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GENOMICS, TRANSCRIPTOMICS, PROTEOMICS
Proteins carry out or are involved in most, if not all, processes in an organism such as the 
catalysis of biochemical reactions, cell signaling, DNA and RNA translation and transcrip-
tion, cell adhesion, metabolism, etc. Proteins are polymeric chains of amino acids that fold 
into globular forms depending on their amino acid sequence, which is encoded in the se-
quence of a gene. The structure is important as it often dictates the function. Post transla-
tional modifications (PTMs) can affect the structure and, for example, switch the protein into 
an active state. The molecular analysis of protein and cellular functioning can potentially be 
performed at the encryption level of the genomic code, at the transcription level, i.e. mRNA, 
or the translation level, i.e. the actual proteins. 
Traditionally, biological analyses have focused on the study of the role of one or a few com-
ponents. Yet, more and more, researchers have become aware that a ‘systems biology’ per-
spective could potentially provide a more comprehensive insight in cellular processes as 
most often these processes are orchestrated by several components and networks of proteins 
rather than a single protein [1]. The allure of the systems biology concept has led to the 
development of techniques for large scale and high throughput cellular analysis at DNA, 
RNA and protein level. The analysis at DNA level is generally referred to as genomics and is 
aimed at determining DNA sequences. Variations in genomic sequences can be determined 
and some of these polymorphisms have been related to particular diseases or carcinogen-
esis. A genome represents a stable set of genes that is more or less identical in all cells of an 
organism, which facilitates the comprehensive sequencing. Full DNA sequences of several 
(model-)organisms, including human, have been determined.
Transcriptomics, i.e. the analysis of relative mRNA expression levels, provides an indica-
tion of the genes that are expressed at a given time and could present a more specific image 
of protein expression in a biological sample in response to certain external environmental 
conditions. High throughput techniques have been developed, for example, based on DNA 
microarray platforms that can routinely analyze thousands of gene transcripts. Although 
the mRNA gives an indication of which genes are active, the mRNA levels have been found 
to not fully correlate with eventual protein expression levels due to differences in the ex-
tent of re-use of mRNA and processing of both mRNA and proteins [2, 3]. Techniques have 
therefore been developed that allow the direct analysis of proteins in a large scale fashion. 
This research field is referred to as proteomics and is aimed at determining the protein sta-
tus (‘proteome’) for (part of) an organism at a certain time under a certain condition. The 
proteome can be very complex and dynamic in terms of protein contents, their expression 
levels and post translation modifications [4, 5]. This information cannot be acquired by ge-
nomics or transcriptomics approaches. However, the increase in sample complexity when 
moving from DNA to protein level analysis poses challenges on the comprehensiveness that 
can be achieved. Over the last decade, advances in liquid chromatography (LC) and mass 
spectrometry (MS) have enabled and facilitated large scale protein sequencing. Nowadays, 
complex biological samples can be analyzed almost routinely and several hundreds to thou-
sands of proteins can be identified from a sample. The fundamentally different way of de-
tecting proteins by sequencing by MS removes the limits of, for example, the availability 
and efficiency of antibodies. Although peptide sequencing was available before by Edman 
sequencing [6], which can still be useful in certain applications, the sequencing speed of 
MS allows the large scale analysis of entire and complex protein complements to acquire a 
deeper biological insight into proteins and their interacting partners and to study their func-
tion and their role in cellular processes. 
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Proteomics workflow
Proteomics is a rather general term that describes the large scale analysis of proteins and 
there is no such thing as a ‘typical’ proteomics workflow. The exact approach and sample 

handling steps depend on the specific research ques-
tion and available instrumentation. Some ‘shotgun’ ap-
proaches try to comprehensively map protein contents of 
a sample, while other experiments can be more targeted 
by precipitating proteins of interest using antibodies or 
tandem affinity purification tags. Yet others aim at intact 
proteins and/or complexes. Although some proteomics 
approaches have been described where no MS is used 
for the detection of proteins (for example the use of flow 
cytometry as a readout [7]) in this thesis, proteomics is 
predominantly considered to be LC-MS based. In Figure 
1, an attempt is made to outline a generic proteomics 
workflow that would apply to most experiments and to  
my work. Even so, each proteomic experiment described 
in the following chapters strays from this workflow indi-
cating the level of method design tailoring required for 
most successful analysis. 
The sample preparation (Step 1) in a proteomics experi-
ment depends largely on the type of sample and the ul-
timate research goal. The sample can be tissue, isolated 
primary cells or cells from laboratory cultures, plant 
material etc., while the goal could be a comprehensive 
profiling of the proteome of the sample, or a more tar-
geted analysis on certain subcellular compartments or 
the detection of certain PTMs. Also, whether or not the 
study should be quantitative will have a great impact on 
the chosen path. In general, the sample is homogenized 
and lysed in urea or SDS containing buffers.  The use of 
such reagents also aid protein denaturation and solubili-
sation. The next step is the digestion of the proteins with 
proteolytic enzymes to generate peptides that are in the 
molecular weight window for optimal MS analysis (Step 
2). The reduction of proteins to peptides has a number 
of analytical benefits such as the removal of protein in-
teractions. Furthermore,  liquid chromatography based 
separations of peptides are superior to protein separa-
tions [8]. One of the most often used proteolytic enzymes 
is trypsin. This enzyme cleaves proteins very specifically 
and efficiently at the C-terminal side of Lys and Arg resi-
dues [9]. These basic residues are generally adequately 
distributed over a protein amino acid sequence and their 
frequency results in peptides with a close to ideal length 

for subsequent MS analysis. Also, peptides containing a basic residue at a terminus frag-
ment better in MS/MS. Other enzymes used in proteomics are Lys-C (cleaves C-terminal of 
Lys), which also works at higher urea concentrations than trypsin; V8 (C-terminal of Asp 
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Figure 1. Typical proteomics workflow
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and Glu), chymotrypsin, (C-terminal of Tyr, Trp and Phe), and Lys-N (N-terminal of Lys). 
A biological sample typically consists of tens of thousands of proteins. Digesting these pro-
teins to peptides causes the complexity of the sample to be enormously increased, which 
might pose a problem for MS. A mass spectrometer isolates and sequences peptides one by 
one, which is most effectively performed when the complexity of peptides injected at a time 
is low. The complexity of a sample should therefore be reduced for the mass spectrometer to 
analyze as many peptides as possible. Currently, this is often performed by fractionation of 
the sample using LC (Step 3). Several different LC modes have been applied to fractionate 
peptides, for example, based on hydrophobicity, charge state, size, hydrophilicity or phos-
phorylation state. A more detailed discussion of different LC phases and their respective 
applications can be found in section 1-B. 
It can be important to determine phosphorylation sites and the levels of phosphorylation in, 
for instance, signaling pathway studies. These levels are generally substoichiometric, which 
might result in phosphorylated peptides in complex samples being masked by more abun-
dant and ubiquitous non-modified peptides. The poorer detectability by LC-MS of phospho-
rylated peptides compared to their non-modified counterparts augments the challenge. To 
be able to detect and sequence phosphorylated peptides, several enrichment strategies have 
been developed to isolate these peptides either after or before sample fractionation (Step 4). 
Often, these enrichment strategies are based on chelation such as Immobilized Metal Affin-
ity Chromatography (IMAC, often using Fe3+ or Ga3+) [10, 11] and metal oxide affinity chro-
matography (TiO2 [12] or ZrO2 [13]). A discussion of phosphopeptide enrichment strategies 
can be found in section 1-B-III.
In the next step, LC-MS (Step 5), peptides are separated by reversed phase chromatography 
before being sprayed into the mass spectrometer. The mass spectrometer determines the m/z 
of the peptides eluting from the LC column and after being electrosprayed into the MS. The 
instrument can then select and isolate a peptide ion for fragmentation (Step 6) in order to 
establish the amino acid sequence. The peptide coverage that can be obtained from a biologi-
cal sample depends on the complexity of the sample. However, the specifications of LC-MS 
instrumentation such as power and length of the LC separation and the sensitivity, dynamic 
range of detection, mass accuracy, scanning speed and fragmentation type of the mass spec-
trometer also determine the comprehensiveness one can achieve. A more elaborate discus-
sion on MS, fragmentation and types of mass spectrometers can be found in section 1-C.
Quantification in proteomics is, nowadays, often performed by stable isotope labeling (see 
section 1-E). These stable isotopes can be incorporated at several moments in the proteomics 
pipeline, either metabolically, for example, during cell culturing or chemically at the protein 
or peptide level. In section 1-E technical aspects of stable isotope labeling for quantitative 
LC-MS are discussed.
In the final step, data analysis (Step 7), bioinformatics tools are employed to identify pro-
teins by matching mass spectra to peptides, perform quantitative analysis, carry out cluster-
ing and pathway/network analyses etc. Peptide sequences can be automatically determined 
by matching the observed fragmentation spectra with theoretical fragmentation spectra gen-
erated in silico from genomic databases. As these databases can be rather large, robust statis-
tical tools need to be applied in the form of peptide matching scores, confidence thresholds 
and false discovery rates (FDR; see section 1-D). Also, MS based quantification requires bio-
informatic tools that can detect peaks and extract and integrate ion current chromatograms 
from the MS data. Furthermore, datasets that are acquired in proteomics studies are gener-
ally very large and therefore require specialized tools that can handle these amounts of data 
and preferably aid in making biological sense out of the identified proteins, their expression 
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dynamics and observed PTMs. A plethora of tools exists for clustering and pathways analy-
ses, annotation of proteins and database management systems for easier bookkeeping.

In the following section several steps in the proteomics workflow are discussed in more 
detail as advances to these steps have been developed in the work presented here or they are 
key for the understanding of the impact of work described in this thesis.

(TWO DIMENSIONAL-) LIQUID CHROMATOGRAPHY
(nano)-liquid chromatography
LC is routinely used in proteomics to reduce the complexity of peptide mixtures. Several 
stationary phases have been used for the separation of peptides such as reversed phase 
(RP), strong cation exchange (SCX), strong anion exchange (SAX) and hydrophilic interac-
tion liquid chromatography (HILIC). These phases separate peptides based on hydropho-
bicity, positive charges, negative charges and hydrophilicity, respectively. RP is most often 
used in proteomics studies as RP has the highest resolving power available and it is directly 
compatible with ESI-MS or indirectly with MALDI when the eluent is mixed with a MALDI 
matrix [14]. 
LC separations in current LC-MS configurations are often performed at nano-scale as nano-
liter per minute flow rates (20-200 nl/min) are vital for an efficient electrospray process [15]. 
The LC systems have been miniaturized to allow for such low flow rates by using smaller 
inner diameter columns of typically 75 µm. In our hands 50 µm id columns have shown to 
perform optimally, while in some laboratories columns with id as small as 25 µm are used. 
To accommodate typical sample volumes of several microliters on a nanoLC system, a pre-
column can be used to concentrate the sample at flow rates of several µL/min. Afterwards 
the sample is eluted from the precolumn onto the analytical column at a nanoliter flow rate 
[16]. 

 Two dimensional liquid chromatography
A typical proteomics sample is often too complex to be sufficiently fractionated by a single 
RP separation. Several attempts have been made to improve single-dimension separations 
by using longer columns (of up to 70 cm) and increasing the gradient length (up to 10 h)
[17] to increase the peak capacity of the LC separation. However, these approaches typically 
require LC instrumentation that operate at ultrahigh pressures (in excess of 1000 bar). An 
alternative way to further reduce the complexity of a sample is to use different LC separa-
tions in tandem, also called two dimensional LC (2D-LC). One of the most often used 2D-LC 
systems in proteomics combines SCX in the first dimension with RP in the second dimen-
sion and is often referred to as multidimensional protein identification technology (Mud-
PIT)[18, 19] when a column is packed with consecutively SCX and RP material. Peptides 
bind initially to the SCX phase and are eluted onto the RP section by steps of increasing salt 
concentration. The peptides bound to the RP section are then separated using a conventional 
gradient of increasing acetonitrile concentration and the peptides are sprayed directly into 
the mass spectrometer. This setup of 2D-LC is referred to as ‘online’ since the SCX and RP 
separation are directly connected to the MS. ‘Offline’ hyphenation of SCX and RP has also 
been extensively used. The sample is first fractionated over the SCX column after which the 
fractions are analyzed separately by RP LC-MS (Figure 2). While online hyphenation has 
certain advantages over offline hyphenation, such as automation, minimal sample loss, no 
sample dilution and no vial contamination [20, 21], offline 2D-LC allows more flexibility. 
For example, LC phases requiring solvents that are not directly compatible with each other 
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or with a mass spectrometer can be used.  Additionally, certain fractions can be selected for 
further and in depth analysis and also a conventional gradient can be used for optimal chro-
matographic performance in the first dimension [22, 23].  

Several other phases have been used in 2D-LC configurations, such as size exclusion chro-
matography (SEC)[24], strong anion exchange (SAX)[25], RP at pH 10 [26] and hydrophilic 
interaction liquid chromatography (HILIC)[27, 28]. These LC phases are typically used in 
the first dimension while the second dimension is RP. There are several key factors for the 
selection of the phases in a 2D-LC system. The most important factor is the orthogonality of 
separation of the two different phases [28]. The modes of separation should be non-correla-
tive in order to obtain the highest peak capacity. Another factor that determines the success 
of a 2D-LC system is the separation power [29]. When the separation power of an LC-phase 
is too low in the first dimension, peptides might elute over several fractions which will re-
sult in the same peptides being identified several times while lower abundant peptides will 
not be sequenced. SCX shows an adequate separation power and the mode of separation is 
orthogonal to RP, i.e. the separation is based on positive charges and hydrophobicity, respec-
tively. It is therefore widely used in proteomics. Furthermore, it has been found that low 
pH SCX can enrich for phosphorylated and N-acetylated peptides [30-32]. At pH 3, the only 
entities on a peptide that carry a positive charge are the basic Lys, Arg and His residues and 
the peptide N-terminus. Acidic residues are protonated at this pH, but the pKa of a phospho-
rylated residue is lower than Asp and Glu and phosphorylated residues are therefore nega-
tively charged. The negative charge of the phosphate group reduces the net charge of the 
peptide with one charge and phosphopeptides elute therefore typically before the bulk of 

reversed phase fr. 1

fr. 2

fr. 3

fr. 4

fr. 5

fr. 6

fr. 7

fr. 8

Figure 2. 2D-LC separation of a complex proteomics sample. The sample is fractionated in the 
first dimensional SCX separation. The fractions are then analyzed separately by LC-MS to 

increase the proteomics coverage.
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non-phosphorylated peptides. N-acetylation neutralizes the basic N-terminus and decreases 
thereby also the net charge of the peptide and also reduces the retention of N-acetylated 
peptides. Another LC phase that has been shown to be interesting for use as a first dimen-
sion in 2D-LC is HILIC. The separation mechanism by HILIC is considered to be a mixed 
mode of electrostatic and polar interactions [27]. Peptides are found to elute more evenly 
dispersed over the whole run, unlike SCX where the non-modified peptides with typically a 
charge state of 2+ or 3+ cluster together. Furthermore, the additional negative charge of the 
phosphate group causes phosphopeptides to be more hydrophilic and increases their reten-
tion on a HILIC column. HILIC has therefore been shown to be useful in the enrichment of 
phosphopeptides [33]. N-acetylated peptides with the N-terminal basic group neutralized 
are less hydrophilic and these peptides elute before the non-modified peptides [27]. 

Phosphopeptide enrichment
The detection of phosphopeptides by LC-MS can be challenging because phosphorylated 
peptides in complex samples can be masked by more abundant non-modified peptides due 
to the low stoichiometry of phosphorylation and the poorer detectability of phosphopep-
tides by LC-MS [34, 35]. One way to accommodate these challenges is to specifically en-
rich for phosphopeptides. SCX and HILIC have been mentioned above as ways to enrich 
phosphopeptides [30, 33]. However, in SCX, phosphopeptides containing an additional 
basic residue still elute with the bulk of non-modified peptides. Also, both N-acetylated 
peptides and protein C-terminal peptides (that do not contain Lys or Arg residues) have a 
similar net charge as phosphopeptides and co-elute. Several affinity enrichment strategies 
have been developed that isolate phosphopeptides of which IMAC [11] and TiO2 [12] are 
presently the most often utilized methods. The selectivity of IMAC is based on the efficient 
chelation of the phosphate group to a metal (for example Fe3+ or Ga3+) immobilized to the 
resin. Phosphopeptides are loaded onto the IMAC material at low pH and can be eluted 
again by increasing the pH [10]. As most non-phosphorylated peptides are not retained on 
the IMAC material, the elution is highly enriched for phosphopeptides. However, clusters of 
acidic amino acid residues can also chelate to some degree to the IMAC metal and therefore 
acidic and non-phosphorylated peptides might bind and co-elute. It has been shown that 
O-methylesterification of the Asp and Glu residues reduces some of this non-specific co-en-
richment of acidic peptides [11]. However, the derivatization step often results in significant 
sample loss and has potentially detrimental side effects, such as incomplete derivatization 
and modification of other amino acid residues. 
The specificity of TiO2 for phosphopeptides has been suggested to be based on Lewis acid–
base interactions and is considered to be more specific than IMAC [36]. Unspecific binding of 
non-phosphorylated peptides can be further reduced by using, for example, 2,5-dihydroxy-
benzoic acid, phthalic acid, glycolic acid or formic acid in the loading buffer [37]. IMAC and 
TiO2 enrichment is most often performed offline using microcolumns, but online approaches 
have also been described for TiO2  as binding to TiO2 is fast and buffers are compatible with 
RP LC-MS [12, 38]. In the optimized online approach a triple stage precolumn is fabricated 
that consists of a RP part, a TiO2 section and again a RP section (Figure 3)[38]. In such a con-
figuration, all peptides in a sample are first trapped on the first RP section. Elution from the 
first RP section is achieved by increasing the acetonitrile concentration moving the phospho-
rylated peptides to the TiO2 section while non-phosphorylated peptides flow through and 
are separated by the analytical column and analyzed by MS. The phosphorylated peptides 
are then eluted from the TiO2 section onto the second RP part by increasing the solvent pH 
to above 9 followed by an acetonitrile gradient to separate the phosphorylated peptides on 
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the analytical column. The online affinity enrichment diminishes sample loss and allows au-
tomation of the LC-MS analysis and is therefore particularly suited for the analysis of large 
batches of samples, for example, originating from SCX fractions. 

The analysis of Tyr phosphorylation is considered more challenging compared to phos-
phorylated Ser and Thr because of the much lower cellular levels of Tyr phosphorylation. 
However, Tyr phosphorylation plays a very important role in several cellular processes and 
is often involved in the initiation of cell signaling pathways [39]. Strategies have therefore 
been developed to enrich for Tyr phosphorylation by immunoprecipitation using antibodies 
with specificity for phosphorylated Tyr [40-42]. Similar antibodies have also been developed 
for the immuno-affinity enrichment of Ser and Thr phosphorylated proteins and peptides. 
However, these antibodies typically lack an adequate specificity to efficiently pull down 
only these species from a complex sample [43]. 
Immunoprecipitation at the protein level followed by digestion and LC-MS analysis can 
be used to determine which proteins are Tyr phosphorylated. However, digestion of these 
precipitated proteins results in a mixture of Tyr phosphorylated and non-phosphorylated 
peptides. It can therefore be difficult to determine the exact sites of phosphorylation and 
particularly the dynamics of individual phosphorylation sites as the peptides containing 
the phosphorylation might not always be detected. Also, proteins that bind to Tyr phos-
phorylated proteins might be co-precipitated. Immunoprecipitation is therefore nowadays 
often performed at the peptide level in order to derive a sample that predominantly contains 
Tyr phosphorylated peptides [44, 45]. Another advantage of performing the immunopre-
cipitation at the peptide level is that chemical stable isotope labeling for quantitation can be 
performed prior to immunoprecipitation so that potential variation caused by this sample 
handling step can be diminished [46]. 

MASS SPECTROMETRY 
MS has become the method of choice for the identification of peptides –and therefore pro-
teins- in proteomics. Based on the m/z of the peptide ion combined with the m/z of ions 
obtained by fragmenting the precursor ion in MS/MS a peptide can be identified since the 

Figure 3. Illustration of an online automated TiO2 system using as triple stage precolumn comprising 
consecutively a C18, TiO2 and another C18 precolumn.

