass spectrometry
A major breakthrough in high resolution measurements and high mass accuracy was achieved by 
the introduction by Alan Marshall and Melvin Comisarov of the Fourier transform ion cyclotron 
resonance mass spectrometer (FT-ICR).99,109  This instrument can easily measure at a mass resolution 
above 750 000 (FWHM) and a sub-ppm mass accuracy.  In an FT-ICR cell, ions are trapped using a 
combination of magnetic and electric fields.  The magnetic field cause the ions to move in circular 
motion (cyclotron motion) whilst axial trapping rings keep these ions in the cell by applying a low 
voltage.  Three types of ion motion occur in the FT-ICR cell namely cyclotron motion, magnetron 
motion and trapping oscillation.109,110 
The ion cyclotron frequency is directly proportional to the magnetic field and inversely proportional 
to the m/z ratio of the ions.  Ions with a very high m/z ratio are not ideal for FT-ICR analysis, so the 
coupling of this instrument with ESI is ideal, due to the production of multiply charged ions. Ion 
excitation is achieved by applying an uniform electric field oscillating at the ion cyclotron frequency 
of the ions.  This excitation can be used to eject ions from the trap or to dissociate them by letting them 
collide with collision gas leaked into the ICR cell. An oscillating ICR signal can be generated from the 
differential image currents generated in two opposing cell plates. The oscillating motion of the ions, 
and thus the image current, can be recorded for milli-seconds to seconds, and is only dampened by 
loss of coherence mainly through collisions with residual neutral molecules in the ICR cell. The longer 
the signal can be recorded the more accurate the frequency can be determined. The ICR full signal is 
composed of several oscillating currents, with a frequency correlated to the m/z of the ions present 
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in the cell. Using a Fourier transform of this signal reveals the cyclotron frequencies of the ions, and 
thus their m/z. The ions signal increases linearly with the number of ions and permits the detection 
of numerous m/z ratios simultaneously.  This offers an added advantage since it provides a means 
of quantitation and produces high resolution measurements.99,109  Ions in the ICR cell can undergo 
fragmentation not only by collision induced dissociation (CID) [described in detail in section 2.3] 
but also by other fragmentation techniques such as infrared multiphoton dissociation (IRMPD) and 
electron capture dissociation (ECD).111,112  
FT-ICR only developed into a commercial success when it was hyphenated on the front end with an 
LTQ ion trap.  This led to a gain in ion capacity, dynamic range and an increase in duty cycle, due to 
the fact that ion accumulation occurs simultaneously with detection and a reduction of space charge 
effects is obtained by ejecting unwanted ions into the LTQ.107  Using this approach, a limited number 
of ions are pulsed into the FT-ICR trap for accurate MS analysis, which provides a high resolution and 
high mass accuracy analysis, whilst the MS/MS of the same precursor ions occurs simultaneously in 
the linear ion trap.113  For these reasons, this instrument is now widely used in the proteomics field. 
However its high cost (largely due to the super-conducting magnet), its size and complexity in use 
have limited somewhat the application of LTQ FT-ICR in a general laboratory setting.  Therefore, 
when a more compact mass analyzer was introduced with similar high mass accuracy, and high 
resolution, the so-called Orbitrap, it rapidly overtook the LTQ FT-ICR in popularity.

Orbitrap mass analyzer
The Orbitrap mass analyzer was developed by Alexander Makarov and traps ions in electrostatic fields 
by applying a DC voltage, causing them to orbit around a central spindle-like electrode.114-117 These 
ions then oscillate along the axis with a frequency directly related to their m/z values. This mode of 
ion trapping is based on the Kingdon trap which was earliest described in 1923.  The axial motion 
of the ions is highly dependent on their kinetic energy, whilst the frequency is only affected by their 
m/z ratios.  Similarly to the FT-ICR, an image current of the oscillating ions is recorded on the two 
outer electrodes. This time domain transient can be converted into mass spectra by using a Fourier 
transform.67,114,118  The resolving power of the Orbitrap instrument decreases proportionally with the 
square root of the m/z ratios, and thus is slower than in the FT-ICR wherein the resolution decreases 
proportionally with the m/z ratios.99,119

As with the LTQ-FT-ICR, the Orbitrap is mostly directly hyphenated with an LTQ mass analyzer on 
the front end. In the LTQ-Orbitrap, ions first enter the LTQ, where a pre-scan is used to determine the 
optimum amount of ions to be stored (termed automatic gain control).  These ions are then released 
and transferred via an RF octapole into an RF quadrupole C-trap.  Collisions with nitrogen gas 
present in the C-trap leads to ion trapping in this part of the instrument.  Orthogonal ejection of these 
ions is achieved by ramping the voltages on the C-trap electrodes, causing them to move towards the 
centre of the C-trap.  After leaving the C-trap via the ion optics, they are then accelerated to higher 
kinetic energy and enter the Orbitrap (figure 4B).115  This C-trap can also be used to improve the 
mass accuracy of the instrument by using a so-called “lock mass”, where real time recalibration can 
be performed using masses from ambient air.120 Typically, in a proteomics experiment the Orbitrap 
is utilized to obtain high resolution spectra of the precursor peptide ions, whilst the LTQ is used for 
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the generation of peptide fragmentation spectra. This mode of operation combines the high mass 
accuracy (<5ppm), resolution (>150 000 FWHM) and dynamic range (103) of the Orbitrap with the 
high speed and sensitivity of the linear ion trap.79,117   
Recently, a new hybrid instrument (Orbitrap XL) with a multiple collision cell adjacent to the C-trap 
was introduced, which additionally enables higher energy dissociation (HCD) of precursor ions in 
the C-trap and subsequent trapping of fragment ions.119,121  HCD offers the advantage of a high mass 
resolution and accuracy MS/MS compared to the LTQ and typically contains ions in the low-mass 
region of the spectrum.121  This instrument is now also capable of performing not only CID but also 
electron transfer dissociation (ETD) by using a dual ion source; an ESI source at the front and an EI 
source to generate negative ions, attached at the back part of the instrument.  ETD is particularly 
useful for the analysis of post-translational modifications.122

More recently, after all the work described in this thesis was performed, an even newer generation 
of Orbitraps has been introduced, termed the LTQ-Orbitrap Velos, which claims to provide a better 
sensitivity and scan speed compared to the previous generation of instruments.  This is primarily 
achieved by the development of a dual pressure ion trap, a much more efficient ion transfer system 
and an efficient HCD cell, which is again located behind the C-trap.123

 

2.3 Protein identification by mass spectrometry
A fundamental step in mass spectrometry-based proteomics is the identification of proteins.  In 
principle this can be done in two main approaches known as “bottom-up (peptide level) and “top down” 
proteomics. The bottom-up approach is by far the most accepted technique for mass spectrometry-
based protein identification, both for simple and complex protein mixtures. This involves the digestion 
of proteins by a proteolytic enzyme creating peptides, followed by mass spectrometric analysis of these 
peptides. Typically, this entails the subsequent mass determination and fragmentation of peptides.   
There are various reasons why the analysis of peptides is preferred over proteins.  These include 
the possibility that not all proteins are soluble under the same conditions, the superior behaviour 
of peptides over proteins in most chromatographic approaches, the difficulty to obtain sequence 
information from whole proteins and the better fragmentation behaviour of peptides compared to 
proteins.8,124  The choice for a proteolytic enzyme is critical for the success and outcome of a proteomic 
experiment. Trypsin, which cleaves proteins C-terminal to lysine and arginine residues, is by far the 
most commonly used enzyme for a number of reasons. Dictated by the natural frequency of lysines 
and arginines, it typically produces peptides in the size range (~6-20 amino acids) appropriate for 
fragmentation by CID. Furthermore, the presence of a basic residue (lysine or arginine) generally 
confines one charge to the peptide C-terminus. This makes doubly or triply charged tryptic peptides 
highly amenable for CID fragmentation, producing y ions and easy-to-interpret spectra.125  In fact, 
the facile fragmentation of such peptides by CID in a wide variety of mass spectrometers to a large 
extent explains why trypsin-based approaches have become the standard in bottom-up proteomics. 
Alternatively, there is a variety of other proteolytic enzymes  such as Lys-C, which cleaves solely 
the C-terminus of lysine residues,126 thus producing larger peptides than trypsin. A more recently 
described enzyme is the metalloendopeptidase Lys-N selectively cleaving the amide bond of N-terminal 
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lysine residues127, which has been particularly 
exploited in combination with strong cation 
exchange (described in detail in section 
3), for the separation of phosphopeptides 
and N-terminal acetylated peptides due to 
the charge location of Lys-N peptides.128  
Other enzymes (e.g. chymotrypsin, elastase) 
are mainly used to produce peptides that 
are of specifi c interest (e.g. containing a 
posttranslational modifi cation) and where 
trypsin would generate fragments that are too 
long or too short for proper identifi cation. 

As mentioned above, another major reason for the popularity of peptide-based proteomics is the fact 
that it can be easily interfaced with a variety of chromatographic (and other) separation techniques. 
Th is is absolutely crucial for the analysis of complete proteomes, where the choice for, and the 
combination of, separation techniques profoundly determines the success of the analysis. 

Peptide mass fi ngerprinting
Protein identifi cation by peptide mass fi ngerprinting is based on the accurate measurement of 
peptide masses derived from a protein cleaved by a protease. In principle, each protein cleaved by 
a specifi c protease will produce a unique mass fi ngerprint that can be used as a signature for that 
protein.  For identifi cation purposes, the collective set of peptide masses are searched against an 
appropriate database containing known or predicted proteins. An algorithm is then used to score 
the similarity between the experimental spectrum and the “in silico” digest of each of the proteins in 
the database, thereby ranking the quality of the identifi cations.    However, this approach is not well 
suited for the identifi cation of proteins in complex mixtures,69,129  and its main application lies in the 
identifi cation by MALDI-TOF MS of purifi ed proteins, or proteins that are well-resolved by e.g. 1D 
gel electrophoresis.

Sequence-specifi c peptide mass spectra
Tandem mass spectrometers such as quadrupole TOF and ion trap mass analyzers are capable of 
fragmenting peptide ions and to record the resulting product mass spectra.  Th e most commonly used 
fragmentation technique is collision induced dissociation (CID) where the peptides to be analyzed are 
isolated and fragmented in a collision cell using an inert gas such as nitrogen, helium or argon.  Th is 
type of low collision energy fragmentation primarily results in cleavage of the peptide amide bonds.67 
Th is results in relatively easy to interpret fragmentation spectra for which a nomenclature has been 
described by Roepstorff  et al.130 and subsequently amended by Johnson et al.131(Figure 5).  Cleavage 
of the amide back bone results in the formation of two types of fragments, namely one corresponding 
to the N-terminus and the other to the C-terminus.  Th e N-terminal fragments are denoted a, b and 
c whilst the C-terminal fragments are called x, y and z. In CID, b and y ions are the most frequently 
observed ions.124  In combination, they oft en provide suffi  cient information for unique identifi cation 
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in a database search. Internal fragmentation of N and C terminal cleavage can also occur and are 
referred to as immonium ions.132    
As mentioned previously, apart from CID also other types of fragmentation techniques can be 
applied. ECD and ETD are two types of fragmentation particularly suited for the characterisation of 
peptides and their post-translational modifications, since they keep labile modifications intact during 
fragmentation.14,133  The principle behind ECD fragmentation was introduced by McLafferty et al. 
in 1998.134  Essentially a protonated peptide/protein cation captures a thermal electron causing the 
backbone fragmentation at the N-Cα bond.  In ETD electrons are transferred from radical anions to the 
multiply protonated peptide cations causing backbone fragmentation.135 Both of these fragmentation 
techniques produce predominantly c and z ions. Although CID is still the most commonly used 
fragmentation technique, ETD is now available in an increasing number of instruments such as the 
FT-MS, the LTQ-Orbitrap XL, and Bruker, Thermo and Agilent ion traps.20,67

Tandem mass spectrometry is the method of choice for the identification of post-translational 
modifications. Among the ~300 types of modifications that are known to occur in vivo, phosphorylation 
is of particular interest given its high occurrence and specific role in cellular signalling. Technically, 
the analysis of phosphorylation events poses some challenges since phosphorylation such as on 
serine and threonine, is a labile post-translational modification. In the mass spectrometer it easily 
undergoes β-elimination, leading to the neutral loss of phosphoric acid (corresponding to a mass 
of 98 Da) and the generation of  dehydroalanine and dehydroaminobutyric acid, respectively.  In 
the case of phosphotyrosine, the phosphate group is more stable leading only to partial neutral 
losses corresponding to 80 Da (HPO3).  An immonium ion at m/z 216 is often used as an indicator 
for phosphorylation at a tyrosine residue.136  For Ser and Thr phosphopeptides  an additional 
fragmentation step (MS3) can be performed on these neutral loss ions producing more complete 
backbone fragmentation, thus providing a more solid basis for peptide identification and assignment 
of phosphorylation sites.137   Recently, HCD fragmentation of phosphopeptides has also been reported 
enabling the identification of immonium ions apart from b and y ions from phosphopeptides.13,121,138  
Unlike phosphorylation, the vast majority of other modifications, including N-terminal acetylation, 
are not labile and are thus considered as stable modification (+42Da mass difference in the case of 
acetylation).11

Database processing and confidence of identification
The most commonly used approach for protein identification is by matching unidentified peptide 
fragmentation spectra against proteins deposited in a database.  There are various search engines 
available and approaches to match spectra to sequences which all use different scoring algorithms.132  In 
principle, all search engines, including Mascot, Sequest and others, use the fragmentation information 
to score these spectra against theoretical fragmentation spectra created in silico from peptides in the 
database.  A number of experimental parameters need to be provided, to narrow down the search. 
Typically, these include the proteolytic enzyme used, the mass tolerance (mostly defined by the type 
of mass spectrometer that was used), and the number and type of posttranslational modifications that 
would be considered.  A score is assigned to each protein and peptide depending on the match of the 
searched spectrum with the theoretical one, with a higher score indicating a better match.   In some 
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cases, an expectation value is also provided, reflecting the number of matches with an equivalent or 
better score that are expected to occur randomly.   The lower the expectation value the better is the 
matching score.
The use of mass spectrometry coupled with separation techniques causes the generation of 
large datasets from complex sample mixtures, often amounting to tens of thousands of spectra 
being recorded. In such cases, a particularly challenging aspect is the automated reliable protein 
identification, minimizing the need for manual inspection. Incorrect assignment of spectra can have 
several causes, such as the matching of the fragmentation spectrum with an unrelated precursor ions 
or even noise. The most frequent source of errors, however, lies in low-quality fragmentation spectra 
which contain too little information (peaks) for unique assignment. Therefore, one should always 
take into account the generation of so called false positive protein identifications.132   This is not 
necessarily detrimental, but one should always keep an eye on (and report) the false discovery rate of 
a particular search, to indicate the quality of the data that is generated. The presence of false positives 
can be reduced by increasing the required identification scores for a protein hit to be considered a 
true positive.  However, a too rigid cut off would tend to be at the cost of the number of proteins 
which were present (i.e. sensitivity), but were not confidently identified (false negatives).  One of the 
approaches undertaken to address this issue is to search all fragmented ions in a reversed database or 
decoy database, which contains reversed sequences or random sequences which do not occur in the 
standard dataset.124  With this approach a false discovery rate (FDR) can be estimated, which is the 
proportion of the assignments in the forward (i.e. real) database relative to the ones from the reversed 
database.139 This approach is evolving rapidly as a generally accepted method for quality control.124,140

2.3.1 Top-down approach
While the bottom up approach vastly dominates the field, top-down proteomics is an emerging field.  
Top-down proteomics critically depends on the ability to accurately determine protein molecular 
weights, and at the same time to fragment intact proteins in the mass spectrometer.141  The assignment 
of the product ions intensities has been facilitated through the use of high resolving power mass 
spectrometers and charge state manipulation of multiply charged product ions via gas phase ion-
ion proton transfer reaction.96  Furthermore improvements in instrumental design suited for these 
purposes, especially the application of ETD fragmentation, have provided a strong impetus to this 
emerging field.142,143 Recent examples have demonstrated that it has the potential of providing high 
sequence coverage and a good characterisation of post-translational modifications.96,144,142,145  There 
are a number of challenges currently limiting the use of top-down approaches,  including precursor 
ion charge state limitations, the challenging front-end separation of these proteins, low sensitivity and 
protein identification issues especially for larger proteins.79 With the expected improvements in each 
of these aspects, it will be interesting to see to what extent bottom-up can complement bottom-up 
proteomics.
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3. Separation techniques
The complexity of proteomes is still too immense for in-depth analysis by mass spectrometry alone. 
This explains why improvements in mass spectrometry-based proteomics have gone hand-in-hand 
with developments in peptide and protein separation techniques. The general idea behind this is that 
protein and peptide separation reduce sample complexity and aid in the unambiguous identification 
and the detection of low abundant proteins that would otherwise be obscured by high abundant species.  
Therefore, the choice of a particular (or combination of) separation techniques is of fundamental 
importance in the design of a proteomics experiment.  Nowadays, a wide range of protein and peptide 
separation techniques are used in the separation of complex mixtures, which exploit the proteins’ 
physical and chemical properties such as hydrophobicity, hydrophilicity, isoelectric point (pI), charge 
and size.146,147,79

  
Liquid chromatography – mass spectrometry
Liquid chromatography (LC) is one of the most commonly used separation techniques to reduce 
the complexity of protein mixtures in proteomics.  Various stationary phases can be used for the 
separation of peptides such as reversed phase (RP), ion exchange and hydrophilic interaction liquid 
chromatography (HILIC).  These phases separate peptides on the basis of their hydrophobicity, charge 
and hydrophilicity respectively.79,148   
An attractive consideration is that many of these applications can be readily interfaced with ESI-
MS using scanning or trapping mass analysers. This has facilitated the development of platforms 
integrating the separation and identification of peptides. In this respect, high pressure reversed phase 
chromatography has become a nearly indispensible separation tool in the proteomics field.  The advent 
of the nanoelectrospray source has facilitated the miniaturization of analytical columns, resulting in 
a better sensitivity and separation efficiency.  This is achieved by the combined decrease in column 
inner diameter and flow rate.149  In order to separate peptides, typically a fused silica capillary of 
around 50-100 µm internal diameter is utilized, filled with C18 reversed phase material with a particle 
size of around 1-5µm.  Typically, a protein digest is loaded onto a trapping column under aqueous 
conditions (e.g. 0.1M acetic acid), to be eluted subsequently onto an analytical column by increasing 
organic solvent for separation purposes. By positioning the column outlet directly in front of the 
ionization source, peptides can be analyzed in the mass spectrometer as they elute from the column.148  
The separation efficiency of reversed phase LC is directly proportional to the peak capacity which 
is in turn associated with the column length and particle size.150 It has been shown that packing 
longer analytical columns with a small internal diameter in combination the use of smaller porous 
particles improve the sensitivity, separation efficiency, and the dynamic range of reversed phase liquid 
chromatography. However, this requires reasonably high pumping pressure, which is not always 
achievable using standard instrumentation.150  Recently, ultra-high pressure LC separations systems 
have been developed which can handle up to 1000 bar back pressure (~15kpsi).151,152  This reduces 
analysis time, and improves the resolution, sensitivity and peak capacity compared to a regular 
reversed phase LC-MS system.79 
However in a typical proteomics experiment, reversed phase liquid chromatography alone is not 
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suffi  cient to provide full fractionation of 
a complex sample.  Alternatively, another 
orthogonal offl  ine/online dimension of 
separation can be included prior to RP-LC 
to further reduce sample complexity.  Some 
of the most frequently used separation 
techniques in combination with RP-LC are 
outlined in the next sections.

One dimensional SDS-PAGE
One of the most commonly used protein 
separation techniques is the separation 
of proteins by size using sodium dodecyl 
sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE).153   In order to isolate the 
proteins of interest, the anionic detergent SDS 
is used to denature the proteins and denote a 
uniform negative charge to each protein.154,155  
Under the infl uence of an electric fi eld, these 
negatively charged proteins migrate towards 
the anode according to their size, resulting in 
larger proteins migrating slower across the gel 
compared to the smaller sized proteins.156  Th is 
results in the formation of distinct protein 
bands which can be subsequently stained 
using e.g. Coomassie blue or silver stain and 
are excised for proteolytic digestion to be 
subsequently identifi ed by reversed phased LC 
mass spectrometry.155,157 Frequently, gel bands 

are not excised individually, but rather in equally sized gel slices irrespective of the staining pattern, 
thereby cutting the entire gel. Th is has been a universal workfl ow applied to a wide range of samples 
and studies aiming to maximize the number of protein identifi cations in a complex mixture.158-160 
Over time, a number of limitations have been associated with this technique, hampering the in-depth 
analysis of proteomes.  Th is includes a limited dynamic range, poor resolution, and the poor detection 
of extremely large or small proteins.66,146,147,161  Th erefore, alternative methods have been sought for 
large scale protein analysis which could be coupled with mass spectrometry.

Ion exchange chromatography
Cation and anion exchange chromatography for protein and peptide-based separation utilizes the 
charge of the analyte as a means of separation.  In cation exchange chromatography, the negatively 
charged stationary phase interacts with ions of opposite charge (fi gure 6A), whilst the opposite is true 
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Figure 6   Schematic representation of Strong Cation Exchange 
A.  In strong cation exchange the proteins or peptides are 
separated according to their charge whereby positively 
charged peptides (cations) are attracted to the negatively 
charged stationary phase.  Peptides which are more positively 
charged are attracted strongly to the column leading to the 
elution of least positively charged peptides to elute fi rst from 
the column.
B.  Illustrates the sequential elution of peptides from a 
strong cation exchange column depending on their charge.  
N-terminally acetylated peptides elute fi rst from the column 
followed by phosphorylated peptides with a singly basic 
residue and fi nally peptides with multiple basic residues.
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for anion exchange chromatography. Using strong anion exchange (SAX) or strong cation exchange 
(SCX) columns, proteins can be eluted by altering the ionic strength of the mobile phase or by 
changing the pH.  These two techniques have been widely used individually or in a multidimensional 
separation approach coupled with reversed phase liquid chromatography.128,162-164

Peptide based strong cation exchange (SCX) is one of the leading separation approaches for the 
analysis of complex samples. Its popularity is due to the high loading capacities, and its orthogonality 
(and compatibility) with reversed phase liquid chromatography. In addition, coupling of SCX with 
reversed-phase LC-MS has proven to be a powerful approach in the analysis of post-translational 
modifications, in particular phosphorylation.165 In fact, the online combination of SCX and reversed 
phase chromatography, termed multidimensional protein identification technology (MudPIT), was 
one of the earliest integrated applications of multidimensional peptide separation, and continues to 
be a valuable tool in proteomics.163,166,167 In this technique a single analytical column is packed with 
both stationary phases.  By injecting salt plugs, peptides bound to the SCX-part of the column are 
displaced to the reversed phase material, from which they are subsequently eluted in a gradient of 
an organic modifier, usually acetonitrile. Tandem mass spectrometry is then performed for peptide 
identification. This process is repeated for each salt plug with increasing salt concentration until 
all peptides are sequentially eluted.166  The complete automation of this technique is definitely an 
additional advantage compared to other approaches. On the down side, the salt conditions used for 
peptide elution in SCX are not always compatible with optimal reversed-phase separation. In addition, 
the small columns that are typically used ensure sensitive detection by electrospray ionization, but 
they often compromise the total loading capacity that can be achieved.13,157  
Some of these issues are solved by the use of offline instead of online strong cation exchange. In this 
way, larger SCX columns can be used with larger capacities for peptide analysis, followed by reversed 
phase chromatography of individual fractions using capillary columns that are optimally tailored 
for sensitive LC-MS.  In 2004, Beausoleil and co-workers162 showed that SCX can be used for the 
enrichment of phosphopeptides: the observation that a major fraction of the phosphopeptides has a 
different elution behaviour compared to the majority of the non-phosphorylated peptides opens the 
possibility for the enrichment of such modified peptides from complex samples. The principle behind 
this separation is based on the fact that at low pH, the bulk of tryptic peptides are doubly charged 
due to the basic nature of the N-terminus and the lysine or arginine residues at the C-terminus.  The 
presence of a phosphorylation (carrying a negative charge) reduces the overall charge of these peptides 
creating a net positive charge of one.  Therefore, phosphopeptides bind more weakly to the column 
compared to unmodified tryptic peptides with multiple charge states, causing them to elute in the low-
salt fraction.13,162,165,168  Moreover, strong cation exchange can be combined with other phosphopeptide 
enrichment techniques such as IMAC and TiO2 (described in detail in section 4) to further enrich for 
phosphopeptides.162,169-172  This was shown to lead to the an increase in phosphopeptide enrichment 
compared to either method alone.169  The SCX-IMAC approach has been successfully applied for the 
characterisation of the phosphoproteome of several biological systems including mouse liver173 and 
Drosophila embryos174, leading to the identification of more than 5000 and 13000 phosphorylation 
sites respectively.173,174 In these studies, the early salt fractions were collected and IMAC was performed 
on these fractions to enrich further for phosphopeptides.  A similar approach was undertaken with 
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SCX-TiO2 which has also been applied for several organisms including Drosophila melanogaster175, 
human mesenchymal stem cells176 as well as gastric cancer cells. 177,178

Similarly, strong anion exchange (SAX) has also been applied for the detection of phosphopeptides 
in complex sample mixtures.179-184 In contrast to SCX, acidic peptides such as phosphopeptides are 
fully ionized at weak acidic pH range and bind strongly to the SAX column.180,181 Recently, Dai et al., 
described the complementary use of SCX and SAX in the proteome analysis of a mouse liver sample, 
where peptides were first separated using an SCX column and the flow-through was subsequently 
loaded on an SAX column.179 In this way, extremely basic peptides (e.g. unmodified peptides) were 
first identified mostly with the SCX column, whilst the flow-through containing extremely acidic 
peptides e.g. multiphosphorylated peptides, were detected using the SAX column.179  All eluted 
peptides were separated further using reversed phase chromatography, leading to the detection of 
over 13000 unmodified peptides and 800 phosphopeptides and displaying the complementary nature 
of these two ion exchange columns for binding and separation of peptides.
Recently, Taouatas and co-workers described the use of Lys-N in combination with strong 
cation exchange and reversed phase chromatography, enabling a higher resolution separation of 
phosphopeptides and N-terminally acetylated peptides. Peptides generated by Lys-N possess two 
charges distributed solely on the N-terminal lysine residue and therefore an N-terminal acetylation 
will lead to the formation of zero charged peptides. This results in the sequential elution from the SCX 
column of N-terminally acetylated peptides, followed by singly phosphorylated peptides with a single 
basic residue, then by peptides with a single basic residue and finally by peptides with multiple basic 
residues (and thus multiple charges)(figure 6B).128,169,185  
At the protein level, ion exchange chromatography has been widely used for initial separation/
enrichment of proteins in sample preparation methods.186-190 Examples include the anion exchange 
resin diethylaminoethyl cellulose (deae-cellulose)191 and the cation exchange phosphocellulose p11 
material.189 Deae-cellulose has been applied as an initial step in the separation of a wide variety of 
proteins including polymerases189,192,193 and nucleases194,195 and has been used often orthogonally with 
other ion exchange separation materials, such as with phosphocellulose p11, amongst others.189,196,197

Phosphocellulose p11 is a bifunctional cation exchanger containing both strong and weak acidic groups 
functionalized with an ester-linked orthophosphate group.    It has been traditionally used for the 
analysis of enzymes catalyzing ATP-dependent phosphate group interactions such as protein kinases, 
polymerases and nucleases, as well as for the purification of general transcription factors.188,192,198-200  
Proteins are typically eluted off the column by increasing the salt concentration in a stepwise manner 
or using a gradient.  The advantage of using phosphocellulose is the high protein capacity and the use 
of near-native conditions for separation, keeping most protein-protein interactions intact. Yaneva 
and co-workers observed a good correlation between the conditions for elution from the column 
and the protein-DNA complex stability in the presence of salt,201,202 rendering this material possibly 
suitable for the analysis of protein-DNA interactions.190,201

Hydrophilic Interaction Liquid chromatography (HILIC)
In contrast to reversed phase chromatography, HILIC uses a hydrophilic stationary phase and a 
hydrophobic organic mobile phase to separate peptides according to their hydrophilic properties.203  
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Th is results in the elution of hydrophobic 
compounds fi rst, followed by the highly 
retained hydrophilic compounds.204  Th is 
technique is orthogonal to reversed phase 
liquid chromatography which makes it viable 
for the multidimensional separation of complex 
samples.204,205  Th e separating power of this 
technique has been reported to be superior 
to strong cation exchange206 and has been 
applied, amongst others, for the separation 
of histones206-209 and carbohydrates203 as well 
as for the enrichment of post-translational 
modifi cations such as phosphorylation and 
N-acetylation.13,204,210 

A further application of this technique is electrostatic repulsion hydrophilic interaction chromatography 
(ERLIC) which uses a combination of HILIC and a weak anion exchange column (WAX).   Th e HILIC 
material ensures the binding of highly acidic and basic peptides whilst in WAX, basic peptides are 
not strongly bound to the column and have short retention times.  In ERLIC, peptides are separated 
at a low pH using a high organic mobile phase and eluted with increasing salt concentration.211 Th is 
leads to the identifi cation of basic peptides due to HILIC and acidic peptides due to the presence of 
the WAX material.  Th is can also be applied to the identifi cation of phosphopeptides which strongly 
bind to the column resulting in the separation of mono and multiply phosphorylated peptides.138,212 

 
Combined Fractional Diagonal Chromatography (COFRADIC)
Another peptide-based separation approach is COFRADIC, which combines the use of selective 
modifi cations to separate peptides in two consecutive reversed phase chromatographic steps.   
Th is approach has primarily been developed for the identifi cation of peptides carrying a specifi c 
modifi cation, and not so much as a generic pre-fractionation step. In COFRADIC, peptides are 
fi rst separated in the fi rst dimension using reversed phase chromatography into distinct fractions, 
followed by an enzymatic or chemical modifi cation targeting the class of peptides of interest, thereby 
changing the structure of selected peptides, and thus their chromatographic properties.213,214 Th is shift  
in retention time is exploited in a second chromatographic step performed under the exact same 
conditions as the fi rst step. Th e modifi ed peptide now elutes in a diff erent fraction, away from its 
non-modifi ed counterparts, and is available for identifi cation by MS. Th is approach had been initially 
developed for the separation and enrichment of methionine-containing peptides, but has been 
successfully applied for the characterisation of post-translational modifi cations as well as N-terminal 
peptides.34,213-215   

Isoelectric focusing
Isoelectric focusing (IEF) is an electrophoretic technique that has been used traditionally as a fi rst 
dimension in 2D gel electrophoresis for the separation of proteins. One of the strong aspects of IEF is 
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Figure 7 A schematic representation of peptide Isoelectric 
focusing. In peptide IEF, proteins or peptides are separated 
on the basis of their isoelectric point, which is the pH at 
which the net charge of these analytes is zero.  In a pH 
gradient, at low pH proteins/peptides are positively charged 
whilst at high pH they are negatively charged.  Th is causes 
the analytes to move to the opposite poles until they reach a 
point which corresponds to their isoelectric point and stop 
migrating.
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that for proteins it is one of the few techniques offering high-resolution separation (e.g. compared to 
most chromatographic methods). Together with SDS-PAGE for separation in the second dimension, 
often highly resolved spot patterns can be obtained for detailed pattern analysis, for a long time 
forming the basis of most proteomic workflows. With the advent of peptide-centric approaches, the 
use of IEF has gained appreciation for peptides as well. Like for proteins, it combines high resolution 
with high reproducibility, which has placed IEF among the more popular peptide fractionation 
techniques.216,217  In IEF, analytes are separated on the basis of their isoelectric point, which is defined 
as the pH at which the net charge of the analytes is zero.218  Proteins/peptides are positively charged 
if the pH is lower than their pI and negatively charged in a pH higher than their pI.  For isoelectric 
focusing to occur, the proteins or peptides are placed in a pH gradient to which an electric field is 
applied.  This will cause the analyte to move to the electrode with the opposing charge, until it reaches 
the iso-electric point, i.e. the position where the pH is equal to the pI of the analyte and where its net 
charge is zero (figure 7).  In this way, proteins (and peptides) even in complex mixtures focus in sharp 
bands, corresponding to their individual pI.219,220

Throughout the years, various experimental approaches have been described for IEF of proteins 
or peptides, including capillary isoelectric focusing (cIEF), solution IEF,221 and slab-gel isoelectric 
focusing, each with their strengths and weaknesses. Slab-gel isoelectric focusing has high protein 
loading capacity and high resolution, although protein precipitation and lack of automation have 
remained some of the drawbacks. In capillary isoelectric focusing, the analytes are separated in a 
coated capillary to remove electro osmotic flow, whilst a polyampholyte solution is used to generate 
the pH gradient for focusing of the proteins/peptides. This approach can be easily coupled to reversed 
phase chromatography and mass spectrometry222,223 rendering it a more applicable approach than 
slab-gel isoelectric focusing, yet it tends to suffer from a limited sample loading capacity.216  
It was not until the 1980s that immobilized pH gradients (IPG) gels were introduced,220 providing 
a more reproducible version of IEF. The commercial production of these stationary pH gradients 
brought out higher resolution separation, higher loading capacities and the possibility to use 
detergents or chaotropes during separation, thereby limiting precipitation problems.224 A further 
development of this gel-based isoelectric focusing technique was its application to peptides.  This 
entailed that proteolytic digestion of the proteins was performed prior to separation enabling the high 
resolution focusing (±0.2 pI units) of peptides.216  Following focusing of the peptides, the gel can be 
directly excised into equal gel pieces, desalted and analysed by reversed phase liquid chromatography. 
Several issues which have to be taken into consideration when using this technique are the presence 
of salt, which could be a deterrent for proper focusing, and the reproducible cutting of the gel pieces.  
Especially the latter can result in peptides dispersed in multiple fractions if not done quickly enough 
due to diffusion.  In order to slow down the rate of peptide diffusion from the strip, 8M urea is often 
utilized which causes a significant increase in sample viscosity.216,224 
Additionally, peptide IEF can also be exploited as an additional identification criterion to filter out 
false positive peptide identifications. Cargile and co-workers showed that by predicting the theoretical 
pI of the peptides in the IEF strip, false positives can be identified by looking for pI outliers in a 
predicted pH range. The application of this approach in combination with reverse database searching 
resulted in the determination of a possible peptide cut-off in a Rattus norvigicus dataset to obtain a 
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false positive identification rate of 1%.225 In this thesis, we have further explored IEF as a generic tool 
for peptide fractionation yielding high numbers of protein identification (described in chapter 2).
Since the peptide pIs can be accurately calculated from their primary structure, this approach was 
also investigated for phosphopeptide enrichment in a complex sample.  The presence of a negatively 
charged phosphate group lowers the pI of these peptides causing them to cluster in the acidic 
regions of the pH gradient (pH 3.5-4.5).  In order to separate phosphopeptides from unmodified 
acidic peptides, methyl esterification was performed to neutralize charges on carboxylic acid side 
chains.226,227 However, this approach is not as widely used as SCX, most probably due to the side 
reactions associated with methyl esterification, such as partial methyl ester hydrolysis and partial 
deamidation of asparagine residues.228

Recently, off-gel approaches of peptide isoelectric focusing have gained more popularity due 
to their ease of use, larger loading capacities and reproducibility. Since the peptides remain in 
solution throughout the procedure, and end up in distinct wells, the problem of reproducible gel 
cutting and diffusion of peptides can be minimized.229  However, although the intended maximum 
loading capacity of these off-gel systems is around 5 mg, it was observed that incomplete focusing 
is obtained with increased sample loading.  This renders isoelectric focusing (in-gel or off-gel) still 
inferior to SCX with regards to sample loading capacity.  Moreover, recent reports claim that SCX 
detects more peptides when smaller samples (10µg) are loaded compared to IEF.230  This indicates 
that the combination of various prefractionation techniques, with its own strengths and weaknesses, 
is essential to achieve complete proteome coverage in complex organisms.

4.  Phosphopeptide enrichment techniques
As already briefly mentioned in the previous section, chromatographic techniques can also 
be exploited for the enrichment of proteins or peptides containing a moiety of interest, e.g. a 
posttranslational modification. Enrichment is particularly useful when the target modification is 
relatively rare or present in low stoichiometry: without enrichment, the modified proteins/peptides 
would remain undetected among the large excess of high-abundant non-modified proteins/peptides. 
Pre-selection of peptides of interest depends on the availability of appropriate antibodies, or on 
selective chromatography. Not surprisingly, a class of peptides of particular biological interest that 
has received most interest, are phosphopeptides  This is mainly due to their low stoichiometry and 
their lower ionization efficiency resulting in lower signal intensities.136  Various techniques have been 
introduced to specifically enrich for phosphopeptides in complex samples, including ion exchange 
chromatography (described in section 3 above), immobilized metal affinity chromatography (IMAC), 
and titanium dioxide chromatography.13

IMAC consists of nitrilotriacetic acid or iminodiacetic acid-coated beads as a stationary phase, 
chelated with metal ions such as Fe3+ and Ga3+.13 The affinity of the negatively charged phosphate 
groups towards the metal-chelated stationary phase can be exploited by loading complex peptide 
mixtures, including a sub-stoichiometric amount of phosphopeptides.169,172,231 The selectivity of IMAC 
results in the binding of phosphopeptides, leaving the vast majority of the non-phosphorylated 
peptides in the flow-through.  The enrichment is not absolute, since acidic peptides (i.e. containing 
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aspartic and glutamic acid) also tend to have affinity to the IMAC stationary phase.   This reduces the 
selectivity of the method, since ionization of the higher abundant non-phosphorylated peptides can 
result in signal suppression of the phosphorylated peptides.13 Various approaches have been described 
to circumvent this problem such as O-methyl esterification of the carboxylic acid groups or lowering 
the pH to protonate the acidic residues.170,232 Another option is to reduce the sample complexity prior 
to analysis, to ensure separation such as with ion exchange chromatography.13,137,168,233

A relatively recent approach is the use of porous titanium dioxide microspheres (TiO2) to enrich for 
phosphopeptides through its amphoteric ion-exchange properties.234 This material has been shown 
to selectively bind to organic phosphates under acidic conditions.234-236   Other metal oxides have 
also been described to be used such as aluminium or zirconium oxide.168,175  Compared with IMAC, 
this material has a larger loading capacity, fast binding, is more compatible with reversed phase 
LC and has better selectivity for phosphorylated peptides.168,175,234,237  However, similarly to IMAC, 
non-specific binding of acidic peptides to this material has been reported.175 In particular, peptides 
containing a high proportion of aspartic and glutamic acid residues together with a reduced number 
of hydrophobic amino acids are reported to nonspecifically bind to titanium dioxide columns.238 In 
order to alleviate this problem various approaches have been described such as methyl esterification of 
carboxylic acid groups,170 lowering the pH,237 as well as the use of organic acids such as dihydrobenzoic 
acid (DHB), DMSO, phthalic acid or glycolic acid, which selectively enrich for phosphopeptides.237-240 
Moreover, recently Pinkse and co-workers have developed an automated online system which can 
be easily coupled with reversed phase LC and mass spectrometry.77,234 They applied a “sandwich” 
system consisting of a C18, TiO2 and a C18 column.  In this technique, the peptides are trapped on 
the first C18 column and following flow splitting the unphosphorylated peptides were eluted and 
separated on the analytical column.  In the meantime, any phosphorylated peptides are retained on 
the TiO2 column and, in a second step, are passed to the second C18 column using an alkaline buffer. 
Subsequently, these phosphorylated peptides were separated on the analytical C18 column.175 Thus, 
this approach allows the identification of phosphopeptides and unphosphorylated peptides in an 
automated manner. In combination with ion exchange chromatography, it has been applied to the 
analysis of complex samples and the large scale identification of phosphopeptides.175,176,185 Another 
addition to these enrichment techniques is SIMAC, which stands for sequential elution from IMAC.  
This approach is an extension of the IMAC and the TiO2 approach, allowing the identification of both 
mono and multiple phosphorylated peptides more efficiently than in the approaches used separately.241 
All of these techniques profit from an additional separation technique prior to enrichment such as ion 
exchange chromatography.
As further described in this thesis these targeted phosphoproteomics approaches are still far from 
all-inclusive. Different methods have different sensitivities, but also different selectivities making 
the parallel use of multiple enrichment techniques and/or proteolytic enzymes still a prerequisite to 
obtain a more comprehensive view of the phosphoproteome. 
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5. Outline of the thesis
In order to achieve in-depth profiling of complex proteomes, it is still very beneficial that a reduction 
in sample complexity is achieved prior to LC-MS analysis.  In the work described in this thesis, various 
pre-fractionation techniques were used and optimized, for the analysis of complex proteomes, and 
applied to a variety of research questions and model systems.  I aimed to use these pre-fractionation 
techniques to improve the reliability and the number of protein identifications, as well as to characterise 
low abundant post-translational modifications.
In chapter 2 we explored the use of in-gel peptide isoelectric focusing (IEF), and compared it with 
the more standard SDS-PAGE pre-fractionation. Using a Drosophila nuclear extract as a model 
system, we have explored how IEF can contribute to the total number of peptide identifications in 
a complex sample, as well as to increase the confidence with which proteins can be identified. We 
show that the pI of the peptides can be used as an additional filtering technique to remove spurious 
identifications, made possible by the high resolution focusing of IEF combined with the high mass 
accuracy, provided by the LTQ-FT-ICR mass spectrometer.  We demonstrated that peptide IEF can 
deliver an even larger number of protein identifications compared to SDS-PAGE, with an increase in 
confidence of identifications.
Chapter 3 describes a further application of in-gel peptide IEF to determine the pI of phosphorylated 
and N-terminally acetylated peptides using a zebrafish lysate and an-in house developed program to 
calculate peptide pI’s.  The program enables a reliable calculation of the pI of peptides, as evidenced 
by an excellent correlation between experimental and theoretical pI, when appropriate pK values are 
used. A shift in pI due to phosphorylation or N-terminal acetylation could be revealed, as well as a 
previously unknown position-specific pK value for asparagines and carbamidomethylated cysteines.
In chapter 4 an in-depth proteome characterization of a pure preparation of the yeast nuclear proteome 
is given, comparing four orthogonal pre-fractionation techniques, namely SDS-PAGE, peptide IEF, 
peptide based SCX and phosphocellulose p11 chromatography.  In particular, phosphocellulose p11 
chromatography was evaluated as an enrichment step for DNA-binding proteins as well as a generic 
pre-fractionation technique.  The main conclusion of this work is that the use of multiple orthogonal 
separation techniques can lead to the most comprehensive characterization of the yeast nuclear 
proteome reported so far, whereby phosphocellulose p11 chromatography in combination with SDS-
PAGE provided the largest number of protein identifications. Furthermore, phosphocellulose p11 
chromatography could additionally be used to explore protein complexes.
In chapter 5, the beneficial use of three complementary proteases, namely Lys-N, trypsin and Lys-C, 
in proteomics was assessed, in particular for the analysis of the phosphoproteome and N-acetylome 
of human Hek293 cells.   By using a refined SCX approach, we could very efficiently separate several 
classes of peptides, including N-terminally acetylated peptides and phosphopeptides from the bulk 
of unmodified peptides in this complex sample.  The results clearly demonstrated the complementary 
nature of these enzymes, through which different parts of the proteome can be sampled. This was also 
evidenced by the fact that different phosphorylation motifs were identified in the screens of the three 
different proteases.  
In chapter 6, we show how the SCX approach described in chapter 5 led to the inventory of the 
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largest dataset of human N-acetylated protein termini to date. The comprehensive dataset generated 
in this experiment turned out to be also a valuable resource for further evaluation of protease cleavage 
specificity and the differential nature of the human and yeast N-acetylome. These results reveal that the 
role of the penultimate position on cleavage efficiency by methionine aminopeptidases is conserved 
from E. coli to humans and provides new insights into N-terminal processing across different species 
such as Drosophila melanogaster, Saccharomyces cerevisiae and the archaean H. Salinarum.
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Abstract
In the analysis of proteins in complex samples, pre-fractionation is imperative to obtain the 
necessary depth in the number of reliable protein identifications by mass spectrometry. Here 
we explore iso-electric focusing of peptides (peptide IEF) as an effective fractionation step that 
at the same time provides the added possibility to eliminate spurious peptide identifications 
by filtering for pI. Peptide IEF in IPG strips is fast and sharply confines peptides to their pI. We 
have evaluated systematically the contribution of pI filtering and accurate mass measurements 
on the total number of protein identifications in a complex protein mixture (Drosophila 
nuclear extract). At the same time, by varying Mascot identification cut-off scores, we have 
monitored the false positive rate among these identifications by searching reverse protein 
databases. From mass spectrometric analyses at low mass accuracy using an LTQ ion trap, 
false positive rates can be minimized by filtering of peptides not focusing at their expected 
pI. Analyses using an LTQ-FT mass spectrometer delivers low false positive rates by itself due 
to the high mass accuracy.  In a direct comparison of peptide IEF with SDS-PAGE as a pre-
fractionation step, IEF delivered 25% and 43% more proteins when identified using FT-MS 
and LTQ-MS, respectively. Cumulatively, 2190 non redundant proteins were identified in the 
Drosophila nuclear extract at a false positive rate of 0.5%. Of these, 1751 proteins (80%) were 
identified after peptide IEF and FT-MS alone. Overall, we show that peptide IEF allows to 
increase the confidence level of protein identifications, and is more sensitive than SDS-PAGE.

Keywords: false positive rate, iso-electric focusing, SDS-PAGE, FT-MS, LTQ-MS, Drosophila

Introduction
The success of large-scale proteomics studies is strongly dependent on the ability to identify large 
numbers of proteins in biologically complex mixtures. Recent developments in mass spectrometry, 
especially in conjunction with liquid chromatography, have greatly enhanced the capabilities to 
characterize such samples in considerable depth. Especially the online coupling of capillary reversed 
phase chromatography to electrospray mass spectrometry has emerged as a powerful technique 
enabling the separation and identification of hundreds of peptides in a single experiment.1-3

Despite this progress, the huge complexity and dynamic range of proteins in biological samples in 
general still largely exceeds the analytical capabilities of the mass spectrometer, even in combination 
with chromatographic separation at the front. 
Although modern mass spectrometers with increased scanning speeds and shorter duty cycles 
are a distinct improvement, an alternative solution to reduce sample complexity lies in protein or 
peptide pre-fractionation. A myriad of possibilities is available that, especially when combined in 
multidimensional systems, provides tools for the ‘comprehensive’ characterization of a sample. Most 
strategies are orthogonal to the ‘standard’ combination of LC-MS4, either at the protein5-7 or the 
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peptide level.8 For instance, peptide fractionation by SCX-LC followed by reversed phase-LC, termed 
MudPit9, is a well-established approach for peptide separation enabling the identification of multiple 
thousands of peptides in a single experiment. An alternative and common way to separate proteins is 
SDS polyacrylamide  gel electrophoresis (PAGE). Here, proteins are separated by size, which can be 
excised for in-gel proteolytic digestion.10 Depending on the sample and the question to be addressed, 
many alternatives are available, including two-dimensional separation of proteins,7 anion-exchange 
chromatography but also subcellular fractionation11 and affinity purification, to name just a few.
Another issue in proteomics lies in the process of identification of proteins in complex mixtures, and 
specifically in defining confidence scores for unattended identification. Usually a software algorithm 
is used to match an experimental peptide fragmentation pattern against a database of all proteins 
potentially present in a sample.12 In large datasets, multiple thousands of spectra can be matched 
against the entire proteome of the organism under investigation. For each experimental spectrum 
the best matching peptide is scored reflecting the quality of the match. Usually, a threshold value is 
used to discriminate correct from false identifications. The problem is that the various search engines 
(e.g. Sequest, Mascot, Spectrum Mill, ProID) use their own scoring algorithm and can hardly be 
compared. This may be illustrated by the fact that submission of the same dataset to various search 
engines does not give identical answers,13,14 leaving a degree of uncertainty on the correctness of the 
identifications. It has therefore been suggested that only identifications should be reported that were 
identified by 2 or more algorithms,14 or to validate identifications manually15 or, more realistically, by 
statistical models.16,17 What may be learned from these and other studies is that even in abundantly 
used algorithms no consensus seems to exist as to what settings are to be used to obtain valid 
identifications at the desired sensitivity and specificity levels. 
Assignment of fragmentation spectra to peptide sequences can be solely based on scoring values, but 
various other orthogonal criteria have been explored to accept or refute identifications. One of these 
is the retention time of peptide during reversed phase chromatography. Within certain experimental 
settings, chromatographic behavior of peptides can be predicted, to be used as an additional criterion 
for their identification.18 Another parameter explored more recently is the iso-electric point of peptides, 
which can be exploited after isoelectric focusing (IEF) of peptides. Recently, this has been investigated 
for peptides in solution19, by free flow electrophoresis (FFE),20 by capillary electrophoresis21 and by 
in-gel electrophoresis in IPG-strips.22 Each of these approaches benefit from the general advantage of 
IEF that peptides can be binned and concentrated in discrete fractions, which is generally not possible 
by chromatographic techniques. However, their applicability in practice also depends on  the size of 
fractions that can be sampled, presence of carrier ampholytes that could complicate further analysis, 
and minimum sample loads that are required. Stephenson and coworkers23,24 and others20 have shown 
that the expected pI of a peptide can be used to support or refute its identification as determined by 
mass spectrometry. 
In this paper, we have addressed the question to what extent filtering on pI contributes to the quality 
of large datasets. We have taken a Drosophila nuclear extract as a model for a complex protein mixture, 
and have analyzed this by peptide IPG-IEF followed by LC-MS. To get a sense how this compares to 
other frequently used techniques, we have run a parallel experiment where the same sample was 
analyzed by protein SDS-PAGE followed by in gel digestion and LC-MS. Our particular interest was 
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whether peptide IEF performed at the desired sensitivity level to be a viable alternative for protein 
SDS-PAGE. We have addressed this also in the light of accurate mass measurements, another aspect 
aiding in confident protein identification. We have used reverse sequence protein databases as a 
validation tool to estimate the false positive rate in the various datasets. In this analysis we show that 
data filtering based on pI is a highly valuable tool to increase the confidence in peptide and protein 
identifications, especially for data generated on instrumentation delivering lower mass accuracy. 
Besides the increased confidence also the proteome coverage could be improved since compared to 
protein SDS-PAGE, peptide IEF delivered 25-43% more protein identifications. 

Materials and Methods
Peptide IEF
Drosophila nuclear extract was a gift from Dr. C.P. Verrijzer (ErasmusMC, Rotterdam, The 
Netherlands) and was prepared according to Heberlein and Tjian25. The final preparation was dissolved 
in HEMG (25 mM HEPES-KOH pH 7.6, 0.1 mM EDTA, 12.5 mM MgCl2 and 10% glycerol) at a 
protein concentration of 5 mg/ml. One hundred µg of protein was diluted with 50 mM ammonium 
bicarbonate (pH 8) in a total volumne of 50 µl and was digested with trypsin in a enzyme:substrate 
ratio of 1:40 (w/w) at 37°C for 16 h. The sample was brought up to 8M urea in the presence of IPG 
buffer 3-10 NL (Amersham) and applied to a 13-cm IPG dry strip, 3-10 NL (Amersham). Using an 
IPGphor (Amersham), the following focusing protocol was applied: 16 h 30V, 3h 500V, 8,000V up to 
30,000Vh. Alternative settings used during the optimization of IEF are indicated in the text. Excess 
cover oil was removed, and the gel was scraped off the plastic backing in 20 equally sized parts within 
3 min to prevent diffusion. Peptides were eluted in three sequential solutions containing 0%, 50% and 
100% acetonitril in water and 0.1% TFA. Supernatants were combined, dried down and redissolved 
in 5% acetic acid. Samples were cleaned of salts and residual oil using STAGE tips,26 dried, and stored 
at -80°C before analysis. A script written in-house was used to calculate the pI of peptide batch wise, 
employing an algorithm that is also used at Expasy (http://www.expasy.org/tools/pi_tool.html).

Mass Spectrometry
Nanoflow-LC tandem mass spectrometry was performed by coupling an Agilent 1100 HPLC (Agilent 
Technologies), operated as described before,27 to a 7-Tesla LTQ-FT mass spectrometer (Thermo 
Electron, Bremen, Germany) or an LTQ ion trap (Thermo Electron, Bremen, Germany). For peptide 
LC, trapping columns (1 cm x 100 µm) and analytical columns (15 cm x 50µm) were packed in-house 
with ReproSil-Pur C18-AQ, 3 µm (Dr. Maisch GmbH, Ammerbuch, Germany). Peptide mixtures 
were delivered at 3 µl/min on the trapping column for desalting. After flow-splitting down to ~150 nl/
min, peptides were transferred to the analytical column and eluted in a gradient of acetonitrile (1%/
min) in 0.1M acetic acid. The eluent was sprayed via emitter tips (New Objective), butt-connected to 
the analytical column.
Mass spectrometers were operated in data dependent mode, automatically switching between MS 
and MS/MS acquisition for the three most abundant peaks in a given MS spectrum. In the LTQ-FT, 
full scan MS spectra were acquired in the FT-ICR at a target value of 5E6 with a resolution of 20,000.  
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The three most intense ions were then isolated for accurate mass measurements by a FT-ICR selected 
ion monitoring scan which consisted of 10 Da mass range, at a resolution of 50,000. These ions were 
then fragmented in the linear ion trap. In the LTQ, MS scans were recorded in centroid mode at a 
target value of 30,000. Peptides were fragmented when the signal exceeded 2E4 counts by filling the 
ion trap at a target value of 10,000 with a maximum ion time of 100 ms. From MS/MS data in each 
LC run peak lists were created using Bioworks 3.1 software (Thermo Electron, Bremen, Germany ) 
which were converted to a single file in Mascot generic format using a perl script written in-house.

Database searching
For protein identification, database searches were performed using Mascot version 2.0, allowing 5 
ppm and 1.2 Da mass deviation for the precursor ion for data generated by the LTQ-FT and the 
LTQ, respectively. Methionine oxidation and cysteine carbaminomethylation were allowed as variable 
and fixed modifications, respectively. The Drosophila proteome database (ftp://ftp.ebi.ac.uk/pub/
databases/integr8/fasta/proteomes/) was used for protein identifications. Mascot cut-off scores were 
applied as indicated in the article. To estimate the number of false positive identifications under 
the various experimental conditions we made use of reversed databases throughout the analysis. A 
reversed database contains all proteins a ‘true’ database, but with all sequences inversed. False positive 
estimations rely on the assumption that any protein identification from a reversed database is false.28,29 
In our analyses a composite database was used with all protein sequences of the Drosophila proteome 
database in forward as well as in reverse direction. False positive rates were calculated using the 
equation 2 * n(rev)/n(rev) + n(forw), where n(forw) and n(rev) are the number of peptides identified 
in proteins with forward (normal) and reversed sequence, respectively.