Waste

MS
TiO2C18 C18 C18

triple stage precolumn analytical column
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products of the fragmentation process are generally predictable. The detection and sequenc-
ing of proteins is not dependent on the availability of, for example, antibodies. Theoretically 
any protein can therefore be identified by MS making it an essential instrument in proteom-
ics to comprehensively map the proteomic contents of a sample. 
A mass spectrometer can be described to consist of four parts. A sample is introduced in the 
mass spectrometer through the ionization source. The compounds are separated according 
to their m/z in the mass analyzer and captured by the detector. Finally, compounds can be 
fragmented in a collision cell that can be tandem-in-space or –time, after which the product 
ions are measured in the mass analyzer and captured by the detector.

Ionization
Analysis in a mass spectrometer is performed under vacuum. To introduce a biological sam-
ple into a mass spectrometer the compounds must be converted to gas-phase ions which, in 
proteomics, is typically performed by matrix assisted laser desorption/ionization (MALDI) 
or electrospray ionization (ESI). 
In MALDI, the biological sample is mixed with a matrix and co-crystallized on a MALDI 
target plate by vaporization of the solvents [47, 48]. A laser is fired at the sample to ionize 
the matrix molecules. The charge is (partially) transferred to the compounds which results 
in predominantly singly protonated peptide ion species. 
In ESI, the analyte is dissolved in a liquid solvent and dispersed to a fine aerosol through 
electrostatic charging [49]. In this stage, the volatile solvent in the droplet evaporates, some-
times aided by heating or use of an inert nebulizing gas. As the solvent evaporates, the 
charge density of the droplets increases until the so called Rayleigh point is reached. At this 
juncture, Coulombic repulsion exceeds droplet surface tension and fission occurs [50]. Two 
models have been proposed to explain the final generation of gas-phase ions: the Ion Evapo-
ration Model (IEM)[51] and the Charged Residue Model (CRM)[52]. According to the IEM, 
field desorption occurs at the surface of the droplet when the field strength of the decreasing 
droplet is large enough. In CRM, the initial droplet undergoes several cycles of fission until 
a state is reached at which droplets contain on average one analyte ion or less. The gas-phase 
ion is formed when all the solvent is evaporated and the ion obtains the charge that the 
droplet carried. ESI typically produces multiply charged ions, depending on the size of the 
ion and the amino acid sequence. 
The advantage of MALDI over ESI is that MALDI is relatively more tolerant to salts, con-
taminations and detergents. Also, a sample can be reanalyzed as non-ionized compounds 
are conserved in the matrix spot. The largest advantage of ESI over MALDI and the reason 
why it is now the most prominent ionization technique in proteomics, is that it can be used 
to hyphenate LC with MS. The throughput is thereby increased. More importantly, however, 
the constant sample flow of ESI as compared to the pulsed generation of ions in MALDI, al-
lows maximal exploitation of the sequencing speed of current mass spectrometers.

Mass analyzers
In the mass analyzer, ions are separated according to their m/z. Several types of mass analyz-
ers exist that determine m/z in different ways. Here, time-of-flight (TOF), linear quadrupole 
ion trap (LTQ), Fourier transform ion cyclotron resonance (FTICR) and Orbitrap types of 
mass analyzers will be discussed since these types of mass spectrometers have been used 
extensively in the following chapters to perform MS analyses. 

Conceptually the most straightforward mass analyzer is the TOF type analyzer [53, 54]. In 
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a TOF analyzer, packages of ions are accelerated by an electrostatic field to the same kinetic 
energy. The velocity the ions achieve is dependent on the m/z of the ion. The higher the m/z 
of the ion, the longer it takes to fly through the TOF tube and to arrive at the detector. Sev-
eral parameters can affect the resolution of mass analysis, such as spatial and initial-energy 
distributions and metastable ion formation. Implementation of an ion reflectron in the fly 
path has solved the effect partly [55]. The reflectron consists of a decelerating and reflecting 
field and compensates for small differences in kinetic energy between ions with the same 
m/z thereby achieving mass resolution of up to 50.000 FWHM on current generation TOFs 
with a mass accuracy of down to 5 ppm [56]. MALDI is often connected to TOF types of mass 
analyzers as they are well suited for analyzing ion packages such as those generated by the 
pulsed laser beam (Figure 4A).

Laser

Laser beam

Source

Collision 
cell

Reflector
detector

Reflected beam

Linear beam

Linear
detector

Reflector

Electrospray
ion source Linear ion trap

Orbitrap

 LTQ

A

B

In an ion trap, ions are captured through a combination of electric or magnetic fields. In an 
LTQ, for example, that consists of four hyperbolic rods, ions are confined radially in a two-
dimensional radio-frequency (RF) field and trapped axially by a static electric potential on 
end electrodes. Ions can be sequentially ejected from the trap by ramping the RF voltage. 
Thereby, ions are ejected on the z-axis at a specific RF which depends on their m/z [57]. 
Higher mass resolution and accuracy measurements can be performed by using, for exam-
ple, FTICR or Orbitrap based instruments. The FTICR determines the m/z of ions based on 
their cyclotron frequency in a fixed magnetic field [58, 59]. Internal energy transfer to ions 

Figure 4. Schematic representation of A) an ABI 4700 MALDI-TOF/TOF and B) a Thermo LTQ-Orbitrap.
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depends on their m/z and makes the ions move in larger orbits by an oscillating electric field. 
They are then sensed by the detector plates and the image current is Fourier transformed 
to obtain a mass spectrum. By FTICR a mass resolution of more than 100.000 FWHM can 
be achieved with sub-ppm mass accuracy [58, 60]. An Orbitrap consists of an outer barrel-
like electrode and a central spindle-like electrode along the axis [61, 62]. Ions cycle radially 
around this central electrode, but also move back and forth along its axis. The frequency 
of these axial oscillations is inversely proportional to the square root of the m/z of the ion. 
Also here, the detected image current is a superimposition of frequencies of individual ion 
species and a Fourier transform has to be performed to deconvolute the image and obtain a 
mass spectrum. In an Orbitrap, a mass resolution of up to 100.000 FWHM can be achieved 
with a mass accuracy lower than 2 ppm or even in the ppb range when an internal calibra-
tion is applied [63]. In proteomics, FTICR and Orbitrap mass spectrometers are typically 
hybridized with a linear ion trap such as the LTQ (Figure 4B)[60, 64]. MS measurements, 
where high mass resolution and accuracy is key, are performed in the FTICR cell or Orbitrap, 
while MS/MS measurements are performed in the LTQ which has a faster scanning speed.

Fragmentation 
Nowadays, for accurate peptide sequencing, tandem MS (or MS/MS or MS2) is performed 
by isolating the peptide precursor ion followed by fragmenting the peptide ion and analyz-
ing the fragment ions in a second round of MS (Figure 5). The fragmentation products are 
predictable as the process follows more or less certain ‘rules’. By measuring not only the 
intact mass but also the mass of the fragments of a peptide, the amino acid sequence can be 
determined and isobaric/isomeric peptides can be distinguished. 

The most popular means of peptide ion fragmentation in proteomics is collision-induced 
dissociation (CID; also: collisionally activated dissociation, CAD)[65]. In CID, protonated 
peptides are accelerated by an electric potential in the vacuum of the mass spectrometer 
and then allowed to collide with an inert neutral gas (typically helium, nitrogen or argon). 
Through the collisions, the kinetic energy of the peptide ion is partially converted into inter-
nal energy that is distributed over the molecule, disrupting bonds and causing the peptide 

Figure 5. Tandem MS. In a first round of MS, precursor ion masses are determined. One precursor ion is 
isolated (m/z 507.74 in this example) and fragmented after which the m/z of the fragment ions is determined in a 

second round of MS (MS/MS).
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ion to fragment. This dissociation is typically initiated by a ‘mobile’ proton that weakens 
amide bonds in the peptide backbone [66]. CID can be performed in a collision cell that is 
tandem-in-space or in an ion trap that is tandem-in-time [67]. Fragmentation in a collision 
cell typically occurs on a short timescale (microseconds) and can be at a ‘high’ collision en-
ergy (from tens of eV in Q-TOF instruments up to several keVs in MALDI-TOF/TOF). In an 
ion trap, fragmentation occurs through slow heating whereby the activation time is typically 
several milliseconds, but at only a few eV collision energy.
CID typically results in the disruption of single amide bonds. However, dependent on the 
amino acid sequence and the type of mass spectrometer, also additional fragment ions can 
arise such as immonium ions, internal fragments or peaks that represent the neutral loss of 
ammonia, water or a phosphate group from a phosphorylated residue. Furthermore, some 
bonds are more likely to be broken, such as those N-terminal of proline or between acidic 
residues [68]. CID spectra can therefore be rather complex with incomplete ion series and 
different ion signal intensities and require bioinformatics tools for interpretion (see next 
section).
Alternative, electron-driven, dissociation methods such as electron capture dissociation 
(ECD)[69] and particularly electron transfer dissociation (ETD)[70] are becoming more and 
more popular in proteomics as they leave PTMs such as phosphorylation and glycosylation 
intact. In ECD and ETD, the N-Cα bond of the amino acid backbone is cleaved (a more elabo-
rate description of ETD and ECD can be found in Chapter 6). 

TANDEM MS-BASED IDENTIFICATION

As MS based fragmentation of a peptide is overall rather predictable and occurs more or 
less randomly over the peptide backbone, a fragmentation spectrum provides generally se-

Figure 6. A) Roepstorff-Fohlman nomenclature of peptide fragments. B,C) Example of a CID  (B) 
and ETD (C) spectrum annotated according to the Roepstorff-Fohlman nomenclature.
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quence information of the peptide sequence. The amino acid sequence can be established 
by determining the mass difference between the fragment ions. Confirmation of the amino 
acid sequence can be obtained as typically both N- and C-terminal fragment ion series can 
be observed in a fragmentation spectrum. A nomenclature has been established to indicate 
for the fragment ion whether it is an N- or C-terminal fragment, which bond was broken 
and at what position in the sequence (see Figure 6)[71, 72]. N-terminal fragments, that can 
be observed when the N-terminal side has retained a charge after fragmentation, are indi-
cated with a, b or c while C-terminal fragments are indicated with x, y and z. In CID spectra, 
mostly b and y-ions are observed since most often the amide bond is broken while in con-
trast mainly c- and z-ions arise in ECD and ETD. A subscript number is used to indicate at 
what position in the amino acid sequence the bond was cleaved. 

Unfortunately, not all fragmentation spectra are straightforward to interpret since spectra 
can contain many more peaks than just those representing backbone cleavages. Therefore, 
de novo sequencing –i.e. determining the amino acid sequence based on the fragmentation 
spectrum alone- can be a tedious undertaking. To aid in the identification of peptides that 
generate such spectra and to automate the interpretation of the thousands of spectra that 
are typically obtained in an LC-MS analysis, several software tools have been developed 
to match the obtained spectra with theoretical spectra generated from a genomic database. 
Mascot [73] and Sequest [74] are examples of such software tools that have been often used. 
More recent tools include X!tandem [75], Phenyx [76] and OMSSA [77]. The principles and 
assumptions of each algorithm and their particular scoring functions are slightly different 
for these programs. However, they all are fundamentally exploiting the same known rules 
regarding peptide fragments and thus generate similar results. Proteins in a genomic data-
base are in silico digested to obtain a set of theoretically observable peptides. Based on the 
intact mass of the peptide determined by MS, the set of potentially matching candidates 
can be reduced to those that fall within the mass window that was chosen. The theoretical 
fragmentation spectra of these potential matches are compared with the obtained spectrum. 
The number of matching fragment ions and therefore the likeliness of the match is then 
translated into a peptide identification confidence score. 
These database searching programs are all probability based. Usually, a score threshold 
is therefore used in order to include only reliable peptide identifications in the results. To 
determine a proper threshold that is at the same time low enough to include most of the 
true positive identifications, but also high enough to reduce the number of false positives, 
a search against a database that consists of non-sense sequences can be performed [78, 79]. 
This so-called decoy database can be constructed for example by reversing or scrambling 
the protein amino acid sequences in a genomic database. The rationale is that any hit that is 
returned when searching against this decoy database is most likely a false positive hit in the 
normal database. The number of false positives at a certain threshold score divided by the 
number of hits in the normal database gives a FDR. Typically, a peptide score threshold is 
chosen where the FDR is 1%. However, debate is still ongoing about how to exactly calculate 
this FDR, and whether these FDRs are really reliable. 

MS-BASED QUANTIFICATION
The quantitative analysis of proteomes is becoming more and more feasible in proteomics 
[80]. In general, it is not the presence of certain proteins that is biologically relevant but how 
their abundance changes upon a certain effector or stimulus. To reduce the effect of varia-
tion in sample preparation and LC-MS conditions, samples should ideally be combined and 



21

1
analyzed simultaneously. Stable isotope labeling has become the method of choice to allow 
a concurrent analysis of different samples [81]. The principle behind this technique is that 
isotopomers behave similarly in sample preparation and LC separation but they can be dis-
tinguished in the mass spectrometer based on their mass difference. Relative abundances 
can be determined by integrating the intensities of the different ion signal intensities. Stable 
isotopes that have been used include 2H, 13C, 15N and 18O [81]. Often, two samples are com-
pared in one experiment, but multiplex labeling can be advantageous as multiple (in some 
cases up to eight) samples can be directly compared in a single experiment.

Metabolic labeling 
Stable isotope labels can be introduced at several levels in the proteomics workflow (Figure 
7). The earliest possible time point is during cell growth when proteins are labeled metaboli-
cally by supplying heavy isotopes to a cell culture in such a way that they are exclusively 
incorporated into newly synthesized proteins [82, 83]. Differentially labeled cell cultures 
can then be mixed at the earliest stage of sample treatment. Potential variation in lysis, pro-
teolysis, fractionation and LC separation can thus all be minimized. A very popular way of 
metabolic labeling is by stable isotope labeling with amino acids in cell culture (SILAC)[84]. 
Hereby, cells are grown in minimal culture that lack essential amino acid(s). These amino 
acids can then be provided in their natural form or an isotopically labeled form (typically 
with 13C and/or 15N) in order to obtain in vivo incorporation of the isotopically labeled amino 
acid. Several different amino acids have been used for SILAC, but most popular are Lys and 
Arg as labeling of these amino acids in combination with trypsin digestion results in all pep-
tides being quantifiable [85]. The mass difference between the differentially labeled peptides 
depends on the number of isotopically labeled amino acids the peptide sequence contains 
and which isotopes were applied.

m/z m/z m/z

metabolic labeling chemical labeling
protein level

chemical labeling
peptide level

Cells, tissue,
organism

Proteins

Peptides

LC-MS analysis

15N, SILAC

ICAT, ICPL

iTRAQ, TMT,
 acetic anhydride, dimethyl

Figure 7. Introduction of stable isotopes at different levels in the proteomics workflow as indicated by the square 
boxes. Note: iTRAQ  and TMT are isobaric tagging techniques and would therefore not generate peak pairs in 

the mass spectrum.
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Another way of metabolic labeling is based on 15N [83, 86]. For example, E. coli and S. cerevi-
siae can be grown on media containing near exclusively the 15N isotope of nitrogen. In this 
way, 15N is incorporated into all amino acids. By feeding D. melanogaster or C. elegans with 
these respective 15N labeled organisms also higher organisms can be metabolically labeled 
[86]. Rats have also been metabolically labeled by feeding them with 15N labeled algal cells 
[87]. In 15N labeling, the difference between the differentially labeled peptides depends on 
the number of nitrogen atom the peptide contains. Typically, for the interpretation of tan-
dem mass spectra a database is constructed in which all the nitrogens are replaced for 15N to 
be able to identify the heavy labeled peptides [88]. 
Metabolic labeling is generally performed on cell systems that are grown in culture, although 
as mentioned above also nematode worms, fruit flies and rats have been isotopically labeled. 
However metabolic labeling of higher organisms can be cost prohibitive and also, stable 
isotope labeling in cell cultures can be expensive as it usually takes several generations to 
obtain complete labeling. Furthermore, often the growth media have to be changed to allow 
maximal incorporation of the isotopes, which might have a profound effect on growth and 
other biological processes [85].

Chemical labeling 
An alternative way to incorporate isotopes into a sample and one that is applicable to vir-
tually any sample including human tissue samples, is performing chemical labeling with 
isotopomeric or isobaric tags [81]. Proteins can, for example, be derivatized using an iso-
tope-coded affinity tag (ICAT)[89]. The advantage is that differently labeled samples can be 
mixed prior to proteolysis. However, as ICAT is aimed at cysteine residues, only cysteine 
containing peptides can be used for quantification. Other labeling techniques target the 
protein and/or peptide N-terminus and the ε-amino group of Lys residues as for example 
isotope coded protein label (ICPL)[90], acetic anhydride [91] and stable isotope dimethyl 
labeling [92][93, 94]. The latter option is a particularly cost friendly chemical stable isotope 
labeling approach. The isotopomeric dimethyl labels can be generated by performing quick 
and straightforward chemistry using readily available chemicals. Using formaldehyde 
and cyanoborohydride, the primary amines on the N-terminus of peptides and Lys side 
chains are dimethyl labeled. By using combinations of isotopomers of formaldehyde and 
cyanoborohydride triplex labeling can be performed with labels that differ 4 Da in mass 
[93]. To diminish sample loss, peptides can be labeled on LC columns or online with LC-MS, 
thereby combining several sample handling steps [94, 95]. Also, because the chemicals are 
inexpensive, there are no financial constraints with regard to the amount of sample that is 
to be labeled. Up to several milligrams of sample have been successfully labeled with stable 
isotope dimethyl labeling [94]. 
Another popular way to perform chemical isotope labeling is by isobaric tagging of pep-
tides by using labels that consist of a reporter moiety, a balance moiety to counterbalance 
the differential weight of the reporter moiety and a N-hydroxy-succinimide ester to link the 
label to the primary amines of a peptide. This approach is used in isobaric tagging for rela-
tive and absolute quantification (iTRAQ)[96] and tandem mass tags (TMTs) [97]. In MS, the 
differentially labeled peptides cannot be distinguished because the balance moiety makes 
them isobaric. However, upon MS/MS, the reporter moiety is cleaved off and functions as a 
reporter ion to determine relative abundances. The advantage of the isobaric labels is that 
the complexity of the mass spectrum is not increased which allows multiplexing of up to 4 
and even 8 samples [98] at a time and quantification is straightforward as only the intensities 
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of the reporter ions have to be compared. However, to observe the reporter ions, specific MS 
instrumentation is required that is capable of measuring fragment ions at low m/z, typically 
TOF mass spectrometers or current day ion traps equipped with options to perform pulsed 
Q dissociation or higher energy collision induced dissociation [99]. Furthermore, quantifi-
cation is based on just one tandem fragmentation spectrum. Moreover, the commercially 
marketed labels are rather expensive. 

OUTLINE OF THESIS
The field of proteomics has evolved rapidly over the last decade with substantial advances 
in particularly nanoLC and MS instrumentation and bioinformatic software tools. However, 
improvements are still necessary to increase the sensitivity and dynamic range of LC-MS 
in order to dig deeper into the proteome to identify lower abundant proteins, to advance 
MS based quantification and to enhance throughput. In this thesis, several technological 
developments are described to advance proteomics and their applicability is demonstrated 
in several different research lines.

In chapter 2, the use of HILIC for separation in multidimensional chromatography ap-
proaches in proteomics is reviewed. In chapter 3, the advantages of HILIC are evaluated 
and further optimized by using zwitterionic HILIC (ZIC-HILIC) in a 2D-LC setup. A mixed 
mode separation was observed for ZIC-HILIC consisting of both electrostatic and polar in-
teractions between the peptides and stationary phase and which can be altered by adjusting 
the pH of the solvent. Also, less clustering of the typically ubiquitous +2 and +3 charged 
peptides was observed compared to SCX, rendering ZIC-HILIC an attractive alternative to 
SCX in multidimensional peptide separations.

In chapter 4, the development of a cost effective triplex stable isotope dimethyl labeling 
approach is reported. By using different isotopomers of formaldehyde and cyanoborohy-
dride, three different dimethyl labels can be generated in order to simultaneously analyze 
peptides from three different samples by LC-MS. Several practical aspects, such as the effect 
of deuterium labeling on the retention on RP and ZIC-HILIC columns, are examined. The 
chemical labeling method was applied in a typical ‘shotgun’ proteomics approach and in 
a more targeted study wherein the method was used to distinguish specific from aspecific 
cAMP binding proteins when performing pull-down experiments using immobilized cAMP. 