Results
Optimization of experimental conditions for IEF
Since optimal conditions for peptide IEF in IPG strips have not been reported yet, IEF settings were 
initially taken directly from 2D-gel applications for proteins (i.e. 30 kVh at 8000V). To gain further 
insight into the required running conditions for in-gel peptide IEF, various time and voltage courses 
were tested. Similar aliquots of  50 µg  of trypsin-digested nuclear extracts of  Drosophila embryos 
were applied to eight 13-cm IPG dry strips, 3-10 NL, and focusing was performed as follows using 
8 different conditions: 1: 16 h 30V (rehydration only); 2: 16h 30V, 1h 200 V; 3: 16h 30V, 1h 500 V; 4: 
16h 30V, 2h 200 V; 5: 16h 30V, 2h 500 V; 6: 16h 30V, 2h 500 V, 2h 1,000V; 7: 16h 30V, 2h 500 V, 2h 
8,000V; 8: 16h 30V, 2h 500 V, 8,000V up to 30 kVh. The runs were conducted independently from 
each other to prevent mutual influences of the focusing experiments. From each strip 20 slices of gel 
were scraped off of the plastic backing (slice 1 = acidic end pH 3, slice 20 = basic end pH 10). The 
peptides were eluted, desalted, concentrated, and analyzed by nanoflow-LC coupled to LTQ ion trap 
MS. The pI of unique peptides belonging to proteins identified by Mascot database searches were 
calculated. Optimal focusing conditions were considered to be reflected in a low standard deviation 
of the average pI and in a narrow interval between the most extreme pIs of the peptides found in one 
gel slice. For the latter value the average of the ten highest pIs and the ten lowest pIs in each of the gel 
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slices was calculated  in order to minimize the eff ect of outliers with extreme pIs. Th is is exemplifi ed 
for gel slice number 9 as a typical representation of the 20 slices. Across all 8 conditions, 272 ± 47 
unique peptides were identifi ed in this section. Surprisingly, decent peptide focusing took already 
place aft er rehydration only (30V for 16h) (Figure 1) with an average pI of 5.82 ± 0.68. Extended 
focusing for 1h at 200V or 500V slightly deteriorated focusing effi  ciency, while prolonged focusing 
at higher voltages gradually resulted in a decreased standard deviation of pI values. Furthermore, the 
curves for the average pI of the highest 10 and the lowest 10 pI converged when higher voltages were 
applied, indicating the elimination of (extreme) outliers (Figure 1). Proper focusing, i.e. standard 
deviation between  0.49 and 0.65, seems to be achieved more easily in the acidic half compared to 
the basic half of the strip. Application of 1000V or 8000V was suffi  cient to obtain optimal standard 
deviation at low pI, while at the basic end (slices 16-20) only a standard deviation of 1.6-1.8 was 
achieved, even aft er 30kVh focusing. Th is already indicated the exceptional behaviour of peptides 
with extreme pI in the in-gel IEF of peptides (see below). 

Peptide separation by isoelectric focusing and analysis by FT-MS
Next, we have investigated the utility of peptide separation based on pI for the identifi cation of 
proteins in complex mixtures in detail. A nuclear protein isolate (100 µg) of Drosophila embryos 
was digested overnight with 2.5 µg of trypsin, and the peptide mixture was brought up to 8M urea in 
the presence of 0.5% IPG buff er. Aft er IEF (30 kVh), the gel was divided into 20 equal parts. Of the 
extracted peptides in each fraction, 10% was injected for analysis on an LC-LTQ-FT-MS system. Th e 
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Figure 1. Optimization of peptide iso-electric focusing. Average theoretical pI values for peptides identifi ed aft er IPG using 
focusing conditions as indicated ± SD (grey bars). Average pI of the 10 peptides with the highest (squares) and lowest pI 
(triangles) are indicators for the occurrence of outliers. Results are shown for one representative fraction (fraction 9 out 
of 20).
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total dataset of these 20 LC-MSMS runs was subjected to a thorough analysis, consisting of: 1) the 
identifi cation of peptides in each fraction, 2) the distribution of peptides along the IPG gel in relation 
to their theoretical pI, 3) the effi  cacy of focusing by monitoring the occurrence of peptides in multiple 
sections of the gel, 4) the ability to use IEF as a criterion to eliminate misidentifi cations, 5) the number 
of false positive identifi cations before and aft er pI fi ltering.
Peptides in each of the 20 IEF fractions identifi ed by FT-MS datasets are listed in Supplementary 
Table 1A, along with their theoretical pI. In Figure 2, where these data are plotted in a more concise 
form, it is shown that the number of peptides ranges from 60 in fraction 17 to 1291 in fraction 3, 
which readily illustrates that the distribution over the entire pH range is not even. Th is phenomenon 
has been observed before for samples of diff erent origin, with remarkably few data points between 
pH 7 and 8.22 Collectively, in these 20 fractions 11621 peptides were identifi ed (reverse sequences 
included). Figure 2A also shows that in most of the fractions the pI of the identifi ed peptides tightly 
clusters around pI values that gradually increase along the strip. In fact this matches the expected 
trend in the non-linear pH gradient used in this experiment, with steep gradients at the extremes and 
a more shallow gradient between pH 5 and 7. 
To look into pI distribution per fraction in more detail, theoretical pI values for all peptides are 
plotted against Mascot identifi cation scores in Supplementary Table 1A. In Figure 3A the results are 
shown for a representative fraction (fraction 10). In this fraction, 500 peptides were identifi ed with an 
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Figure 2. Distribution of tryptic peptides from a Drosophila nuclear extract over a 3-10 NL IPG strip (pI 3 to 10 in a non 
linear gradient). For each of the 20 gel fractions the number of identifi ed peptides (bars, left  axis) and the average pI ± SD of 
these peptides (blue squares, right axis) are plotted. Th is was done aft er FT-MS (panels A and B) and aft er LTQ-MS (panels 
C and D), both before fi ltering (panels A and C) and aft er fi ltering for pI (panels B and D).
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average pI of 5.89 ± 0.2. In this particular fraction, 485 forward and 15 reverse peptides were found, 
so that the false positive (FP) rate can be estimated at 2*15/(15+485) = 6%. For the entire dataset of 
all 20 fractions the FP rate is 2*159/(159+11462) = 2.7%. 
We next addressed the question what the eff ect on the overall FP rate would be when fi ltering out 
peptides with deviating pI. To this end, we set a pI window for each fraction (Supplementary Table 2), 
and removed all peptides outside this window. In Figure 3A and 3B (fraction 10) and Supplementary 
Figure 1 (all fractions) unfi ltered and fi ltered data are given side by side, showing that both false 
identifi cations (pink) and initially presumed correct identifi cations (blue) are removed in the fi ltering 
process. In doing so, the total number of identifi ed peptides went down from 11621 to 11372 
(including 115 reverse peptides), but, more importantly, the false positive rate was reduced from 
2.7 to 2.0%. Th e benefi t for individual fractions is shown in Figure 2, where the average standard 
deviation in pI decreased from 0.49 to 0.31. A remark should be made about fractions 17 to 20 where 
no fi ltering was performed since the number of peptides was too small to properly determine fi ltering 
conditions (fraction 17), or since the scatter in theoretical pI was too high (18-20). Th e latter could 
be due to poor focusing conditions near the extreme end of the gel. A similar phenomenon, but to a 
lesser extent, can be observed for fraction 1. 

Peptide separation by iso-electric focusing and analysis by LTQ-MS
Although this procedure shows that the confi dence of peptide identifi cation can be improved by 
fi ltering of peptides based on pI,  the overall improvement was rather modest. In fact, the false positive 
rate was already very low in the fi rst place (2.7%), presumably owing to the high mass accuracy that 
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Figure 3. pI distribution of peptides identifi ed in fraction 10 of the IEF gel aft er FT-MS (panels A and B) and LTQ-MS 
(panels C and D), before fi ltering (panels A and C) and aft er fi ltering for pI (panels B and D).
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was realized using the FT mass spectrometer. Th e contribution of pI fi ltering can be expected to be 
much greater at lower mass accuracies. Th erefore, we used the same 20 samples and analyzed these 
using an iontrap LTQ instead of an FT instrument. Conditions for nanofl ow chromatography were 
identical as above, the main diff erence was that precursor masses were determined in the LTQ mass 
spectrometer with an accuracy of ~1.2 Da. With all identifi ed peptides listed in Supplementary Table 
1B, Figure 2C shows that the number of identifi ed peptides in each of the fractions is somewhat 
lower compared to the FT data (Figure 2A). In addition, the number of false positives in most of 
the fractions is higher (Supplementary Figure 2), resulting in higher standard deviations (Figure 
2C) (average SD 1.01 pH unit). Th e entire dataset of 7773 peptides, including 385 from the reversed 
database, contained 9.9% false positives. Removal of pI-outliers, using the same fi ltering conditions 
as used in the previous analysis (Supplementary Table 2) resulted in the elimination of 872 peptides, 
a decrease of the average SD (to 0.31 pH units) and a decrease of the FP rate to 3.0%. 
From these data it appears that analysis of the same sample using two diff erent instruments (FT and 
LTQ) delivers datasets that diff er considerably both in the number of peptides (11621 vs. 7773) and 
FP rate (2.7 vs. 9.9%). Importantly, the latter numbers drop to fully acceptable levels for both datasets 
aft er fi ltering for pI (2.0% and 3.0% for FT and LTQ, resp, Table 1). 

Resolving power of IEF
In order to make peptide separation by IEF followed pI fi ltering a valuable addition to existing 
techniques, it is important that focusing occurs in a tight region in the gel. For the peptides identifi ed 
by FT-MS remaining aft er fi ltering we analyzed the frequency of each peptide across the 20 gel 
fractions. In the total set of 11258 peptides, 7679 peptides were found only once (Figure 4, note the 
log scale), 1290 were found in 2 fractions, 296 in 3 fractions, and decreasing numbers were identifi ed 
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Figure 4. Peptide redundancy between IEF fractions. 
x-axis: frequency of a particular peptide identifi cation 
across 20 IEF-fractions. A log scale is used to indicate the 
sharp decline in the number of redundant identifi cations.

IEF-FT IEF-LTQ SDS-FT SDS-LTQ
Before filtering
# forw peptides 11462 7388 9396 6683

# unique forw pep 9265 6323 7271 5460
# rev pept 159 385 47 127

# unique rev pept 127 375 47 127
% false positives 2.7 9.9 1.0 3.7

peptide length forw 13.9 13.2 12.4 13.6
peptide length rev 7.8 9.8 7.6 9.8

After filtering
# forw peptides 11258 6797

# unique forw pep 9212 5908
# rev pept 115 104

# unique rev pept 106 99
% false positives 2.0 3.0

Table 1. Comparison of the number of peptides identifi ed 
by reversed-phase nano-LC by FT-MS and LTQ-MS aft er 
peptide-IEF and protein SDS-PAGE gel electrophoresis as 
a fi rst separation step. Numbers are shown before and aft er 
pI fi ltering (IEF only). Forw pep: peptides with forward 
sequence, identifi ed from normal database. Rev pep: 
peptides with reverse sequence, identifi ed from database 
with all sequences inverted.
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in up to 6 fractions. Th is means that 96% of all peptides were found in two fractions at maximum 
(82% in a single fraction, 14% in two fractions). Another important observation is that all peptides 
identifi ed more than once were always found in adjacent fractions. Inspection of the peptides that 
were found more than 3 times learned that they represent some high abundant proteins, such as 
transcription elongation factors, heat shock proteins, ribosomal proteins and vitellogenins (yolk 
proteins). Sub-optimal focusing may be due to peptide abundance and local overloading of the strip. 
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Figure 5. Correlation between mascot protein score,  the number of protein identifi cations and false positive rates. For 
each protein mascot cut-off  score, the number of identifi ed proteins (solid lines, left  axis) and the false positive rate (dashed 
lines, right axis) was determined. Panel A and B show these data for IEF and SDS-PAGE, respectively, followed by FT-MS 
(squares) and LTQ-MS (circles). Open and solid symbols denote data obtained with and without fi ltering peptides for pI, 
respectively. Filtering could only be performed aft er IEF (panel A).
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Comparison of peptide-IEF with protein SDS-PAGE as a separation step prior to LC-MS
An alternative routine approach to identify proteins in complex mixtures is the separation of proteins 
by SDS-PAGE followed by in-gel digestion of excised parts and LC-MSMS analysis.10 We have 
compared peptide IEF with protein SDS PAGE as a separation step prior to LC-MS. To make it fully 
comparable, we have analyzed the same amount of protein, digested the gel in the same number of 
slices, injected the same amount of sample (10% of each digest) into the LC system and used the same 
methods and settings for MS, both for the FT and the LTQ. Peptides identifi ed in the 20 SDS-gel \
fractions by FT-MS and LTQ-MS are listed in Supplementary Table 1C and 1D, respectively. From 
the distribution of the number of identifi cations over the gel (Supplementary Figure 3) it appears 
that most peptides are found in the high-molecular weight fractions, with peptide numbers ranging 
from 28 (fraction 17) to over 800 (fraction 2). In total, 9396 and 6683 peptides were identifi ed by FT-
MS and LTQ-MS, resp (Table 1). Th ese numbers are 22% and 10% lower compared to IEF as a fi rst 
separation step. When considering only unique peptides in these sets, IEF outperforms SDS-PAGE 
by 27% and 16% using FT-MS and LTQ-MS, respectively (Table 1). Aft er SDS-PAGE, FP rates are 
relatively low (1.0% and 3.7%, for FT and LTQ). 

Peptide IEF and false positive rates in protein identifi cations
So far, we have only considered numbers of identifi cations and false positive rates at the peptide level. 
Th is is only the fi rst step in protein identifi cation, and thus it is far more interesting to consider these 
entities at the protein level. Our aim was to generate the best possible list of identifi cations in the 
nuclear extract containing the largest number of proteins as possible with the lowest possible false 
positive rate. As a fi rst step to generate such a list we removed redundant peptides, and excluded 
peptides with a Mascot score below 25. Th en, peptides belonging to the same protein were combined, 
and protein scores were calculated as the sum of the peptide scores. Finally, for every dataset a protein 
cut-off  score was selected such that a 0.5% FP rate was achieved. 

We investigated the quality of the set of 
identifi ed proteins in the IEF dataset before 
and aft er pI-fi ltering. In Figure 5A the 
number of identifi ed proteins and the FP 
rates are shown as a function of the Mascot 
protein score before and aft er pI fi ltering. By 
increasing the cut-off  score from 25 to 60, 
the number of proteins identifi ed by FT-MS 
gradually decreases from ~2200 to ~1700. 
Over this interval, the FP rate drops from 
6% to virtually 0%. Aft er pI fi ltering, both 
the number of identifi cations and FP rates 
are marginally aff ected, as was observed for 
peptides before (Figure 2). Across the cut-
off  range, the number of proteins identifi ed 

IEF-FT IEF-LTQ SDS-FT SDS-LTQ cumul
Mascot cut-o� 43 52 35 59

# unique peptides 8146 5038 6300 4413 15151
# unique proteins 1751 1238 1404 863 2190

peptides/protein 4.65 4.07 4.49 5.11 6.92

1179 709 300 

SDS-PAGE IEF 

122 

1324 743 

LTQ-MS FT-MS

Figure 6. Comparison of the number of proteins identifi ed by 
reversed-phase nano-LC by FT-MS and LTQ-MS aft er peptide-
IEF and protein SDS-PAGE gel electrophoresis as a fi rst 
separation step. For IEF only peptides were included retained 
aft er pI fi ltering. Cumul denotes the cumulative number 
of unique peptides and proteins across the four methods. 
Numbers in the Venn diagrams indicate the overlap in protein 
identifi cations aft er SDS-PAGE and IEF (FT-MS and LTQ-MS 
accumulated), and aft er LTQ-MS and FT-MS (IEF and SDS-
PAGE accumulated).
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by LTQ-MS decreased from ~2000  to ~1200 (Figure 5A). Filtering for pI had little effect on this 
number, but, importantly, FP rates dropped dramatically from 16% to 6% at a cut-off of 25, and from 
1.5% to 0.4% at a cut-off of 60. 
A similar trend is observed for proteins identified after SDS electrophoresis (Figure 5B) with higher 
false positive rates and lower number of identifications after LTQ-MS compared to FT-MS. Since no 
pI filtering can be applied in this case, higher cut-off values are required to obtain a similar confidence 
level. For instance, a 1% FP rate for proteins identified by LTQ-MS after IEF and pI filtering is achieved 
at a Mascot score of 50 (Figure 5B), while after SDS a minimum score of 56 would be required.
To compare the four datasets (peptide IEF and protein SDS-PAGE, each analysed by LTQ-MS and 
FT-MS) in a meaningful way we set a desired FP rate to evaluate the number of protein identifications. 
We chose to use a stringent FP rate of 0.5% to achieve a dataset with high-confident identifications.
Protein cut-off scores needed to realize FP rates of 0.5% in each of the four datasets can be deduced 
from Figure 5A. These values were 35 (SDS-PAGE followed by FT-MS), 43 (IEF followed by FT-MS), 
52 (IEF followed by LTQ-MS) and 59 (SDS-PAGE followed by LTQ-MS) (Figure 6). The variation 
between these values illustrate that there is no standard cut-off value that can be used if one aims to 
identify the maximum number of proteins at a given confidence level.
All proteins identified using these criteria in each of the four approaches are listed in Supplementary 
Table 3, and the peptides that were identified for these proteins are listed in Supplementary Table 4. 
The total number of identifications are summarized in Figure 6. Cumulatively, 2190 non-redundant 
proteins were identified by 15151 peptides. It is striking to note that in this high-quality dataset 
numbers are clearly in favor of peptide IEF when compared to SDS electrophoresis: 25% (1752/1405) 
more proteins were identified by FT-MS, and even 43% (1239/864) more by LTQ-MS (Figure 6). The 
difference between FT and LTQ is also substantial, but may be less unexpected: 41% more proteins 
are identified after IEF, and 63% more after SDS-PAGE. Of all the proteins, the majority (80%) were 
identified solely using IEF-FT-MS, reflecting the strength of both IEF and FT-MS. Addition of the 
3 other datasets increased the number of proteins, but mainly extends the number of peptides per 
protein (from 4.6 to 6.9). The added value of IEF and FT-MS can also be seen from the Venn diagrams 
in Figure 6, where substantially more proteins were identified by these methods compared to SDS-
PAGE and LTQ-MS, respectively.

Qualitative comparison of peptides and proteins identified after IEF and SDS-PAGE
A relevant question that remains is how the four datasets differ at the individual peptide and protein 
level: which are the ones that are identified after IEF but not SDS electrophoresis? Or are there also 
examples of proteins solely identified after SDS-PAGE? To get a global overview of the peptide 
characteristics (obtained from Supplementary Table 4), the distribution in peptide length and pI in 
each of the four approaches was investigated (Supplementary Figure 4). When comparing IEF to 
SDS-PAGE as a pre-fractionation step, it appears that in IEF longer peptides (10-20 residues) are 
clearly overrepresented, while analysis after SDS-PAGE tends to yield more shorter peptides (5-8 
residues) (Supplementary Figure 4A). At the same time, most peptides identified after SDS-PAGE 
have a pI between 4 and 5, while the maximum number of peptides after IEF are found between 5 and 
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7 (Supplementary Figure 4B). Apparently, the extensive separation in IEF of peptides between pH 
5 and 7 (fraction 5-16, see Figure 2) significantly contributes to the total number of identifications.
To get insight as to what (type of) proteins may be preferentially identified after IEF or SDS-PAGE, 
for each identified protein in Supplementary Table 3 the cumulative number of peptides after IEF 
(by FT and LTQ mass spectrometry) and SDS is included. The ratio between these numbers is also 
provided, to easily trace those proteins that appear preferentially in one of these methods. From this 
comparison it appears that 711 proteins were identified after IEF, but not SDS-PAGE. On the other 
hand, the inverse is observed for 298 proteins. This latter observation is at least remarkable, especially 
taking into consideration that some proteins are identified by as many as 23 peptides (vs. no peptides 
after IEF), indicating that these are present at considerable abundance. Overall, 91 proteins were 
identified by 3 or more peptides after SDS-PAGE which were completely missed after IEF, while 85 
proteins were identified by >3-fold more peptides after IEF compared to SDS-PAGE. 
A possible explanation for this discrepancy could reside in differences in sample preparation, causing 
various peptide yields for proteins differing in physical properties. This may be illustrated by the 
selective finding of 20S proteasomal proteins (all alpha subunits PSA1 to 7, and beta subunits (PSB) 
1,2 and 4) after SDS-PAGE, but not IEF. Interestingly, the subunits from the regulatory 19S domain of 
the proteasome were primarily found after IEF (RPN 1, 2, 6, 7, 9). This discrepancy could be explained 
by differences inherent to the various protocols used for sample preparation. Notably, proteins were 
dissolved and boiled in SDS sample buffer before SDS-PAGE, while proteins were digested under 
non-denaturing conditions before IEF. Stable protein complexes or highly globular proteins would 
be refractory to digestion under these conditions, and would thus be missed in subsequent analyses.
Thus, rather than presenting an explanation why more proteins were identified after IEF, a suggestion 
is provided for improved sample preparation prior to IEF. For instance, proteolysis under denaturing 
conditions (e.g. in urea) could be a distinct advantage in identifying (even) more proteins using 
peptide IEF than we have observed in the current analysis.

Discussion
Striving for large numbers of protein identifications at high sensitivity is often in conflict with high 
MS data quality and confident protein identifications. Nevertheless, it is certainly possible to identify 
many hundreds of proteins in a single sample using multidimensional separation interfaced with mass 
spectrometry. Common practice for protein identification is the matching peptide fragmentation 
patterns against a protein database which can be performed by a variety of search algorithms. Most of 
these differ in the way they rank protein identifications and in the way they produce probability scores 
that reflect the quality of each match. What they have in common, however, is that in all cases protein 
identification is a probabilistic process with the inherent chance that the answer may be wrong. A 
parameter that is not always produced is the reliability of a given set of identifications, which is of 
particular importance when individual datasets are to be compared, or when they are used to design 
additional (biological) studies.
An efficient way to estimate the false positive rate in a dataset is the use of reverse database.28-30 Such 
a database is composed of proteins in normal (forward) direction, complemented with the same 
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proteins with their sequences reversed (C- to N-terminus). The number of proteins identified from 
reverse proteins relative to the total number of identifications can then be used to calculate the false 
positive rate.
Being able to calculate false positive rates is one thing, the ability to minimize them is yet another. 
The only way to do so is by using other parameters than database scores only. Peptide retention 
time during chromatographic separation is one such a parameter, the iso-electric point of peptides, 
introduced recently by others,19,22,31 is another. 
In this study we have investigated whether the overall false positive rate in a large-scale experiment 
can be decreased by peptide IEF followed by elimination of outliers deviating from the expected pI. 
First, we have investigated the behaviour of peptides during in-gel IEF using IPG strips since IPG 
protocols were initially developed for proteins.7 Our data show that IEF of peptides is a relatively fast 
process, with focusing times that are around ten times shorter than for proteins (3.5 kVh vs typically 
32 kVh). This is most likely due to the much smaller size of peptides that migrate more easily through 
the gel than proteins. However, peptides with a basic pI require longer running times and/or higher  
focusing voltages than acidic peptides so that the running conditions of an in-gel peptide IEF may 
directly depend on the chosen pH range of the IPG strip. We have also noticed that, in contrast to 
protein IEF, peptide IEF is more tolerant to salt. Although under such conditions high voltages are not 
reached, efficient focusing is still achieved (data not shown).
A second important observation was that peptides can be accurately focused using IPG gel strips. 
This has allowed us to set boundaries excluding those peptides with outlying pI. Most of the peptides 
retained after filtering are confined to a single or at most two gel sections (Figure 4), which is a 
remarkable observation given the broad pH range allowed per section and the considerable overlap 
between them (Supplementary Table 2). For instance, a peptide with pI 6.0 could theoretically be 
found anywhere between fractions 8 and 15 (Supplementary Table 2). The observation that this 
is clearly not the case for the large majority of the peptides probably illustrates that the algorithm 
used to calculate peptide pI is inaccurate, and that the observed spread in pI in each fraction (1 and 
0.4 pH unit before and after filtering, respectively, Supplementary Figure 1) is still a considerable 
underestimation of the resolving power of IEF. The inaccuracy can be due to the fact that the algorithm 
was initially developed for proteins, and not peptides. Furthermore, the specific conditions during 
IEF (8M urea) could effect electrostatic interactions influencing pI. An improved algorithm to more 
precisely predict pI of peptides would further enhance the potential of pI filtering.
Elimination of pI outliers after peptide IEF and FT-MS analysis resulted in the decrease of false 
positive identifications from 2.7% to 2.0%.  The modesty of this improvement may in fact tell more 
about the FT-MS than about the utility of pI filtering, since the FP rate was already very low before 
filtering. This was different when the same sample was analyzed using an LTQ iontrap, where FP 
rates were considerably higher (9.9%), most likely due to the lower mass accuracy of this instrument. 
Here, pI filtering reduced the FP rate substantially to 3.0%. This comparison of the two datasets shows 
two things. One is that determination of accurate precursor mass helps significantly to obtain high-
confident peptide identifications with a minimal number of false positives. Second, with a filtering 
approach such as IEF available, it is not a necessity to use a high-end instrument such as an FT-MS in 
order to obtain identifications with high confidence (although this would go at the cost of the number 
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of identifications).
An important question in this study has also been the comparison of IEF to a more widely used tool 
as a first step in the analysis of complex mixtures of proteins, SDS-PAGE gel electrophoresis. In a 
pair wise comparison of these methods using the same amount of starting material, both FT-MS and 
LTQ-MS resulted in significantly more peptide identifications using IEF (table 1): 22% more peptides 
were identified with FT-MS (27% unique peptides), 10% more when using LTQ-MS (16% unique 
peptides). This increased sensitivity of IEF relative to SDS-PAGE may be related to its resolving 
power: of the 9265 unique peptides that remained after FT mass spectrometry and pI filtering, 
7679 were found only once, and 1290 twice (in adjacent fractions), together representing 96% of all 
peptides. This in itself reflects a unique feature of IEF setting it apart from other separation techniques 
(chromatography, electrophoresis) where peptides or proteins can be separated but not concentrated 
in confined fractions. In fact this may be one of the features contributing to the sensitivity of IEF 
compared to SDS-PAGE. While in IEF peptides were found in 6 fractions at maximum, in SDS-PAGE 
this was in up to 17 fractions also leading to a higher peptide redundancy. Similarly, in another study 
IEF was compared to SCX chromatography as a prefractionation step.32 More peptides were identified 
after IEF, despite the fact that only peptides separated across one pH unit were considered.32 
One of the aims of this study was to generate the best possible list of identifications in the Drosophila 
nuclear extract containing the largest possible number of proteins with the lowest possible false 
positive rate. For the compilation of such a dataset we have chosen a FP rate of 0.5%, and have set 
the protein cut-off values accordingly. This is different from usual procedures where a fixed cut-off 
is chosen. Of course one can select a safe setting (e.g. 60), but very likely this goes at the cost of 
the number of (probably correctly identified) proteins. From the numbers that emerge from our 
study (lower cut-off in FT compared to LTQ data) it seems that the cut-off value that is allowed may 
mainly be influenced by the quality of MS spectra. Other factors suggested previously may be sample 
complexity and size of the database searched30, but both of these were constant in our study.
Another (drastic) way to reduce the FP rate may be to reject all proteins based on single-peptide 
identifications. This would have been a valid approach in our study as well, since by far most ‘reverse 
proteins’ were identified by a single peptide. However, this would have gone at the expense of a large 
number of identifications, introducing a high false negative rate. For instance, in our IEF-FT dataset, 
423 out of 1751 proteins were identified by 1 peptide. By choosing a FP rate of 0.5% the confidence in 
all protein identifications is reflected, including those based on a single peptide. However, in studies 
where no FP can be calculated, especially in datasets with relatively low mass accuracies, removal of 
1-hit wonders can be an effective measure to raise the confidence.
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Conclusion
It is a prerequisite of present-day proteomics efforts to produce protein identifications at a high-
confidence level. In this study we have verified two parameters that are a useful aid in delivering such 
data, mass accuracy and pI filtering after peptide IEF. Using an FT mass spectrometer, proteins can 
be identified with a minimal number of false positive identifications, while IEF provides an excellent 
way to reduce FP rates when high mass accuracies cannot be obtained. It is thus possible to present 
high-confident data using lower end MS instrumentation such as ion traps. 
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Abstract
We experimentally demonstrate the use of an in-house developed pI calculator which takes 
into account peptide post translational modifications (PTM) such as phosphorylation and 
N-terminal acetylation.  The pI calculator was utilized for a large set of peptides derived 
from a complex zebrafish lysate fractionated using peptide isoelectric focusing (IEF), 
whereby a good correlation between the calculated (theoretical) pI and the experimental 
pI could be established.  This pI calculator permits the implementation of optimal pK 
values depending on the experimental conditions and a reliable calculation of peptide pI 
which can be utilized as a filtering technique in validating peptide identifications.  Our 
data reveal that the shift due to a phosphorylation or N-terminal acetylation is highly 
dependent on the presence of acidic or basic residues in the peptide. Furthermore, using 
this pI calculator, we revealed previously unknown position-specific pK’s of asparagine and 
carbamidomethylated cysteine depending on their location in the peptide. Collectively, 
this peptide pI calculator is a welcome addition to the versatility and robustness of IEF 
for the separation and confident identification of (post-translationally modified) peptides.

Keywords:Phosphorylation, N-terminal acetylation, pI calculator, peptide IEF, titanium oxide

Introduction
Post translational modifications (PTM) constitute an important regulatory element in the biological 
function of proteins.  These chemical modifications modulate the activity, stability, localization and 
interaction with other proteins.1-3  In the past years, the importance of these PTM in proteins prompted 
the development of various new analytical tools.  Mass spectrometry (MS) has evolved to become one 
of the leading techniques utilized for the identification and characterization of these modifications.  
MS exploits the characteristic mass difference generated by the modifications and the production of 
fragment ions as a selective means of protein PTM identification.1, 3, 4 However, their characterization 
has proven to be an arduous task not only because of the heterogeneity of a proteomic sample but also 
because of the low stoichiometry of these events.1,3  
Several PTMs have been extensively studied in the past years including protein phosphorylation 
and N-terminal acetylation.5-8,9,10 N-terminal acetylation is considered as a very common and thus 
important modification, occurring in approximately 85% of eukaryotic proteins.  It is catalyzed by 
acetyltransferases which transfer an acetyl group from acetyl co-enzyme A to the α-amino group 
of the protein N-terminus or to the є-amino group of the lysine residues.6,7  N-terminal acetylation 
preferentially occurs at a selected set of residues including serine, alanine, methionine, glycine and 
threonine.8  This stable modification is considered important for protein localization, protein stability 
and protein-DNA interactions and primarily occurs co-translationally when the N terminus of the 
protein extends by 20 to 50 residues from the ribosome.1,7,11,12  
Protein phosphorylation plays a crucial role in various cellular functions such as cell growth, division 
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and signal transduction.  It is estimated that at least one-third of all proteins are phosphorylated 
on serine (S), threonine (T) and tyrosine (Y) residues.5  The importance of phosphorylation in 
fundamental biological processes has prompted the development of analytical tools to identify 
phosphoproteins and to determine exact phosphorylation sites by mass spectrometry.5, 13, 14 However 
their somewhat poorer ionization efficiency, hydrophilic properties and low abundance led to the 
necessity for enrichment methods in combination with MS for their characterization.5, 15   These 
include: chemical modification based on beta-elimination of the phosphate groups and addition 
of an affinity tag,16 immobilized metal affinity chromatography (IMAC) and titanium oxide (TiO2) 
chromatography.14,17 
In IMAC, phosphopeptides are enriched by binding to immobilized metal ions such as Fe3+ or Ga3+ 
to be subsequently eluted and analyzed by mass spectrometry.  This enrichment method generally 
suffers from non specific binding to the column which can be circumvented by methyl esterification 
of the peptide mixtures.14,18,19 In recent years TiO2 chromatography has gained wide recognition 
in the phosphoproteomics field.  This metal oxide binds to water-soluble organic phosphates in a 
fast and selective manner, requiring less column handling steps compared to IMAC. Furthermore 
its compatibility with reversed phase chromatography rendered this method very alluring for 
phosphopeptide enrichment.17,20  Using this method, it has been demonstrated that thousands of 
phosphopeptides can be isolated from complex biological samples, obviating the need for subsequent 
fractionation techniques to identify these peptides by mass spectrometric techniques.21  
Recently, isoelectric focusing (IEF) of peptides has been shown to provide a high resolution 
fractionation procedure for complex samples.12, 22-25  Peptide IEF is as efficient as more established 
fractionation tools such as protein SDS PAGE26 and peptide SCX.23  Moreover, peptide IEF provides 
the possibility to remove spurious identifications by filtering for pI.12, 22-25  Elimination of pI outliers 
led to a decrease in false positive identifications in a complex sample mixture even with a low mass 
accuracy mass spectrometer.26 In order to apply this filtering effectively, it is crucial that the peptide 
pI can be calculated reliably.  The use of IEF has recently been explored for phosphopeptides as well. 
Maccarrone et al.27 reported the use of this method for enrichment of phosphopeptides, making use 
of their low pI. The presence of acidic phosphate groups causes the pI of phosphorylated peptides 
to decrease and therefore to shift to specific pI regions, depending on the number and site of 
phosphorylation, enabling their selective recovery and identification.  
To predict the migration behavior of peptides in IEF and to substantiate their identification, the 
availability of efficient pI prediction tools are essential. This has been shown for non-modified 
peptides28, 29 and applies to post-translationally modified peptides as well. Various pI algorithms 
are available to predict the theoretical pI of peptides and proteins, which correlate well with 
experimentally determined pI values. 2,29,22,28,30 However these algorithms do not take into account any 
post translational modifications including phosphorylation and N-terminal acetylation.  
In this study, online TiO2 enrichment in combination with in-gel peptide IEF of a zebrafish embryo 
lysate has been utilized to demonstrate the use of an in-house developed pI calculator which takes 
into account phosphorylation and N-terminal acetylation as modifications.  Peptide IEF was utilized 
as a pI calibration procedure utilizing the experimental pI of the non-modified peptides for the 
determination of optimized pK values for the identified phosphopeptides and N-terminal acetylated 
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peptides.  We show that by taking into account a correct set pK values for phosphorylated and 
N-terminal acetylated amino acids, a good correlation between expected and calculated pI is achieved. 
In addition, the pI calculator is flexible enough to calculate pK’s of phosphopeptides separated under 
different experimental conditions.

Materials and methods
Sample preparation
30 zebrafish embryos (24 hour post fertilization) were manually dechorionated and deyolked with 
deyolking buffer (½ Ginzburg Fish Ringer) without calcium. The sample embryos were lysed in 8 M 
urea/25 mM ammonium bicarbonate containing 5mM sodium phosphate, 1 mM potassium fluoride 
and 1mM sodium orthovanadate, pH 8.2 EDTA-free protease inhibitor cocktail (Sigma-Aldrich St. 
Louis, USA). Homogenized lysates were centrifuged at 14,000 g to pellet cellular debris.  A Lys-C 
(Roche Diagnostics) digestion was subsequently performed for 4 hours at 37oC.  100µg of sample 
lysate was reduced with a final concentration of 2mM DTT (Sigma-Aldrich, St. Louis, USA) at 56 oC 
followed by alkylation with iodoacetamide (Sigma-Aldrich, St. Louis, USA) at a final concentration of 
4mM at room temperature.  The eluate was further diluted to 2M Urea/50mM ammonium bicarbonate 
and a tryptic digest was performed overnight at 37oC in an enzyme:substrate ratio of 1:50 (w/w).31

Peptide IEF
The 100µg sample lysate was desalted using STAGE tips32 and reconstituted in 8M Plusone Urea (GE 
Healthcare, Uppsala, Sweden) and IPG buffer 3-10NL (GE Healthcare, Uppsala, Sweden) and applied 
on a 3-10NL IPG strip (GE Healthcare, Uppsala, Sweden).  An IPGphor (Amersham/GE Healthcare, 
Uppsala, Sweden) was utilized and the focusing protocol and extraction were subsequently performed 
as described in Krijgsveld et al.26  The peptide extracts were lyophilized, redissolved in 5% formic acid 
and any residual cover oil and salts were removed using STAGE tips.32  Peptide analysis of the first ten 
fractions was completed by online titanium oxide enrichment LC-MS/MS.

2D-nanoflow-HPLC
Nanoflow Liquid chromatography was performed on an Agilent 1100 HPLC quaternary solvent 
delivery system (Agilent Technologies, Waldbronn, Germany) with a thermostated wellplate 
autosampler coupled to an LTQ-Orbitrap mass spectrometer (Thermo Electron, Bremen, Germany).  
Online phosphopeptide enrichment was achieved by a 5mm x 100µm TiO2 precolumn located between 
a 30mm x 100µm Aqua C18 (Phenomenex, Torrance, CA) trapping column and a 200mm x 50µm 
Reprosil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) analytical column  (‘sandwich’ 
method) as described previously in Pinkse et al.21  Peptides were trapped at 5µl/min in 100% A (0.1M 
acetic acid/0.5M formic acid in water) on the first C18 column.  All unbound peptides to the TiO2 
column were subsequently eluted in a 70 minute gradient from 0% to 40% B (80% acetonitrile, 0.1M 
Acetic acid, 0.5M formic acid) and separated on the analytical column at a flow rate of ~ 100 nanoliter 
min-1.  Elution from the TiO2  column of the phosphorylated peptides was attained by injecting 30µl of 
250mM ammonium hydrogen bicarbonate pH9 (adjusted with ammonia) containing 10mM sodium 
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phosphate, 5mM sodium orthovanadate and 1mM potassium fluoride, followed by an injection 
of 20µl of 5% formic acid as described in Pinkse et al.21  The phosphopeptides were subsequently 
separated in a 70 minute gradient from 0% to 40% solvent B.  A 33M’Ω resistor was introduced 
between the high voltage supply and the electrospray needle to reduce ion currentMass spectrometry
The LTQ-Orbitrap mass spectrometer was operated in data-dependent mode, automatically switching 
between MS and MS/MS and neutral loss driven MS3 acquisition.  Full scan MS spectra (300-1500 
m/z) were acquired with a resolution of 60,000 at m/z after accumulation to a target value of 500000.  
The three 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 
10000.  The data-dependent neutral loss acquisition was set to trigger an MS3 event after a neutral loss 
of 24.5, 32.6 or 49 ± 0.5 m/z was detected amongst the three most intense fragment ions.

Data analysis
All MS/MS and MS3 spectra were converted to DTA files using Bioworks 3.3 (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 file and searched 
using MASCOT search engine (Matrix Science, London, UK, Version 2.2.01) against IPI zebrafish 
database (version 3.31; 46028 sequences) with cysteine carbamidomethylation as a fixed modification.  
Methionine oxidation, N-terminal acetylation and phosphorylation of serine, threonine and tyrosine 
were chosen as variable modifications.  All N-terminal acetylated peptides were manually verified 
to be at the protein N-terminus. A peptide mass tolerance of 5ppm and fragment mass tolerance of 
0.9Da were selected.  Trypsin was chosen as proteolytic enzyme allowing two missed cleavages and 
all peptides with a score ≥ 30 were chosen. All phosphorylated peptides identified were manually 
verified.  

Peptide pI calculation
To calculate the peptide pI an in house pI calculator tool (pICalculator) was written (java, runtime 
1.6) As an input the tool takes a (tab delimited) list of peptide sequences with their phosphorylated 
aminoacids marked either with a -p- or -#-. Once the data is imported, the user can select pKa and 
pKb values (pK sets) from previous studies2,28 or that are specified by the user. In this way, the results 
of multiple pK sets can be compared, including unmodified aminoacids in combination with a variety 
of pK sets for phosphorylated aminoacids. Finally a graphical output of the pI distribution as well 
as an export to tab delimited (microsoft excel readable) files are supported. The calculation of the 
pI is based on calculating the charge for the (phosphorylated) peptide at a specific pH, using the 
user specified set of pK values. This process is repeated until a net charge of zero is found, or until 
a maximum number of iterations (usually 10000) has been reached. The pICalculator tool can be 
downloaded from, https://gforge.nbic.nl/projects/picalculator/ as an executable java JAR. The source 
code is available upon request.
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Results and Discussion
In order to develop and calibrate the pI calculator, an experimental dataset containing the most 
common PTMs, such as oxidation, N-terminal acetylation and phosphorylation was generated.  For 
this purpose, phosphopeptide enrichment of a zebrafi sh embryo lysate (i.e. 30 embryos) was achieved 
via in-gel peptide IEF in combination with online TiO2  LC-MS/MS.17,26  Th e zebrafi sh embryo lysate 
was applied to a non linear 3-10 IPG strip and peptides were separated according to their pI (fi gure 
1). Th is technique exploits the acidic properties of phosphopeptides to enable the separation from 
non phosphorylated peptides.  Th e presence of acidic phosphate groups causes the phosphopeptides 
to shift  to the acidic end of the IPG strip.  Since the phosphopeptides and the N-terminal acetylated 
peptides in this sample were found exclusively in the acidic regions, only fractions 1-10 corresponding 
to approximately a pH between 3 and 6 were further analyzed. Subsequently, each of these ten fractions 
was further enriched for phosphopeptides using an online titanium oxide pre-column coupled to an 
LTQ-Orbitrap mass spectrometer.  Th erefore, a C18-TiO2-C18 “sandwich” pre-column approach was 
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Figure 1  Schematic workfl ow of the experiment. A  100µg of a zebrafi sh lysate was digested using Lys-C and trypsin 
and applied to a non linear 3-10 IPG strip. B  Th e peptides were separated according to their Isoelectric point (pI) and 
the IPG strip was cut in 20 fractions, the fi rst ten of which were analyzed. C  Phosphopeptide enrichment was achieved 
using a ‘sandwich’ precolumn C18 - TiO2 - C18 coupled to an LTQ-Orbitrap mass spectrometer (adapted from Pinkse 
et al., 2008)21. D  A MASCOT search in the IPI_zebrafi sh database was performed with phospho (S, T, Y), oxidation of 
methionines and protein N-terminal acetylation as variable modifi cations. E Th e experimental pI of the peptides was 
determined using the pICalculator taking into account phosphorylation and protein N-terminal modifi cation.  F  Th e 
peptide pI was utilized as a calibration step for the determination of correct amino acid pK values for the phosphorylated 
and N-terminal acetylated peptides.
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pre-column, followed by specifi c binding of the phosphopeptides to the TiO2 column and subsequent 
elution of un-retained peptides. Th e phosphopeptides bound to the TiO2 column were washed out 
of the column using an alkaline pH and eluted in a second step.  Pinkse et al., demonstrated that 
the low sample loading rate and the additional C18 trapping column enhanced the adsorption of the 
phosphorylated peptides to the TiO2 column.21

A total of 83 unique phosphopeptides, 160 unique N-terminal acetylated peptides and 5758 unique 
non-modifi ed peptides, of which 1077 peptides with a methionine oxidation were identifi ed from 
the 10 fractions analyzed.  All data is provided in supplementary table 1. Figure 2A illustrates the 
distribution of the modifi ed and non-modifi ed peptides along the strip. Non-modifi ed peptides 
showed a pI distribution pattern similar as observed previously in other large scale peptide IEF 
measurements.18,22,23 Th e average standard deviation throughout the strip was ± 0.22 pI units giving an 
indication of the resolving power of the experiment. As expected, the majority of the phosphopeptides 
were detected in the acidic regions decreasing in number up the strip, until none were detected above 
fraction 8. Th e majority of the protein N-terminal acetylated peptides were identifi ed in the fi rst 
fractions, with 86 identifi cations in fraction 1, and none in fraction 10. 
Th e optimal pK setting for the peptide pI calculation was evaluated by comparing results obtained 
by using three amino acid pK sets reported in literature, namely in ExPASy28, in Skoog et al.30 and 
in Bjellqvist et al.29 Initially, only the non-modifi ed peptides were considered. Table 1 illustrates the 
correlation between the observed experimental pI and the calculated pI. Additionally the average 
deviation from the experimental pI per pK set was determined. As can be seen in Table 1 both amino 
acid pK sets from ExPASy28 and Bjellqvist et al.29 showed similar results and performed equally well, 
and better than those of Skoog et al.30  
Upon manual inspection of the peptides showing the highest deviation from the experimental pI 
values, certain groups of peptides were observed to cluster together. Interestingly, specifi cally two 
peptide groups with either a carbamidomethylated cysteine or asparagine at the N-terminus were 
constantly calculated with an approximate shift  of 0.4 pH units to the basic end.  Th ese observations 
imply that cysteine and asparagine residues are more acidic at the peptide N-terminus than when 
located elsewhere in the peptide. Th us, pK values for these residues are location-dependent and are 
lower at the N-terminal position than those reported in literature.28-30  An additional pK set was 
thereby added to the pI calculator, termed “Optimized”, wherein the pK was specifi cally adjusted for 
N-terminal cysteine and asparagine residues. Table 1 shows clearly that the use of these settings leads 

pK set for amino acids ExPASy Skoog et al. [30] Bjellqvist et al. 29 Optimized

Correlation with experimental pI 0.934 0.875 0.936 0.948

Average pI deviation from experimental values 0.160 0.437 0.165 0.133

Table 1  Evaluation of the optimal amino acid pK parameters for the peptide pI calculations. Th e correlation and the 
average pI deviation between the observed experimental pI with the calculated pI using the aminoacid pK sets as reported 
in ExPASy, Skoog et al.30, and Bjellqvist et al.29.  In the last column an alternative pK value was introduced specifi cally for 
N-terminal cysteine and asparagines (see text) improving both the correlation and the standard deviation.
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to a better correlation of experimental pI values, and a decrease of the standard deviation. Th e fi nding 
of the previously unknown position-specifi c pK value of asparagine and carbamidomethylated 
cysteine show the accuracy of IEF and the fl exibility of our tool. Th is optimized amino acid pK set 
was utilized in the further development of the pI calculator.
Th e experimental average pI of the non-modifi ed peptides gradually increases along the strip matching 
the trend expected with a non linear gradient utilized in this experiment (fi gure 2B and 2C). Th e 
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Figure 2. A  Peptide distribution along the IEF strip. Th e total number of non-modifi ed and modifi ed (i.e. phosphorylated 
and N-acetylated) peptides are indicated at the left  and right Y axis, respectively. B Th e correlation of the average pI ± 
standard deviation of the phosphopeptides identifi ed in 8 fractions.  Th e average pI was calculated excluding (●) and 
including (●) phosphorylation as a modifi cation. Th e average pI obtained aft er taking the modifi cation into account 
matched well with average experimental pI obtained along the strip for non-modifi ed peptides (▲). 2C Similarly as in 
fi gure 2B, acetylation was excluded (●) and included (●) in the pI calculation showing a larger deviation from the expected 
pI in that region when the acetylation was not taken into account.
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average pI values of the non-modifi ed peptides per fraction were subsequently used to calibrate the 
pI algorithm, by considering that the modifi ed peptides in these fractions should fall within the same 
pI values. Th e expected phosphopeptide and acetylated peptide pI in that region was determined 
utilizing these values.
In order to illustrate the eff ect of considering S and T modifi cations in the peptide pI calculation, 
the pI of the phosphopeptides was initially calculated omitting the presence of these modifi cations.  
Subsequently the peptide pI was recalculated including the pK values for phosphorylation. It 
should be noted that no phosphorylation at tyrosine residues was observed in this study.  When 
phosphorylation was not taken into account, a large deviation especially above fraction 2 from the 
experimental pI was observed (fi gure 2B).  On the other hand, when pKa and pKb values of 1.2 and 
6.5 for phospho S and T were used2 and also the position of the phosphorylation was indicated, a good 
correlation between the theoretical pI and the previously determined experimental pI was observed.  
In this analysis the pKa and pKb values of S and T as reported in Halligan et al.2 of 1.2 and 6.5 were 
chosen since the best correlation (R2=0.70) was obtained with these values when the calculated pI 
was plotted against the experimental pI (fi gure 3A). On the other hand a poor correlation coeffi  cient 
(R2=0.39) is obtained when no phosphorylation is taken into account due to the shift  in pI.  Several 
pK values for S, T and Y have been reported in literature,28-30, 33 as they may diff er under diff erent 
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experimental conditions. The pI calculator introduced here allows the user to compare the effect 
of using different pK values on the peptide pI and to select the pK values that generate a pI that 
corresponds to the experimental pI of the non modified peptides (see Supplementary table 1). The 
shift in the calculated pI is relatively small at the extremely acidic end (fractions 1 and 2) due to the 
presence of multiple acidic residues, which subsequently decrease in number up the strip causing a 
larger shift in the basic region as illustrated in figure 4A.  
A similar approach was undertaken for N-terminal acetylated peptides. The pI of the N-terminal 
acetylated peptides was calculated by omitting the pK values of the N-terminal residue, whereby an 
approximate shift of 1 pI unit was observed when this modification was not taken into account (figure 
2C).  A good correlation was observed between the calculated pI and the experimental pI (R2=0.92) 
in contrast to when the acetylation was omitted (R2=0.51) (figure 3B). Peptides containing one acidic 
residue such as nATAAVSAPAGGGPNPGSGAEMVR and nAAGTLYTYPENWR, show a significant 
decrease in pI from 6.05 to 4 upon acetylation. This shift is highly dependent on the peptide sequence 
due to the decrease in acidic residues in the basic fractions as illustrated in figure 4B.  
Additionally, we inspected the effect of methionine oxidation on peptide pI. We observed that largely 
the oxidized peptides were found in the same fractions as their unmodified counterparts, indicating 
that the effect of oxidation on the peptide pI is minimal.  
In recent years, peptide IEF has been widely exploited for the analysis of complex samples leading 
to high resolution peptide separation. Peptide IEF as separation method can compete well, and is 
complementary to alternative peptide separation methods such as strong cation exchange (SCX) and 
SDS PAGE.26,23  The measured peptide pI has been successfully used as an additional identification 
criterion and assisted in the removal of false positives in large datasets.22,23,12,34,25,24 Recent studies 
reported the use of peptide IEF as a possible enrichment method for phosphopeptides by taking 
advantage their relative low pI2,7,35,36 However the low complexity of the samples used in these previous 
studies and the use of methyl esterification to increase the specificity of this technique, indicate the 
large difficulties associated with this specific enrichment method. Non-specific enrichment of acidic 
peptides containing Aspartic and Glutamic acid residues pose a serious problem if high resolution 
separation of phosphopeptides has to be achieved in complex samples.  Furthermore the use of methyl 
esterification leads to undesired side reactions such as partial methyl ester hydrolysis and partial 
deamidation of asparagines.35 The presence of many and more abundant acidic peptides in the low pH 
region of the strip, which are known to bind competitively with phosphorylated peptides to TiO221 is 
the most likely explanation for the low number of phosphopeptide identifications in this study.  

Concluding remarks
We have evaluated and demonstrated the use of an in house built pI calculator for phosphopeptides and 
N-terminal acetylated peptides utilizing peptide IEF as a calibration method to establish the optimal 
pK values for the phosphorylated S and T and N-terminal acetylated residues. The results show that 
a good correlation between the expected and experimental pI of these modified peptides is obtained, 
when optimized pK values were utilized.  During the optimization process, we have also uncovered 
the position-specific pK of asparagine and carbamidomethylated cysteine shown to be affecting 
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proper determination of peptide pI values. Furthermore, the significance of a phosphorylated and an 
N-terminal acetylated residue on the experimental pI of a peptide was demonstrated, whilst oxidation 
as a PTM, does not change the pI of a peptide significantly. The here described pI calculator is a 
flexible tool allowing the user to choose the algorithm best suited for their experimental conditions. 
This improved pI prediction tool allows for efficient peptide filtering after searching with Mascot, 
Sequest or other peptide database search algorithms,26,24,22,34 reducing the number of false positive 
identifications. Peptide pI measurements with even higher resolution in particular regions of interest, 
using for instance linear and/or larger 1D gels strips, could possibly reveal even more and more subtle 
effects on the peptide pI of other modifications and/or structural features leading to interactions 
between charged residues.
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Abstract
The presence of the nucleus is the distinguishing feature of eukaryotic cells, separating the 
genome from the cytoplasm. Key cellular events, including transcription, DNA replication, 
RNA-processing and ribosome biogenesis all take place in the nucleus. All of these processes 
can be regulated through controlled and bidirectional translocation of proteins across 
the nuclear envelope, making the nucleus a highly dynamic organelle. In this study we 
present four orthogonal multidimensional separation techniques for the comprehensive 
characterisation of the yeast nuclear proteome. By combining methods on the peptide level 
(SCX chromatography, iso-electric focusing) and protein level (SDS-PAGE, phosphocellulose 
chromatography) coupled with mass spectrometry, we identified 1889 proteins from 
highly purified nuclei, of which 1032 were previously annotated as nuclear proteins.  In 
particular, the most successful setup was the use of phosphocellulose P11 chromatography 
in combination with SDS-PAGE and reversed phase chromatography.  Phosphocellulose 
P11 chromatography has been classically used for the purification of functional protein 
complexes involved in transcription regulation.  Here, by its coupling to LC-MS, this 
method resulted in approximately 1.5 times more protein identifications than the other 
three combined, thereby contributing significantly to the coverage of nuclear proteins.  In 
addition, the use of this technique resulted in the enrichment of DNA binding proteins and 
proved to be a valuable tool for the simultaneous analysis of multiple protein complexes.  
The enrichment for specific nuclear complexes has resulted in high protein sequence 
coverage, which will be particularly useful for the detailed characterisation of subunits.