In chapter 5, the use of the metalloendopeptidase Lys-N in MALDI-MS/MS proteomics ap-
plications is investigated. Lys-N produces peptides with an N-terminal Lys residue. Frag-
mentation in MALDI of peptides where this N-terminal Lys is the only basic group results 
in straightforward CID spectra with often complete sequence ladders of b-ions. The extent 
of this effect was statistically supported by performing Lys-N digestion on a complex cel-
lular lysate. Furthermore, it was found that these straightforward spectra facilitate de novo 
sequencing. 

Phosphorylated peptides typically fragment differently compared to non-modified pep-
tides. In CID for example, fragmentation of phosphorylated peptides can result in spectra 
that are dominated by a single peak that represents the neutral loss of the phosphate group. 
In chapter 6, this neutral loss effect and ways to accommodate challenges of MS based analy-
sis of phosphopeptides are reviewed. Several alternative fragmentation approaches such 
as MS3, multistage activation, ECD and ETD are discussed and their theoretical and actual 
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benefits for large scale phosphopeptide analysis.

In chapter 7, triplex stable isotope dimethyl labeling is combined with phosphopeptide im-
muno-affinity purification using phosphoTyr specific antibodies to profile Tyr phosphoryla-
tion after pervanadate or EGF stimulation. The stable isotope dimethyl labeling approach 
allowed the labeling of several milligrams of sample after which an optimized immuno-
precipitation procedure purified Tyr phosphorylated peptides. In this way, with just a sin-
gle LC-MS run, a rather complete qualitative and quantitative image can be generated of 
Tyr phosphorylation signaling events. In chapter 8, the quantitative immunoprecipitation 
method is applied to study the role of FGF-2 in the maintenance of the pluripotency state of 
human embryonic stem cells. Several hundred Tyr phosphorylation sites could be identified 
and quantified of which some 140 showed a differential regulation upon FGF-2 stimulation. 
These regulated sites were found on proteins that include FGF receptors, members of the Src 
family, proteins involved in actin polymerization and cyclin dependent kinases. 
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ABSTRACT
In proteomics, nanoflow multidimensional chromatography is now the gold 
standard for the separation of complex mixtures of peptides as generated by in-
solution digestion of whole-cell lysates. Ideally, the different stationary phases 
used in multidimensional chromatography should provide orthogonal separa-
tion characteristics. For this reason, the combination of strong cation exchange 
chromatography (SCX) and reversed-phase (RP) chromatography is the most 
widely used combination for the separation of peptides. Here, we review the po-
tential of hydrophilic interaction liquid chromatography (HILIC) as a separation 
tool in the multidimensional separation of peptides in proteomics applications. 
Recent work has revealed that HILIC may provide an excellent alternative to 
SCX, possessing several advantages in the area of separation power and targeted 
analysis of protein posttranslational modifications.
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INTRODUCTION
Recent years have seen a significant increase of interest in hydrophilic interaction liquid 
chromatography (HILIC). Although HILIC was first introduced in the 1970s [1], it took 
until the start of this century for a considerable number of HILIC applications to appear 
highlighting its versatile nature [2-7]. A major cause of this increase is the growing need 
for the analysis of polar compounds that do not bind to reversed-phase (RP) materials and 
the constantly increasing complexity of samples [8].  Additionally, the exceptional growth 
of liquid chromatography-electrospray ionisation-mass spectrometry (LC-ESI-MS) for ana-
lytical analyses, has lead to a widening search of acceptable chromatographic materials. In 
this search it has been noted that the buffer conditions that are used for HILIC are highly 
compatible with MS and the high organic contents of these buffers can, potentially, increase 
sensitivity in ESI-MS [9, 10]. Moreover, an HILIC separation is ‘orthogonal’ to RP separation 
which makes it viable for multidimensional separation of complex samples [11-13]. Finally, 
HILIC has been found to allow enrichment and the targeted analysis of post-translational 
modifications (PTMs) such as glycosylation [14], N-acetylation [12] and phosphorylation 
[15] in proteomics applications. 
Although HILIC applications cover a large range of bio-active compounds, in this review we 
will focus on the use of HILIC in proteomics. We will describe how HILIC can be used for 
the separation of peptides in multidimensional chromatography and provide insights into 
its sensitivity, selectivity, separation power and “orthogonality”. We will also discuss how 
HILIC has recently been used for the enrichment of post translational modifications at both 
peptide and protein levels. 

HILIC
HILIC is characterized by the use of a hydrophilic stationary phase and a hydrophobic or-
ganic mobile phase [16] which was originally described by Linden et al. in 1975 [1]. The order 
of elution is reversed relative to reversed phase chromatography (RP), with hydrophilic 
compounds being retained longer than hydrophobic compounds. Therefore, HILIC can sim-
ply be seen as a form of normal-phase (NP) chromatography. However, the acronym HILIC 
was suggested to distinguish it from NP, as NP is typically performed with non-aqueous, 
non-water-miscible solvent buffers, while HILIC is performed with water-miscible solvents 
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and elution is achieved by a water gradient [2, 9, 17, 18].  
In recent years, several stationary phases have emerged that are specifically made for HILIC 
approaches. Popular phases include underivatized silica stationary phases that contain func-
tional groups such as siloxanes, silanols with (or without) a small quantity of metals [2, 9, 19, 
20], derivatized silica, such as the cation exchanger polysulfoethyl A [17, 18], the weak cation 
exchanger Polycat A [21], the weak anion exchanger PolyWAX [22, 23], TSKgel amide 80 [24, 
25], zwitterionic (ZIC)-HILIC [14] and ‘click’-saccharides [26]; see Figure 1 for structures of 
typical HILIC phases. Each of these materials display different retention characteristics and 
separation selectivity and require distinct buffer constitutions for optimal results [10]. 
A HILIC buffer typically contains more than 70% acetonitrile [17]. Other eluents have been 
tested, for instance methanol or isopropanol, but resulted in poor chromatography or no 
analyte retention [2]. It is believed that the hydrophilic stationary phase enriches water from 
the buffer and thus generates an aqueous layer [17]. This allows for hydrophilic analytes to 
partition between hydrophilic layer and the hydrophobic elution buffer. Elution is obtained 
through increasing the hydrophilicity of the mobile phase by increasing the water content. 
The final separation mechanism of elution however, is most probably a superpositioning of 
partitioning and electrostatic interactions or hydrogen bonding to the stationary phase [2]. 
The extent to which each mechanism dominates is dependent on the actual type of station-
ary phase and the buffer conditions, including the level and type of organic content, the type 
and concentration of salts and the pH [10]. Charged stationary phases, such as the above 
mentioned anion or cation exchangers and deprotonated silanol groups, are most likely to 
display some degree of electrostatic interaction [2]. Buffering salts in the mobile phase can 
decrease these electrostatic interactions through disruption. The choice of salts is however 
limited, due to the highly organic conditions of HILIC buffers, which makes it difficult to 
dissolve some salts in them [10]. Typically, ammonium acetate and formate are chosen be-
cause of their compatibility with MS, but also ammonium bicarbonate, triethylamine phos-
phate (TEAP), sodium perchlorate and sodium methylphosphonate (Na-MePO4) have been 
found to be applicable [2, 23]. Additionally, the same salt based disruption can decrease 
the retention of analytes and can be of aid in elution [17]. However, in some instances an 
increase in retention was seen upon increase of salt concentration [10]. This was rationalized 
by the suggestion of a mechanism in which salt is enriched in the aqueous layer, which in 
turn increases the hydrophilicity of this liquid layer around the stationary phase [10].
Unsurprisingly, the type of salt that is used can also influence the retention behavior. It was 
observed that basic peptides were retained longer with TEAP in the buffer, while with Na-
MePO4 these were the first peptides to elute with the weak anion exchanger PolyWAX as 
stationary phase [23]. It was reasoned that TEAP, as a counter-ion, will generate a sublayer 
where one negative charge of the salt is attracted to the positively charged stationary phase, 
while the second negative charge is free to attract basic peptide residues. In the case of Na-
MePO4 there is only one negative charge that interacts with either the stationary phase or 
basic residues, leaving enough stationary phase available for interaction with acidic pep-
tides[23].
A special type of HILIC called electrostatic repulsion-hydrophilic interaction chromatog-
raphy (ERLIC), actually specifically utilizes the electrostatic interactions in HILIC [23]. In 
ERLIC, a stationary phase is chosen that has a similar charge as the analytes to be separated. 
Analytes are on the one hand repelled by the stationary phase but on the other retained in 
the aqueous layer around the stationary phase. These opposing interactions allow isocratic 
resolution [23]. ERLIC can also be exploited in the selective isolation of phosphopeptides 
from a tryptic digest [23, 27].
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Another factor that influences the retention characteristics in HILIC is the pH of the buffer. 
Whether the buffer pH is above or below the pKa of the analyte determines its charge state, 
which in turn affects the hydrophilicity of the analyte and likewise the interaction with the 
stationary phase [10, 12]. For example, large differences were found in the retention profile 
of a highly complex tryptic digest run over the same column at pH 3 and pH 8 [12]. At pH 3, 
acidic peptide residues are protonated and so the overall hydrophilicity of peptides contain-
ing these residues is decreased, leading to poorer retention of these peptides, with the effect 
being magnified with higher number of acidic residues [12].
For a more detailed overview of different HILIC stationary phases and their applications 
outside the field of proteomics, see Hëmstrom et al. [2].

HILIC IN MULTIDIMENSIONAL PEPTIDE SEPARATION
Shotgun proteomics involves the analysis of entire proteomes in single experiments. Analy-
sis of such samples raises a number of issues, including enormous complexity, large dy-
namic range and low levels of available analyzable material. Often, SDS PAGE based [28] or 
LC separation techniques are used to reduce the sample complexity followed by RP LC-MS 
as the final readout. Major advances have been made in miniaturization of LC-MS since 
reducing the flow rate improves mass spectrometric sensitivity [29], reduces nonspecific 
adsorption onto separation devices and improves chromatographic resolving power [30], 
but improvements are still required. The complexity of a sample can be further reduced 
prior to mass spectrometric analysis by the addition of extra dimensions of separation. At 
present, the method of choice is the combination of strong cation exchange (SCX) with RP 
[31-34]. Over time, a number of alternative configurations have been developed, including 
size exclusion chromatography (SEC)-RP [35, 36] and RP at pH 10 followed by RP at pH 2.6 
[37]. However, the low separation power of SEC [36] and the correlative separation of RP at 
different pH levels has not yielded the optimal two dimensional (2D)-LC system yet. 
Recently, HILIC was introduced as a dimension for 2D-LC-MS and shown to remove a few 
of the disadvantages of existing techniques [11, 12]. Evidently, RP and HILIC buffers are not 
directly compatible and so online hyphenation of these stationary phases will be difficult.  
On-line hyphenation possesses certain advantages such as minimal loss of sample, no vial 
contamination, and no sample dilution [38, 39].  However, performing an experiment in an 
off-line fashion is not necessarily inferior since with off-line fractionation overloading of the 
second dimension is no longer an issue as it is for on-line approaches. Moreover, in an off-
line mode, columns and/or buffers that are normally not compatible with the two consecu-
tive separations can be used [38, 40]. Finally, a conventional gradient for peptide separation 
can be used in off-line setups, which has been shown to be generally superior to step elution 
[40].
Gilar et al. separated and analyzed a mixture of approximately 200 peptides using differ-
ent stationary phases, including SEC, HILIC, RP at pH 2.6 and pH 10 and SCX. HILIC was 
shown to have a separation power superior to both SCX and SEC [11]. The orthogonality – 
i.e., how different the separation mechanisms are- of the stationary phases was determined 
by plotting the peptide retention times of two dimensions against each other (see Figure 
2). Although this study did not actually experimentally connect the different stationary 
phases, since all LC-MS runs were one dimensional, it revealed that HILIC is slightly more 
orthogonal to RP than SCX [11]. A genuine two-dimensional HILIC-RP system was pre-
sented recently [12]. A microliter flow-scale ZIC-HILIC system was connected off-line with 
a nanoliter flow-scale RPLC-MS. For semi-automation, a microliter-scale fraction collector 
was connected to the HILIC output to mix the eluent with RP- and MS-compatible aqueous 
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buffer and to allow direct consecutive analysis of the HILIC fractions by MS. In this study, 
a level of orthogonality to RP was found that matched the theoretical picture presented by 
Gilar et al. [11]. SCX separation can be limited by the fact that similarly charged peptides 
cluster in narrow elution windows (see also Figure 2) and it was shown that HILIC did not 
exhibit this behavior [11, 12]. Analysis of data acquired using this two-dimensional system 
shed further light on how HILIC can be orthogonal to RP. Indeed, a separation mechanism 
was observed that is based on both retention by hydrophilicity due to partitioning with 
the aqueous sublayer and retention by charge due to electrostatic interaction with the sta-
tionary phase [11, 12]. These electrostatic interactions ensure that HILIC separation is more 
than merely the reverse of RP, while the presence of hydrophilic interactions made similarly 
charged peptides elute over a wider window [12]. It was further noted that orthogonality of 
ZIC-HILIC with RP is dependent on the buffer pH. At pH 3, a higher orthogonality was seen 
than at pH 6.8 and pH 8 [12].

The studies discussed so far were all performed with HILIC columns packed with parti-
cles. A further improvement of separation could be obtained by using monolithic structures 
instead of porous particles. The higher porosity of monolithic materials enables the use of 
longer columns and/or higher flow rates, increasing the separation efficiency without in-
creasing the backpressure [41]. Recently, attempts to develop HILIC columns that possess 
monolithic characteristics have been reported [41-45]. Horie et al. demonstrated the use of 
HILIC monoliths for peptide separations [42]. The authors applied increased flow rates and 
confirmed that short gradients of 3-10 minutes were possible with 20-cm-long 200 µm ID 
columns, while the peak capacities were comparable to a similar monolithic RP setup. The 
poor peptide sequencing speed of a mass spectrometer can be a potential drawback in the 
direct coupling of such columns to MS. Currently, mass spectrometers can sequence 2-3 
peptides per second which is significantly lower than the number of peptides that will be 
delivered by the monolith column. However, such columns are highly applicable as a first 
dimension, where time is not a parameter. 
HILIC is proving to be an attractive choice in the range of separation methods available for 
the proteomics researcher. The combinations chosen so far for 2D-LC-MS, as reported in the 
literature, have been limited to HILIC-RP, but the versatility of the chromatographic ma-
terial will also allow combinations such as SCX-HILIC and three-dimensional approaches 
can be envisaged. The high organic levels utilized in HILIC buffers compared to RP buffers 

Figure 2. Two-dimensional plots of normalized peptide retention times in HILIC, 
SCX and RP separation. Both HILIC and SCX have separation mechanisms or-

thogonal to RP, but the clustering of similarly charged peptides in SCX makes this 
a less optimal first dimension. From the work of Gilar et al. [11] and reproduced 

with permission from the American Chemical Society, copyright (2005).
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have the additional benefit that they improve electrospray ionization, which increases the 
sensitivity of ESI-MS [9], thus suggesting that it may be an interesting final dimension [11].

HILIC FOR THE ANALYSIS OF PTMS
The analysis of protein PTMs are a very important albeit challenging task in proteomics. 
PTMs are generally present at much lower levels than their non-modified counterparts, 
which makes it very easy to ‘miss them’ in untargeted analyses, such as those performed us-
ing shotgun proteomics techniques [46]. Protein modifications such as phosphorylation and 
glycosylation have proven to be difficult to investigate in a routine fashion. This is mainly 
because these moieties are prone to elimination and adsorption if care is not taken with 
sample preparation and MS analysis protocols [14, 47]. Recently, some of these MS problems 
have been overcome by alternative MS peptide fragmentation techniques, such as electron 
capture dissociation (ECD) [48] and electron transfer dissociation (ETD) [49]. Several ap-
proaches have been developed to counter some of the problems presented by the low abun-
dance and highly labile nature of PTM peptides. The use of chelation [50-52] or specific chro-
matographic materials [47] have proven to be successful strategies and in the latter category 
HILIC has proven to be a worthy addition. 

HILIC in the targeted analysis of phosphorylated peptides
Phosphorylation is probably the most studied protein post-translational modification in 
proteomics; it provides an important function in signal transduction, metabolic maintenance 
and cell division [53]. The development of techniques to enrich for phosphopeptides has in-
volved major efforts in phosphoproteomics. One of the more successful approaches targets 
the enrichment of phosphopeptides by SCX at low pH [47]. At pH3, acidic residues such 
as glutamic and aspartic acid are neutral while phospho-serine/threonine/tyrosine will still 
be negative. Such a distinction allows proteolytic tryptic phosphopeptides to be separated 
from ‘normal’ tryptic peptides due to an earlier elution. However, other peptide subgroups 
with reduced net charge such as N-acetylated tryptic peptides will also exhibit a shorter 
retention time, and thus a second level of enrichment is required to separate coeluting non-
phosphorylated peptides from phosphorylated peptides [54]. Furthermore, trypsinization 
of proteins is less efficient for regions where phosphomoeities are present [55]. Thus a large 
fraction of proteolytic phosphopeptides will contain miscleavages (i.e., additional basic resi-
dues), and will not be enriched. Therefore, other techniques for the targeted enrichment of 
phosphopeptides are required and generally performed after SCX, such as  those based on 
immobilized metal affinity chromatography (IMAC) [50, 54] or the metal oxide TiO2 [51, 52, 
56]. One other limitation of SCX for phosphopeptide enrichment is that it is based on poor 
retention. This means that multiply phosphorylated peptides, another large sub-group, are 
difficult to retain or even lost. The use of strong anion exchange (SAX) stationary phases 
immediately following SCX retention can circumvent some of these problems [57]. The gen-
erally lower pIs of phosphopeptides will allow stronger retention on SAX than ‘normal’ 
peptides. However, the extra LC separation increases the analysis time and the likelihood 
of sample loss. 
Finally, a mixed-bed ion exchange method with both cation and anion exchange was pre-
sented recently and was shown to recover more normal tryptic peptides than SCX and to 
exhibit orthogonal separation towards RP [58]. Phosphopeptides could be eluted by apply-
ing a single final salt step. However, in this step only a subset of phosphopeptides -the 
acidic- could be resolved.
HILIC is presented as an alternative enrichment technique as it exploits the increase in hy-
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drophilicity of peptides by the attachment of a phosphogroup [15, 22, 23, 27]. McNulty et al. 
applied a TSKgel Amide-80 based HILIC system to phosphopeptide analysis of a Calyculin 
A-treated HeLa cell lysate digest. The authors demonstrated that the system, under opti-
mal conditions, allowed phosphorylated peptides to be separated from nonphosphorylated 
peptides and acidic peptides that might interfere with subsequent IMAC enrichment. In-
terestingly, the phosphopeptides eluted in the middle of the HILIC separation and would 
allow a considerable level of fractionation. This rudimentary analysis permitted more than 
1000 unique phosphopeptides to be identified after further IMAC enrichment and LC-MS 
analysis [15].  
Ytterberg et al. evaluated the use of HILIC in a preparative separation set-up using HILIC 
material packed in micro tips [22]. Different combinations of SCX, RP and two types of 
HILIC – Polyhydroxyethyl aspartamide (PHEA) and PolyWAX- were tested for the enrich-
ment of phosphopeptides from a saliva digest. As expected, most of the phosphorylated 
peptides were retained strongly under typical HILIC analysis conditions. Furthermore, the 
separation power of the stepwise elution was sufficient to separate peptides with differ-
ing numbers of phosphorylated residues. The conditions used with PolyWAX are ERLIC 
conditions and seem to be very useful in phosphopeptide enrichment [23]. Normal tryptic 
peptides are simultaneously repelled by the weak anion exchange material and attracted by 
hydrophilic interactions, while phosphopeptides are attracted by both. This mode of sepa-
ration is very responsive to salt contents and the pH of the buffer and can thus be tweaked 
to enrich for highly phosphorylated peptides containing up to six phosphorylated residues 
[22].
In contrast to these results obtained with TSKgel Amide-80, PHEA and PolyWAX, enrich-
ment of phosphopeptides was not observed with ZIC-HILIC [12]. This might be explained 
by the zwitterionic nature of this chromatographic material: the negative charge could po-
tentially repel the phosphate group, resulting in phosphopeptides eluting with nonphos-
phorylated peptides.  
The micro-column approach is a simple and undemanding preparative method. However, 
HPLC-mode HILIC has the potential for automation and fractionation, as the HILIC buffers 
are directly compatible with IMAC and TiO2. It might be a valuable alternative to SCX, with 
improved fractionation and the better retention of multiply phosphorylated peptides, and 
so it potentially could allow a more comprehensive analysis of the phosphoproteome. While 
it should be noted that the application of HILIC to phosphoproteomics is still in its infancy, 
it is likely that the actual power of HILIC in this field will become clear in the next few years. 