Keywords: Saccharomyces cerevisiae; Nucleus; pre-fractionation; Phosphocellulose P11; mass 
spectrometry; SCX; peptide IEF; protein complex

Introduction
The nucleus is one of the most important and complex organelles, and is a distinctive feature 
of eukaryotes.   It houses most of the cell’s genetic material rendering it essential for the proper 
functioning of a cell. The functions of the nucleus are multiple, starting with the compaction of the 
genome within the boundaries of the nucleus. The genetic material is made accessible in a controlled 
manner involving general and sequence-specific transcription factors, to appropriately regulate gene 
expression depending on growth condition or changes in environmental conditions.2-8  Proteins 
governing gene transcription and pre-mRNA splicing are located in the nucleus, as are the proteins 
regulating export of mRNA to the cytosol. Further communication between cytosol and nucleus 
occurs through the nuclear pore complex and its cognate transport factors, translocating proteins 
often in a phosphorylation-dependent manner.3-5, 9  Multiple proteins essential for cellular  survival 
and regulation are driven by this principle, such as transcription factors, as ultimate effectors of 
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signalling cascades,10 and regulators of the cell cycle.11-13  Thus, the nucleus is not a closed entity 
but a very dynamic organelle that responds extensively to extra-nuclear events. Due to the extensive 
shuttling between the cytoplasm and nucleus, large numbers of proteins are expected to reside in 
the nucleus at some point in time. Indeed, approximately 27% of all proteins from budding yeast 
Saccharomyces cerevisiae  are annotated in Saccharomyces Genome Database (SGD) to be nuclear.1, 

7  Localization of these proteins has been assessed experimentally in several genome-wide  studies 
through random epitope-tagging, 14 plasmid-based overexpression of epitope-tagged proteins7  and 
chromosomal expression of green fluorescent protein (GFP)-fusions.7, 8, 14  The latter approach has 
enabled the localization of 70% of previously unlocalized proteins in budding yeast.8 
With the completion of the yeast genome,16 numerous approaches were undertaken to characterize 
the yeast proteome. Efforts to chart the full proteome17, 18 have been complemented with studies 
on protein interactions using mass spectrometry-based techniques in combination with affinity tag 
technology,19-21 creating a wiring diagram of protein networks.  In addition, a number of studies 
have aimed at characterizing the proteomes of various organelles.8, 22-25   Yet, the proteomic analysis 
of the nucleus has been somewhat underexplored (except for a recent study),26 possibly hampered 
by the fact that the isolation of yeast nuclei involves a number of critical steps before sufficiently pure 
preparations can be obtained. 
Multidimensional separation techniques in combination with mass spectrometry have emerged as 
a powerful tool for the large scale analysis of such complex samples.27-30  Fractionation techniques 
are aimed to reduce sample complexity therefore permitting the identification of low abundant 
proteins.27, 28, 31, 32   Various orthogonal pre-fractionation techniques on the protein and peptide level 
have been utilized for the characterisation of a part of the yeast proteome leading to the identification 
of thousands of proteins.18, 33, 34 
One of the most commonly used protein pre-fractionation techniques is one dimensional sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), which has enabled the separation 
of large numbers of proteins according to their size.  However, due its low resolution, low dynamic 
range and poor loading capacity other pre-fractionation techniques are desired.  In particular, pre-
fractionation at the peptide level utilizing specific peptide parameters has been widely applied.27, 29, 30, 

32, 35  Two such examples include strong cation exchange (SCX) and peptide isoelectric focusing (IEF). 
While SCX chromatography separates peptides by charge, peptide IEF exploits the isoelectric point 
of peptides for focusing in discrete fractions, which is generally not possible with chromatographic 
techniques.27, 32, 36, 37  The use of an immobilized pH gradient further ensures a well defined pH range 
and the flexibility to choose the required pH for the experiment.  Moreover, we recently demonstrated 
the use of the peptide isoelectric point (pI) as an additional identification criterion, increasing the 
confidence level of protein identifications.27  
Protein pre-fractionation has also been utilized as a first step in the purification of various functional 
protein complexes such as transcription factors.38  However due to limited access to high throughput 
mass spectrometry, initially these techniques were not evaluated as potential generic pre-fractionation 
techniques for complex samples.  For example, phosphocellulose P11 chromatography has been used 
for decades for the purification of general transcription factors or transcriptional regulators.38,31  
Phosphocellulose consists of a bifunctional cation exchanger containing both strong and weak acid 
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groups based on an ester-linked orthophosphate group.  These negatively charged phosphate groups 
make it suitable for the isolation of DNA binding proteins mimicking the phosphate groups present 
in DNA.  Similar to SCX, elution is achieved with increasing salt concentration. A distinguishing 
feature is that separation is performed under near-native conditions assumed to preserve protein-
protein interactions.  Recently Yaneva et al. further reported that a close correlation exists between 
the stability of a protein-phosphocellulose P11 column interaction and protein complex-DNA 
interaction in the presence of salt.31

In this study, we have used an optimized protocol for obtaining highly purified yeast nuclei as a starting 
point for studying the yeast nuclear proteome. We have used a number of orthogonal pre-fractionation 
methods at the peptide and protein level (SDS-PAGE, peptide IEF, SCX and phosphocellulose P11 
chromatography) which were combined with high mass-accuracy mass spectrometry for the large 
scale identification of nuclear proteins.  Furthermore we evaluate the use of phosphocellulose P11 
chromatography as a pre-fractionation technique in combination with mass spectrometry for the 
analysis of complex samples, as well as its value in the enrichment of DNA-binding proteins.  The 
results show that the use of these pre-fractionation techniques led to the identification of 1889 unique 
proteins, 1032 of which were previously known to be nuclear, including over 200 (91%) nucleolar 
proteins.  We discuss the likelihood that at least a portion of the remaining proteins is localized in 
the nucleus as well. Additionally we demonstrate that phosphocellulose P11 chromatography is a 
versatile pre-fractionation tool identifying multiple protein complexes involved in transcription and 
gene expression, adding a level of information that cannot be obtained from the other fractionation 
methods.

Materials and Methods
Preparation of Yeast Nuclei 
Nuclei were isolated from Saccharomyces cerevisiae BY 4743 as described by Rout and Kilmartin.39, 40 
Briefly, 9 liter yeast culture at 1 x 10 7 cells/ml were harvested, washed and converted to spheroplasts 
by using Glusulase NEE-154 Du Pont/NEN (Perkinelmer), ZymolyaseTM-20T from Arthrobacter 
luteus (Seikagaku America), and Lysing Enzymes Trichoderma harzianum (Sigma-Aldrich, St. 
Louis, USA) in 1.1 M sorbitol for 3 hours at 30 oC. The spheroplasts were harvested by centrifugation 
and carefully resuspended. Residual lysing enzyme and cytosol from broken spheroplasts, were 
removed by centrifugation over a ficoll layer and careful removal of the sample and cushion layers. 
The spheroplasts were then lysed in 8% Polyvinylpyrrolidone (PVP) solution by the sheering force 
generated by a polytron. During this lysis step intact nuclei were released from the spheroplasts while 
other organelles, including ER were shattered into pieces. Immediately after lysis the lysate was diluted 
and the crude nuclei were isolated by centrifugation. The nuclei were purified in a three step sucrose/
PVP gradient (layers of 2.01, 2.1 and 2.3 M sucrose/PVP) at the 2.1/2.3 M interface and harvested by 
centrifugation. Approximately 8 mg of nuclear protein were isolated from 9 liters of culture. 

Phosphocellulose P11 –SDS-PAGE
All procedures were performed at 4 °C.  Nuclei (2 mg protein) were pelleted at 100000 x g to form a 
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tight pellet. The nuclei were then lysed in 1 ml phosphocellulose buffer [20 mM HEPES (Merck KGaA 
Germany), 0.01% Tween (Merck KGaA Germany), 10% Glycerol, 75 mM NaCl, 0.2 mM EDTA, 0.5 
mM DTT (Sigma-Aldrich, St. Louis, USA), 1 mM PMSF (Sigma-Aldrich, St. Louis, USA) and 2 
Tablets of protease inhibitors cocktail (Roche Diagnostics, Germany). The presence of EDTA makes 
the nuclei fragile. In this step the buffer was swirled over the nuclei pellet such that the shearing 
force lysed the nuclei. After complete disappearance of the pellet was performed after ~10 minutes, 
vortexing was continued for an additional 5 minutes.  A 0.5 ml phosphocellulose P11 column 
(Whatman, Maidstone, UK) was prepared according to manufacturer’s instructions on a 0.8 x 4 cm 
Poly-Prep® column (Bio-Rad, Hercules CA) and equilibrated with the phosphocellulose buffer.  The 2 
mg sample was loaded on the P11 column and eluted with a stepwise gradient of 20 column volumes 
of phosphocellulose buffer supplemented with 0.1M, 0.3M, 0.5M and 0.85M NaCl.31 Diafiltration 
of the eluted fractions against 50 mM ammonium bicarbonate pH 8 was performed using iCON 
concentrators 7 ml/9K (Pierce, Rockford, USA). One third of the resulting fractions were loaded on a 
mini 12.5% SDS gel and each lane excised into 23 gel pieces.  The proteins were reduced with 10 mM 
DTT (Roche Diagnostics) at 56°C followed by alkylation with 55 mM iodoacetamide (Sigma-Aldrich, 
St. Louis, USA) at room temperature for one hour.  A trypsin digestion was subsequently performed 
overnight at an enzyme: substrate ratio of 1:50 (w/w). Approximately 2 µg of material from each band 
was analysed by mass spectrometry.

1D SDS-PAGE
One hundred micrograms of a nuclear extract was pelleted at 100,000 x g and then solubilized in SDS 
Buffer (0.5 M Tris pH 6.8, 5% SDS, glycerol, milli-Q water, Bromophenol Blue, 10 mM DTT).  1D 
SDS-PAGE was performed on a 12.5% maxi gel using the BioRad Protean II Electrophoresis system 
(BioRad, Veenendaal) using 60 V in the stacking layer, increasing up to 80 V during the separation.  
The gel was stained using Gelcode® blue stain reagent (Pierce, Rockford, USA) overnight and then 
washed with milli-Q water.  The lane was excised into 22 gel pieces and reduced with 6.5 mM DTT 
(Roche Diagnostics) at 56°C followed by alkylation with 54 mM iodoacetamide (Sigma-Aldrich, St. 
Louis, USA) for one hour at room temperature (RT), to be then digested with trypsin at an enzyme: 
substrate ratio of 1:50 (w/w). Again, approximately 2 µg of sample from each band was used for 
further analysis by mass spectrometry.

Strong Cation Exchange chromatography
Two hundred micrograms of the nuclear extract was pelleted at 100,000 x g and reconstituted in 90% 
methanol (v/v), vortexed briefly and left at -20°C for one hour.  The sample was then centrifuged at 
14,000  x g at 4°C for 20 minutes and the supernatant was collected.  This process was repeated to 
ensure removal of any residual PVP in the sample.  Strong cation exchange was performed using a 
Zorbax BioSCX-Series II columns (0.8 mm (i.d.) × 50 mm (l); particle size, 3.5 µm), an Agilent 1100 
Series binary pump and autosampler (Agilent Technologies), and a SPD-6A UV-detector (Shimadzu, 
Tokyo, Japan). The pellet was reconstituted in 20% ACN and 0.05% formic acid. After injection, the 
first 2 min were run isocratically at 100% solvent A (0.05% formic acid in 8:2 (v/v) water/ACN, pH 
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3.0), followed by a linear gradient to 90% solvent B in 48 minutes (500 mM NaCl in 0.05% formic 
acid in 8:2 (v/v) water/ACN, pH 3.0) followed 2 minutes of 100% solvent A.  A total number of 50 
SCX fractions (1 min each, i.e., 50 µL elution volume) were manually collected and dried in a vacuum 
centrifuge.  Fractions 3 to 48 were reconstituted in 10% formic acid for further analysis.  Around 2 µg 
of each SCX fraction was analysed further.

In gel peptide Isoelectric focusing 
Two hundred micrograms of the nuclear extract was pelleted at 100,000 x g and a methanol 
precipitation was performed twice for the removal of any residual PVP as mentioned in the previous 
section.  The pellet was reconstituted in 8 M urea and 50 mM ammonium bicarbonate pH 8. Proteins 
were reduced with a final concentration of 10 mM DTT (Roche Diagnostics) at 56°C followed by 
alkylation with iodoacetamide (Sigma-Aldrich, St. Louis, USA) at a final concentration of 55 mM at 
room temperature for one hour.  A Lys-C (Roche Diagnostics) digestion was performed overnight at an 
enzyme: substrate ratio of 1:100 (w/w).   The eluate was further diluted to 2 M Urea/50 mM ammonium 
bicarbonate pH 8 and a tryptic digest was performed overnight at 37 oC in an enzyme:substrate ratio 
of 1:50 (w/w).   The sample was desalted using STAGE tips41 and lyophilized.  The dried sample was 
reconstituted in 8 M urea in the presence of the IPG buffer 3-10 NL (GE Healthcare) and applied to 
a 24 cm IPG dry strip, 3-10 NL (GE Healthcare).  Using the IPGphor (GE Healthcare), the following 
focusing protocol was utilized: 30V 4 hours, 500V 2 hours, 1000V 1 hour, 8000V up to 60,000 V/
hr. The IPG strip was cut into 48 sections and peptides were extracted 3 times using 0%, 50% and 
100% acetonitrile, respectively, in water and 0.1% TFA.27  Any residual oil and salt in each fraction 
was removed using a 96 well Oasis® SPE HLB µElution plate (Waters, Milford, MA, USA), dried and 
reconstituted in 10% formic acid.  Similarly as with the previous methods, approximately 2 µg of each 
gel piece was analysed further. 

Nanoflow-HPLC
Nanoflow liquid chromatography was performed on an Agilent 1100 HPLC binary solvent delivery 
system (Agilent Technologies, Waldbronn, Germany) with a thermostated wellplate autosampler 
coupled to an LTQ-Orbitrap mass spectrometer (Thermo Electron, Bremen, Germany) or an LTQ-
FTICR mass spectrometer (Thermo Electron, Bremen, Germany).  Peptides were trapped at 5 µl/min 
in 100% A (0.1 M acetic acid in water) on a trapping column (30 mm x 100 µm packed in-house with 
Aqua C18, Phenomenex, Torrance, CA) for ten minutes.  After flow-splitting down to  100 nl/min, 
peptides were transferred to the analytical column (200 mm x 50 µm packed in-house with Reprosil-
Pur C18-AQ, Dr. Maisch GmbH, Ammerbuch, Germany) and eluted with a gradient of 0-40% B (80% 
Acetonitrile/0.1 M Acetic Acid) in 40 minutes in a 60 minute gradient. Nanospray was achieved using 
a coated fused silica emitter (New Objective, Cambridge, MA) (o.d., 360 µm; i.d., 20 µm, tip i.d. 10 
µm).  A 33M’Ω resistor was introduced between the high voltage supply and the electrospray needle 
to reduce ion current.

Mass spectrometry 
The LTQ-Orbitrap mass spectrometer and the LTQ-FTICR were operated in data-dependent mode, 
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automatically switching between MS and MS/MS.  The two most intense peaks above a threshold 
of 500 were selected for collision induced dissociation (CID) in the linear ion trap at normalized 
collision energy of 35%. In the LTQ-Orbitrap full scan MS spectra were acquired with a resolution of 
60,000 at 400 m/z after accumulation to a target value of 500000 whilst in the LTQ-FTICR full scan 
MS spectra were acquired with a resolution of 100,000 at 400 m/z after accumulation to a target value 
of 1000000.  

Data analysis
All MS/MS spectra were converted to DTA files using Bioworks 3.3 (Thermo, San Jose).  An in house 
developed Perl script was used to convert all spectra into a single file and searched using MASCOT 
search engine (Version 2.2.01, Matrix Science, London, UK) against Yeast Saccharomyces Genome 
Database (SGD) available at http://www.yeasgenome.org with cysteine carbamidomethylation as a 
fixed modification.  Methionine oxidation and deamidation (at Asn and Gln) were chosen as a variable 
modification.  A peptide mass tolerance of 15 ppm and fragment mass tolerance of 0.9 Da were 
selected and Trypsin was chosen as proteolytic enzyme allowing one missed cleavage. All data were 
loaded into Scaffold (version 02.01.00, Proteome-Software, Portland, OR) to probabilistically validate 
peptide and protein identifications. Peptide identifications were accepted when they reached a greater 
than 95.0% probability as specified by the Peptide Prophet algorithm.42  Protein identifications were 
accepted if they could be established at greater than 95.0% probability, as assigned by the Protein 
Prophet algorithm, 43 with the additional criterion that they contained at least 2 identified peptides. 
Effectively, this results in a <1% false positive rate.  The peptide pI was determined using an in house 
built pI calculator.44 Peptide pI outliers with a pI of ± 2 pI units from the expected average pI and a 
Mascot score below 30 were eliminated.  The identified proteins in the phosphocellulose experiment 
were grouped into protein complexes as annotated in the Yeast SGD database.  The elution patterns 
were determined by choosing only proteins with ≥ 50% of the identified peptides in one fraction and 
only if the proteins collectively amount to 40% of the protein complex in one fraction.  If only two 
proteins belonging to one complex were identified, both proteins had to be eluting in one fraction 
otherwise they were ignored.  Gene ontologies of identified proteins were determined using http://
www.yeasgenome.org. The significance of enrichment of protein classes were calculated using the 
entire yeast proteome as a background. 

Results
As a starting point for this study, we have applied a rigorous protocol39, 40 to obtain highly enriched and 
homogenous nuclei (Supplementary Figure 1). Specifically, three spheroplasting agents were used, 
followed by lysis using sheering force to liberate intact nuclei while fragmenting the other organelles. 
A crude nuclei fraction was then purified over a sucrose/PVP gradient, to remove contaminating 
organelle fragments, e.g. from mitochondria, plasma membrane, golgi and peripheral ER.  Given 
the expected complexity of the nuclear proteome, pre-fractionation is an essential step for its in-
depth characterisation  by mass spectrometry. Starting from the highly purified nuclei, we used four 
different protein and peptide pre-fractionation techniques: SDS-PAGE, SCX, in-gel peptide IEF and 
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phosphocellulose P11 chromatography with SDS-PAGE, each coupled with high mass accuracy mass 
spectrometry (Figure 1).  For this purpose, we utilized the extract of purifi ed nuclei and evaluated 
each technique separately as well as collectively for the identifi cation of yeast nuclear proteins, 
using equal amounts of sample as input for the MS analysis. Additionally, we investigated the use of 
phosphocellulose P11 chromatography as a pre-fractionation tool as well as for the enrichment of 
DNA binding proteins.

SDS-PAGE
SDS-PAGE is one of the most commonly used protein separation techniques, separating proteins 
by size.  For the purpose of this experiment, a maxi 12.5% SDS gel was utilized to load 100 µg of the 
nuclear extract.  Th is lane was subsequently excised into 23 gel pieces and analyzed using a reversed 
phase nanofl ow LC coupled with an LTQ FT-ICR.  A total of 806 unique proteins were identifi ed with 
a minimum of two peptides per protein (Supplementary Table 1). Among these were 502 known 
nuclear proteins out of which 163 nucleolar proteins annotated in the yeast SGD database.  

Yeast Nuclei

Peptide IEF SCX

SDS PAGE

Phosphocellulose P11 column

SDS PAGE

ESI LC-MS/MS

 ~2µg per band/fraction

Figure 1   Schematic workfl ow of the experiment.  Following nuclei extraction, two protein and peptide pre-fractionation 
techniques were utilized for the large scale identifi cation of nuclear proteins.  In the peptide pre-fractionation, the nuclei 
were fi rst lysed and digested to be subsequently separated using SCX or in-gel peptide IEF.  Whilst with the protein pre-
fractionation, the lysed nuclei were fi rst separated using a maxi 12.5 % SDS gel or applied onto a phosphocellulose P11 
column to be subsequently eluted and separated on a mini SDS gel.  Each lane was excised followed by in gel tryptic 
digestion.  All the peptides resulting from these pre-fractionation techniques were applied in an equal manner and analysed 
using reversed phase liquid chromatography coupled with mass spectrometry.
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Given the complexity of the sample, the low dynamic range and the poor loading capacity, SDS-
PAGE alone was not suffi  cient to obtain a high resolution protein separation to characterise the yeast 
nuclear proteome.  Th erefore to complement these data, other orthogonal protein and peptide pre-
fractionation techniques were chosen.   

Strong Cation Exchange chromatography
SCX is a well-established peptide pre-fractionation technique separating peptides based on charge,  
with higher charged peptides eluting at increasing salt concentrations.32  A tryptic digest of 200 µg 
of the nuclear extract was loaded onto the SCX column and eluted in a linear salt gradient. A total 
of 46 fractions were analyzed using a reversed phase nanofl ow LC coupled with an LTQ-FTICR.  In 
the fi rst 24 fractions, the singly charged peptides and the 2+ peptides were identifi ed followed by the 
3+ and 4+ peptides in the remaining fractions.  In total 805 unique proteins were identifi ed with a 
minimum of two peptides per protein (Supplementary Table 2), out of which 526 and 158 proteins 
were classifi ed as nuclear and nucleolar proteins, respectively, in the Yeast SGD database.  

In-gel peptide Isoelectric focusing
Peptide IEF exploits the peptide pI to achieve high resolution separation in distinct fractions. A 
tryptic digest of 200 µg of the nuclear extract was loaded on a 3-10 NL 24 cm IPG strip, which was 
excised into 48 equal parts aft er focusing. Peptides were extracted and loaded onto a reversed phase 
nano-LC-LTQ-FTICR for identifi cation.  A total of 7205 unique peptides were identifi ed (Figure 2) 
showing a non-linear distribution across the IPG strip.  Th e accurate focusing of peptides enabled the 
removal of pI outliers with a pI of ±2 pI units from the expected average pI.  In the total set of peptides 
(Supplementary Table 3), 3849 (29%) peptides were identifi ed solely in one fraction, 4048 (31%) in 
2 fractions, 2199 (17%) in 3 fractions and decreasing numbers were identifi ed in up to 10 fractions.   
Th e largest number of peptides was identifi ed in fraction 23 with 559 unique peptides corresponding 
to an average predicted pI of 5.86 ± 0.16 (Figure 2).  Peptide distribution  was found to be uneven 
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Figure 2  Distribution of peptides using in-gel peptide IEF. Distribution of tryptic peptides from the yeast extract over 
a 3-10 NL IPG strip. For each of the 48 gel fractions the number of unique identifi ed peptides (blue bars, left  axis) and the 
average pI ± standard deviation of these peptides (red line, right axis) are plotted. 
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along the pI strip (Figure 2),  consistent with similar trends observed in analysing drosophila27 and 
Escherichia coli samples by peptide IEF.45  Th is includes a low number of peptides were focused around 
pH7 in the IPG strip corresponding to fraction 37 in this experimental setup.27  Th is indicates that 
the distribution of charged residues of tryptic peptides is comparable in diff erent biological systems.  
Th e average standard deviation throughout the strip was ± 0.34 pI units giving an indication of the 
resolving power of the experiment.  A high standard deviation was observed in fractions containing 
lower amounts of peptides such as fractions 36-38.  Overall 643 unique proteins were identifi ed with a 
minimum of two peptides per protein (Supplementary Table 4), amongst which we found 415 known 
nuclear proteins and 139 nucleolar proteins.

Phosphocellulose P11 - SDS-PAGE
Phosphocellulose P11 chromatography is a bi-functional cation exchanger containing strong and 
weak acid groups based on ester-linked orthophosphate functional group.  Th is technique has been 
widely used for the isolation of DNA binding proteins by exploiting the negatively charged phosphate 
groups mimicking those found on DNA.  Th is strategy has been used as a fi rst step in numerous 
purifi cation protocols of functional protein complexes, since under these conditions most protein-
protein interactions remain intact.31, 38, 46  Two milligrams of the protein sample was loaded on a 0.5 
ml phosphocellulose column (0.8 x 4 cm) and eluted in a stepwise manner in buff er containing 0.1 
M, 0.3 M, 0.5 M and 0.85 M NaCl.31  Each salt fraction was loaded on a 12.5% SDS-PAGE gel (Figure 
3) showing a distinct pattern in each fraction. Th is indicates that diff erent proteins were eluted with 
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Figure 3 SDS-PAGE of the eluted phosphocellulose P11 
fractions: Distinct bands could be visualized in the eluting 
salt fractions indicating that diff erent proteins were eluting 
depending on the salt concentrations utilized.
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Figure 4  Th e direct comparison of protein 
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shared proteins identifi ed with each technique.  377 
proteins were commonly identifi ed with all techniques 
whilst phosphocellulose P11 chromatography – SDS-
PAGE led to the highest number of unique protein 
identifi cations.
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increasing ionic strength.  Th e column was washed with 20 column volumes until the eluate contained 
no residual protein (data not shown).  Furthermore the overloading in the fl ow-through indicated 
that a surplus of proteins did not have a high affi  nity for the column (Figure 3).
Th e SDS-PAGE gel was processed for in-gel digestion and protein identifi cation by reversed phase 
nanofl ow LC coupled with an LTQ-FTICR or an LTQ-Orbitrap mass spectrometer.  Th e combination 
of all these fractions (including the fl ow-through) led to the identifi cation of 1687 unique proteins 
with a minimum of two peptides per protein (Supplementary Table 5). A total of 1311 proteins were 
solely identifi ed in the eluting salt fractions, whilst 1071 proteins in the fl ow-through with an overlap 
of 696 proteins.   Th e salt elution steps led to the identifi cation of 1041, 1057, 968 and 703 unique 
proteins in the 0.85 M, 0.5 M, 0.3 M and 0.1 M fractions respectively.  Collectively phosphocellulose 

 CUMULATIVE UNIQUE 1032 52 25 46 70 136 427 101

nuclear mitochondrial plasma 
membrane golgi ER ribosomal cytoplasm unknown

phosphocellulose -SDS PAGE 930 (55%) 43 (2.6%) 20 (1.2%) 40 (2.4%) 33 (2%) 123 (7.3%) 398 (23.6%) 100 (5.9%)

strong cation exchange 526 (65.3%) 14 (1.8%) 5 (0.6%) 13 (1.6%) 25 (3.1%) 80 (9.9%) 123 (15.3%) 19 (2.4%)

SDS-PAGE 502 (62.3%) 15 (1.9%) 7 (0.9%) 16 (2%) 42 (5.2%) 89 (11%) 106 (13.1%) 29 (3.6%)

Peptide IEF 415 (64.5%) 7 (1.1%) 4 (0.6%) 10 (1.6%) 36 (5.6%) 68 (10.6%) 88 (13.7%) 15 (2.3%)
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Figure 5 Protein localization for each pre-fractionation technique: A plot of the number of proteins identifi ed versus 
the localization according to the yeast SGD database.  Phosphocellulose P11 chromatography – SDS-PAGE, SCX, SDS-
PAGE alone and in-gel peptide IEF are illustrated in blue, red, green and purple respectively along with the number and 
percentage of the total number of proteins for each method in the Table below.  Th e cumulative unique number of proteins 
per localization is also displayed for all four techniques.

Identi�ed
Unidenti�ed

Nuclear Nucleolar

211

22

A B
816

1032

Figure 6  Th e number of identifi ed nuclear and nucleolar proteins listed in the Yeast SGD database: A pie chart 
illustrating the number of nuclear (A) and nucleolar (B) proteins identifi ed from the yeast SGD database using all four 
techniques.  Th e proteins identifi ed are illustrated in grey whilst unidentifi ed proteins with these techniques are shown in 
white. Th e use of these orthogonal pre-fractionation techniques led to the identifi cation of 61% of all nuclear proteins listed 
in the yeast SGD database out of which we fi nd 91% coverage of all nucleolar proteins.
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P11 chromatography led to the identifi cation of 930 and 201 proteins annotated to be nuclear or 
nucleolar, respectively (refer to Supplementary Table 6).  

Comparison of the four pre-fractionation techniques
Collectively the four techniques led to the identifi cation of 1889 unique proteins (Supplementary 
Table 7).  Figure 4 illustrates in detail the number of unique proteins identifi ed for each technique.  
As can be observed in this Figure, phosphocellulose P11 SDS-PAGE led to the highest number of 
identifi cations (1687 proteins), of which 724 exclusively identifi ed with this technique.  SCX, SDS-
PAGE and peptide IEF added a total of 202 proteins not identifi ed by phosphocellulose P11-SDS-
PAGE, of which 75, 49 and 27 unique for the respective techniques. 377 proteins were identifi ed by 
all 4 techniques.
With regards to nuclear protein identifi cations, phosphocellulose P11-SDS-PAGE led to the 
identifi cation of the highest number of known nuclear proteins listed in the Yeast SGD database 
(Figure 5).  A total of 930 nuclear proteins were identifi ed with this technique compared to 415 with 
peptide IEF, 502 with SDS-PAGE alone and 526 nuclear proteins with SCX.  Collectively, 1032 known 
nuclear proteins were identifi ed.  On average, around 60% of the proteins identifi ed with these four 
techniques were classifi ed as nuclear proteins (Figure 5). 
Analysis of the data further revealed that the 211 nucleolar proteins identifi ed with this study 
constituted around 91% listed in the Yeast SGD database (Figure 6). SCX, in-gel peptide IEF and SDS-
PAGE performed equally well in identifying 158, 139 and 163 nucleolar proteins individually, whilst 
phosphocellulose P11 resulted in the identifi cation of 201 nucleolar proteins.  116 nucleolar proteins 
were identifi ed in common between the four techniques, with phosphocellulose P11 contributing 
23 unique nucleolar proteins, compared to 3, 3 and 2 with SDS-PAGE, SCX and in-gel peptide IEF 
respectively.

Identi�ed % of total P-value

GO_term proteins assigned
gene expression 586 44% 7.10E -73
DNA-dependent transcription 154 73% 1.38E -50
chromosome organization and biogenesis 294 51% 3.14E -48
transcription 162 68% 4.94E -47
chromatin modi�cation 146 67% 5.09E -40
transcription from RNA pol II promoter 116 73% 6.74E -37
chromatin remodeling 99 66% 8.83E -26
DNA packaging 70 65% 5.78E -17
termination of RNA pol II transcription 9 100% 2.63E -03

regulation of transcription from RNA pol I promoter 9 100% 2.63E -03

Table 1 Protein functions of identifi ed proteins: Some of the most prominent protein functions together with the number 
of proteins identifi ed with phosphocellulose P11 – SDS-PAGE and the probability value for each function.
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Characterization of the nuclear proteome 
Th e four respective datasets were combined to create a compendium of yeast nuclear proteins, 
containing 1889 proteins (Supplementary Table 7). To further interpret this total dataset we inferred 
the localization of the identifi ed proteins as documented by GO annotation in the Yeast SGD database 
(Supplementary Table 6 and Figure 5). Th is shows that 1032 proteins with known or predicted 
nuclear localization were identifi ed. Proteins from other membrane bound organelles were identifi ed 
as well, but these appeared in relatively low numbers (Figure 5). Especially the small number of 
proteins from the ER that is continuous with the nuclear envelope, indicated that the preparation 
of the nuclear extract was very effi  cient (Figure 5).  Yet, the localization of numerous proteins was 
not annotated and could not be established via GO annotation (labelled “unknown”). Due to the 
continuous shuttling of regulatory proteins between the nucleus and cytoplasm, it cannot be excluded 
that these unallocated proteins, as well as some of the cytoplasmic proteins, can actually be present in 
the nucleus, as will be discussed below.
Of the 1848 proteins assigned as nuclear in the Yeast SGD database, 1032 were identifi ed in our study 
(Figure 6). Since we did not identify all known nuclear proteins, and  to see if our data were biased 
against low copy number-proteins, we plotted our data as a function of protein abundance based on 
estimations by Ghaemmaghami et al.47.(Supplementary Figure 2). Of the 1032 established 
nuclear proteins identifi ed in our study, 891 proteins have been associated with a copy number. Th ese 
were plotted in bins, showing both absolute numbers of identifi cations as well as relative numbers 
compared to the total as reported by Ghaemmaghami et al.47  Over a dynamic range of 200 to 10.000 
copies per cell we fi nd a coverage increasing from approximately 40% for the categories of low 
abundant proteins to around 70% for the most abundant proteins. Th e largest number of proteins is 
present in 1000-4000 copies/cell, a range that is well-represented in our dataset. Of note, some of the 
very high abundant proteins (>14000 copies/cell) are missing in this study, raising the possibility that 
these are not (always) nuclear. Another factor that could overestimate the number of non-identifi ed 
proteins lies in redundancy of the database listing identical proteins by diff erent names.  In fact some 

GO_term Identi�ed proteins
% of total
assigned P-value

macromolecular complex 916 52% 1.84E -206
nuclear part 650 58% 3.11E -161
nucleus 918 46% 3.89E -153
protein complex 675 53% 2.55E -143
nucleolus 197 65% 2.79E -52
transcription factor complex 92 70% 2.02E -27
DNA-directed RNA polymerase II, holoenzyme 61 85% 1.86E -25
chromosome 127 52% 4.51E -20
nuclear pore 39 76% 8.10E -13
histone acetyltransferase complex 32 90% 1.07E -10

Table 2 Component enrichment of identifi ed proteins: Some of the most important protein component enrichments for 
the proteins identifi ed with phosphocellulose P11 – SDS-PAGE, together with the number of proteins and the probability 
value for each component.
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of the proteins apparently not identifi ed in the highest abundance bin are identical to proteins with 
another accession number that in fact were identifi ed. Th ese include HHF2 (Histone H4, identical to 
HHF1), HHT2 (Histone H3, identical to HHT1), RPS6A (identical to RPS6B) and RPS16A (identical 
to RPS16B).

Phosphocellulose P11 chromatography as an enrichment technique for DNA binding 
proteins 
In this study we exploited the properties of P11 to identify proteins in the context of the entire nuclear 
proteome. We classifi ed all proteins identifi ed aft er P11 chromatography to evaluate its performance 
in covering classes of proteins expected to reside in the nucleus, in terms of localization, function and 
molecular process (Supplementary Table 8).  Tables 1 and 2 illustrate the most prominent protein 
functions and localizations, along with the number of proteins identifi ed and the signifi cance of the 
enrichment for each function. Th is resulted in a high predominance of nuclear proteins, transcription 
factors and specifi cally protein complexes. Among the top-scoring terms are (sub)nuclear structures, 
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Figure 7 Th e number of identifi ed peptides per protein (%) versus the elution fractions: Proteins eluting in the fl ow 
through (FT), 0.1 M NaCl, 0.3 M NaCl, 0.5 M NaCl and 0.85 M NaCl were grouped into the complexes listed in the yeast 
SGD database to visualize the elution patterns of these proteins.  Numerous proteins did not bind to the column and were 
identifi ed in the fl ow through (Figure 7A). Examples of proteins eluting in one fraction or eluting across all fractions are 
illustrated in Figure 7B and 7C respectively.  
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including protein complexes. Diverse functions related to maintenance and transcription of the genome 
(transcription, gene expression, RNA polymerisation, DNA packaging, chromatin modification, etc.) 
are well-represented (Table 2). Significant levels for enrichment of these classes easily reach p-values 
of 1 x 10-25 and lower (Supplementary Table 8). Many of these classes contain hundreds of proteins, 
which are represented up to around 75%. Interestingly, some of the less-populated structures are fully 
covered, e.g. all components of RNA polymerases and general transcription factor complexes were 
identified, as well as all factors involved in transcription termination and mRNA export (Tables 1 and 
2, Supplementary Table 8). Collectively, this indicates that P11 chromatography combined with SDS-
PAGE and LC-MS provides a profound insight and coverage of the nuclear proteome. 

Protein complexes isolation using phosphocellulose P11 chromatography
Whilst most of the studies utilizing P11 are targeting a single protein complex, we wanted to 
explore whether phosphocellulose P11 combined with in-depth MS could be used to study multiple 
complexes simultaneously in a nuclear extract.  A first indication that this might be fruitful is the 
observation that the top-scoring component in our GO-analysis (Supplementary Table 8) is in fact 
‘macromolecular complex’ (p= 1.84E-206) covering 52% of all proteins known to be part of a complex 
(in cytosol and nucleus). To explore this in further detail, the 1687 proteins identified in subsequent 
P11 fractions were grouped into the various protein complexes as defined in the Yeast SGD database 
(Supplementary Table 9).
The number of identified spectra per protein (spectral counting) was utilized as a quantitative 
indication of the presence of each protein per fraction. This allows to visualize elution profiles of 
individual proteins across all fractions, and to compare elution profiles of proteins present in 
complexes. By grouping profiles of proteins per complex, it can be estimated whether complexes 
remain intact or disassemble during elution. By taking a closer look at the elution patterns of proteins 
belonging to a particular complex, we encountered three different scenarios: 1) the proteins do not 
bind to the P11 column and are only found in the flow-through, 2) the proteins elute in one salt 
fraction, or 3) proteins elute across several fractions.  These various modes of elution are illustrated 
in Figure 7 for a number of complexes.  This shows that the MCM-complex and the proteasome core 
complex do not have affinity for p11 and elute in the flow-through (Figure 7A). The THO and NuA4 
histone acetylstransferase complexes are relatively stable and elute in a higher salt fraction (Figure 
7B). Members of the exosome and the SAGA complex were found across several fractions (Figure 
7C) indicating that they are either unstable under these conditions or that the complex exists in 
different forms. Therefore, we defined criteria to distinguish stable from instable complexes.  First, 
we required ≥50% of the identified peptides of a protein to elute in one fraction to categorize that 
protein as eluting in that particular fraction. Next, we required ≥40% of the proteins in a protein 
complex to elute together in the same fraction to call the protein complex eluting in that fraction. 
Protein complexes of which less than 40% of its protein components co-eluted in one fraction were 
considered to be spread across all fractions (Supplementary Table 10).  
Using these criteria, the analysis resulted in the classification of 181 protein complexes of which 122 
specifically enriched in a particular fraction (Supplementary Table 10). Sixty complexes did not 
bind to the column and eluted in the flow-through, and 62 complexes eluted in a particular salt 
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fraction (1 eluted at 0.1 M salt, 17 at 0.3 M, 32 at 0.5 M and 12 at 0.85 M fractions).  Fifty nine 
complexes were not specifically enriched in one fraction and were found to be spread-out over several 
fractions. An additional 57 complexes were ignored because they were represented by only 1 protein. 
On average 78% of the proteins within a complex were found in the salt fractions. Some complexes 
were covered by all of their known components, for instance the general transcription factors such 
as TFIIC, TFIIE and TFIIF. These data reveal several important points: 1) Protein complexes purified 
previously using P11 elute at the expected salt step. For instance, TFIIE and TFIIF elute at 0.5 M, 
confirming the reproducibility of the method.46  2) There is a clear distinction in the functionality of 
complexes binding and not binding to phosphocellulose. Complexes that are retained are dominated 
by complexes involved in transcription regulation and chromatin structure, while complexes not 
involved in DNA interactions prevail in the flow-through (e.g. proteasome, nuclear pore). The 
distinction is not absolute, but presumably reflects cationic properties of the complex as a whole. 3) 
The majority of the complexes does not elute in one fraction, but has components eluting at different 
salt concentration. In particular, there are several complexes eluting in high-salt fractions that lose 
subunits in the flow-through (e.g. the replication factor C complex, the nucleosome, the cohesion 
complex), possibly reflecting their weak interaction. This is not surprising as some subunits may 
be associated to the complex transiently or by low affinity interactions.4) Some complexes elute 
across many fractions (e.g. mediator, SWI/SNF) indicating that either complexes disassemble due 
to increased ionic strength, or that one (or more) subunits were also present in an alternative form 
(Figure 7C). These latter two observations emphasize that the concept that intact complexes can be 
isolated quantitatively in one fraction is not necessarily true in all cases.

Discussion
The success of large-scale proteomics lies in the identification of large number of proteins in complex 
samples. This has been facilitated by recent developments in mass spectrometry and its direct coupling 
to reversed phase chromatography.28, 30, 35, 51-54  Nonetheless, in general the complexity and dynamic range 
of proteins in biological samples is too high to obtain sufficient coverage, thus requiring additional 
pre-fractionation techniques. Due to their specific mechanical and physical properties, yeast nuclei 
can be isolated with high purity and provide an excellent starting point for the characterization of 
the yeast nuclear proteome. An important criterion for organelle-specific analysis of any organism 
is the purity of the compartment in question. Critical to the isolation of highly enriched nuclei is 
that during the lysis of the spheroplasts intact nuclei are released while fragmenting the connecting 
and surrounding cellular structures. The nuclei can then be further enriched on a sucrose gradient. 
The predominance of nuclear proteins (Figure 5) and the low amount of contaminating proteins 
originating from the plasma membrane, mitochondria and endoplasmic reticulum indicated that this 
was an efficient means of purifying and extracting yeast nuclei. 
Since the nuclear proteome is still expected to be considerably complex, we utilized four well-
established orthogonal pre-fractionation techniques at the peptide level (SCX, peptide IEF) and 
protein level (SDS-PAGE, and phosphocellulose P11 chromatography).  The latter technique has been 
utilized as a first step in the isolation of transcription regulators and functional protein complexes 
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46, 50 but it has never been evaluated as a pre-fractionation technique in combination with the high 
dynamic range and high sensitivity mass spectrometry available today. 
The combination of these pre-fractionation techniques led to the identification of 1889 proteins, 1032 
(55%) of which were annotated as nuclear proteins in the yeast SGD database. These numbers are 
close to those obtained in a very recent study26 identifying 2674 proteins, including 1234 annotated 
nuclear proteins (46%). Of these, 832 were in common with our study. The overlap between these 
datasets, but also the proteins that were uniquely identified in either study could be caused by the 
differences experimental approaches and analytical platforms, including purification schemes 
for nuclei. It seems that our nuclear preparation was cleaner, given the significant lower levels of 
contamination of mitochondrial, ER and Golgi proteins: in our study, 52 out of 1889 proteins (2.7%) 
were mitochondrial (Figure 5), compared to ~300 out of 2674 (11%) by Mosley et al. For ER and Golgi 
proteins combined, these numbers are 116 out of 1889 proteins (6%) (Figure 5), and ~280 out of 2674 
(10.5%)26, respectively. 
A closer look in our dataset at specific subnuclear compartments, revealed that 211 nucleolar proteins 
were identified, covering 91% of the known nucleolar proteins.  Nucleolar proteins play an important 
role in cell growth and proliferation, as well as coordinating the synthesis and assembly of ribosomal 
subunits.52, 55, 56  Moreover nucleoli are highly conserved through evolution having 90% homology 
with human nucleolar proteins.57, 58 
Phosphocellulose P11 chromatography contributed the largest number of proteins to the total 
identifications with 724 unique proteins compared to the other techniques. In fact, phosphocellulose-P11 
chromatography led to ~1.5 times the number of identifications (1687) compared to the other three 
techniques combined (1165). Moreover, 85% of the proteins found by all four techniques combined 
were identified by P11 alone. One can argue that the sample loaded onto the phosphocellulose 
P11 column was larger compared to the other techniques, however equal amounts of protein were 
utilised for mass spectrometry analysis for each pre-fractionation technique. Classification by gene 
ontology revealed that the proteins identified after P11 separation are highly enriched in typical 
nuclear functionality (Supplementary Table 8).  We found hundreds of proteins with very general 
nuclear functions such as gene expression, transcription as well as nuclear transport. Moreover, we 
noted that of several protein complexes, particularly those involved in transcription, all subunits were 
identified. We examined which protein complexes were present in our nuclei isolations and identified 
by P11 chromatography, and to what extent they remained intact during the separation process. By 
grouping all the proteins into their respective complexes, (parts of) 181 complexes were identified. 
In addition, we used the elution patterns of the subunits of each complex to classify complexes as an 
approximation of stability.  
Although separation by P11 chromatography is not an alternative for e.g. TAP-purification of 
individual protein complexes, it provides a powerful means for additional pre-fractionation. Due to 
the dramatic enrichment, we have observed excessively high sequence coverage of various proteins, 
opening the way to analyse these proteins in greater detail with respect to e.g. PTMs under various 
growth conditions.  In addition, it provides a complementary view to the classical application of P11 
for the isolation of individual protein complexes: by combining this with modern and sensitive mass 
spectrometric detection the less stable parts of such complexes can be detected over an extended 
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range of salt fractions.
For the classification of all proteins identified in this study we relied on Gene Ontology classification 
by cellular location and function as archived in SGD. This was used to visualize the number of 
established nuclear proteins as well as proteins residing in other compartments (Figure 5). From this 
classification, a number of issues can be raised. 1) the total number of identified nuclear proteins is 
considerable (1032), but not complete (1848 in SGD). Possible explanations are that we still have 
suffered from under-sampling, or that proteins were lost during the isolation procedures, especially 
with those proteins that have no stable interactions with nuclear structures. Another explanation 
is that not all nuclear proteins always reside in the nucleus. 2) The number of mitochondrial and 
especially ER proteins is very modest. This leads to the third observation, being the relatively high 
number of cytoplasmic proteins. Although some contamination could be due to cytosolic proteins 
sticking (specifically or aspecifically) to the cytosolic side of the nuclear envelope, it seems unlikely 
that the degree of contamination of the nuclear extract by soluble proteins from the cytosol is higher 
than from membrane structures like the ER. Therefore, there might be other explanations for this 
observation. One of the most likely possibilities is that some of the cytosolic proteins translocate 
to the nucleus, at least for a fraction of the protein pool. Shuttling of proteins between the nucleus 
and the cytoplasm is a well-known phenomenon, and in fact we identified several proteins flagged 
to be cytosolic in SGD, but with a documented function in the nucleus, of which the following 
represent a few examples. For instance this applies to many proteins involved in mRNA transport 
and maturation.60  Ribosomal proteins represent another prominent example, which are translated 
in the cytosol, but translocate to the nucleolus for ribosome assembly and maturation.61-63 This may 
well explain the large number of ribosomal proteins in this study (Figure 5). Other protein complexes 
partitioning between nucleus and cytosol are the proteasome 64, 65 and for instance the CCT complex.66  
In addition, individual proteins initially considered to be strictly cytosolic appear to fulfill specific roles 
in the nucleus. This applies to myosin and various forms of actin which are involved in regulation of 
transcription67 and chromatin remodelling.68  Myosin 1, actin as well as various Arps were identified 
here. Another example is guanosine 5’-monophosphate synthetase (GMPS) which is a cytosolic 
protein but for which we showed before it also takes part in a nuclear complex involved in histone 
de-ubiquitilation in flies.69 This might also apply to another deubiquitinylase (Ubp3) assigned to be 
cytoplasmic but identified in our nuclear preparation along with its binding partner BRE5, which is 
in line with a nuclear function of this protein.70  Other examples of a priori cytoplasmic proteins but 
with a documented function in the nucleus include PRK1 (phosphorylating Histone 371), HXK172, 
PFK1 and PFK273.  The phenomenon of extensive translocation of proteins even extends to typical 
plasma membrane proteins such as TOR1 and TOR2 74, 75, and YCK1 and YCK276 which were all 
identified here. This non-exhaustive list of examples shows that many typical cytosolic proteins can be 
nuclear. Since this might apply to only a small part of the total population this may only be observed 
in targeted studies, while it is very likely to escape attention in large-scale studies. Many of the GO-
annotations are based on such genome-wide studies8, leading to assignments that are only partially 
true or not complete. Thus, with the use of a highly enriched nuclear extract as starting material, we 
can postulate that many more proteins can be nuclear than appreciated before. 
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Conclusion
The characterization of the yeast nuclear proteome is a fundamental step towards the understanding 
of the important cellular processes occurring in yeast.  We have shown that the use of four orthogonal 
peptide and protein pre-fractionation techniques can be utilized for the large scale identification 
of these nuclear proteins.  In particular phosphocellulose P11 chromatography coupled with SDS-
PAGE has proven to be a valuable pre-fractionation technique and an enrichment technique for 
proteins involved in various important nuclear processes.  We foresee that this technique has a high 
potential for the detailed study of nucleo-cytoplasmic transport, and the mechanisms regulating this 
process. For instance, translocation can be influenced by or dependent on growth circumstance, stress 
condition or cell cycle-state, and can be regulated by phosphorylation of either cargo or transporter 
proteins.15, 77-79  It would be highly informative to study nuclear proteomes obtained under different 
conditions, preferably in a quantitative manner. The high sequence coverage that we have observed 
for many proteins would aid in the quantitation process, and would increase the chance to identify 
post translational modifications.
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Abstract
The analysis of proteome wide phosphorylation events is still a major analytical challenge 
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 refined version of low pH 
SCX was used to efficiently separate N-terminally acetylated, phosphorylated and non-
modified peptides. A total of 5036 non-redundant phosphopeptides could be identified 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 experiment only lead to a 25% 
increase. Thus, when focusing solely on the Trypsin and Lys-N data we identified 4671 non-
redundant phosphopeptides. Further analysis of the detected sites showed that the Lys-N 
and Trypsin datasets were enriched in significantly different phosphorylation motifs, further 
evidencing that multi-protease approaches are very valuable in phosphoproteome analyses. 

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 phosphoproteomics.1-4  The 
analysis of phosphorylated proteins is analytically challenging for several reasons. For instance, 
phosphorylated peptides are present at sub-stoichiometric levels when compared to non-modified 
peptides in digested lysates.  Additionally, phosphorylated peptides undergo facile fragmentation 
inside a mass spectrometer to create potentially difficult 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 phosphorylated 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 diagnostic 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 chromatography 
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 specific 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 
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been found to be an excellent characteristic for capture and has lead to enrichment strategies based 
upon immobilised metal cation affinity 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 microfluidic 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 combination 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 enrichment. 38-41 Despite all these considerable efforts 
it remains a challenge to perform comprehensive identification 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 datasets 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 efficacy of three proteolytic 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
Materials 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 fluoride, potassium chloride, sodium orthovanadate, acetic acid and formic acid were 
from Sigma (Zwijndrecht, The Netherlands). 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 acetonitrile 
was purchased from Biosolve (Valkenswaard, The Netherlands), Potassium silicate (KASIL® 1624) 
was purchased from PQ Europa (Winschoten, The Netherlands). 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 
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online trapping and desalting of peptides.

Sample preparation and digestion
HEK293 cells were grown on plates until confluence was reached. After harvesting 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 
fluoride, 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 NH4HCO3 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 first 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 final 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 final 1 mg of lysate was subsequently 
diluted with 50 mM NH4HCO3 pH 8.0 to a final concentration of 2M urea/50 mM NH4HCO3 pH 8.0 
and 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 flow 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 flowrate. 
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 finally equilibrated with 100% 
Solvent A for 9 min.  The flow rate applied during the SCX gradient was 200 μl/min.   
Fractions were collected in 1 min intervals for 40 min. After evaporation of the solvents, 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.  
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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, Germany) 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 was achieved with a gradient of 10−35% B (0.1M acetic acid in 80/20 acetonitrile/water) in 90 
minutes in a total analysis time of 120 minutes. The flow 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, automatically 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 five 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 were converted to DTA files using Bioworks 3.3.1 (Thermo, San Jose).  Eventually all 
spectra were converted to a single file and searched using 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 cysteine 
carbamidomethylation as a fixed modification.  Methionine oxidation, N-terminal acetylation and 
phosphorylation of serine, threonine and tyrosine were chosen as variable modifications.  A peptide 
mass tolerance 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 version 1.5a61.41 Phosphorylation motif discovery was 
performed using the Motif-X algorithm. 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.
Lys-N, Lys-C, Trypsin and Trypsin SCX replicate datasets can be accessed on: https://
proteomecommons.org/tranche/data-downloader.jsp?fileName=NjbSR7B4qUXyYk0bvRn4rT9tmG
NhvhmmK1W0vN2JBC%2Br%2Fmk7gSQHeQMyp6yOq31qgnWa02MYNrUB3vsXVIo9dqPHcek
AAAAAAAAFyA%3D%3D. (passphrase: scx-gauci))
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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-acetylated 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 enriched 
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 generates N-acetylated, C-terminal and phosphopeptide populations with distinct net 
charges.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 identification was performed using a quadrupole 
ion trap mass spectrometer, which suffers from a rather poor dynamic range, mass resolution and 
mass accuracy. Therefore, 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 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 phosphoproteomics 
studies we set out to perform a three way comparison. We conducted a 300 ug  scale experiment of 
human cell lysate (per full analysis) and performed 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 first the multiply phosphorylated peptides eluted, followed by N-acetylated 
peptides, then N-acetylated peptides containing a miss-cleavage and subsequently the singly 
phosphorylated peptides (see figure 1A).  The analysis of these Lys-N generated peptides allowed 
identification of 2302 non redundant phosphopeptides with an FDR below 1% (supplementary table 
1). (Note: Lys-N, Lys-C, Trypsin and Trypsin SCX replicate datasets can be accessed on: https://
proteomecommons.org/tranche/data-downloader.jsp?fileName=NjbSR7B4qUXyYk0bvRn4rT9tmG
NhvhmmK1W0vN2JBC%2Br%2Fmk7gSQHeQMyp6yOq31qgnWa02MYNrUB3vsXVIo9dqPHcek
AAAAAAAAFyA%3D%3D. (passphrase: scx-gauci))
The number of phosphopeptides identified 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 enrichment by titanium oxide or IMAC after 
SCX. Using equal amounts of material, separation protocols, mass spectrometric parameters and 



ch
ap

te
r 

5 
| p

ag
e 

11
3

database search cut-off  values we compared the Tryptic and Lys-C digests data to that of Lys-N. In 
fi gure 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.  Th e analysis of the Tryptic digest lead 
to the identifi cation of 2719 phosphopeptides with an FDR below 1%  (fi gure 1 and supplementary 
table 2).  From the Lys-C digest we identifi ed 861 phosphopeptides (supplementary table 3).  When 
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Figure 1. Number of detected unmodifi ed and modifi ed peptides. Overview of the number of detected unmodifi ed 
and modifi ed unique peptides per SCX fraction in the HEK293 proteolytic lysates generated by using A) Lys-N, B) Lys-C, 
C) Trypsin replicate 1 and D) Trypsin replicate 2. Th e diff erent colors are indicative for the distinct classes of detected 
peptides. Th ese data clearly reveal the near baseline specifi c isolation/enrichment of the diff erent classes of peptides (i.e. 
N-terminal acetylated peptides, phosphorylated peptides etc.). Th e 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. Th e purple line, linked to 
the right y-axis, shows the MASCOT cut-off  score required to obtain a FDR of 1%.
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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).  Th ese results suggest that Lys-C 
is not as effi  cient an enzyme for handling 
regions containing phosphorylation as Lys-N 
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. Th e 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 compared 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 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 eff ect to be related to physicochemical properties of 
Lys-N peptides. In the case of Lys-N phosphopeptides the two basic moieties are in close proximity and 
thus potentially aiding retention on the SCX column.   It appears that the observed eff ect of separating 
peptides with the same net charge but diff erent levels of positive and negative charge occurs more 
generically.  Th e 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 fractions (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 possessing two positive charges and one negative charge.  Th e 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.
Th e three way comparison of Lys-N, Trypsin and Lys-C, resulted in the identifi cation of 5036 non- 
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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). Th e 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 
fraction. 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%). 
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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 peptide 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 is a 95% overlap in peptide population between Lys-C and 
Lys-N, which is expected since both these sets of peptides will be fl anked by lysine residues in the 
protein sequence (supplementary fi gure 2).  Th e 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.  Moreover, only 26.8% and 25.3% of the Trypsin generated peptide population could 
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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. Th e 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 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 cations such as oxidations and phosphate 
localization were removed to eliminate possible miss-assignments by the database search soft ware. It can be clearly seen 
in the peptide level comparisons that only 4-5% of the phospho and non-modifi ed peptides were detected 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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be generated by Lys-C and Lys-N, respectively (supplementary fi gure 2).  Th is theoretical data on the 
whole proteome suggest the supremacy of Trypsin over Lys-N or Lys-C.
Next we performed a similar comparison with the actual experimental data generated by using 
the three proteases. 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 peptide population was in common between Trypsin 
and Lys-C and Lys-N, respectively (fi gure 3A).  A similar comparison of overlap was performed 
for the generated phosphopeptide datasets. To eliminate possible miss-assignments by the database 
search soft ware as a source of poor overlap for peptide populations the predicted exact location 
phosphosites were removed.  When compared to the non-modifi ed peptide datasets a near identical 
picture was observed for the phosphopeptides (fi gure 3B). However, when comparing the overlap in 
identifi ed protein populations (based upon accession numbers) the overlap was found to be much 
larger (fi gure 3C). Over 2000 out of the ~6000 protein identifi cations (i.e. 41%) were found to be in 
common for the three enzymes. However, the overlap at the phosphoprotein level between all three 
enzymes is only 15% or 296 out of 2020 phosphoproteins (supplementary fi gure 3).  From this data it 

Trypsin Trypsin 
replicate 

1630 7031089 phosphopeptides
(3422 total)
FDR < 1%

422868004964

Trypsin 
Trypsin 
replicate 

non-modi�ed peptides 
(15992 total) 
FDR < 1%

(48 %) (32 %) (21 %) 
(31 %) (43 %) (26 %) 

A

B

Trypsin  Lys-N

2369 1952350 phosphopeptides
(4671 total)
FDR < 1%

7512162710137

Trypsin Lys-N

 

non-modi�ed peptides 
(19276 total) 
FDR < 1% (51 %) (7 %) (42 %) 

(53 %) (8 %) (39 %) 

C

D

Figure 4. Undersampling and/or complementarity. Venn diagrams comparing the overlap in detected peptides between 
Trypsin analytical replicate experiments (A and C), and Trypin versus Lys-N experiment (B and D). Th e 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 Trypsin 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. Th e two 
top diagrams compare peptide sequences obtained from two SCX analytical replicates of the same trypsin digest performed 
on a HEK293 lysate. Th e 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. Th is 
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 Trypsin and Lys-N digest (7% for phosphopeptides 
and 8% for non-modifi ed peptides).
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could be suggested that protein detection is more influenced 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 populations or enzymatic generation of significantly 
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 identifications in the second experiment was slightly poorer than in the first 
the overlap between the first and second experiment was over 40% for non-modified peptides and 
around 32% for phosphopeptides (figures 4A and 4C respectively).  Furthermore, a direct comparison 
of these phosphopeptides with the phosphosite removed resulted in a 39% overlap (supplementary 
figure 4).  Previous reports suggest 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 significantly different pools of experimentally detected peptides. This is highlighted by the fact that 
the overlap between the Trypsin and Lys-N dataset was significantly smaller compared to the overlap 
observed between the Trypsin and Trypsin replicate dataset. We found that only 8% of the non-
modified 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 specific characteristics. 