HILIC in the targeted analysis of N-terminally acetylated peptides
The positive N-terminal charge of a protein can be neutralized by different post-translation-
al modifications each potentially influencing protein function, stability and interaction with 
other biomolecules [59]. Amongst the biologically relevant N-terminal modifications are 
acetylation, methylation and myristoylation [60]. As mentioned above, tryptic N-acetylated 
peptides can be enriched by SCX [33, 54, 61]. The acetylation neutralizes the N-terminal 
charge, lowering the net charge compared to the unmodified counterpart. Therefore, N-
acetylated tryptic peptides will, like phosphopeptides, elute in the first few SCX fractions. 
ZIC-HILIC has been proposed as another means of enriching N-acetylated tryptic peptides 
[12]. When it contains a neutralized N-terminus, the hydrophilicity of an N-acetylated pep-
tide is decreased. This reduction in polarity is even more pronounced at pH 3, where only 
basic peptide residues are charged and acidic residues are protonated. Through the use of 
a ZIC-HILIC separation and fractionation, Boersema et al. showed that this subgroup of 
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trypsinized peptides that are N-terminally blocked could be enriched due to shorter reten-
tion than ‘normal’ trypsinized peptides (see Figure 3) [12]. Similarly, other subgroups of N-
terminally modified peptides, such as those that contain an N-terminal pyroglutamic acid, 
were also found primarily in the first ZIC-HILIC fractions [12].
Unfortunately, as trypsin cannot cleave acetylated lysine residues, peptides containing this 
modification could not be enriched. The misscleavage-containing K-acetylated tryptic pep-

tide will possess a net charge that is the same as ‘normal’ tryptic peptides [12]. 
Interestingly, and in contrast with SCX [33], no significant enrichment of C-terminal pep-
tides was observed in this ZIC-HILIC set-up, although the hydrophilicity of these peptides 
is also different than “normal” tryptic peptides, due to the absence of a terminal arginine or 
lysine residue. It was hypothesized that this might be explained by the difference in charge 
distribution after losing an N-terminal positive charge compared to lacking a C-terminal 
positive charge. A C-terminal peptide would as a result be more polar –and thus more hy-
drophilic- compared to an N-terminally blocked peptide [12]. As suggested above, the ZIC-
HILIC method will enrich for any peptide containing a neutralized N-terminus and thus 
would be applicable as a first step to enrich formylated, carboxylated, hydroxylated, palmi-
toylated and myrisotylated peptides.

HILIC in the targeted analysis of glycosylated peptides
Glycosylation, the attachment of a carbohydrate moiety to a protein, is a frequent but very 
heterogeneous PTM. It modulates the physicochemical and biological properties of pro-
teins and serves as a recognition determinant between molecules, molecules and cells, or 
between cells [62]. Glycosylation of outer cell wall proteins are, for instance, involved in 
host-pathogen interactions. It has been estimated that more than half of all proteins in a bio-
logical system are glycoproteins [63]. The heterogeneity of glycan structures makes a global 
proteomics characterization of glycosylation extremely difficult, as the signal intensity of 
glycosylated peptides with the same amino acid backbone is dispersed over peptides with 
different oligosaccharide chains [64]. The proteomics analysis of glycopeptides is made even 
more tedious by the fact that MS/MS data rarely allow the confident identification of peptide 
sequences due to the relatively large molecular weights of glycosylated peptides [65]  and 
the complex fragmentation that originates from both peptide and glycan cleavages [14]. To 
overcome some of these issues in proteomics analysis, the labile sugar groups are often 
removed by deglycosylation prior to MS analysis [66]. The problem of low glycopeptides 
abundance can be tackled by enrichment techniques, mostly those based on lectin-mediated 

Figure 3. Distribution of phosphorylated and N-
acetylated peptides over ZIC-HILIC fractions. First 
dimension: ZIC-HILIC, 200 μm x 160 mm, 3.5 μm, 

200 Å. Flow rate 1.5 μL/min, 1 min. fractions. Number 
of peptides: (–) total, (-▪-) N-acetylated and (-∆-) phos-
phorylated.  ZIC-HILIC provides clear enrichment of 

N-acetylated peptides in the initial fractions. From the 
work of Boersema et al. [12] with permission from the 

American Chemical Society copyright (2007).
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affinity capture [66]. Recently, HILIC was introduced as a promising additional enrichment 
step for glycopeptides [14]. 
The hydrophilicity of glycopeptides makes them ideal candidates for separation by HILIC. 
A first glycopeptide application for HILIC was found in the analysis of differentially sialylat-
ed glycopeptides from interferon-γ [67]. Fractions of glycopeptides separated by RP were 
further separated by HILIC. Their orthogonal retention on the HILIC column was shown to 
correlate well with the number of sialyl groups. Further studies by ESI-MS revealed that the 
interaction of N-glycans with ZIC-HILIC is based on a partitioning mechanism while sepa-
ration of differently sialylated N-glycans could be explained by an electrostatic repulsion 
interaction mechanism [68]. Recently, more global proteomics approaches were reported 
targeting protein glycosites using HILIC for enrichment of glycopeptides [14, 66, 69-72]. 
Generally, in these approaches glycoproteins were first selectively captured by lectin-me-
diated affinity chromatography, followed by SDS-PAGE and in-gel digestion. The peptides 
obtained were then further enriched for glycosylation using ZIC-HILIC micro-columns. The 
glycopeptides that were primarily found in the later fractions were then enzymatically de-
gycosylated prior to MS analysis. Figure 4 shows the relative intensities after solid-phase 
extraction (SPE) of a tryptic digest of TIMP-1 with RP (R2) and HILIC micro-columns. The 
relative abundance of glycopeptides was significantly increased following enrichment by 
HILIC. SPE by RP caused  the matrix assisted laser desorption/ionisation (MALDI)-spec-
trum to be dominated by non-glycosylated peptides, while, in comparison, SPE with HILIC 
resulted in a spectrum crowded by glycosylated peptides [70]. 
Small diversions to this general protocol have been reported and include the lectin-mediated 
affinity capture at the peptide level [69] and the further separation of glycopeptides by SCX 

[66]. It was shown that the unambiguous localization of glycosylation sites is facilitated by 
leaving a single GlcNac residue on the site [14] or tagging the site using  18O isotope labeling 
[66, 69].
Using the HILIC method, 62 glycosylation sites could be identified for 37 glycoproteins in 
human plasma [14], while a further study of the Cohn IV fraction of human plasma revealed 
103 N-glycosylation sites and 23 fucosylated N-glycosylation sites [66]. 1465 N-glycosylated 
sites were found on 829 proteins in C. elegans [72] However, this study was performed using 

Figure 4. MALDI-TOF spectra after SPE of a tryptic digest of TIMP-1 by 
RP (R2, upper spectrum) and HILIC (lower spectrum) microcolumns. HILIC 

clearly enriches for glycopeptides. Figure kindly provided by Dr. P. Højrup 
(similar to [70]).
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three times 50-200 mg sample for affinity chromatography on three different lectin columns 
and each LC-MS analysis was performed in triplicate [72], unlike the Cohn IV work where 
a 1 mg fraction was used [66]. 
The glycosylation sites were determined in these studies, but not the actual glycan structure. 
A few studies have used HILIC for desalting and enrichment [65, 70] or separation [73] of 
intact glycopeptides. However, these studies all used relatively simple protein mixtures or 
even single proteins, indicating that the unambiguous characterization of peptide glycan 
structures at the proteome level is still rather challenging. 

These early experiments show that HILIC can be used as an effective and relatively simple 
tool for the targeted analysis of protein glycosylation. Future studies are likely to follow, 
wherein HILIC might also have an important role in not only the glycosite elucidation, but 
also in the compositional analysis of  glycan structures, as HILIC was already found to be 
convenient for desalting and enrichment [64] or even separation [74] of glycans themselves.  

HILIC in the targeted analysis of histone modifications
The regulation of chromatin structure, and therefore DNA transcription and replication, 
is driven by post-translational modifications of the core histones. These modifications, in-
cluding methylation, acetylation, phosphorylation, sumoylation and ubiquitination, are pri-
marily found at the histone N-terminal tails [75]. Different modifications can occur at the 
same histone, and it is emerging that not just single site modification but rather the interde-
pendence of these modifications is very important in regulation [76]. The analysis of histone 
modifications on intact histone proteins by MS is very demanding, due to the enormous 
heterogeneity of the modifications [77]. The separation of differentially modified proteins 
prior to MS is therefore essential. 
HILIC has been used in the last decade for the analysis acetylated and methylated histones 
[5, 7, 21, 78-80]. In these studies, RP and HILIC phases are generally combined to sepa-

rate different histones. In analyses where LC-MS analysis is used for the characterization of 
histone modifications, this is performed on peptide level. However, information on inter-
dependence of modifications is lost due to the hydrolysis step, because different modifica-
tions will end up at different peptides [5, 6, 79-81]. To preserve this information, a HILIC 
separation of intact histones was recently performed using a top-down MS approach, i.e. at 
the level of intact proteins [77, 82]. Histone H4 was purified by RP while HILIC was used 
for further separation of differentially modified forms. Subsequently, these H4 HILIC frac-

Figure 5. HILIC separation of by Glu-C generated long 
N-terminal peptides from histone H3.2. HILIC primary 
separation is controlled by the number of acetylations 
(the three bigger peaks for the +butyrate sample), and 
within these peaks a secondary separation is observed 
relating to the number of methylations (the narrower 

peaks). Adapted by permission from Macmillan Publish-
ers Ltd: Nature Methods [77] copyright (2007)
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tions were analyzed by ESI-Q-FTMS/MS with ECD fragmentation [82]. A similar but semi 
top-down approach was performed for the analysis of H3.2. As H3.2 is not very soluble in 
the high organic HILIC buffers, GluC digestion was employed to generate a 50 amino acid 
long N-terminal peptide that contains most of the modification sites [77]. Figure 5 clearly 
shows the separation power of HILIC in the analysis of histones. It simultaneously separates 
acetylated and methylated histones, greatly reducing the complexity of the sample. Acetyla-
tion is the major determinant for separation. Separation of proteins of which acetylation was 
induced by butyrate resulted in more peaks at a lower retention time. The smaller peaks 
within these larger peaks represent proteins with different levels of methylation. 
In these histone analyses, HILIC delivered the extra separation step that was needed to suf-
ficiently reduce the complexity of the samples and to separate the most important histone 
modifications.

CONCLUDING REMARKS
Recent years have witnessed an increased interest in HILIC. More versatile and diverse sta-
tionary phases have become available, leading to reports of an exciting and broad range 
of applications. The unique separation and orthogonality of HILIC towards RP (the most 
commonly used peptide separation method) make it an ideal method for multidimensional 
chromatography to extend separation power. As far as selectivity is concerned, HILIC can 
compete well with RP and SCX which are the two main chromatographic techniques applied 
today. Focusing solely on proteomics applications, HILIC has shown to be very versatile 
in the analyses of protein modifications. The retention of hydrophilic compounds can be 
effectively exploited in the enrichment of phosphorylated, N-terminally blocked and gly-
cosylated peptides. Moreover, in combination with RP it allows separation of complex dif-
ferentially modified histones, an incredibly challenging area. It is therefore expected that 
the number of applications of HILIC in the proteomics field will increase significantly in 
the years to come and the development of novel HILIC stationary phases and/or monolithic 
columns will continue. Much progress is expected.
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ABSTRACT
In proteomics a digested cell lysate is often too complex for direct comprehen-
sive mass spectrometric analysis. To reduce complexity, several peptide separa-
tion techniques have been introduced including very successful two-dimension-
al liquid chromatography (2D-LC) approaches.  Here, we assess the potential of 
zwitterionic Hydrophilic Interaction Liquid Chromatography (ZIC-HILIC) as a 
first dimension for the analysis of complex peptide mixtures. We show that ZIC-
HILIC separation is dramatically dependent on buffer pH in the range from 3 to 
8, due to deprotonation of acidic amino acids. ZIC-HILIC exhibits a mixed-mode 
effect consisting of electrostatic and polar interactions. We developed a 2D-LC 
system that hyphenates ZIC-HILIC off-line with Reversed Phase (RP). The two 
dimensions are fairly orthogonal, and the system performs very well in the anal-
ysis of minute amounts of complex peptide mixtures. Applying this method to 
the analysis of 10 μg of a cellular nuclear lysate, we were able to confidently 
identify over 1000 proteins. Compared to strong cation exchange chromatogra-
phy (SCX), ZIC-HILIC shows better chromatographic resolution and absence of 
clustering of prevalent +2 and +3 charged peptides. At pH 3, ZIC-HILIC separa-
tion allows best orthogonality with RP and resembles conventional SCX sepa-
ration. A significant enrichment of N-acetylated peptides in the first fractions 
is observed at these conditions. ZIC-HILIC separation at high pH (6.8 and 8) 
however, enables better chromatography, resulting in more comprehensive data 
acquisition. With this extended flexibility we conclude that ZIC-HILIC is a very 
good alternative for the more conventional SCX in multidimensional peptide 
separation strategies. 
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INTRODUCTION 
Two of the main challenges facing comprehensive proteomics analyses are the sheer com-
plexity of the proteome and the huge dynamic range in protein expression [1]. To accommo-
date these challenges, a number of protein and peptide separation strategies are implement-
ed to reduce the complexity for the final step of mass spectrometric detection and protein 
identification. Depending on what level the first dimension is performed, most separation 
techniques can be placed in one of two categories: protein level or peptide level. On protein 
level, techniques such as SDS-PAGE, isoelectric focusing (IEF), size exclusion chromatogra-
phy (SEC), ion exchange chromatography (IEC) and reversed-phase (RP) chromatography 
have been implemented [2]. On peptide level, digestion is performed immediately after cell 
lysis, and peptides are then subjected to a number of, most usually, chromatographic separa-
tions. Recently, also IEF and Capillary Electrophoresis (CE) approaches have been shown to 
be suitable for peptide-level first dimension separation [3-6].

The end point of most proteomics experiments is a peptide mixture separated on RP at na-
noliter flow rates on a liquid chromatography (LC) system coupled to  a mass spectrometer 
(nanoLC-MS) [2]. The use of peptides rather than proteins allows for an easier automation of 
the process, minimizes nonspecific adsorption onto separation devices and allows a higher 
chromatographic resolving power [7]. Although RP chromatography has one of the highest 
separation powers available, it alone cannot sufficiently reduce the complexity of most pep-
tide mixtures for comprehensive analysis by MS. A number of laboratories have attempted 
to improve single dimension separation by using longer columns (over 50 cm) and increas-
ing gradients (up to 10 hours) [8]. However, such systems typically operate at ultra-high 
pressures, i.e., in excess of 1000 Bar and, thus, cannot be implemented using routine HPLC 
instrumentation. 
The use of chromatographic techniques in tandem to allow a higher separation power and 
improve comprehensiveness of an analysis has proven to be successful. The most prominent 
strategy to use multiple chromatographic separations is often referred to as Multidimen-
sional Protein Identification Technology (MudPIT)[9]. Originally called direct analysis of 
large protein complexes (DALPC)[10], the typical approach is to create a column containing 
two phases (strong cation exchange (SCX) and RP) to increase resolving power. The peptides 
bind initially on SCX material and are stepwise eluted onto the RP part, where each fraction 
is further separated and analyzed by mass spectrometry [9]. Recently, MudPIT has been 
implemented on a ultrahigh-pressure scale allowing improvements in separation [11]. Com-
pared to an off-line system, online hyphenation displays advantages such as minimal loss 
of sample, no vial contamination and no sample dilution [12, 13]. Despite the convenience 
brought by automation by online 2D-LC, it has been found to be rigid and a compromise on 
separation efficiency. Off-line fractionation removes some of these limitations, i.e., loading 
an appropriate level of material for the second dimension is no longer an issue as it is for 
online approaches, where overloading of the second dimension can easily occur. Peptide 
separations have also been shown to be generally superior for off-line coupling, since a con-
ventional gradient can be implemented [14]. It is also possible to perform selective, in-depth 
analysis of certain SCX fractions allowing to focus on a subgroup of peptides such as those 
that are phosphorylated [15]. The pH of the SCX elution buffer can also be modified from the 
necessary low pH for electrospray, which normally causes the majority of tryptic peptides 
to elute in a narrow window [16]. Finally, an additional advantage of off-line coupling is the 
use of different column materials that are not directly compatible with each other in terms 
of required solvents [12, 14].
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Over time, a number of 2D-LC configurations have been developed, including the off-line 
[17] and online [18] coupling of SEC in the first dimension and RP in the second. Although 
SEC is compatible with RP and separation may be orthogonal, this combination is not very 
widespread due to the low separation power of SEC [18]. The combination of RP at pH 10 
in the first dimension and RP at pH 2.6  in the second is an interesting setup for its compat-
ibility with MS and surprisingly high orthogonality [19]. However, because the separation 
is correlative, this is still not the optimal 2D-LC system. It has been suggested that Hy-
drophilic Interaction LIquid Chromatography (HILIC) is a good alternative candidate as 
first dimension of a hyphenated system, showing an orthogonal separation to RP, with a 
separation power similar to RP and compatibility with MS [20, 21]. HILIC is characterized 
by the use of a hydrophilic stationary phase and a hydrophobic organic mobile phase, condi-
tions that have been in use since 1975 [22]. The order of elution of peptides is reversed to RP, 
but rather than choosing the historical name Normal Phase (NP), the descriptive acronym 
HILIC was used to differ NP from HILIC, since NP is performed with nonaqueous, non-
water-miscible solvent buffers, whereas HILIC is performed with water-miscible solvents 
and elution is achieved by a water gradient [23-26]. Although discussion still exists about the 
exact separation mechanism, it is generally accepted that an aqueous layer is formed around 
the hydrophilic functional groups of the HILIC material. The separation of peptides can be 
explained by a partitioning mechanism between the aqueous layer and the hydrophobic 
buffer [23], by hydrogen bonding with the HILIC-material [27] or a mechanism somewhere 
in between, with both partitioning and hydrogen bonding [28].
At present, a number of different materials are commercially available for HILIC, including 
underivatised silica that contains functional groups such as  siloxanes, silanols and a small 
quantity of metals [24, 25, 29, 30], and derivatized silica, such as Polysulfoethyl A [23, 26], the 
weak anion exchanger Polycat A [31], TSKgel amide 80 [27, 32] and ZIC-HILIC [33]. They are 
all capable of generating an aqueous layer around their functional groups. The charge most 
functional groups carry contributes to the hydrophilicity of the stationary phase [23]. For 
a more comprehensive and detailed overview of different HILIC materials, see Hemström 
and Irgum [24].

In this paper, we report on the evaluation and optimization of off-line hyphenation of ZIC-
HILIC with RP for the separation of minutes amounts of (complex) peptide mixtures for 
subsequent MS analysis. The optimized system is then used to characterize a cellular nuclear 
lysate.  
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MATERIALS AND METHODS
Chemicals and reagents
Formic acid, acetic acid and sodium chloride were purchased from Merck (Darmstadt, Ger-
many). Acetonitrile was purchased from Biosolve (Valkenswaard, Netherlands). Dithiothre-
itol and ammonium bicarbonate were purchased from Fluka (Buchs, Switzerland). Trypsin 
and endoprotease LysC were purchased from Roche Diagnostics GmbH (Mannheim, Ger-
many). Water used in these experiments was obtained from a Milli-Q purification system 
(Millipore, Bedford, MA). All other chemicals were from Sigma (St. Louis, MO).

Preparation of protein standard mixture
For the optimization and evaluation of ZIC-HILIC we prepared a model standard peptide 
mixture consisting of combined protein digests from bovine serum albumin (BSA) and α 
and β casein. Each protein was digested separately. A total of 31 µL of 45 mM DTT was 
added to 125 µL of 4 µg/µL dissolved protein and incubated at 50°C for 30 min. A total of 31 
µL 110 mM Iodoacetamide was added, and the mixture was kept at room temperature for 
30 min. The mixture was diluted 5 times with 50 mM ammonium bicarbonate and 10 µg of 
trypsin was added for overnight digestion at 37°C. Digests were subsequently mixed 1:1:1 
and the mixture was dried in vacuo (‘Speedyvac’, Thermo, CA) and reconstituted in buffer A 
for subsequent LC separation. 