Characterisation of the identified 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 undersampling.  Therefore, we performed 
an analysis addressing the characteristics of the identified phosphopeptides. First we examined, in 
the three experimental datasets, the distribution of peptide length (supplementary figure 5), which 
revealed that all three enzymes produce similar peptide length distributions.  The result was not 
surprising because the majority of the phosphopeptides in our experimental datasets contain just 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 figure 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 enrichments in amino acid composition. The underrepresentation of hydrophobic amino 
acids such as leucine or isoleucine in our datasets could be due to the general difficulty of identifying 
hydrophobic stretches in proteomics approaches. Serine and proline residues were found to be 
overrepresented in the experimental phosphopeptide 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 
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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 gure 8) and 
Trypsin (supplementary fi gure 9) datasets. 
Although threonine specifi c motifs 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 (fi gure 5).  A striking feature in the 
Lys-N serine phosphorylated peptides was 
the higher presence of lysine residues in the 
motifs generated compared to the peptides in 
the Trypsin sample.  Th e fi nding of distinct 
Lys-N motifs coupled to the analysis of the 
peptide amino acid composition indicates that 
the main diff erence between the Lys-N and 
Trypsin 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 arginine containing peptides while in the case of Lys-N it will 
undersample solely lysine containing peptides.  Th is indicates that experiments focusing on proteins 
with proline and lysine containing motifs such as CDK substrates, which are mainly involved in 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.  Th ese motifs mainly 
belong to substrates of CKII and ATK-like kinases which are known to have various roles in signal 
transduction and cancer. Th is suggests that the choice of enzyme can have signifi cant eff ects on the 
analytical results, especially if one chooses a targeted phospho-proteomics approach.

A

C

E

Lys-N 
(1859 peptides) 

B

D

F

       Trypsin 
(2275 peptides)

3.8% (87)5.6% (104)

1.9% (43)1.8% (33)

7% (130)

3.9% (72)

Phosphorylation at serine residues

1.3% (29)

2.4% (55)

not detected
by Motif-x

not detected
by Motif-x

not detected
by Motif-x

not detected
by Motif-x

Figure 5. Prevalent sequence motifs in phosphopeptide 
datasets. Th e 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 extracted from 
the Lys-N experiment. Th e presence of each motif in the 
respective phosphopeptide dataset is given in % and the 
total number of peptides displaying the motif is shown in 
brackets. Th e unique prevalence of the latter four motifs 
is illustrative for the complementarity of the Trypsin and 
Lys-N datasets.



ch
ap

te
r 

5 
| p

ag
e 

11
9

Conclusion
We describe a refined low-pH SCX separation method that allows near complete enrichment 
of phosphopeptides containing a single basic residue. In future studies this approach could be 
complemented by additional enrichment techniques like TiO2 or IMAC to specifically enrich a 
phosphopeptide pool with multiple basic residues. 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 significantly 
complementary. However, the major contribution of unique identifications 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 phosphopeptide analysis, although this dataset 
enabled the identification 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 arginine 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 benefit 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 
inventories are available, in particular not for human proteins. Here we show that by 
using 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 identification of 1391 acetylated human protein N-termini in HEK293 cells 
and revealed that the role of the penultimate position on the cleavage efficiency by the 
methionine aminopeptidases is essentially conserved from E. coli to human. Sequence 
analysis and comparisons of amino acid frequencies in the datasets of experimentally 
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. cerevisiae 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.

Introduction
Protein Nα-terminal acetylation (i.e. N-acetylation), in which an acetyl group is transferred 
from acetyl-coenzyme A to the α-amino group of the N-terminal residue of a protein, is one 
of the most common covalent modifications of proteins. This modification 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 modifications 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-
translationally on nascent polypeptide chains, as they leave the ribosome. Protein N-terminal 
methionine excision is performed by the ubiquitous, essential methionine aminopeptidase 
(MetAP) enzymes. The ability of these enzymes to cleave a methionine residue is dependent on 
the penultimate residue according to experiment evidence and predictions based on both in vivo 
and in vitro data.2,5 In general, methionine residues are removed more efficiently 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 valine3

A. 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 
specificity for N-acetylation comes from studies using yeast strains in which specific NAT genes were 
deleted. In these studies the substrate specificities for the yeast acetyl transferases (Ard1p, Nat3p and 
Mak3p) were deduced from the lack of acetylation of protein subsets in the different yeast knock-out 
strains. The corresponding substrate proteins were classified as either NatA (Ard1p), NatB (Nat3p) 
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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 substantial amount of data, in most cases, the efficiency 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 organisms (worms, flies, 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 specificities.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 identification of N-acetylated protein termini is still somewhat in its 
infancy, although it has seen a rapid growth in the last decade corresponding 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 
first digested by the protease trypsin, separated based on their biophysical properties (e.g. charge 
or hydrophobicity) and identified 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 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 
chromatography, 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 
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of the peptides. Such altered peptides can therefore be distinguished  from non-altered peptides in a 
series of secondary peptide separation steps. Gevaert et al. introduced and exploited this procedure 
for the sorting of protein N-terminal peptides in protease degradome and xenoproteome studies16. 
Recently, a more refined COFRADIC technique was described which combined SCX separation with 
an enzymatic step liberating pyroglutamyl peptides for 2,4,6-trinitrobenzenesulphonic acid (TNBS) 
modification to allow COFRADIC sorting.18 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 COFRADIC to isolate N-terminal peptides and characterize the N-terminal acetylation of 742 
proteins from human HeLa cells and 379 protein from yeast. 11Aivaliotis et al. charted the N-acetylated 
terminal proteome from the two prokaryotes H. salinarum and Natronomonas pharaonis, combining 
data from COFRADIC and SCX based approaches, 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 first glimpse of the N-terminal proteome in D. melanogaster Kc167 
cells reporting 900 in vivo acetylated N-terminal peptides.
Recently, we refined a SCX based peptide separation method to achieve higher resolution 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 peptides from singly charged phosphorylated 
peptides. In previous reports these latter two peptide categories were found to largely co-elute, 
hampering their targeted analysis significantly.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 discovery rate of <1% from approx. 
1 mg of protein, the largest dataset of human acetylated 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. melanogaster 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 efficiency 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 effect is not 
related to protein N-terminal processing but can be traced back to genome characteristics.

Materials and Methods
Ammonium bicarbonate, sodium phosphate, potassium fluoride, potassium chloride, sodium 
orthovanadate, acetic acid and formic acid were purchased from Sigma (Zwijndrecht, The 
Netherlands).  The proteolytic enzymes trypsin and Lys-C were obtained from Roche Diagnostics 
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(Ingelheim, Germany) and Lys-N from Seikagaku Corp. (Tokyo, 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 (Ammerbuch, Germany) respectively. Fused silica capillaries 
(50 & 100 µm ID, 375 OD) were obtained from Bester (Amstelveen, The Netherlands) and the 
PolySULFOETHYL 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 (Oregon 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 confluence 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 fluoride, 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 
final 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

Strong cation exchange
Each of the peptide mixtures was loaded onto two C18 Opti-Lynx cartridges, using an Agilent 1100 
HPLC system, at a flow rate of 100 µl/min in 0.05% FA, essentially 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 flow 
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 flow 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% 
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solvent B at 49 minutes. The column was then washed for 6 minutes with 100% solvent B and finally 
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 (Thermo, 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 water), 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 flow 
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, automatically 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 and accumulation to a target value of 500,000. The five 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 spectra for each SCX fraction were converted to DTA files using Bioworks 3.3.1 (Thermo, 
San Jose) with default settings, combined in a single file 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 cysteine carbamidomethylation as a fixed modification. Methionine oxidation, peptide 
N-terminal acetylation and phosphorylation were chosen as variable modifications.  A peptide mass 
tolerance of 10 ppm and fragment mass tolerance of 0.6 Da were selected. 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 processed 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 cleavage. A mascot cut-off score corresponding to an FDR of less 
than 1%, according to the number of decoy identifications, was selected and applied as threshold for 
each of the search approaches (regular enzyme search, semi-enzyme search targeting the fractions 
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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 spectrometry data was loaded into Scaffold v.2 
(Proteome Software, Portland, USA) and can be retrieved through the Tranche repository using the 
following weblink: https://proteomecommons.org/tranche/data-downloader.jsp?fileName=UVN8tc
fpHyBzWDY4QL1nsqePFioGA58KgsNA50wGDttFe1gvnyTvMyjQmQpY1bLtHaIS1UXGpfPAlEVp
w7Wy8t5fcDsAAAAAAAAFPQ%3D%3D ; passphrase: hek293acetylation. 
Finally, all identifications were combined and redundancies eliminated from the datasets (peptides 
that identified 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 filtered to obtain protein sets of selected species 
only, namely H. sapiens, D. melanogaster, S. cerevisiae and H. salinarium, 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 subsequently 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 
following 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. salinarium (n=443). 

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 phosphopeptides 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, hampering an analysis that is focused solely on one of three peptide types. This is 
reflected 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 
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a schematic overview of the experimental design. Aft er 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 subjected 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 
performed taking into account the possibility of the activity of other enzymes (described in materials 
and methods). Th e general performance of the SCX separation for diff erent classes of peptides has 
been described earlier21,25 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 

HEK293 lysate
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Figure 1. Scheme of the experimental approach 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 originating from 
1 mg of HEK293 lysate were subjected to SCX separation, 
LC-MS/MS, and database searches.
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phosphorylated peptides were found between fraction 5 and 9 and singly phosphorylated peptides 
were present in fraction 15 till 24 (Figure 2, bottom graph). Th e 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, primarily originating from Lys-N generated 
N-acetylated peptides that do not contain any basic residue. Th ese peptides bind weakly to the SCX 
column due to their ability to coordinate protons via the peptide backbone. N-acetylated 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. Th is 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. Th e three clusters observed 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 lysine residues. Although some variation is observed between the two trypsin 
replicates, their overall appearance is very similar, showing the reproducibility of the SCX separation 
(Figure 3). Th is is also illustrated by the number of non-redundant N-acetylated protein termini 
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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 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 protein 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 complementarity 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, undersampling and SCX reproducibility was 
evaluated by comparing the overlap 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 
accession and starting position. Th e overlap between the N-acetylated peptides identifi ed with 
trypsin compared to either Lys-C or Lys-N was somewhat lower (about 30%) when compared to the 
trypsin replicate experiments (Figure 4). Th e 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 particular N-acetylated termini peptide was observed multiple 
times (in any one of the four 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 
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319258408
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381320346
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 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 protein termini in human HEK293 cells. Each of the Venn-diagrams displays the overlap in 
identifi ed acetylated protein N-termini between a single trypsin dataset and each of the other datasets. As expected, the 
overlap in between the trypsin replicates is larger than between trypsin and Lys-C or Lys-N. Aft er 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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1391 non-redundant in vivo N-acetylated protein termini listed in Supplementary 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 termini,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 implemented 
a multi-enzyme approach32,33 in order to cover a larger section of the N-terminal proteome using 
trypsin, Lys-C and, a relative new player in the field, Lys-N.24,25 Each of these experiments performed 
quite similarly when evaluated by the number of non-redundant N-acetylated peptides identified 
(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 Sherman3 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 identified close to 600 N-termini in 
the archaeum H. salinarum. 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 identified as in vivo N-acetylated 
peptides. The remainder were unmodified N-termini that were in vitro acetylated to allow isolation 
and identification18. Most recently, Goetze et al.20 described, by combining data of SCX, COFRADIC 
and multiple MUDPIT experiments, slightly over 900 in vivo acetylated N-terminal peptides in D. 
melanogaster Kc167 cells20. 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 dataset 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 identified 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 specific human tissue. 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 
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three studies provides a list of 1861 non-redundant acetylated N-terminal peptides (Supplementary 
Table 6). 
Furthermore, we evaluated the nature of the experimentally observed ultimate N-terminal 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 %). Th e 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 diff erent occurrence 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 

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) Th ree-way comparison of 
N-acetylated peptides identifi ed by studies performed on human teratocarcinoma Nt2/d1 cells14, HeLa cells11 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 (Supplementary Table 6).  (B) 
Frequency distribution of acetylated N-terminal amino acid residues. Results are summarized for data on HEK293 cells 
(this work), HeLa cells11, D. melanogaster20, H. salinarum19 and S. cerevisiae11. Th e data on the two human cell lines are very 
similar. N-terminal acetylation on serine residues is much observed in organisms such as H. salinarum and S. cerevisiae 
while acetylation on alanine is more abundant in human HEK293 and HeLa cells. (C) Bar chart illustrating the eff ect 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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smaller (n= 267 and n = 88, respectively) than the human datasets, our analysis suggests that these 
differences are significant. 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 specific N-terminal processing or characteristics of 
the whole genome.

Efficiency of Methionine processing
Our data also provides a resource for the qualitative assessment of the in vivo probability/efficiency 
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 efficiency, by comparing the number of 
observed N-acetylated peptides with a specific 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 efficiency 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 11 N-acetylated peptides starting with valine, and 13 peptides initiated by Met-Val, 
indicating a lower methionine cleavage efficiency (46%). This finding could be further substantiated 
by the fact that 4 of the 13 N-acetylated Met-Val peptides were also identified in a form that lacked the 
methionine and were instead acetylated on the valine residue. Figure 5C summarizes the qualitative 
efficiency 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 
probability was found highest for alanine (99%, 90%) and serine (99%, 84%), followed by glycine 
(90%, 97%), threonine (90%, 90%), valine (46%, 84%), glutamine (40%), asparagine (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 Sherman et al.3 Our human proteome data confirm that the penultimate residue plays 
an important role in the cleavage efficiency of the methionine aminopeptidases, and that in general 
methionine residues are removed more efficiently 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 findings, 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 
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may play an important role. To analyze the presence of potential motifs in our dataset we 
visualized specifi c (sub)sets of the observed 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. Th e 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 Th ese sequence logos reiterate 
that the relative frequency of the terminal amino acid residues is very comparable between our 
study on HEK293 cells and the HeLa cells of Arnesen, while very diff erent relative abundances are 

1 2 3 4 5 6 1 2 3 4 5 6

1 2 3 4 5 6

1 2 3 4 5 6

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

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)

HEK293 acetylated peptides 
starting with AS (n=76)