Cell culture, subcellular fractionation, sample preparation
Murine Erythroleukemia (MEL) cells were maintained in routine culture using 10% FCS in 
Dulbecco’s modified Eagle medium (DMEM). Nuclei isolation was performed as published 
previously [34, 35]. Briefly, cells were fractionated by using a detergent-free hypotonic buff-
er. Separation using a sucrose cushion yields a mixed cytosol/membrane fraction and intact 
nuclei. A pellet of 1200 µg of nuclei was dissolved in 300 µL 8 M urea, 400 mM ammonium 
bicarbonate by two 5 s sonication bursts on ice. A total of 40 µg of sample was reduced 
in 2.5 µL 45 mM DTT for 30 min at 50°C. A total of 2.5 µL of 100 mM Iodoacetamide was 
added, and the mixture was kept at room temperature for 30 min. LysC (0.5 µg) was added, 
and the mixture was incubated at 37°C for 4 hours. The mixture was diluted 7 times, 1 µg 
trypsin was added and the mixture was incubated at 37°C overnight. Sample was desalted 
using C18 ZipTip (Millipore, Bellerica, MA), filled with extra Aqua C18 beads. The eluent 
was dried in vacuo and reconstituted in buffer A of which one-fourth (~10 µg) was used for 
subsequent LC separation. 

LC buffers
pH 3 buffer A was 80% acetonitrile (ACN), 0.05% formic acid (FA), and buffer B was 40% 
ACN, 0.05% FA. pH 4.5, 6.8 and 8 buffer A was 80% ACN/ 20% water, 20 mM ammonium 
acetate (overall), buffer B was 40% ACN/ 60% water, 20 mM ammonium acetate (overall). 
SCX buffer A was 30% ACN, 0.05% FA; buffer B was 30% ACN, 0.05% FA, 0.5 M NaCl. Buffer 
A for nanoLC-LTQ-Orbitrap analysis was 0.5% acetic acid, buffer B was 80% ACN, 0.5% 
acetic acid. 

LC-MS
One dimensional ZIC-HILIC separation was performed using an Agilent 1100 series LC sys-
tem, with a ZIC-HILIC column (SeQuant, Umeå, Sweden) 1.0 mm x 150 mm, 3.5 µm, 200 
Å. The flow was passively split from 800 µL/min to 40 µL/min before the column. Gradient 
elution was performed for all pH conditions similarly: 0-100% B in 43 min. Column output 
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was coupled to a  Q-TOF Micromass spectrometer (Micromass UK Ltd., Manchester, UK) via 
a passive split reducing the flow to 250 nL/min.  Nanospray was achieved using a distally 
coated fused silica emitter (New Objective, Cambridge, MA) (360 µm OD / 20 µm ID / 10 µm 
tip ID) biased to 2.5 kV. The mass spectrometer was operated in the positive ion mode with 
a resolution of 4500-5500 full-width half-maximum (FWHM) using a source temperature 
of 80 °C and a counter current nitrogen flow rate of 150 L/h. Data dependent analysis was 
employed (three most abundant ions in each cycle): 1 second MS (m/z 350-1500) and max 2 
seconds MS/MS (m/z 50-2000, continuum mode), 30 seconds dynamic exclusion.  A charge 
state recognition algorithm was employed to determine optimal collision energy for low 
energy CID MS/MS of peptide ions. External mass calibration using NaI resulted in mass 
errors of less than 50 ppm, typically 5-15 ppm in the m/z range 50-2000.

2D-LC-MS, first dimension
First dimensional ZIC-HILIC separation was performed on a Famos/Ultimate LC instru-
ment (LC Packings, Naarden, Netherlands), using a vented column set-up. [36] The trapping 
column was ZIC-HILIC, 200 µm x 5 mm, 3.5 µm, 200 Å; analytical column ZIC-HILIC, 200 
µm x 160 mm, 3.5 µm, 200 Å. For SCX separation the trapping column was polysulfoethyl A 
(PolyLC, Columbia, MD) 200 µm x 32 mm, 5 µm, 200 Å; the analytical column  was polysul-
foethyl A 200 µm x 105 mm, 5 µm, 200 Å. All columns were packed in-house. Trapping was 
performed at 2 µL/min for 10 min, analytical separation at 1.5 µL/min, passively split from 
250 µL/min. Gradient elutions were chosen such that peptides elute in a similar timeframe, 
generally 0-80% B in 30 min, 80-100% B in 2 min, 100% for 5 min. One-minute fractions were 
collected in a titer plate using a Probot Microfraction collector (LC Packings), adding 40 µL 
of 5% FA per fraction. No additional sample modification was performed before second 
dimensional LC-MS.

2D-LC-MS, second dimension
A volume of 8 µL of collected fractions was used for subsequent nanoLC-LTQ-Orbitrap-MS 
(Thermo, San Jose, CA). An Agilent 1100 series LC system was equipped with an Aqua (Phe-
nomenex, Torrance, CA), 50 µm x 10 mm, 5 µm, 120Å trapping column and a Reprosil (Dr. 
Maisch GmbH, Ammerbuch, Germany), 50 µm x 254 mm, 3 µm, 120 Å analytical column. 
Trapping was performed at 5 µL/min for 10 min; elution was achieved with a gradient of 
0-45% B in 45 min, 45-100% B in 1 min, 100% B for 4 min, with a flow rate of 0.4 ml/min pas-
sively split to 100 nl/min. Nanospray was achieved using a distally coated fused silica emit-
ter (New Objective, Cambridge, MA) (360 µm OD / 20 µm ID / 10 µm tip ID) biased to 1.8 kV. 
The mass spectrometer was operated in the data dependent mode to automatically switch 
between MS, MS/MS. Survey Full scan MS spectra (from m/z 350 – 1500) were acquired in 
the FT-Orbitrap with resolution R= 60 000 at m/z 400 (after accumulation to a target value of 
500 000 in the linear ion trap). The two most intense ions were fragmented in the linear ion 
trap using collisionally induced dissociation at a target value of 10 000.

Protein identification
Data analysis was carried out using the Mascot (version 2.1.0) software platform (Matrix 
Science, London, UK). Q-TOF Micromass spectra from the protein standard mixture were 
searched against the UniProt-SwissProt 50.4 database with taxonomy: other mammalia, 
trypsin with maximal 2 missed cleavages, carbamidomethyl (C) as fixed modification and 
oxidation (M), N-acetylation (N-terminus) and phosphorylation (S, T, Y) as variable modi-
fications. Peptide tolerance was set to 50 ppm with 1+, 2+ and 3+ peptide charges and MS/
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MS tolerance 0.9 Da. 
LTQ Orbitrap spectra from protein standard mix and nuclear lysate were respectively search 
against UniProt-SwissProt 50.4 database with taxonomy: other mammalia and IPI-Mouse 
3.19 database. Further settings: trypsin with 2 missed cleavages, carbamidomethyl (C) as 
fixed modification, oxidation (M), N-acetylation (N-terminus) and phosphorylation (S, T, Y) 
as variable modifications. Peptide tolerance was set to 5 ppm for 2+ and 3+ charged peptides 
and MS/MS tolerance was 0.9 Da. A minimum peptide score was set to 20 and expect value 
≤0.05. If a peptide was found in more than one fraction, the retention time was determined 
to 0.5 min precision, calculated from peptide intensities. Minimum Mascot protein score of 
60 was used for confident identification.



55

3

RESULTS 
1D ZIC-HILIC-MS
For this research, ZIC-HILIC was chosen over alternative HILIC materials due to its zwit-
terionic functional group. It has been suggested that such a material creates weaker ionic 
interactions when compared to charged HILIC-materials such as polysulfoethyl A and silica, 
allowing the use of buffers with lower ionic strengths [37]. The nature of ZIC-HILIC has 
an additional benefit in that between pH 3 and 8 the charge of the chromatographic mate-
rial will not change [24]. However, changing pH within this range does have an effect on 
the charge state of peptide residues. Table 1 lists the charge of certain amino acids at the 
pH levels used in this study. Below pH 4, only basic residues and N-termini (when not 
acetylated) are charged, while above pH 4, acidic residues are deprotonated and become 
negatively charged. Increasing pH over 6 will cause hisitidines to be deprotonated and lose 
their charge. To assess the effect of pH and peptide charge on peptide separation, the two 
extreme pH conditions the silica-based ZIC-HILIC could handle (pH 3 and 8) and two inter-
mediate pH levels (pH 4.5 and 6.8) were selected. 

A peptide mixture consisting of BSA and α and β casein in a 1:1:1 ratio was applied on a 
ZIC-HILIC column, 1.0 mm x 150 mm, separated under the four different pH conditions 
and analyzed by MS. Peptide elution was performed with a 80-40% ACN gradient in ap-
proximately 40 minutes. LC-MS chromatograms are depicted in Figure 1a, and additional 
information on retention times of individual peptides is provided in the Supporting Infor-
mation Table 11. Examination of the retention times of the peptides shows a trend of longer 
retention with increasing pH. This is probably due to the fact that the interaction with ZIC-
HILIC material is increased upon deprotonation of acidic residues. To further investigate 

1  Supporting information for this chapter is available on http://pubs.acs.org/doi/
suppl/10.1021/pr060589m

 pH 3 pH 4.5 pH 6.8 pH 8 

K + + + + 

R + + + + 

H + + 0 0 

D 0 0/- - - 

E 0 0/- - - 

N-term + + + + 

N-term 

acetylated 
0 0 0 0 

pS, pT, pY - - - - 

 Table 1. Charge state of peptide residues at the different pH values used 
in this paper.
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trends relating to peptide net charge changes, retention times of ‘model peptides’ from each 
sub-group were tracked with buffer pH change with their extracted ion chromatograms be-
ing shown in Figure 1b. The phosphopeptide FQpSEEQQQTEDELQDK (peptide 4) carries 
three charges at pH 3: the N-terminus, a Lysine and the phospho-group. When the buffer 
reaches above pH 4, the aspartic acid and glutamic acid residues are deprotonated, adding 
six extra charges to the peptide. The interaction with the chromatographic material is thus 
improved, consequently increasing the retention time dramatically. On the other hand, the 
peptide GPFPIIV (peptide 1) does not contain any acidic groups and therefore its retention is 
not affected by pH of the buffer. The basic peptide LKECCDKPLLEK (peptide 5) carries four 
positive charges at pH 3, but the addition of three extra charges when increasing the pH up 
to 8 seems not to affect the retention of this peptide dramatically. 

The chromatographic performance of ZIC-HILIC is visibly improved upon changing the 
buffer. Through the use of ammonium acetate buffers at higher pH, peaks are generally 
sharper and more peaks are baseline separated as can be seen in Figure 1a. This improved 
separation can be partly explained by the nature of the tryptic peptide pool used for evalu-
ation. At pH 3, acidic residues are neutral and so regular tryptic peptides generally carry 
only two or three positive charges. At higher pH levels the acidic residues are charged and 
so the variation in net charge of peptides increases and consequently coelution is less likely 
to happen, improving chromatographic performance of ZIC-HILIC.
In all four conditions, the peak intensity diminished over the run, which is probably due 
to the decreasing ACN gradient. The magnitude of this effect is most likely related to the 
suboptimal performance of the electrospray conditions applied in the test bed system [25].  
In other words, lower signals for late eluting peptides are not due to the ZIC-HILIC column 
or separation but due to the ionization process as could be confirmed by UV detection (data 
not shown). 
Figure 2 compares peptide retention times at different pH values. Little difference is ob-
served between pH 6.8 and 8 which is not surprising since no pKa or pKb is passed. A large 
difference in retention times was observed between pH 3 and pH 8, confirming the effect of 
changing net charge state of peptides. Peptides with a longer retention time at pH 8 usually 

Figure 1. LC-MS chromatograms of a standard peptide mixture using a ZIC-HILIC, 1.0 mm x 150 mm, 3.5 
μm, 200 Å column online connected to a Q-TOF Micromass mass spectrometer. Buffer pH was as indicated. 
(a) base peak chromatograms. (b) extracted ion chromatograms of peptides (1) GPFPIIV, (2) LVTDLTK, (3) 

ADLAK, (4) FQpSEEQQQTEDELQDK and (5) LKECCDKPLLEK. 
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have at least two acidic residues, while peptides with a higher retention time at pH 3 gener-
ally contain more than two basic residues or lack acidic residues. 

2D ZIC-HILIC-RP LC-MS
Generally, the separation power of 2D-LC is superior over 1D-LC, since the peak capacity 
of the system is increased by the addition of an extra column. A common way to gauge the 
theoretical peak capacity of a 2D-LC system is by multiplying the peak capacity of both col-
umns [38]. It can also be visualized as a dotplot with the two chromatographic dimensions 
making up the axes. In an ideal situation dots will cover the whole dotplot area. However, 
this will not occur since the separation of peptides is not carried out  in an ‘orderly fashion’ 
[39]. Furthermore, the peak capacity in 2D-LC is dependent on dimensionality of the sample 

and column and the orthogonality of the two columns [20, 39].
The high organic content of the buffers used in ZIC-HILIC separations does not allow a 
direct hyphenation with RP. To overcome this problem, we developed an off-line 2D-LC 
system, based on the vented column design [36], in which peptides are initially separated 
over a home-made 200 µm i.d. ZIC-HILIC column operating at a flow rate of 1-2 µL/min. 
Instead of directly collecting the peptides, the eluent was diluted via a T-piece with a make-
up solution of 5% formic acid operating at 80 µL/min (Figure 3) Thus, 1 min fractions would 
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Figure 2. Normalized peptide retention times of all peptides detected in figure 1 at different pH conditions. All 
peptides eluted between 5 and 40 minutes.

 

  

sample/ 
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waste A B 

5% formic acid 

Figure 3. Schematic presentation of the first-dimensional ZIC-HILIC separation/fractionation system. During 
sample loading, waste line A is closed, and the flow is 2 μL/min. During analysis waste line B is closed, and the 
flow is split by the first T-piece from 250 μL/min to 1.5 μL/min. The eluent is mixed with 5% formic acid and 
one-minute fractions are collected in a titer plate which can be directly used for subsequent nanoRP-LC-MS 

analysis. 
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now be sufficiently large and aqueous to reduce evaporation and become compatible with 
nanoRP chromatography. Additionally, the acidified fractions were directly placed in a 96 
well plate, reducing sample handling. The second dimension was also based on a vented col-
umn system, where peptides are trapped first on a RP precolumn and then analyzed at nano 
flow rates. It is expected that certain hydrophilic peptides such as those that are glycosylated 

might have been retained on ZIC-HILIC, are not retained on a RP column [40].
As shown above, changing buffer pH influences the retention times of peptides. The impact 
of this variation on the orthogonality of ZIC-HILIC with RP was investigated by applying 
the peptide mixture to the 2D-LC system. The results, presented as dotplots (Figure 4), pro-
vide an impression of the system’s orthogonality at different ZIC-HILIC pH conditions. A 
system that merely has a reverse elution pattern compared to RP would show a downward 
diagonal from left to right. The apparent deviation from such a downward trend line indi-
cates that ZIC-HILIC is not simply the reverse of RP. In fact, at pH 3 and 8 the correlation 
coefficient (R2) is negative, demonstrating that the trend line was forced to be a diagonal and 
is far from the best fit.  In conclusion, ZIC-HILIC seems to perform well as a first dimension 
at all four pH conditions, displaying the highest orthogonality at pH 3. 

As implied by the results from the one-dimensional ZIC-HILIC experiments, ZIC-HILIC 
at pH 3 shows an elution profile that resembles that of an SCX system. To allow detailed 
comparison of ZIC-HILIC with SCX, the same peptide mix was analyzed using the off-line 
fractionation system in which the ZIC-HILIC column was replaced by a polysulfoethyl A 
column. Under the modified conditions using SCX, a distinctive separation of the charged 
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Figure 4. Normalized peptide retention time plots, comparing ZIC-HILIC versus RP at different 
pH conditions. Peptides elute between 10 and 50 minutes from ZIC-HILIC and between 5 and 40 
minutes from RP. The downward diagonal is the trend line, and R2 is the correlation coefficient.  
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peptide sub-groups is observed, with nearly no overlap. Peptides with a net charge of 1+, 
including three phosphopeptides, elute first, followed by peptides with a net charge of re-
spectively 2+, 3+ and finally those that contain more than 3+ charges. When performing 
ZIC-HILIC at pH 3, peptides with a net charge of 1+ also elute first, followed by peptides 
with a net charge of 2+, 3+ and more than 3+. Figure 5 highlights the resemblance of ZIC-
HILIC at pH 3 with SCX. However, with ZIC-HILIC, separation with respect to peptide 
charge is less distinct and more overlap between differently charged peptides occurs. The 
three phosphopeptides with a net charge of 1+ are co-eluting with 2+ peptides. A hydrophilic 
effect is also visible: within a group of similarly charged peptides a reverse correlation is 
apparent. This results in a positive effect on the distribution of similar peptides over the 
chromatogram. When using SCX conditions, peptides with a net charge of 2+ and 3+ elute 
during about one third of the gradient time, whereas with ZIC-HILIC, those peptides elute 
during almost the whole gradient. Since those peptides are most prevalent, the possibility of 

separating them in more fractions, as made possible by ZIC-HILIC, is preferred. 
Analysis of a nuclear fraction of a cellular lysate
One of the challenges of proteomics is to identify proteins in a very large dynamic range  
that can be more than 10 orders of magnitude [41]. Nuclear fractions represent one of the 
most difficult proteomes to analyze. One way to cope with this complexity is to use exten-
sive separation methods. We examined the practicality of the optimized 2D-ZIC-HILIC-RP 
system to investigate the nuclear proteome. Nuclei were isolated from Murine erythroleuke-
mia-cells and proteins were digested in-solution with trypsin, yielding a sample that is com-
plex in the number of proteins and the dynamic range at which they are expressed, with 
histones being highly abundant. Separation of 10 µg of nuclear proteins was performed in 
the first dimension using ZIC-HILIC at pH 3 (showing best orthogonality with RP) and pH 
6.8 (showing best separation), while the second dimension consisted of a 60 min gradient 
analysis on a nanoRP-LC-MS. The use of ZIC-HILIC at pH 3 as a first dimension allowed 
the identification of 1040 proteins with 4973 unique peptides and 1284 proteins with 6625 
peptides at pH 6.8 (MS/MS spectra and information on protein and peptide scores are avail-
able at https://bioinformatics.chem.uu.nl/supplementary/boersema_jpr). Applying the same 
sample solely on the second RP dimension, only 367 proteins could be confidently identified 
with 1230 unique peptides. Comparison between the analyses at the two different pHs an 
overlap of 772 proteins (50%) was observed (Figure 6). In total, 268 proteins were exclusively 
identified at pH 3 and 512 exclusively at pH 6.8. This might be explained by either under-
sampling or separation power or both. It has been shown many times that the overlap be-
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Figure 5. Normalized retention time plots for SCX-RP and ZIC-HILIC-RP. The net charge 
of the peptides are indicated with (●) 1+, (■) 2+, (♦) 3+ and (▲) >3+. (Left panel) SCX pH 3 

versus RP, (right panel) ZIC-HILIC pH 3 versus RP.
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tween two subsequent ‘MudPIT’ type experiments is poor, often below 50%. Such a low level 
of reproducibility is related to the speed of sequencing by the mass spectrometer and the 
overwhelmingly complex proteolytic analyte [42]. For instance, the reproducibility and level 

of random sampling was investigated for MudPIT LCQ-MS analysis of proteins of a yeast 
cell lysate [42]. 24% of proteins were found in just one analysis and only 35.4% of proteins 
were identified in all of the analyses. Although this situation of low overlap between sub-
sequent MudPIT experiments is constantly improving with new and faster mass spectrom-
eters with better dynamic range as Shen et. al. [43] (amongst others) have shown, improve-
ments are still required. However, the increase in identifications observed by increasing the 
pH of the 2D-LC system cannot be solely explained by undersampling. The identification of 
nearly an extra 1700 peptides is significant and most likely an effect of the change of condi-
tions. As shown in Figure 1, the peptide standard mixture revealed a better separation with 
the higher pH conditions. Such an improvement in chromatography will help analysis of 
complex samples by reducing the emphasis on the mass spectrometer, therefore allowing 
more peptides to be sequenced and identified.  The observations suggest that ZIC-HILIC at 
pH 6.8 is better than pH 3 for a more comprehensive analysis. As discussed previously, RP 
has one of the highest separation powers. A 2D system combining RP at different pH levels 
would also result in comprehensive results. However, in such a system a pH level as high 
as 10 needs to be used [19]; under such conditions, there is a risk peptides such as those that 
are phosphorylated may start to degrade.

Apart from the identification of highly abundant proteins such as histones, tubulin, actin 
and an almost complete set of ribosomal proteins and proteins involved in the citric acid 
cycle, also lower abundant proteins were identified. Those lower expressed proteins include 
transcription factors and members of the SWI-SNF complex and the phosphatidyl inositol 
signaling pathway. The observation of these proteins indicate that the here presented ZIC-
HILIC-RP method allows a reasonable dynamic range coverage. Functional annotation and 
categorization of more than 70% of the identified proteins was carried out with the online 
tool DAVID Bioinformatic Resources 2006 (Supplemental figure 1; http://david.abcc.ncifcrf.
gov/) [44]. As expected, most proteins identified are involved in DNA or protein binding, 

Figure 6 Venn diagram showing the number of 
proteins identified under either or both pH ZIC-

HILIC separation conditions.
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including histones and ribosomal proteins, which are the most abundant proteins in the 
nucleus. On the other hand, also a number of proteins with a more specialized or rare func-
tionality are identified. 

The complexity of biological samples in proteomics is further increased by the existence of 
post-translational modifications (PTMs) of proteins. Identification of these typically lower 
abundant modifications can be critical for the elucidation of cellular processes. Recently, 
the ability of SCX to isolate peptides with a specific net charge has been exploited for the 
enrichment of phosphorylated peptides, based on the fact that the net charge of a phospho-
rylated peptide is lower than its analogous non-phosphorylated peptide [15]. The nuclear 
fraction analysis provides a far larger dataset for elution trend analysis than the peptide 
standard mixture. Analysis of the effect of peptide net charge on retention time once again 
demonstrates the similarity of ZIC-HILIC at pH 3 to SCX (figure 7). Although ZIC-HILIC 
separation resembles SCX separation, no obvious enrichment of phosphorylated peptides 
was observed at either of the pH conditions (Figure 8), although it must be stated that phos-
phopeptides in our study represent only a few percent of the total peptide amount. The 
functional group of SCX material only contains a negative charge, repelling the similarly 
charged phospho-group. ZIC-HILIC, however, also contains a positive group that can at-
tract the phospho-group. Moreover, the phospho-moiety increases the hydrophilicity of the 
peptide, enhancing the retention instead of decreasing it. Total phosphopeptide statistics 
need to be improved before firm conclusions can be made. 

Another PTM that influences the charge of a peptide is N-acetylation. The positive charge 
of the N-terminus of a peptide is removed by the addition of an acetyl group, resulting in a 
reduction of both the hydrophilicity and the number of charges on the peptide. At pH 3, N-
acetylated peptides tend to cluster in the first fractions of the ZIC-HILIC separation, indicat-
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ing that enrichment can be performed. Sixty percent of the peptides in the first two fractions 
are N-acetylated peptides. At pH 6.8, such a fractional enrichment for N-acetylated peptides 
disappears. It is possible that deprotonated acidic residues could compensate for the loss 
of one charge by N-acetylation at this pH. The use of ZIC-HILIC appears more suitable for 
analysis of such N-terminal peptides than SCX, since in ZIC-HILIC, N-acetylated peptides 
are more exclusively separated while with SCX similar elution profiles for both phosphor-
ylated and N-acetylated peptides are achieved.  
The formation of N-terminal pyroglutamic acid is a peptide modification that is analogous 
to N-acetylation in that it also removes the N-terminal charge. As was expected these modi-
fied peptides also show up in the first fractions of the ZIC-HILIC separation (Supporting 
Information Figure 2).
C-terminal peptides lack a basic residue and thus carry the same charge as an N-acetylated 
peptide. However, it seems that C-terminal peptides are not enriched in the very first frac-
tions with admittedly, too low a number of identified C-terminal peptides for reliable sta-
tistics (supplemental figure 2).  One can hypothesize that the loss of a positive charge in the 
case of N-terminal acetylation is different from the lack of one positive charge of a tryptic 
C-terminal peptide and that the charge distribution on a C-terminal peptide makes it more 
polar than an N-acetylated peptide.

DISCUSSION
Our results obtained for the protein standard mixture and the cellular nuclear lysate reveal 
that ZIC-HILIC separation is showing a mixed-mode effect of both polar and electrostatic 
interactions. An obvious indicator that electrostatic interactions were playing a role was the 
need to remove all salts before analysis; otherwise, little retention was observed. A similar 
mixed-mode effect was reported before, with the use of the SCX material polysulfoethyl A 
at high (>50%) ACN conditions, where elution was achieved using a sodium perchlorate 
gradient [45]. Separation with this material is only based on hydrophilicity and positive 
charges, but was believed to be rivaling RP for the separation of peptides. Furthermore, a 
setup that combines both a weak anion exchanger and weak cation exchanger was used for 
separation at high ACN (>50%) conditions. Such a system required a combined aqueous and 
pH gradient for elution [46]. Here, we report a system that shows a mixed-mode HILIC/ion 
exchange separation with an aqueous gradient which is sufficient for elution with a superior 
separation to SCX using a salt gradient. 

Figure 8. Distribution of phosphorylated and N-acetylated peptides over ZIC-HILIC fractions. First dimension: 
ZIC-HILIC, 200 μm x 160 mm, 3.5 μm, 200 Å. Flow rate 1.5 μL/min after splitting, one-minute fractions. 

Number of peptides: (–) total; (-■-) N-acetylated; and (-∆-) phosphorylated.
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The use of SCX in 2D-LC systems has been shown to be useful for the separation of complex 
peptide mixtures [9, 11, 14]. However, the separation power of SCX is not optimal, and also 
unwanted clustering of the most prevalent peptides (net charge +2 and +3) is observed [19]. 
The peak capacity of HILIC is shown to be higher than that of SCX [20], and we demon-
strated here that the +2 and +3 charged peptides are eluting over a wider time window due 
to the mixed-mode way of separation of ZIC-HILIC at pH 3. With ZIC-HILIC at pH 6.8 or 8, 
this effect is nearly abolished, whereby chromatographic resolution has improved. All this 
increases the separation power of the 2D-LC set-up and decreases the eventual coelution 
into the mass spectrometer, allowing more comprehensive data acquisition. 
The separation on a ZIC-HILIC column shows dependency on the pH of the buffer, caused 
by changes in peptide composition rather than chromatographic material. The effect of acid-
ic residues underlying the improvement in separation, has been previously noted [47]. A 
sudden decrease in retention was observed when the pH of the buffer dropped below the 
pKa of the acid, an effect that was also observed with different HILIC materials, including 
ZIC-HILIC. We also observed that using ZIC-HILIC the basic residues appear to have a 
larger effect on retention time than acidic residues, possibly due to the fact that the sulfonic 
group on ZIC-HILIC is a distal charged moiety, giving the material a low negative excess 
charge [24]. It is possible that reversing the positioning of the acidic and basic components 
on the silica particles can further enhance the acidic influenced better separation of tryptic 
peptides at pH 8.

CONCLUSIONS
Although the zwitterionic charge of ZIC-HILIC is pH independent, the ability to separate 
peptides is influenced by buffer pH. The primary reason for pH influence is the different 
peptide net charge distributions at different pH levels. The change in peptide net charge not 
only changes the interaction of the peptide with the chromatographic surface but has the 
knock-on effect of producing a different separation. At higher pH conditions (pH 6.8 and 8), 
separation power is highest; at pH 3 orthogonality with RP is best. The off-line hyphenation 
of ZIC-HILIC with RP  showed successful in the analysis of the nuclear proteome. Although 
the most comprehensive analysis is achieved at pH 6.8 in the first dimension, separation 
at pH 3 can be used for the enrichment of certain PTMs. N-acetylated peptides clustered 
in the first few fractions of ZIC-HILIC. We can hypothesize that enrichment for also other 
PTMs can be achieved by ZIC-HILIC. Peptides that are formylated, carboxylated, hydroxy-
lated (all N-terminal charge removed) and palmitoylated, myrisotylated (N-terminal charge 
removed and hydrophobic group attached) will all show up in the first fractions of a ZIC-
HILIC run at pH 3. 
Although ZIC-HILIC, unlike SCX, cannot be coupled directly to RP, it shows better peak 
capacity, and no unwanted clustering of most prevalent peptides is occurring. Consequently, 
ZIC-HILIC-RP should allow more comprehensive data acquisition from complex peptide 
mixtures.
Therefore we conclude that the presented ZIC-HILIC-RP LC-MS setup is a useful alternative 
for 2D-LC in proteomics, with separation that to some extent can be tailored to the research 
question. Most comprehensive results can be obtained by using ZIC-HILIC at pH 6.8, but 
pH 3 can be used when the interest is PTMs.
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ABSTRACT
Stable isotope labeling is at present one of the most powerful methods in quanti-
tative proteomics. Stable isotope labeling has been performed at both the protein 
as well as the peptide level using either metabolic or chemical labeling. Here, we 
present a straightforward and cost-effective triplex quantification method that 
is based on stable isotope dimethyl labeling at the peptide level.  Herein, all 
proteolytic peptides are chemically labeled at their α- and ε-amino groups. We 
use three different isotopomers of formaldehyde to enable the parallel analysis 
of three different samples. These labels provide a minimum of 4 Da mass differ-
ence between peaks in the generated peptide triplets.  The method was evalu-
ated based on the quantitative analysis of a cell lysate, using a typical ‘shotgun’ 
proteomics experiment. While peptide complexity was increased by introducing 
three labels, still more than 1300 proteins could be identified using 60 μg of start-
ing material, whereby more than 600 proteins could be quantified using at least 
4 peptides per protein. The triplex labeling was further utilized to distinguish 
specific from aspecific cAMP binding proteins in a chemical proteomics experi-
ment using immobilized cAMP. Thereby, differences in abundance ratio of more 
than two orders of magnitude could be quantified.
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INTRODUCTION
The aspiration of most proteomics experiments is to differentially quantify protein abun-
dance. To achieve this, several quantification techniques based upon introducing stable 
isotopes into the samples of interest have been introduced [1-3]. Stable isotope labeling of 
proteins or peptides allows samples to be analyzed and compared in a single analytical 
experiment [1, 4, 5]. The isotope label can be introduced into the sample via metabolic or 
chemical labeling. A popular form of metabolic labeling is stable isotope labeling by amino 
acids in cell culture (SILAC), which utilizes in vivo incorporation of specific auxotrophic 
amino acids [4]. Alternatively, the stable isotope label can be introduced chemically as a tag 
on specific amino acids at the protein (e.g. ICAT [6]) or at the peptide level (e.g. iTRAQ [7]).
Multiplex labeling, i.e., the use of more than two different isotopomeric labels, facilitates the 
comparison of multiple states and allows the analysis of, for example, dose-response curves 
or time courses [7-9]. Triplex SILAC has been shown in a time-course study [9], but is rather 
expensive and somewhat limited to studies of biological systems that can be grown in cul-
ture. In iTRAQ, a strategy that isotope labels at the peptide level quantification is performed 
at the MS/MS level evaluating four [7] or even eight [10] samples in parallel. However, this 
commercial labeling reagent is cost-prohibitive and not very stable chemically due to it be-
ing an NHS-ester. Moreover, this method generally requires instruments capable of measur-
ing MS/MS fragments at low m/z which narrows the choice of mass spectrometers. 

Here, we introduce a triplex stable isotope labeling technique that is affordable, fast, sensi-
tive, and accurate and can be applied to virtually any proteomics experiment, including 
those on mammalian tissues or body fluids. The method is an adaptation of the dimethyl 
labeling strategy introduced by Hsu et al. [11] and utilizes isotopomers of formaldehyde and 
sodium cyanoborohydride to incorporate dimethyl labels at the α- and ε-amino groups of all 
proteolytic peptides. Using the three different formaldehyde isotopomers, peptide triplets 
are generated that exhibit a mass difference of at least 4 Da. To illustrate its applicability in 
different proteomics applications we performed a traditional shotgun experiment, including 
2D-LC, using a mixture of 60 µg of total murine erythroleukemia (MEL) cell lysate. We show 
that, even though MS complexity is increased upon introducing three labels, more than 1300 
proteins could still be confidently identified, whereby more than 600 proteins could be ac-
curately quantified using a threshold of at least 4 peptide triplets per protein. We further 
demonstrate the generic applicability of the method in a quantitative chemical proteom-
ics experiment, whereby the labeling was used to distinguish specific from aspecific cAMP 
binding proteins using immobilized cAMP. Thereby, differences in abundance ratio of more 
than two orders of magnitude could be quantified.
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MATERIALS AND METHODS
Materials
The 8-(6-Aminohexyl)aminoadenosine-3’,5’-cyclic monophosphate coupled agarose beads 
were purchased from Biolog (Bremen, Germany). Protease inhibitor cocktail, trypsin and 
endoprotease lysine-C were purchased from Roche Diagnostics GmbH (Mannheim, Ger-
many). DTT, ammonium bicarbonate and sodium cyanoborohydride were purchased from 
Fluka (Buchs, Switzerland). Iodoacetamide, triethyl ammonium bicarbonate (TEAB) and 
formaldehyde (37%) were purchased from Sigma (St.Louis, MO). CD2O (98% D, 20% wt), 
13CD2O (99% 13C, 98% D, 20% wt) and sodium cyanoborodeuteride (96% D) were purchased 
from Isotec (Miamisburg, OH). Water used in these experiments was obtained from a Milli-
Q purification system (Millipore, Bedford, MA). All other chemicals were purchased from 
commercial sources and were of analysis grade. 

Cell culture and chromatin enriched CEF preparation
CEF of MEL cells was isolated as described before [12]. Three times 20 µg of CEF was re-
duced in 20 µL 2.5 mM DTT for 30 min at 56°C. Iodoacetamide (2.5 µL 100 mM) was added 
and the mixture was kept at room temperature for 30 min. Lys-C (0.20 µg) was added and 
the mixture was incubated at 37°C for 4 hours. The mixture was diluted seven-fold, 0.4 µg 
trypsin was added and the mixture was incubated at 37°C overnight. Sample was desalted 
using C18 ZipTip (Millipore, Bellerica, MA), filled with extra Poros R3 beads. The eluent was 
dried in vacuo and reconstituted in 100mM TEAB for isotope labeling. 

Tissue preparation
Skeletal muscle from 6 months old Wistar rats was frozen in liquid nitrogen and stored at 
-80°C until use. For protein isolation, approximately 100 mg of skeletal muscle was pulver-
ized in a custom made mortar which was pre-cooled with liquid nitrogen. The powdered 
tissue was then transferred to 1 mL of ice-cold lysis buffer (50mM K2HPO4, 150mM NaCl. 
0.1% Tween 20, and Protease Inhibitor cocktail) and left at RT for 5 minutes. After centrifuga-
tion at 14,000 rpm for 10 min, the soluble fraction yielded approximately 30 mg of protein as 
determined by Bradford assay.  

Pull-down assay and digestion
Prior to each pull-down, 50 µL dry volume of immobilized cAMP beads (~300 nmol of 
cAMP) was washed with 1 mL of PBS buffer (50 mM K2HPO4, 150 mM NaCl). Prior to the 
pull-down assays, tissue lysates were incubated with 0, 0.5 or 10 mM ADP/GDP for 30 min-
utes at 4 oC. cAMP agarose beads were added to the lysate in a volume ratio of 1:100 beads to 
lysate. The lysate-bead suspension was incubated for 2 hours at 4 oC by rotary shaking. After 
spinning down at 700 rpm, the supernatant was removed and the beads were washed with 
12 mL of lysis buffer to further reduce non-specific binding. Then, 30 µL of 8 M Urea and 50 
mM ammonium bicarbonate was added to the beads and reduction in 2mM DTT at 56 oC 
was performed, followed by alkylation in 4mM iodoacetamide. 0.2 µg Lys-C was added to 
the pull-down and incubated for 4 hours at 37 oC. After which further digestion by 0.2 µg 
trypsin was performed in a 4 times diluted solution. 
Samples were desalted using C18 ZipTip (Millipore, Bellerica, MA), filled with extra Poros 
R3 beads. The eluent was dried in vacuo and reconstituted in 100 mM TEAB for dimethyl 
labeling. A quarter of the sample was eventually analyzed by LC-MS
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Dimethyl labeling
Samples (BSA digest, CEF and pull-down) were dissolved in 100 µL 100mM TEAB buffer. 
CH2O (4 µL, 4%, ‘light’, 0 mM ADP/GDP) or 4% CD2O (‘intermediate’, 0.5 mM ADP/GDP) 
or 4% 13CD2O(‘heavy’, 10 mM ADP/GDP) was added followed by 4 µL of 600 mM NaBH3CN 
(light and intermediate) or 4 µL of 600 mM NaBD3CN (heavy). The mixture was incubated 
for 1 h at room temperature. The reaction was quenched with 16 µL of 1% ammonia. Finally, 
8 µL formic acid was added and the three differentially labeled samples were pooled and 
desalted using C18 ZipTip (Millipore, Bellerica, MA), filled with extra Poros R3 beads. 

ZIC-HILIC fractionation
ZIC-HILIC was performed as described before [13] using pH 6.8 buffers. One-minute frac-
tions (27) were collected in a titer plate using a Probot Microfraction collector (LC Pack-
ings), adding 40 µL 5% formic acid per fraction. No additional sample modification was 
performed before second dimensional LC-MS.

SCX fractionation
Strong cation exchange (SCX) was performed using a Zorbax BioSCX-Series II column (0.8 
mm id × 50 mm length, 3.5 µm), a FAMOS autosampler (LC-packings, Amsterdam, The 
Netherlands), a Shimadzu LC-9A binary pump and a SPD-6A UV-detector (Shimadzu, To-
kyo, Japan). SCX buffer A was 20% acetonitrile, 0.05% formic acid; SCX buffer B was 500 mM 
KCl 20% acetonitrile, 0.05% formic acid. After injection, a linear gradient of 1%/min solvent 
B was performed. A total of 30 SCX fractions (1 min each, 50 µL elution volume) were col-
lected and dried in a vacuum centrifuge.

nanoLC-LTQ-Orbitrap-MS 
Dimethyl labeled BSA digest, ZIC-HILIC fractions and the resuspended SCX fractions were 
subsequently analyzed by nano-LC-LTQ-Orbitrap-MS (Thermo, San Jose, CA). An Agilent 
1100 series LC system was equipped with an Aqua (Phenomenex, Torrance, CA), 50 µm x 10 
mm, 5 µm, 120 Å trapping column and a Reprosil (Dr. Maisch GmbH, Ammerbuch, Germa-
ny), 50 µm x 254 mm, 3 µm, 120 Å analytical column. Trapping was performed at 5 µL/min 
for 10 min, elution was achieved with a gradient of 0-45% B in 45 min, 45-100% B in 1 min, 
100% B for 4 min, with a flow rate of 0.4 mL/min passively split to 100 nL/min. Nanospray 
was achieved using a distally coated fused silica emitter (New Objective, Cambridge, MA; 
360 µm od / 20 µm id / 10 µm tip id) biased to 1.8 kV. The mass spectrometer was operated 
in the data dependent mode to automatically switch between MS and MS/MS. Survey full 
scan MS spectra (from m/z 350 – 1500) were acquired in the Orbitrap mass spectrometer with 
resolution R=60,000 at m/z 400 (after accumulation to a target value of 500,000 in the linear 
IT). The two most intense ions were fragmented in the linear IT using collisionally induced 
dissociation at a target value of 10,000.

Protein identification
Peak lists were created by Bioworks 3.3.1 while further data analysis was carried out us-
ing the Mascot (version 2.1.0) protein identification platform (Matrix Science, London, UK). 
MS/MS spectra of pull-down were searched against IPI-Rat version 3.36 database, CEF was 
searched against IPI Mouse 3.25. Further settings included; trypsin with two missed cleav-
ages, carbamidomethyl (C) and light-dimethyl (K and N-term) as fixed modifications and 
oxidation (M), intermediate-dimethyl (K and N-term) and heavy-dimethyl (K and N-term) 
as variable modifications. Peptide tolerance was set to 20 ppm for 2+ and 3+ charged pep-
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tides and MS/MS tolerance was 0.9 Da. 