1 2 3 4 5 6

D. melanogaster all acetylated 
peptides (n=909)

1 2 3 4 5 6

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. Th e amino acid position (1 marking the ultimate N-terminal residue) is indicated below each 
sequence logo. Th e 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. 
melanogaster 20 and H. salinarum19. Th ese sequence logos reveal that the relative frequency of the terminal amino acid 
residues is very comparable between the HEK293 and HeLa cells, while diff erent relative abundances are observed 
for the N-terminal residues of S. cerevisiae.  Th e second and third row reveals subsets of the experimentally measured 
HEK293 N-acetylated peptides, dividing them in classes of peptides starting 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. Th e fi ft h 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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observed for the N-terminal residues of S. cerevisiae. Moreover, the relative frequency of specific 
amino acids over the first 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-acetylated 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 specificity in efficiency of methionine processing which has been described above. 
As methionine cleavage is less efficient for termini with an aspartic or glutamic acid at the 
penultimate position (figure 5C), it is not surprising to find 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 similarities 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 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 frequently 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 specific 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 f
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for the fi rst six of the amino acid residues of these proteins is shown in the fi ft h row of fi gure 6. Th is 
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. cerevisiae  and H. salinarium. 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. Th e 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 substantial diff erences in between genome 
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Figure 7. Proteome wide amino acid frequency distributions. Th e 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. salinarium (n=443)
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were observed. In figure 7 the amino acid frequency profiles of the penultimate amino acids and the 
full length proteins are compared for H. sapiens, D. melanogaster, S. cerevisiae  and H. salinarium. 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. salinarium. In contrast, in the S. cerevisiae  and H. salinarium 
genomes the occurrence of a penultimate serine is about 3 to 5-fold enriched when compared to the 
whole proteome. This enrichment 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 
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 verified 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 is preserved throughout the three of life, whereas genome-defined 
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 find confident 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 interesting example is the 
Aurora B kinase of which we very confidently detected the N-acetylated peptide SRSNVQ starting 
at residue 43. This start-site is especially intriguing 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 uninhibited 
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 peptide AEAQSG, starting at residue 471. In the Uniprot database a second isoform 
of this protein has been predicted that misses the first 469 residues with residue 470 being a Met. Our 
data confirms 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. 
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As a final 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.
In conclusion, we applied a straightforward but refined 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 bioinformatics 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 mechanisms 
for N-terminal processing seem to be largely conserved in between organisms as varied as H. sapiens, 
D. melanogaster, S. cerevisiae  and H. salinarium, 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. salinarium, 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 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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Summary
The characterisation of the protein content in an organism, cell or tissue (the proteome) relies heavily 
on the identification of large number of proteins in these complex sample mixtures. However global 
proteome identification necessitates highly sensitive analytical techniques due to the huge complexity 
and dynamic range of proteins in biological samples. Despite the advent of mass spectrometry (MS) 
based protein and peptide identification techniques, the complexity of proteomes is too great for 
in-depth analysis by MS alone. For this reason, protein and peptide pre-fractionation techniques 
have been introduced prior to MS analysis leading to a reduction in sample complexity and aiding in 
the large-scale identification of proteins as well as the detection of low abundant post-translational 
modifications in biological samples. Capturing such modified peptides and proteins is important, 
since post-translational modifications modulate functional properties of proteins in various 
regulatory processes in biological systems such as cell signalling, protein stability and protein-ligand 
interactions. The primary goal of this thesis is to explore the application of several protein and 
peptide pre-fractionation techniques in combination with mass spectrometry for the characterisation 
of proteomes and the identification of post translational modifications with a high confidence of 
identification in several biological systems, including Saccharoymces cerevisiae and human Hek293 
cells.
In chapter 1 an introduction is given about the importance of proteins in biological systems. In 
particular, the role of protein post-translational modifications in the diversity and regulation of 
the proteome with a focus on phosphorylation and N-terminal acetylation is emphasized. Next, an 
overview is given of mass spectrometric techniques that are available for the analysis of proteins. 
This includes instrumentation, various experimental approaches to identify proteins as well as data 
analysis techniques. Various techniques for pre-fractionation and protein enrichment are discussed 
which can be used for the reduction of sample complexity or enrichment of low abundant post-
translationally modified peptides.
In chapter 2, we compare the use of in-gel peptide IEF as a pre-fractionation technique with SDS-
PAGE, which is one of the most commonly, used separation techniques in proteomics. For this purpose 
a complex Drosophila melanogaster nuclear extract was utilized and the number of identifications as 
well as the confidence of protein identification was investigated in both techniques. We demonstrate 
that due to the high resolution focusing achieved with peptide IEF, the isoelectric point (pI) of 
peptides can be used as an additional means of identification to remove spurious identifications in 
combination with the use of a high mass accuracy mass spectrometer LTQ-FT. We also show that 
peptide IEF can identify larger number of proteins with a higher confidence of identification than the 
conventionally used separation technique SDS-PAGE. Another application of in-gel peptide IEF is 
discussed in chapter 3 where the high resolution focusing is used to experimentally demonstrate the 
use of an in-house developed pI calculator to determine the pI of phosphopeptides and N-terminally 
acetylated peptides. A good correlation between the calculated pI and the experimental pI could 
be established when optimal pK values were used. This data demonstrates that the pI shift due to 
a phosphorylation or N-terminal acetylation is highly dependent on the presence of an acidic or 
basic residue in the peptide. Moreover we reveal previously unknown position specific pK values of 
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asparagine and carbamidomethylated cysteine depending on their location in the peptide sequence. 
This pre-fractionation technique is also described in chapter 4 where it was used orthogonally with 
three other pre-fractionation techniques namely peptide based strong cation exchange, SDS-PAGE 
and phosphocellulose p11 chromatography. The combined results were used for the comprehensive 
characterisation of the yeast nuclear proteome, starting from a highly pure nuclear extract. In total, 
1889 proteins were identified, 1032 of which were previously annotated as nuclear proteins. This 
led to the most comprehensive characterisation of the yeast nuclear proteome to date. In particular, 
phosphocellulose p11 chromatography in combination with SDS-PAGE led to the largest number of 
protein identifications. This bi-functional cation exchanger has been widely used as an initial step in 
the enrichment of proteins complexes, due to its separation at near-native conditions. This led to an 
enrichment of DNA binding proteins and has shown to have a potential use in the study of protein 
complexes.
Strong cation exchange chromatography (SCX) at the peptide level is a widely used pre-fractionation 
technique due to its high capacity and its compatability with reversed phase liquid chromatography 
but it has also gained popularity as an enrichment technique for the identification of low abundant 
post-translational modifications. In chapter 5, an optimized low pH SCX set-up was utilized to 
evaluate the complementary nature of three proteolytic enzymes, Lys-N, trypsin and Lys-C, for the 
phosphoproteome analysis of a Hek293 cell lysate. This optimized set-up led to the efficient separation 
of N-terminally acetylated peptides, phosphopeptides and unmodified peptides, with more than 
5000 phosphopeptides identified from 1mg starting material. This data showed the complementary 
nature of these three enzymes in the sampling of different parts of the phosphoproteome. This was 
demonstrated by the enrichment of different phosphorylation motifs using Lys-N and trypsin.
The beneficial use of this multiprotease approach in the analysis of proteomes is further evidenced by 
the characterisation of the N-acetylome of this Hek293 lysate shown in chapter 6. This SCX approach 
led to the identification of 1391 acetylated human protein N-termini which is the largest inventory 
of N-terminally acetylated peptides of a human lysate to be described to date. We also reveal that 
the role of the penultimate position on methionine aminopeptidase cleavage efficiency is conserved 
from E.coli to humans. Furthermore sequence analysis and comparisons of amino acid frequencies 
in various organisms ranging from D. melanogaster to H. salinarum showed the presence of specific 
amino acids in the penultimate position depending on the organism studied.
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Conclusions
In this thesis, we explore the potential of various pre-fractionation techniques in the analysis of 
complex protein mixtures. The reduction in sample complexity achieved through the use of these 
pre-fractionation techniques leads to the characterisation of proteomes as well as the identification 
of low abundant proteins and their post-translational modifications. The use of peptide separation 
techniques such peptide IEF and SCX led to an increase in the confidence of identifications as 
well as an efficient separation of post-translationally modified peptides respectively. Additionally 
phosphocellulose p11 chromatography was found to be a valuable enrichment technique for DNA 
binding proteins as well as an efficient pre-fractionation technique in the characterisation of the yeast 
nuclear proteome. Taken together, each of these techniques has its own merits and the orthogonal use 
of these techniques together with a multi-protease approach is highly beneficial in order to achieve an 
in depth characterisation of proteomes.
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Samenvatting in het Nederlands
Het karakteriseren van eiwitten in een organisme, cel of weefsel (het proteoom) is in sterke mate 
afhankelijk van de identificatie van grote aantallen eiwitten in deze complexe monsters. Het gebruik van 
zeer gevoelige analytische technieken voor een allesomvattende proteoom identificatie is noodzakelijk 
vanwege de grote complexiteit en de grote dynamische range van eiwitten in biologische monsters. 
Ondanks de opkomst van eiwit en peptide identificatie technieken m.b.v. massaspectrometrie (MS), 
zijn proteomen te complex om alleen met MS geanalyseerd te kunnen worden. Dit heeft geleid tot de 
opkomst van pre-fractionerings technieken voorafgaand aan MS analyse.  Deze pre-fractionerings 
technieken hebben geleid tot een reductie in de complexiteit van monsters en hebben bijgedragen 
aan  zowel identificatie van eiwitten op grote schaal als aan de detectie van laag abundante post-
translationele modificaties in biologische monsters. Het detecteren van gemodificeerde peptiden en 
eiwitten is belangrijk, aangezien post-translationele modificaties de functionele eigenschappen van 
eiwitten in verscheidene processen in de biologische systemen reguleren, hierbij valt te denken aan 
‘cell signalling’, eiwit stabiliteit en eiwit-ligand interacties. 
In dit proefschrift wordt de toepassing van verscheidene eiwit en peptide pre-fractioneringstechnieken 
in combinatie met massaspectrometrie onderzocht, met als uiteindelijk doel het karakteriseren 
van proteomen en het identificeren van post-translationele modificaties met een grote mate van 
betrouwbaarheid.  Hierbij is gebruik  gemaakt van verschillende biologische systemen, waaronder 
Saccharomyces cerevisiae and humane Hek293 cellen.
In Hoofdstuk 1 wordt een introductie gegeven over het belang van eiwitten in biologische systemen. 
In het bijzonder wordt de rol van post-translationele modificaties van eiwitten in de diversiteit en 
regulering van het proteoom behandeld met speciale aandacht voor fosforylering en N-terminale 
acetylering. Vervolgens wordt een overzicht gegeven van  massaspectrometrie technieken die 
gebruikt worden voor de analyse van eiwitten. Dit overzicht omvat de instrumentatie, verscheidene 
experimentele benaderingen om eiwitten te identificeren en ook verschillende analyse technieken. 
Technieken, waarmee de complexiteit van monsters gereduceerd wordt of waarmee weinig abundante, 
post-translationeel gewijzigde peptiden verrijkt kunnen worden, worden besproken; hieronder vallen 
pre-fractioneringstechnieken en technieken voor het verrijken van specifieke eiwitten.
In Hoofdstuk 2 wordt het gebruik van in-gel peptide iso-electric focussing (IEF) als pre-
fractioneringstechniek met SDS-PAGE vergeleken. Dit is een van de meest gebruikte 
scheidingstechnieken in proteomics. Hiervoor is een complex Drosophila melanogaster nucleair 
extract gebruikt waarbij zowel naar het aantal identificaties als de betrouwbaarheid van de eiwit 
identificaties in beide technieken is gekeken. We hebben aangetoond dat het isoelectrische punt (pI) 
van peptiden, door de hoge resolutie die bereikt wordt met de peptide IEF, gebruikt kan worden als 
een aanvullende manier om de vals-positieve identificaties te verwijderen wanneer het gecombineerd 
wordt met nauwkeurige massa metingen met LTQ-FT.   We hebben ook aangetoond dat peptide 
IEF een groter aantal eiwitten kan identificeren en bovendien met grotere betrouwbaarheid dan de 
conventioneel toegepaste scheidingstechniek SDS-PAGE.
Een andere toepassing van de in-gel peptide IEF techniek wordt besproken in Hoofdstuk 3 waarin  
hoge resolutie focussering wordt gebruikt om op een experimentele manier de toepassing van een 
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in-huis ontwikkelde pI calculator te demonstreren. Met behulp van deze pI calculator kan de pI van 
fosfopeptides en van  N-terminaal geacetyleerde peptides bepaald worden. Een goede correlatie 
tussen de berekende pI en de experimentele pI kan bereikt worden wanneer optimale pK waardes 
worden gebruikt. Onze gegevens tonen aan dat de pI verschuiving als gevolg van fosforylering of 
N-terminale acetylering in hoge mate afhankelijk is van de aanwezigheid zure of basische groepen in 
het peptide. Bovendien hebben we voorheen onbekende positie-specifieke pK waarden van asparagine 
and gecarbamidomethyleerd cysteine gedetecteerd. Deze pK waarden blijken afhankelijk te zijn van 
hun plaats in de peptide volgorde.
Deze IEF techniek wordt ook toegepast in Hoofdstuk 4 waar deze techniek orthogonaal wordt 
gebruikt samen met drie andere pre-fractioneringstechnieken: op peptide gebaseerde strong cation 
exchange, SDS-PAGE en phosphocellulose p11 chromatografie. De gecombineerde resultaten zijn 
gebruikt voor een uitgebreide karakterisering van het nucleaire gist proteoom, waarbij een zeer zuiver 
nucleair extract het uitgangsmateriaal was.  In totaal zijn 1889 eiwitten geïdentificeerd, waarvan 
1032 eerder waren geannoteerd als nucleaire eiwitten. Hiermee is deze studie de meest uitgebreide 
karakterisering  van het nucleaire gist proteoom tot nu toe. De phosphocellulose p11 chromatografie in 
combinatie met SDS-PAGE heeft geleid tot het grootste aantal eiwit identificaties. Deze bifunctionele 
cation exchanger wordt veel gebruikt als eerste stap in de verrijking van eiwitcomplexen vanwege 
mogelijkheid tot scheiding onder bijna natieve condities. Dit heeft geleid tot een verrijking van de 
DNA bindende eiwitten. Verder heeft de techniek ook mogelijke potentie getoond voor het bestuderen 
van eiwitcomplexen. Strong cation exchange chromatography (SCX) op peptide niveau is een wijd 
gebruikte pre-fractioneringstechniek vanwege de grote capaciteit en de verenigbaarheid met reversed 
phase vloeistof chromatografie maar het heeft ook aan populariteit gewonnen als verrijkingstechniek 
voor de identificatie van laag abundante post-translationele modificaties.
In Hoofdstuk 5 is een geoptimaliseerde, lage pH SCX opstelling gebruikt om de complementaire 
aard van drie proteolytische enzymen, Lys-N, trypsin and Lys-C, in de fosfoproteoom analyse van 
Hek293 cellen te evalueren. Deze geoptimaliseerde opstelling heeft geleid tot een efficiënte scheiding 
van N-terminaal geacetyleerde peptiden, fosfopeptiden en ongemodificeerde peptiden en uiteindelijk 
tot de identificatie van meer dan 5000 fosfopeptiden in 1 mg uitgangsmateriaal.  
Bij het gebruik van Lys-N en trypsine wordt een verrijking van verschillende fosforylatie motieven 
waargenomen, waaruit blijkt dat de enzymen verschillende delen van het fosfoproteoom beslaan. 
Hiermee laten we het complementaire karakter van deze drie enzymen zien.  De voordelen van deze 
multiprotease aanpak is ook gedemonstreerd door de karakterisering van het N-acetyloom van 
Hek293 cellen,  zoals beschreven in Hoofdstuk 6. Deze SCX benadering heeft geleid tot de identificatie 
van 1391 geacetyleerde humane eiwit  N-termini, hetgeen tot op heden de grootste inventarisatie van 
N-terminaal geacetyleerde peptiden van een humaan lysaat is.
Verder laten we zien dat de rol van de voorlaatste positie op methionine aminopeptidase splits 
efficiëntie  geconserveerd is van E.coli tot de mens.  Bovendien hebben sequentie  analyse en het 
vergelijken van aminozuur frequenties  in verschillende organismen van D. melanogaster tot H. 
salinarum de aanwezigheid van specifieke aminozuren in de voorlaatste positie aangetoond.
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Conclusie
In dit proefschrift,  wordt de potentie van verschillende pre-fractioneringstechnieken bij de analyse 
van complexe eiwit monsters onderzocht. De vermindering in de complexiteit van monsters die wordt 
bereikt door het gebruik van deze pre-fractioneringstechnieken heeft geleid tot de karakterisering 
van proteomen evenals de identificatie van laag abundante  eiwitten en hun post-translationele 
modificaties. Het gebruik van de peptide scheidingstechnieken zoals peptide IEF en SCX heeft geleid 
tot respectievelijk  een toename in de betrouwbaarheid van  identificaties en  een efficiënte scheiding 
van post-translationeel gemodificeerde peptiden. Verder is phosphocellulose p11 chromatografie een 
waardevolle verrijkingstechniek gebleken voor zowel DNA bindende eiwitten als een efficiënte pre-
fractioneringstechniek voor de karakterisering van het nucleaire gist proteoom.
Samengevat kan gesteld worden dat elk van deze technieken haar verdiensten heeft en het orthogonale 
gebruik van deze technieken gecombineerd met de multi-protease aanpak zeer bruikbaar is voor een 
grondige karakterisering van proteomen.
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Maltiox  Ar kun  Rumba thanks  Kini so chapur  Lim limt  Moran taing  Ua koj tsaug ntau  Chn lm-s-cút  Shukria  Gyalailaa  Diusulupagui  Imela  Ipopa  Nakorami  
Dhanyabad  Pan parius  Sas efharisto poli  Merci  Grazia  Fa’afetai  Jilatyi  Ndinotenda  Cám ơn chị  Ta’n tiz  Dev borem korum  Ua tsaug ntau ntau  Nda pandula  Trugarez  
Webale  Obrigadu  Trugarez deoc’h  Nandi  Tashakkur  Barkalla  Tâ  Choshklenle  Ahsante  Aabhar  Kommol tata  Twasakadila  Tö’ dun  Hach dyos bo’otik  Kam sia  Gum 
xia  Way dankoo  Ná goodoota-ngaa naa ci  Asai  Ahéhee’  Ngaityalya  Fayyaa ta’aa  Dishklenle  Zikomo  Yo manymak  Dhanyawaad  Litumezi  Kha  Matur tampiasih  
Maita zvenyu  Yupaichani  Doh je  Khrap  Nenachailya  Asante  Wapsaw  Merci  Barkal  Dik’  Mehrbani  De gra  Néá’eshe  Agyamanac  Gràzzie  Aitäh  Nangreeih  Çowattï  
Nais  Agyamanac unay  Go raibh maith agat  Grazzi  Paylla  Nba  Ic þancie þe  Zikomo  Chavucha  Matur nuwun  Terima kasih  Áwdém áalò  Esker mila  Koutai  Ke a 
leboga  Hioy’oy  Chyeju kaba sai  Snachailya  Webale nyo  Takk  Alla magah  Dhanyawaatha  Barkl  Kulo na maluhlap  Yewo  Msuulaang  Masuma  Ngiyabonga ka khulu  
Mèsi anpil  Engraziel  Zikomo  Mahsi’  Kaen se !tau  Marahaba  Medagse  Dziekujemy  Dhanjabaab  B’antiox  Dankschen  Mîkwêc  Dios ti agngina  Wabeeja  On jaaraama  
Gracias  Gaantángí fii  Dhanyawaadagalu  Juspaxar  Malo  Mehrbani  Traeltu  Fayyaa ta’i  Nawari  Misaotra tompoko  Wuanka  Mèsi plen  Rasyas  Diuspagarapusunki  
Shukran  Hvala lijepa  Ttaubotneanauayean  Stort tack  Gui lah hui dui dui ma  Danki  Waaqni sii haa kennu  Azéharamo kui  Gratias  Ablo  Kelangan  !kaen se !tau  Ua 
tsaug  Ei  Mazviita  Nais tuke  Mèrczi  Seé  Nashukuru  Hvala  Tashakkur  Yuj wal ch’an tyoxh  Yuscotoya  Yeqniyeley  Obrigada  Yuspagarasunkichis  Mouchou gratzia  
Chjónta tey  Thuchi chea  Tusen takk  Tapadh leat  Dyos bo’otik  Grassias  Yewo  Shukuria  Granmèsi  Tlazohcamati huel miac  Wliwni ni  Snachailya  Tau  Xoasi  Quyanaq  
Tand ikh bayarlalaa  Chyee zu thon ree  Mwebare  Gun robh math agaibh  Kooshukhuru  Maraming salamat  Dank je  Daghang salamat  Dzieki  Meda w’asé  Grazcha  E 
se  Da blu  Gracies  Chong rakhmat  Shnorhakalutjun  Sha sha  Azéharmo kui  Ki’ bolal  Multsãnjescu  Ohkini  Filo’montou  Od dju  Tanikiu  Gratias tibi ago  Aw bon 
uija  Batz’i kolaval  Choshcwlentio’  Dannaba  Ni oseo  Siyabonga kakulu  Namasmasuk  Murakoze  Ndatenda  Qujanarssuaq  Muhuway su  Meitaki ma’ata  Terima kasih  
Kinanâskomitin  Ua koj tsaug  Sha ja  Tobotonoque  Tangkyu  Nuoširdziai dekoju  Yewo chemene  Ookini  Mudu   epenau  D’yos b’o’tikil  Salamat  Mvto  Hy’shqe siam  
Sukriya  Tuhaadee kirpaa hai  Aha  Ispasiba  Shnorhagallem  Atkel bboxmu  Cheers  Maraba  Webare  Guishepeli  Ko rabwa  Kongoi  Ua tsaug  Tua santa  Grazia  
Danyavad  Tenu  Marahabha  Aahóow  Yusulpayki  Malo ‘aupito  Khawp khun makh  Jinisa  Giihtu  Mercé plan  Nkhi k’a ninashitechino  Chyeju gaba sai  Qe’ci’yew’yew’  
Aw ni ce  Ippe nihei deebiru  Gråces  Dioka ndjiale  Pilamaya yelo  Thank you  Spä’sseb  Z’e’kujom se  Ashi naling  Àayyá  Shukram  ‘Awa’ahdah  Hvala vam  Mahsie  Dilan  
Manumeimi  Lac jak ko ih lu  Yokoke  Hvala ti  Gramaci  Nifee deebiru  Tángeyoo  Mikwec  Urpi sonqo  Ic þancas do  Jaaraama  Pinamaya  E na ce nu we  Dios mamajes 
dimo  Yooz ma samsisíinxo  Takk  Tazim  Khawp khun khrap  Yuspagarasunki  Kano  Yewo chomene  Anaa basee  Merci villmahl  Varah bodah shukriyyaa  Gratiam 
habeo  Hawit basima chim raba  Nahnachailya  Al ning bara  Nenachalhya  Matétera  Uan tabuan  Komawoyo  Yaqhanyelay  Choshkleno’  Matóndo  Tlazocamati  
Ogiwadong  Zikomo kwambiri  Ta  Mesi  Musi  Ah bo  Arigato gozaimasu  Salamat  Tenkiu  Ois botik  Rahmat türi  Gran mersi  Orio muno  Akpe  Abaraka  Tamemmirt  
Asantte  Nihwee-deebiru  Eyalama  Niawen  Tav  Dalu  Kongoi  Trims  Aske  Dhanyawaadh  Mersi  Juspajarkätam  Hevé  Ke kmal mesaul  Dios mamexes dimo  Losaka  
Ang kêun  Dut zoil  Chin’an  Dankeschee  Shukria  Barkal  Ole meheks  Tanke  Maketai  Shukria  Rahmet  Thengiu  Wokolawal  Is kwakwhá  Meur ras  Si yuus maasi  
Hvala  Baiika  Vandane  Hay sxw q’a  Kilissow  Ahoo  Nägê  Melesí  Hihuri  Ngua tsaa xlay’be hii  Chezu tinbade  Dankschee  Enks  Osyo  Nenachalhuya  Barka wusgo  
Khanganav  Cám ơn bà  Dah bluet  Sulang  Ozasro dhanyabad  I ning bara  Yuj wal dios  Kazaare  Kadinche la  Saeamat kimo  Kinanâskomitinawaw  Ic sæcge eow þancas  
Yujwal Dios  Quialva’  Malo  Angen  Chaltu may  Dank u wel  Dakujem ti  Nagyon köszönöm  Askwali  Gadda ge  Tack så mycket  Passibo  Ke a leboga  Labai dekoju  
Yusulupay  Day fon  Helí’dubshewx  Nahnachailya  Kadinche  Shukrani  Dakujem vám  Depelda mat doyut  Detelpai  Dekui  Tokhoyak  Padiux  Tesekkür ederim  Eskerrik 
asko  Nodan mamomamo  Thenks  Denkauja  Merci  Dot nuet  Dhanyawaad  Hvala  Meitaki  Wokol a wala  Nitsíniiyi’taki  Icnelia  Thuchi che  Arigato gozaimashita  
Mersi  Kiitti  Wiyarrparlunpaju-yungu  Munchas gracias  Dziynki  Niku tab’i  Bareka  Danawad  Mutna  Salamat pu  Maltiox nan  Balika  Tai merbani  Maita basa  Liels 
paldies  Barka  Ntandele  Pounsikou  Uninang  Cám ơn  D’yos b’ot’ik ti’ij  Paljon kiitoksia  Medawagse  Nanni  Zoo sab muab  Vinaka vakalevu  Mersi  Sipas  Cheri cha ai  
Pam parios  Pagui  Shenorhagal em  Ashoge  Dzãkujã  Tarima kasi  Ngiyabonga kakulu  Da blu do ma law  Tsuba kor  Aitih  Mauruuru roa  Dankscheen  Qujannamiik  
Domo arigato  Eswau  Gu lah hu ma de  Oshe  Ondapandula unene  O seun  Danke schön  Takk fyrir  Ihe edn  Melesí  Shukriya  Anchata agradisiykicheh  and Tok Pisin]  
Akeva  Alíilamoolo  Nyeahweh  Nich’an tiox  Kesuwun  Mauliate  Ta xa’u zin  Grantangi  Maururu  Ookini arigatou  Twalumba  Tabu  Tawdi  M goi  Kúta’ù shãàrí nuùro  
Koko  Tehnän  Eso  Rumba nandri  Juspajaraña  Spasibo  Thla-ho  Juu goor maniSh  Takkâ  Pidamaya yedo  Guneshcheesh  Giitus eanat  Chokh sag olun  Tampi asiq  Kili 
so chapur  Ka pai  Romba nanringa  Multumesc  Krasia may  Pachis  Nandri  Salamot  Obrigada barak  Shukria  Kam magar  Makasi yo  Kiitoksija  Jamadi  Takk  Ah 
gilakas’la  Mahd-lob  Durdala dywy  Söwö gölö  Nahnachalhuya  Kashoonopihku  Barak llahu fik  Dankon  Bisse  Thawerapsaw  E se é  Ah Dios mamexes dimo  
Snachailya  Bakhshish  Otyo  Salamat po  Xisrigidisddhinh  Kitatamihin  Yuuminsame  Merci  Kolawal  Aksante  Gui lah hui mi a de  Faleminderit  Rakhmat  Dios bo’otik  
Nictlazohcamati  Mersi dit  Há?neng cen ?a? ce n’s?éngateng  Dé kãã  Shukriya  Ngiyabonga  Mauruuru  Bantiox  Aiteh  Baika  Dua Netjer en ek  Yuspagara  Tavtapuch  
Matéterabá  Obrigado barak  Mèrci bein des fais  Juu na  Yekanyelay  Hokkien and Mandarin]  A dank aych  Fafetai  Gura mie mooar ayd  Masiem  Go raibh maith ‘ad  
Mudo  Matu suksama  Rakux u kapamaxemaxes namen dimo  Chjóonte  Emitekati  Meur ras dhis  Sagol  Siyabonga  Gestena  Jerejef  Ndondele  Zikomo  Maasee’  
Há?neng cen   nescháye?che  Eso  Ta  Maigo  Tlazocamatl  Syaabaas  Köszönöm szépen  D’yos b’o’tik  Misaotra  Sinchitan añaychayki  Dios bootiki’  Su-bhaay  Kali’ sso’rta-
ssu  Dziakuju  Oliwni  Atto  Tanggio  Gaza yagabzal yushen  Jag tackar  Urako  Mamnuun  Tsen’ii  Tangi  Tà byu’ dô law  Maharaba  Giitit itt  Kam sia  Miharbaanee  
Azéharamo aypopa  Saa olsun  Shukria  Gratia  Kalangen en Komwi  Çok sagolun  Dank u  Sauha gölö  Ju falem nderit  Ashi oleng  Atlein gunalchéesh  Noa’ia  Diyus 
pagapusonqacheh  Toa chie  Spasibo  Dzãczi  Hay sxw q’e  Aalghïstapcham  Yusulpaykinsunki  Ang hmèn yá  Jocolawal  Amesegënallô  Anchata agradisiyki  Alí:la mó  
Snachalhuya  Asante sana  Passibo  Tyáhvi nyóò  Danna waat  Siyabonga  Ni wega  Thank yu  Merastawhy  Dziynkuja  Dhanbaad  Tanumert  Mvto  Matiosh chawe  
Minmonchar  Tatenda  Abhari ahi  Dios mamajes dinio  Pöjö  Ndi a livhuha  Mila esker  Diyus pagapusonqa  Laengz zingh meih  Tlazocama  Dank dir  Mange tak  Danke  
Danko  E seun  Kwakwhá  Amesegunalhun  Khawp khun kha  Dhannvaad  Oshoshina  Ni waro  Pilamaya ye  Jalbinchi yaan  Köszönöm  Cám ơn em  Tlazohcamati  Na 
somi saisai  Gun robh math agad  Ndo livhuwa  Salamat  Pagui shungulla  Da-wah-eh  Yuj wal tyoxh  Kulo maluhlap  Kolaval  Sayol  Cám ơn ông  Taku  Qagaasakung  
Graciis  Malo te ofa  Eso  Efharisto poli  Tenki ya  Takk fyri  Mersi  Gura mie eu  Anugurihiitosumi  Wanyala  No$un looviq  Niku tab’o  Go raibh mile maith agat  Webale  
Tashakkur  Ke itumtese  Aguyje  Fakaaue lahi mahaki  Ni ke  Khawp jai lai lai  Chettirdim  Dan san  Cám ơn anh  Nasima  Tangur  Mahsi’ choo  Mahalo  Sagha 
&ccedi;owattï  Ù rú èsé  Gaantangi fi ye  Moducué  Ardeneskin  I ni che  Wneeweh  Deala reaza xalda hwuona  Na gode  Si yu’os ma’ase’  Asante  Kora doshi  Khawp khun  
Oneowe  Kewa  Kanoomoolo  Kusakililaku  Ta ikh tus bolloo  Webaale  Kiitoksia  Ulfaad’d’a  Khuu’a  Tlazohcamatzin  Mpuusda barka  Musicho  Rin dios awe  Kanobi  
Baniha  Sabkaa  Nihedebil  Shukran gazilan  Auw’e  Mantiox chawe  E’kosi  Moltes gràcies  Hsà khawn hsá ta má’ lâw  Yontonwe  Ewa ra  Taikkuu  Ashi  Cám ơn cô  
Tesekkurler  Cala da mat doyut  Chaltu  Tankje  Motehshakeram  Há?neng cen   naschá?che  Da-waa-ee  Tika hoki  Maulanenga  Quyanaqpaq  Kaigai  Jjef bei seiq  
Kuttabotomish  Cacutahvixensa  Ngiyabonga  Ahókacira  Sag bol  Enkosi kakhulu  Achiu  Dankë  Dxanyaa’baad  Zikomo  Tzachatal  U de  Siyabonga  Gui lah hui te ha  
Nitumezi  Alíila  Nihei deebiru  Dêkuji  Merci beaucoup  Ganta  Quyana  Wanìshi  Welálin  Gaantangi  Barka  Natérarabá  Kúta’ùrí  Eso po yu  Enkosi  Thanks  Hvala 
lepa  Blagodaram  Ngeyabonga  Matur suksme  Amyaji chezu tinbade  Hway  Baraka  Natondi yo  Mese  Gwra’massi  Ek dank auk schoin  C’ac’naamal yaan  Akpe ka ka  
Hahóo  Grazzi hafna  Mercè  Migwe’c  Bayarlalaa  Nyarya bada  Mahd-lobt  Tangkiu  Trugarez dit  Tujechhe  Tenkyu tru  Mahalo nui loa  Choshcwlen chele  Wafwa ko  
Yâuwá  Dz’akuju so  Fakafetai  I ni ce  Merbani  Giittus  Tog’oyak  Dhanyawaada  Soekoeria  Betam amesegënallô  Esker aunitz  Gunalchéesh  Sag olun  Paampa diyúx  
Thank ye  Efcharisto  Azéharamo aypo-mia  We’-a-hnon  Gràcies  Qujanaq  Djere dief  Çok tesekkür ederim  Maiteka  Dank schön  Go raibh mile maith agaibh  
Limlemtsch  Ebóto  Abui ngan  Shukur  Spasibi  Aio  Laengz zingh  Valarey nanhi  Yewo chemene  Kúta’ùná  Miigwech  Vandanegalu  Mast upakara  Keyi tapon  Ntyox 
teru’  Shukria  Arigato  Nenachailya  Maake  Basima  Kulo  Tack  Henka  Aiteh  Ga’  Sikomo kwejinji  Kini so  Tograyock  Sagolun  Dankie  Meda wo ase paa paa paa  
Kiitos  Gaejtho  Akvsv’mkv  Oáan  Toda  Asanteni  Webale  Téngi nían bún  Dhanyavaadaalu  Tang kun  Tavssi  Ô chò  SaHHa  Tingkih  Mamnoon  Marahaba  Dankon 
al vi  Tá  F&uacteu;únu  Danke  Ck’wálidxw  Sas efharisto  Basimeh  Añachaykin  Iyayraykere  Merçì  Imena  Yuspagrasunki  Obrigadu barak  Tarimo kasih  Iráque  
Rahmet sizge  Tiang matur suksama  Wliwni  Pachi  Murakoze  Barkal xalda hwa  Trok chi  Murromboo  Ch’ahp’ei’x ta’p’a  Merci  Eskerrik anitx  Dank je wel  Grazzii  
Mnogo blagodarya  Tamara krutagntha  Yuspagarkàtam  Hambadiahana  Meda wo ase  Shobosh  Sol Ti  Thenks  A dupe  À ringraziavvi  Miigwech  Merci  Xual mu wa  
Antagoo Jumal tervüt teilee  Giitus  Dank  Ti-jiawen  Néá’êshemeno  El-hamdullah  Akpe  Gunasakulila  Daarim  Tienu  Ayoi  Taubut  Durdaladawhy  Mèsi  Mahsi’  
Choshcwleno’ de’e zan las  Hvala vam  Iwgwien  Blagodarya  Tak  Develpai  Ghu long khu me-ah  Kcumigwe’c  Aguije  Towayak  Sha ja non  Kwölukkuun emmol  
Dyakooyu  Grasias  Manbote  Rakhmat  Nenachailya  Ha’evete  Rakhmat  Well done  Gunalchéesh hó hó  Mercé  Abumgang  Têniki  ‘Ara’yai:km  Imbuya mono  Baasee’  
A ke lei naa  Mercès  B’o’tic  Pidamayado  Sind auk viellmaols bedankt  Dziákuj  Labai achiu  Paxkatkatzinil  Áshood  Obrigada  Tenkyu  Dogedinh  Wa’-do  Shukria  
Gràsce  Obrigadu  Sh’norhakal em  Rekhmet  Misaotra indrindra  Neschá?che cxw  See  Nahnachalhuya  A jaaraama  Doh je sin  Tanikiu  Puorra bebe la  Hvala lepa  
Erokamano  Diolch  Dios pagarakátam  Thanks ya  Syukprya  Koloombo  Galatomaa  Kommol  Grazie  Ewata  Azéharamopa  Weláliek  Galatoomii  Tshinashkumitan  
Rakhmat  Yuj  Gracies  Nenachalhuya  Shad shenorhagal em  Urakoze  Gratzia  Kili so  Twa to te la  Sanco  Djeelsha grawsta  Ni itumezi  Pidamaya ye  Tapadh leibh  
Ilakasugotia  Gmadlob  Basimta  Abuimgang  Zikomo kwambiri  Spassibo  Yakoke  Ni’ctíyus  Bïyan bolzïn  Lac jak  Tayu’an  Bóg zaplac  Malo  Kotohuadan  Mamajemajes 
kami dimo su racuj  Dios mangüy ic  Saagha xalda hwa  Depelda cala da mat doyut  Yebare  Há’neng cen  Vielen Dank  Ndiyabulela  Gracias  Mauruuru  Dekoju  Merci  
Khawp jai  Quyanaghhalek  Gmadlobt  Diuspagarasunki  Gratias  Cutahvixieensa  Ntôndili kwami  Ông quá tử tế với tôi  Qujanaq  Malimali  Hatur nuhun  Obrigado  
Buznyg  A houanu  Ah bo u ja  Tawdi sagi  Thank ya  Tackar så mycket  Tau  Danki  Denkâ  Tinotenda  Yo-twa  Ahíyi’ee  Sag bolung  Tänan  Sikomo  Dew re-dallo 
dheugh-why  Danyavad  Tingki  Multumesc  Yrunyli  Is askwali  Bedankt  Sia  Niwega muno  Mis tatk  Gracias  Go raibh maith agaibh  Zikomo kwambili  Najis tuke  
Skanaa-ri  Paldies  Obrigado  Dank  Merci mingi  Haika  Sipas dikim  Takk  Vinaka sara vakalevu  Makasih  Faleminderit shumë  Basee choo  Tengkiju  Salamat  Ahku 
bumu  Xie xie  Tsin’aen  Asante sana  Sa-aun  Sta na shukria  Kalangan  Minkari  Dyuspagrasunki  Vinaka  Wokolix awölö  Yaddung jee  Ka  Chjónta che  Komapsumnida  
Nse  Taudi  Tæshækkür elæyiræm  Ke itumela  Zikomo kwambili  Cám ơn quý vị rât nhiều  Natejchiri  Dakujem  Bo matum  Mèrèsi  Birepo  Puno hvala  De N lei  Gracia  
Kibeiné  Háw’aa  Tanke wol  Attö  Ahó  Tangkiu tumas  Masalu  Inwali  Wenatase  Gura mie ayd  Arfö  Muchas gracias  Ura  Shukuriyyaa  Spässep  Thenk ye  Pilamaya 
aloh  Yin acaa muoc  Terima kasih banyak-banyak  Grazias  Fofo  Fakaaue  Ua tsaug ntau  Mèu mèu  Ookini  Saikhan zochluullaa  Ke a leboha  Sewa  Dhanyabaad  Fa’afetai 
tele  Köszi  Da ja  Salamat sa iyo  Kanopalammoolo  Rekhmet  Bakhshish  Istuti  Abora  Ho trugarekaat  Choshklenteco  Ichabires iráque  Dziekuje  Qaqaasakuq  O se  
Boche’  M goi nei sin  Ha ia  Bohoma istuti  Añay  Jule  Diolch yn fawr iawn  Nkimandi  Mossi  Kurre sumange  I nkomu  Toda raba  Yum bo’otik  Ukhani  Danksche  
Tsikomo  Diolch yn fawr  Laengz zingh camv  Quyanaa  Ipo  Mhuway su’  Chezu ba  Ngiyathokaza  Sibälaj maltiox  Mersi  Ngeyabonga kakulu  Rähmät sizgä  Giitu  Moltes 
gracies  Tankje wol  Dua Netjer en etj  Baie dankie  Marahaba  Gilakas’la  Shterakravetsun  Muhuway su  Òboi jâ  Snachalhuya  Nunasko’mowin keya  Igamsiqanaghhalek  
Kuunda  A bigi ba  Choshcwleno’  Hvala  Snachalhya  Chjoonta  Grazie  Yauwa  Ngiyabonga  Kamsahamnida  ‘Ácha-ma  Dank schön  Dishkleno  Tenkey  Aho  
Yuspagaràtam  Ah Dios mamexes  Tashakur  Mahad sanid  Rahmet  Maltiox tat  Obrigado  Mhuway su’ balay   Maltiox  Ar kun  Rumba thanks  Kini so chapur  Lim limt  

ankwoordD
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