Quantification
MSQuant 1.4.2a13 was customized for triplex dimethylation and used for extraction and 
integration of ion chromatograms of all peptides. For evaluation of standard deviations, a 
threshold of at least 4 peptides per protein with a total Mascot
 score of at least 60 was used. MSQuant output was imported in the in-house developed 
StatQuant 1.1.0 [14] for further statistics and normalization to the median of peptide ratios.
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RESULTS AND DISCUSSION
Establishment of the triplex stable isotope dimethyl labeling method
Stable isotope dimethyl labeling is a simple, fast, affordable and efficient strategy for quan-
titative proteomics [8, 11]. As labeling is performed after proteolysis, the method is imple-
mentable in virtually any bottom-up proteomics experiment. Dimethyl labeling is based 
on the reductive amination reaction of formaldehyde with the peptide N-terminus or the 
ε-amino group of lysine residues. The Schiff base that is formed is reduced by sodium cy-
anoborohydride. Using CD2O and normal cyanoborohydride the first stable isotope label 
generated the intermediate labeled peptide, 4 Da heavier than the light label (see Figure 1). 
The new heavy label that we introduce here using 13CD2O and NaBD3CN generates peptides 
that are 4 Da heavier than the ‘intermediate’ label (see Figure 1). We believe this mass differ-
ence of at least 4 Da minimizes overlap of peptide isotopes and is essential for proper quan-
tification [2, 11]. Peptide labeling was allowed to proceed for 1 h which resulted in complete 
labeling of all available amino groups, while no unwanted side products were observed. 

We first tested the method on a simple BSA tryptic digest. Illustrative triplet peaks for a 
number of BSA peptides are shown in Figure 2 all exhibiting the expected 1:1:1 ratio between 
light, intermediate and heavy labels. In Figure 2A a triplet is displayed that represents a 
peptide that lacks a lysine residue and thus, only the N-terminus is available for labeling, 
resulting in a 4 Da difference between the differentially labeled peptides. Had there been a 
smaller mass difference, the isotope envelopes of the differentially labeled peptide would 
have overlapped, complicating quantification, thus illustrating the need for a minimal mass 
shift of 4 Da between isotope labels [2, 11]. Figure 2B and 2C represent peptides with one 
and two lysine residues, respectively. The mass difference is accordingly larger through the 
extra labeling sites. It has been stated that this labeling of multiple sites on tryptic peptides 
would complicate the quantification [15]. However, in our approach different numbers of 
labeling sites are not a significant problem as quantification is performed after peptide iden-
tification and the mass difference can be correctly calculated based on the peptide sequence. 
Also, as Mascot considers the N-terminus a separate entity, dimethyl labeled peptides with 
an N-terminal lysine (due to missed cleavages), which would involve two modifications at 
one amino acid residue, can be identified and quantified too. An average ratio of 1:1.06(+/- 
0.2):1.01(+/-0.2) was found for the differentially labeled BSA digests using 17 identified pep-
tides.
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Figure 1. Labeling schemes of triplex stable isotope dimethyl labeling to 
derive three different dimethyl labels with 4 Da mass shifts.
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Triplex dimethyl labeling of a cellular lysate
In principal, increasing multiplexity of isotope labeling augments its potential to analyze 
more samples in parallel, however, at the cost of increased complexity when mass difference 
labels are used [7], potentially limiting the number of protein identifications. To evaluate the 
effect of triplex dimethyl labeling on analytical complexity and its consequences for protein 
identification efficiency, we analyzed a triplexed differentially dimethyl labeled complex 
lysate digest under typical shotgun proteomics conditions. As a proof of principal, 3 times 
20 µg of trypsin digested CEF from MEL cells were labeled 1:1:1 with light, intermediate and 
heavy dimethyl stable isotope labels. We employed our recently introduced 2D-LC system, 
combining ZIC-HILIC fractionation in the first dimension with RP-LTQ-Orbitrap-MS anal-
ysis to allow for a comprehensive analysis [13]. Adequate separation of dimethyl labeled 
peptides is important as the isotope envelope of a “triplet peak” of co-eluting peptides with 
different sequences but a similar mass might overlap. This possibility is increased when 
three isotope labels are introduced causing concerns regarding quantification. Interestingly, 
we observed, very little mass overlap of triplets of co-eluting peptides suggesting that the 
separation power of the ZIC-HILIC-RP system is more than sufficient for a lysate digestion. 
We evaluated the consequences of triplex dimethyl labeling on protein identification. We 
hypothesized that all abundant peptides appearing in triplets may be selected three times as 
often for MS/MS fragmentation leaving little MS/MS time for the lower abundant peptides 
to be sequenced. However, we were able to identify 1379 proteins using 60 µg starting mate-
rial (the set threshold values for identification were for a protein Mascot score > 60 and at 
least two peptides per protein; MS/MS spectra and identifications are available at the PRIDE 
database, (http://www.ebi.ac.uk/pride; accession number 3534.). 
Quantification was performed with MSQuant. An in-house developed program StatQuant 
[14] was used for further normalization and evaluation of individual peptide and protein 
statistics. Although protein quantification by stable isotope dimethyl labeling has been per-
formed before using as little as one or two peptides per protein [8, 16], here, we chose to set a 
more stringent threshold of four peptides per protein for precise quantification and to allow 
standard deviations to be calculated. These restrictions reduced the number of candidates 
applicable for quantification to 620 proteins (see Table S1 of Supporting Information2). The 
differentially labeled samples should exhibit a ratio of 1:1:1. In agreement, the measured 
average protein log2 ratios of heavy/light (Figure 3) and intermediate/light were very close 
to zero; -0.021 (+/- 0.233) and -0.007 (+/- 0.137), respectively. 

2  Supporting Information for this chapter is available at http://www3.interscience.wiley.com/
journal/121448057/suppinfo
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4, 8 and 12 Da mass shifts are obtained for peptides containing 0, 1 or 2 lysine residues.
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Isotope effect on peptide LC retention and influence of quantification
It is well known that the introduction of stable isotopes into peptides may affect the reten-
tion time of peptides under RP-LC conditions [17], especially when the hydrogen atoms 
are replaced by deuterium. The mass shift between the different dimethyl labels here is ob-
tained by deuterium and 13C. Deuterium is slightly more hydrophilic than hydrogen, which 
might lead to LC separation of differentially labeled peptides [17]. Peptide separation in the 
first dimension was performed by ZIC-HILIC, which is mainly based on hydrophilicity [13]. 
Here, differentially labeled peptides could, potentially, end up in different fractions, and 
thus skew peptide ratios measured in the second RP dimension. Evaluation of the raw data 
led to the identification of multiple examples of peptides differentially separated over two 
ZIC-HILIC fractions. In the first fraction where the peptide is identified, typically more light 
dimethyl labeled peptide was found, while in the following fraction the heavy dimethyl 
peptide dominated the triplet (see Figure 4). The difference between the used heavy label 
and light label is six D’s, while between the heavy label and intermediate label the difference 
is only two D’s. Thus, the isotope effect is likely to be larger between the heavy label and 
the light than the heavy label and the intermediate label. This becomes clear from Figure 4, 
where the heavy labeled peptides show a larger difference in abundance ratio between con-
secutive ZIC-HILIC fractions than the intermediate labeled peptides. This also explains why 
the average standard deviation in the abundance ratio of heavy/light in Figure 3 is higher 
than in the abundance ratio of heavy/intermediate.

Guo et al. [18] recently compared the isotope effect of dimethyl labeling on LC separation by 
RP and HILIC.  Interestingly, in their work, the retention shift between differentially labeled 
isoleucine and leucine that was observed with RP was abolished using HILIC. This apparent 
discrepancy between their and our observations is probably related to the specific HILIC 
phase used exhibiting differing separation mechanisms [19]. Guo et al. performed HILIC 
using non-ionic TSKgel Amide 80, while in this study zwitterionic ZIC-HILIC was applied. 
Although separation power and ‘orthogonality’ is near optimal for ZIC-HILIC at pH 6.8 [13] 
it appears that the separation mechanism in operation will resolve hydrogens and deuteri-
ums and thus is not an appropriate first dimension. Therefore, in the next experiment, we 
used SCX as first dimension. The separation mechanism in SCX is largely based on peptide 
charge, and thus unlikely to be influenced by D-isotope effects, potentially making peptide 
quantification more manageable. The triplex dimethyl labeled sample was fractionated by 

Figure 3. Log2 ratios and standard deviation of heavy divided by light and heavy divided by intermediate of pro-
teins identified and quantified in mouse CEF. 20 μg of CEF was labeled 1:1:1 with light, intermediate and heavy 

dimethyl. After pooling, the sample was initally separated by ZIC-HILIC and analyzed by RP-LTQ-Orbitrap 
MS. Average Log2 ratios and average standard deviations in Log2 are indicated.
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SCX and as expected, no complications relating to isotope effects were observed (see Figure 
4). 

In the second dimension RP-LC separation, we found a retention time shift of typically 
around 1–5 s between light, and heavy labeled peptides (see also Figure 5). This is compa-
rable to what has been observed previously [8, 11]. The limited extent of the effect might 
be attributed to the dimethyl isotope labels being placed on hydrophilic functional groups, 
thus minimizing the interaction of deuterium with the stationary phase [17]. Extraction of 
peptide peak areas suggested that the isotope effect in the second RP dimension is not a 
problem for quantification [2]. 
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Quantification of protein binding to cAMP immobilized beads
Isotope labeling has also been used in experiments on protein complexes and other interac-
tome studies to aid in evaluation whether detected proteins are genuine interactors of the 
bait protein/small molecule, or non-specific binders [9, 20]. In our laboratory, we have used 
cAMP immobilized on agarose beads to study proteins that are indirect or direct binders of 
cAMP, such as protein kinase A (PKA) [21, 22]. However, in such experiments typically hun-
dreds of proteins are pulled-down. We noted that a lot of abundant AMP/ADP/ATP or GMP/
GDP/GTP binding proteins are co-purified when no stringent washes are implemented [21]. 
We introduced an approach to remove these less-selective binding proteins from the pull-
down by co-incubating these samples with ADP and GDP. These nucleotides bind to abun-
dant AMP/ADP/ATP- or GMP/GDP/GTP-binding proteins in the lysate preventing them to 
bind to the beads. Here, we used the triplex dimethyl stable isotope labeling to evaluate the 
effect of different concentrations of ADP/GDP (i.e. 0, 0.5 and 10 mM ADP/GDP) used during 
the co-incubation. 
We performed our cAMP pull-down experiments essentially as described previously [21, 
22] and evaluated the cAMP “interactome” of rat skeletal muscle tissue, from 6 months old 
Wistar rats. Pulled down proteins were digested with Lys-C and trypsin and the three sam-
ples (containing 0, 0.5 and 10 mM ADP/GDP) were labeled with light, intermediate and 
heavy dimethyl labels, respectively. The labeled digests were then pooled and separated by 
SCX followed by nanoLC-LTQ-Orbitrap analysis. Protein identification was performed by 
Mascot. MS/MS spectra and identifications are available at the PRIDE database (http://www.
ebi.ac.uk/pride; accession number 3533).  In total, 142 proteins were identified in all three 
pooled cAMP pull-downs with at least two unique peptides and a Mascot score of at least 
60. Markedly, among these were the known high-affinity cAMP binding proteins PKA-RIα 
and PKA-RIIα and several of their A-kinase anchoring proteins (AKAP) binding partners: 
AKAP1, AKAP2, AKAP4, AKAP11 and AKAP13. Using a more stringent threshold of four 
unique peptides left 70 proteins that could be well differentially quantified (see Table S2a 
and b of Supporting Information). 
In Figure 5, several different peptide abundance profiles are highlighted to illustrate the 
extent of variation that can be quantified by our triplex dimethyl labeling. The relative abun-
dance of IVDVIGEK and SLEMSER, peptides that belong to PKA-RIIα, are increased upon 
co-incubation with increasing concentration ADP/GDP. The inverse effect is observed for 
VMLGETNPADSKPGTIR and GDFCIQVGR, belonging to nucleoside diphosphate kinase B 
(Nme2), which is known to bind to ADP/ATP, with the heavy labeled peptide being barely 
present. Peptides LTGAVMHYGNMK and TPGAMEHELVLHQR, belonging to myosin 4, 
do not show much difference in abundance in the three samples, and this protein thus be 
considered as non-specifically binding to the beads. Notably, myosin is a high abundant 
protein in skeletal muscle. 
In Figure 6, the change of relative abundance levels of a selection of proteins after co-incuba-
tion with different concentrations of ADP/GDP is presented, whereby all detected peptide 
abundance ratios were averaged per protein. Abundance levels of Nme2 clearly drop with 
increase in concentration of ADP/GDP, confirming Nme2 to bind with high affinity to ADP/
GDP. The same holds true for actin and its secondary and tertiary binding proteins troponin 
and tropomyosin. With the non-specifically binding proteins removed from the beads by 
adding ADP/GDP, more cAMP is available for the less abundant high affinity proteins. This 
is evidently the case for the cAMP binding protein PKA-RIIα, where relative abundance 
levels are increased upon co-incubation with ADP/GDP, especially at 10 mM ADP/GDP. A 
smaller effect is seen for PKA-RIα that probably binds cAMP immobilized beads well also 
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when no ADP/GDP is present. AKAPs associate with different isoforms of PKA. AKAP1 [23], 
AKAP2 [24] have a dual specificity to both PKA-RI and PKA-RII. These AKAPs were found 
increased under conditions where PKA-RIIα and PKA-RIα showed higher abundance ra-
tios, reconfirming their known interaction. Also, a group of proteins was found whose abun-
dance levels neither raised nor dropped after co-incubation with ADP/GDP. These proteins 

Figure 5. MS spectra (upper panel) and extracted ion chromatograms (lower panel; light, solid grey line; inter-
mediate, dashed black line; heavy, solid black line) of three peptides with illustrative different protein abundance 

patterns after cAMP pull-down with co-incubation with 0 (light), 0.5 (intermediate) and 10 mM ADP/GDP 
(heavy).
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probably bind non-specifically to the agarose beads itself rather than the functional group. 
Hence, their binding will not be affected by co-incubation with nucleotides. 

In these experiments, 10 mM ADP/GDP seemed to be the preferred co-incubation condition 
to obtain a more selective pull-down. Especially, significantly more PKA and AKAP pep-
tides were detected after co-incubation with 10 mM ADP/GDP. As expected, and noted in 
section 3.3, the abundance ratio of the same peptide eluting in two SCX fractions differed by 
less than 5% further confirming that SCX separation is not hampered by the D-isotope effect 
observed with ZIC-HILIC.  In general, we show here that the triplex labeling can be used 
efficiently in affinity pull-down experiments and is generically applicable in any chemical 
proteomics or immunoprecipitation experiment, that all benefit from parallel analyses of 
more than two samples. So far, we have been able to successfully label protein amounts 
ranging from 1 µg up to 5 mg (unpublished data). 

CONCLUDING REMARKS
Stable isotope dimethyl labeling of peptides is an affordable and easily implemented strate-
gy for quantitative proteomics. Here, we extended the method introduced by Hsu et al. [8] to 
a triplex strategy by using new isotope labels based on the use of CD2O and NaBH  3CN and 
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13CD2O and NaBD3CN. We show that the labeling is applicable for the analysis of complex 
samples, e.g., cell lysates and affinity purifications, and can be employed in a comprehensive 
proteomics experiment including those that require MudPIT methods. The simultaneous 
analysis of three samples appeared to have a minimal effect on protein identifications when 
adequate 2D-LC separation is performed. The triplex dimethyl labeling was also demon-
strated in a chemical proteomics environment, in particular to study protein selectivity to-
ward cAMP immobilized on agarose beads. Differences in abundance ratio ranging more 
than two orders of magnitude could be detected. The strategy will also be appropriate for 
dose-response and time course type studies such as that have recently been shown using 
methods such as SILAC [9]. As the labeling reaction is very quick using inexpensive rea-
gents, application is not limited in terms of sample type or amount and any type of high 
resolution MS instrument can be used, we conclude that triplex dimethylation is a valuable 
strategy in shotgun proteomics as well as targeted chemical proteomics approaches.  
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ABSTRACT 
In this work, we explore the potential of the metalloendopeptidase Lys-N for 
MALDI-MS/MS proteomics applications. Initially, we digested a HEK293 cel-
lular lysate with Lys-N and, for comparison, in parallel with the protease Lys-C. 
The resulting peptides were separated by strong cation exchange to enrich and 
isolate peptides containing a single N-terminal lysine. MALDI-MS/MS analysis 
of these peptides yielded CID spectra with clear and often complete sequence 
ladders of b-ions. To test the applicability for de novo sequencing we next sepa-
rated an ostrich muscle tissue protein lysate by one-dimensional SDS-PAGE. A 
protein band at 42 kDa was in-gel digested with Lys-N. Relatively straightfor-
ward sequencing resulted in the de novo identification of the two ostrich proteins 
creatine kinase and actin. We therefore conclude that this method that combines 
Lys-N, strong cation exchange enrichment, and MALDI-MS/MS analysis pro-
vides a valuable alternative proteomics strategy.
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INTRODUCTION
In proteomics, peptide sequencing is mainly performed by collision induced dissociation 
(CID) based tandem mass spectrometry [1, 2]. Generated peptide fragmentation spectra are 
matched against in silico-derived spectra from amino acid sequences in proteomic and ge-
nomic databases. Trypsin is the most frequently utilized protease as it generates peptides 
in the preferred mass range for effective fragmentation by CID [3]. Trypsin has high cleav-
age specificity and is stable under a wide variety of conditions generating peptides with a 
C-terminal arginine or lysine. This C-terminal positioning of the basic residue has conse-
quences for fragment ion formation in CID. According to the ‘mobile proton’ model, dis-
sociation upon excitation is initiated by a proton that weakens an amide bond in the peptide 
backbone [4-7].  The proton affinity/gas phase basicity of the two conjugate fragments will 
then dictate which fragment will inherit the amide-breaking proton, leading to the forma-
tion of b- or y-ions, respectively [8]. In MALDI-MS/MS of singly charged tryptic peptides, 
fragmentation results in complex spectra containing not only b- and y-ions, but also some 
a- and immonium ions, internal fragments and ions resulting from neutral loss of ammonia 
or water [9, 10]. Although all these fragment ions are used in typical database search strate-
gies they often complicate and hamper de novo sequencing, e.g. sequencing of peptides from 
species of which no genome sequence is available [11, 12]. Therefore, several attempts have 
been made to simplify MALDI-CID spectra [11, 13-19]. For example, the peptide N terminus 
can be derivatized with sulfonic acid as in chemically assisted fragmentation (CAF) [16, 17] 
or with 4-sulfophenyl isothiocyanate (SPITC)[20, 21] to establish a fixed negative charge. 
After this reaction, primarily protonated C-terminal fragment ions are detected, giving rise 
to y-ion ladder series. The loss of sensitivity caused by adding a negative charge while per-
forming positive ion mode analysis can, although only in part, be compensated for by in-
creasing the basicity of lysine residues [22]. Another approach to simplify MALDI spectra is 
to add a fixed positively charged tag to the peptide N terminus [13] while modifying internal 
arginine residues [14] or removing the C-terminal lysine or arginine [11]. These modified 
peptides fragment to generate spectra with mainly a- and b-ions. One can also modify the 
basicity of the peptide to promote formation of a single series of ions. Lysine can be made 
more basic by guanidation [18] or treatment with 2-methoxy-4,5-dihydro-1H-imidazole [19]. 
In this way, the C-terminal fragment of a tryptic peptide is more likely to be protonated after 
fragmentation yielding spectra with more intense y-ions. Such techniques, however, require 
additional sample handling. Moreover, chemical derivatization of minute amounts of sam-
ple is more difficult and is often hampered by the formation of unwanted side products [23].
Recently, we explored a new method for mass spectrometry based sequencing of pep-
tides using a little explored metalloendopeptidase with Lys-N cleavage specificity [24]. We 
showed that the combination of this protease with ESI-MS using electron transfer induced 
dissociation (ETD) for peptide fragmentation produced spectra that were completely domi-
nated by c-type fragment ions, providing simple sequence ladders of the peptides of interest 
[24]. In ETD with supplemental collisional activation (commonly referred to as ETcaD), dou-
bly charged peptide ions generated by ESI are charge reduced during the electron transfer 
process, resulting in the remainder of a single free proton [25]. As the N terminus of Lys-N 
peptides accommodates two basic entities, primarily N-terminal fragments are protonated, 
which therefore leads to the detection of mainly c-ions. However, ETD fragmentation re-
quires multiply charged ions (i.e. ESI) and specific instrumentation that is not readily avail-
able. Therefore, in this paper, we comprehensively explored the use of the Lys-N metalloen-
dopeptidase and CID fragmentation using MALDI-MS/MS. A HEK293 cellular lysate was 
digested by Lys-N and for a direct comparison also with Lys-C, which produces tryptic-like 
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peptides with the basic lysine at the C terminus. The resulting peptides were separated and 
enriched for peptides containing a single lysine residue by strong cation exchange (SCX) 
and analyzed by MALDI-TOF/TOF. The combination of Lys-N and MALDI-MS/MS resulted 
in spectra with clear and straightforward sequence ladders, consisting of almost exclusively 
b-ions. We also performed a direct comparison of the following four combinations: (i) Lys-C, 
SCX enrichment, and MALDI-MS/MS analysis; (ii) Lys-N, SCX enrichment, and MALDI-
MS/MS analysis; (iii) Lys-N, SCX enrichment, and ESI-CID MS/MS analysis; and (iv) Lys-N, 
SCX enrichment, and ESI-ETD MS/MS analysis. The comparison clearly demonstrated that 
only the combinations of Lys-N generated peptides with MALDI-CID and ESI-ETD MS/
MS provided very clear sequence ladders. Furthermore, the potential of this method for 
facilitating de novo sequencing was illustrated by the successful identification of proteins 
from an SDS-PAGE band of an ostrich tissue lysate where ostrich represents a species with 
an unsequenced genome.  
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MATERIALS AND METHODS
Materials
Protease inhibitor cocktail and Lys-C were purchased from Roche Diagnostics (Mannheim. 
Germany). Metalloendopeptidase Lys-N was obtained from Seikagaku Corporation (Tokyo, 
Japan). Iodoacetamide, TFA and α-cyano-4-hydroxycinnamic acid were purchased from Sig-
ma-Aldrich (Steinheim, Germany). Dithiothreitol (DTT) was obtained from Fluka biochemi-
cal (Buchs, Switzerland). HEK293 cells were a gift from the ABC Protein Expression Center 
(Utrecht University, The Netherlands). Ostrich steak was purchased at the local butcher. 
Water that was used in these experiments was obtained from a Milli-Q purification system 
(Millipore, Bedford, MA). All other chemicals were purchased from commercial sources and 
were of analysis grade. 

Sample preparation
HEK293 cells were harvested at a density of ~1.5 x 106 cells/mL and stored at -20 °C. Cells 
were thawed and resuspended in ice-cold lysis buffer (15 mL PBS, 150 µL Tween 20 and 
protease inhibitor cocktail). After dounce homogenizing on ice, the lysate was stored at 0 °C 
for 10 min. Subsequently, centrifugation at 20000 x g at 4 °C yielded separation of soluble 
and insoluble protein fractions. The soluble fraction was collected and the concentration 
determined by a Bradford assay. The lysate was dissolved in 50 mM ammonium bicarbonate 
to a concentration of 4 mg/mL.
Approximately 200 µg of ostrich muscle tissue was frozen in liquid nitrogen and pulverized 
with a mortar and pestle after which 8 M urea was added, and the sample was homogenized 
by microtip sonication. 30 µg of lysate was then separated by 1D SDS-PAGE.

In-solution digestion
HEK293 lysate was reduced with 45 mM DTT (50 °C, 15 min) followed by alkylation using 
110 mM Iodoacetamide (in dark, RT, 15min) Buffer exchange was performed using 5 kDa 
spin columns. The resulting solutions were dried in a vacuum centrifuge and resuspended 
in 50 mM ammonium bicarbonate. One part was digested with Lys-C and an equal amount 
with Lys-N. Lys-C was added to the samples at a 1:50 (w/w) ratio, whereas Lys-N was added 
at a ratio of 1:85 (w/w). Both solutions were incubated overnight at 25 °C. 

In gel digest
A gel band at ~42 kDa was cut out of the gel and washed with water. After shrinking the 
gel piece with acetonitrile the contents were reduced with 10 mM of DTT (60 °C, 1 h) fol-
lowed by alkylation using 55 mM Iodoacetamide (in dark, RT, 30min). After shrinking the 
gel pieces with acetonitrile the gel was incubated with Lys-N (10 ng/µL) overnight at 37 °C. 
Supernatant was transferred to new Eppendorf tubes. Peptides were extracted by adding 
50% acetonitrile, 5% formic acid to the gel pieces. The supernatant was added to the previ-
ous supernatant.

Strong cation exchange (SCX)
SCX was performed using an Agilent 1100 series LC-system with a C18 Opti-Lynx (Optimize 
Technologies, Oregon OR) guard column and Polysulfoethyl A SCX column (PolyLC, Co-
lumbia, MD; 200 mm x 2.1 mm id). Sample was dissolved in 0.05% formic acid and loaded 
onto the guard column at 100 µL/min and consecutively eluted onto the SCX column with 
80% ACN, 0.05% formic acid. SCX buffer A was 5 mM KH2PO4, 30% ACN, pH 2.7; SCX buff-
er B was 350 mM KCl, 5 mM KH2PO4, 30% ACN, pH 2.7. Gradient elution was performed 
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as follows: 0-85% B in 45 min, 85%-100% B in 6 min, and 100% B for 4 min. A total of 53 one-
minute fractions were collected, and dried in a vacuum centrifuge.

Offline NanoRP-LC and MALDI Preparation 
Nano-RP-LC separation of SCX fractions 31 to 33 and of the Lys-N in-gel digest of ostrich 
muscle tissue was performed on a Famos/Ultimate LC instrument (LC Packings, Naarden, 
the Netherlands), using a vented column set-up [26]. The trapping column was Aqua C18 
(Phenomenex, Torrance, CA; 0.1 x 20 mm), the analytical column was Aqua C18 (0.075x 230 
mm). All columns were packed in-house. Trapping was performed at 5 µL/min for 10 min 
and analytical separation at 0.2 µL/min, passively split from 200 µL/min. Buffer A was 95% 
H2O, 5% ACN, 0.05% TFA; buffer B was 5% H2O, 95% ACN, 0.05% TFA. The gradient was 
0-32% B in 35 min, 32-100% B in 2 min, and 100% B for 5 min. 20-s fractions were automati-
cally mixed with 0.5 µL MALDI matrix (3 mg/mL α-cyano-4-hydroxycinnamic acid, 80% 
ACN, 0.1% TFA) and spotted onto a MALDI target using a Probot Microfraction collector 
(LC Packings). 

MALDI-TOF/TOF
MALDI-TOF/TOF analysis was performed with a 4700 Proteomics analyzer (Applied Bio-
systems, Darmstadt, Germany). Spectra were acquired in positive and reflectron ion modes 
in the m/z range 900–4000. Maximally 1500 shots were averaged for each spectrum. Data 
were acquired at a laser repetition rate of 200 Hz, an acceleration voltage of 20 kV, a grid 
voltage of 70%, and a digitizer bin size of 0.5 ns. The calibration of the spectra was done us-
ing a standard peptide calibration mixture (Applied Biosystems). CID spectra were obtained 
with a  collisional energy of 1 keV and averaging maximally 15000 shots. Maximally five 
MS/MS precursors were selected per MS run and were excluded from further selection once 
sequenced. 

NanoLC-ESI-CID-MS/MS and nanoLC-ESI-ETD-MS/MS
An aliqout of SCX fraction 31 to 33 was also analyzed by nano-LC-CID/ETD-MS/MS . An Ag-
ilent 1100 HPLC system was connected to an LTQ XL linear ion trap mass spectrometer with 
an ETD source at the back (Thermo Fisher Scientific Inc., Waltham, MA). The instrument 
was equipped with a 20 mm x 100 µm id Aqua C18 trap column (Phenomenex, Torrance, 
CA), and a 200 mm x 50 µm id Reprosil C18 RP analytical column (Dr. Maisch, Ammerbuch-
Entringen, Germany). The fractions were separated by using a 95-minute 100 nL/min linear 
gradient from 0 to 60% solvent B (0.1 M acetic acid in 80% acetonitrile (v/v)), in which sol-
vent A was 0.1 M acetic acid. The MS was operated in positive ion mode, and parent ions 
were isolated for fragmentation by CID or ETD in data-dependent mode. ETD fragmenta-
tion was performed with supplemental activation, fluoranthene was used as reagent anion 
and ion/ion reaction in the ion trap was allowed to take place for 100 ms.
                                                                             
Peptide identification
MALDI data analysis and peak list generation was performed with the Data explorer™ soft-
ware version 4.5 (Applied Biosystems). Raw ESI-CID and ESI–ETD MS data were converted 
to peak lists using Bioworks Browser software, version 3.3.1. For the work on the HEK293 
lysate, spectra were searched against IPI Human (v3.37, 69164 entries searched) using Mas-
cot (version 2.1.0), with Lys-C or Lys-N cleavage specificity allowing 1 missed cleavage, car-
bamidomethyl (Cys) as fixed modification, oxidation (Met) as variable modification. Peptide 
tolerance was set to 100 ppm for 1+ peptide charge (MALDI) or 0.5 Da for 2+ and 3+ peptide 



90

5

charges (ESI), and MS/MS tolerance was 0.2 Da (MALDI) or 0.9 Da (ESI). Peptides were iden-
tified with a minimum Mascot score of 30, and at these settings the false discovery rate was 
less than 0.75% as estimated by using the Mascot decoy database function. For further data 
analysis, Mascot data were imported into Scaffold 1.7.
For the de novo sequencing of ostrich proteins the most abundant peptides in the MALDI MS 
spectra were fragmented. Manual annotation of CID spectra was performed using the mass 
differences between adjacent fragment ions. The obtained sequences were BLAST searched 
against a human and chicken UniProt database. Several assigned peptides were identical to 
peptides from chicken and/or human creatine kinase and actin. Other peptides were very 
similar, but revealed ostrich specific single or double amino acid differences.
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RESULTS
In a typical proteomics experiment, digestion is performed by trypsin generating peptides 
with a C-terminal arginine or lysine.  A mixture of N- and C-terminal fragment ions can be 
detected after CID of these peptides, but as the arginine and lysine residues are more basic 
than the α-amino group, generally y-ions are more abundant [10, 19]. This study evalu-
ated the unique situation that arises when proteolysis is performed by Lys-N as peptides 
are yielded with an N terminus accommodating both α- and ε-amino basic entities. Frag-
mentation of Lys-N peptides is thus likely skewed towards the production of N-terminal 
ions (see Figure 1) as has been hinted at before when looking at a few individual peptides 
[27, 28]. To more comprehensively assess the fragmentation behavior of Lys-N-produced 
peptides, a whole cellular lysate was digested in parallel with Lys-N and Lys-C. Lys-C, like 
trypsin, generates peptides with a C-terminal basic amino acid residue. However, Lys-C 
has no specificity for arginine, and so comparing Lys-N with Lys-C is more appropriate 
than comparing it with trypsin. The digested cellular lysates were first subjected to low-pH 
SCX chromatography to enrich for and isolate peptides with a single basic lysine residue 
[24, 29, 30]. A few consecutive fractions of the SCX run will provide a set of peptides with a 
single C-terminal lysine residue for the Lys-C digested sample, and with a single N-terminal 
lysine from the Lys-N digest [24, 30-32]. Off-line nano-RP-LC separation was performed on 
these selected SCX fractions. The eluent was subsequently mixed postcolumn with α-cyano-
4-hydroxycinnamic acid and automatically fractionated and spotted onto a MALDI target 
plate, an experimental set-up adopted form our previously described off-line ZIC-HILIC 
set-up [33]. The fractionated peptides were then subjected to analysis by MALDI-TOF/TOF 

based tandem mass spectrometry. As an illustrative result, fragmentation of the peptide KC-
QEVISWLDANTLAE, as depicted in Figure 2a, resulted in a CID spectrum that was typical 
for Lys-N proteolytic peptides (Figure 2b) and displayed a complete sequence ladder con-
sisting of b-ions. As shown in Figure 2b, Lys-N peptide sequences can be easily read off as 
there are no significant ‘interfering’ ion-series present. As indicated in Figure 2, the b1-ion is 
quite abundant, and additionally, the b1 related ions a1 and a1-NH3 were found to be often 
the base peak in the spectra. C-terminal fragment ions (y-ions) were detected at a very low 
frequency and/or intensity. 
We further examined and compared the effect of the N- or C-terminal position of the lysine 
on the fragmentation of the peptides in CID. Typical peptide fragmentation spectra are 
shown in Figure 3 which incorporates MALDI-CID spectra of the same peptide with a lysine 

Figure 1. Schematic representation of CID fragmentation of Lys-C and Lys-N derived singly charged peptide 
ions. Lys-C peptides have a basic N and C terminus; therefore, both termini will be protonated, leading to a 

mixture of b- and y-ions in CID. Lys-N peptides concentrate the basicity at the N terminus, leading to predomi-
nantly b-ions in CID. AA, amino acid
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either on the C-terminus or the N-terminus (respectively generated by Lys-C and Lys-N di-
gestion) as well as spectra of the doubly charged ion of the same Lys-N peptide analyzed by 
ESI-CID MS/MS and ESI-ETcaD MS/MS. The MALDI tandem mass spectrum obtained for 
the peptide with a C-terminal lysine contains a mixture of b- and y-ions (and no complete 
series) and is clearly more complex than the spectrum from the analogous Lys-N peptide, 
which provides a nearly complete b-ion series. We found that fewer immonium ions were 
detected, and the number of non-informative background peaks seemed to be lower in the 
spectra of the Lys-N peptide, possibly related to the reduced number of fragment ion path-
ways available. The tandem mass spectrum of the doubly charged ion of the Lys-N peptide 
obtained by ESI-CID also shows a complex spectrum with both b- and y-ions which can be 
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Figure 2. Representative MALDI-CID spectra of peptides identified from a Lys-N digested HEK293 cellular 
lysate. (A) A clean b-series sequence ladder is detected for peptide KC*QEVISWLDANTLAE (m/z 1876.73, 
1+; C*, carbamidomethylated cysteine) (B) Six typical CID spectra of Lys-N peptides annotated by Scaffold, 
dominated by a nearly full series of b-ions, KPGNQNTQVTEAWN (m/z 1586.61, 1+); KGFSEGLWEIEN-

NPTV (m/z 1819.85, 1+); KGQGSVSASVTEGQQNEQ (m/z 1833.79, 1+); KLGGTIDDC*ELVEGLVLTQ (m/z 
2059.88, 1+); KC*NEIINWLD (m/z 1304.52, 1+); KDQIYDIFQ (m/z 1169.54, 1+).
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Figure 3. Representative mass spectra annotated by Scaffold of the same peptide with lysine respectively on (a) 
the C or (b, c and d) the N terminus of the peptide. In (a) (m/z 1467.60, 1+)  and (b) (m/z 1467.58, 1+) are shown 
the MALDI-CID spectra, in (c) (m/z 734.20, 2+) the ESI-CID spectrum obtained by an ion trap and in (d) (m/z 

734.26, 2+) the ESI-ETcaD-mass spectrum. MALDI-MS/MS of peptides with a C-terminal lysine provides 
a spectrum with both b- and y-ions, while spectra of peptides with an N-terminal lysine are less complex and 
dominated by b-ions. However, ESI-CID spectra of doubly charged peptides with an N-terminal lysine show 
a mixture of b- and y-ions due to the double charge, whereas the MALDI-TOF/TOF spectrum of the singly 

charged peptide results in a full b ion series. Also the ETD experiments result in mainly c-ion generation [24].
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attributed to the availability of two protons for the fragment ions [24]. Finally the ETcaD 
spectrum of the doubly charged peptide ion is comprised of only c-ions, in agreement with 
our recent findings and in appearance similar to the MALDI-CID spectrum [24].

As stated, MALDI-CID of peptides with a single N-terminal lysine yielded mass spectra 
dominated by b-ions and with only minor y-ions. However, when a proline is present in the 
sequence this straightforward fragmentation pattern becomes disrupted. Peptide cleavage 
on the N-terminal side of a proline leads to preferential formation of a y-ion (Figure 4a). 
An illustrative example of a CID spectrum of a peptide containing two prolines is shown in 
Figure 4b. The two most intense peaks correspond to y-ions with an N-terminal proline resi-
due. Also, two intense internal fragments are detected with an N-terminal proline residue. 
Nevertheless an almost complete and clear b-ion series is still detected. 
MALDI-CID analysis of 3 SCX fractions, enriched for peptides containing a single, N-ter-
minal lysine, led to the identification of a total of 247 peptides (Mascot score ≥30, false dis-

covery rate, 0.75%) with an N-terminal lysine residue (tandem mass spectra are available as 
a PRIDE (Proteomics Identifications) database under accession number 3380). Of these, 36 
contained an extra basic residue and were initially removed from further analysis. Of the re-
maining 211 peptides, 119 contained one or more proline residues. To account for the proline 
effect on ion formation, proline containing peptides were analyzed separately from proline 
free peptides. N-terminal b-ions represented in number 84% of the detected backbone frag-
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Figure 4. CID fragmentation of proline-containing Lys-N peptides. (a) Schematic representation of CID frag-
mentation of Lys-N peptides that do not or do contain proline. Fragmentation of a proline-free peptide results in 
the detection of mainly b-ions, while cleavage N-terminal of a proline residue of a Lys-N peptide results in the 
detection of dominant y-ions. (b) Representative MALDI-CID spectrum of a proline-containing Lys-N peptide 

(KQPAIMPGQSYGLEDGSC*SY, m/z 2187.78, 1+) annotated by Scaffold. The two intense y-ions correspond to 
ions with an N-terminal proline. Also two intense internal fragments with an N-terminal proline are detected. 

Note that still a nearly full b ion series can be detected. AA, amino acid.
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ment ion types in the 92 spectra of proline-free Lys-N peptides, corresponding to 94% of the 
total signal intensity of b- and y-ions confirming the dominance of N-terminal fragment ions 
(see Table 1). Furthermore on average, two-thirds of all theoretically obtainable b-ions were 
detected. A slightly lower percentage (75%) of b-ions was observed for proline containing 
peptides. If y-ions with an N-terminal proline were removed, the relative b-ion intensity per-
centage increased (81%) although not to the level of proline-free peptides. Nevertheless the 
dominant nature of b-ions in such spectra still allows straightforward interpretation (Figure 
4). The relative intensity of b-ions in fragmentation spectra of Lys-C peptides is in sharp con-
trast with those of Lys-N peptides. In tandem mass spectra of Lys-C peptides b- and y-type 
ions are approximately equally abundant (see Table 1).

To evaluate the applicability of Lys-N digestion for genuine de novo sequencing, muscle tis-
sue from an ostrich, of which the genome has not (yet) been sequenced, was lysed and sepa-

rated by 1D SDS-PAGE. It should be noted that in our earlier work no significant difference 
in yield was found between in-gel digestion with trypsin or Lys-N [24] (Supplemental Figure 
11 indicates the sequence coverage and peptide signal achieved by LC-MS for an in-gel di-
gestion of equivalent amounts of BSA by Lys-N and trypsin). A band at ~42 kDa was excised 
from the ostrich gel, and its content was digested with Lys-N. These peptides were then 
separated by ‘offline’ nano-LC with the eluent being mixed post-column with α-cyano-4-
hydroxycinnamic acid and automatically spotted onto a MALDI target plate. MALDI-TOF/
TOF analysis was subsequently performed. CID spectra of ~ 20 of the most intense peptides 
were manually interpreted. Identified peptide sequences were homology searched against 
UniProt human and chicken databases using BLAST. Four unique peptides were found to 
align with creatine kinase (Figure 5a), whereas five unique peptides were found to align 
with actin (Figure 5b). Strikingly one of the actin peptides was found in four different forms. 
Alongside an unmodified form we observed sequences containing; methionine oxidation, 
methionine oxidation plus tryptophan hydroxylation and a decomposed carboxymethyl-
ated methionine [34]. Such modifications would be missed by a database search strategy if 
one does not, in advance, input these possibilities in the submission criteria. Three peptide 
sequences of creatine kinase and four sequences of actin were identical to human and chick-
en protein sequences allowing the identification of the protein. For both proteins we found 
peptides to have a sequence that differed slightly from the human and chicken sequences. In 
Figure 5c the CID spectrum of such a peptide of creatine kinase is depicted. The clear b-ion 

1 Supplementary data to this chapter is available at http://www.mcponline.org/cgi/content/
full/M800249-MCP200/DC1

 Lys- N (211 peptides) Lys-C (220 peptides) 

b-ion vs. y-ion no proline 
proline 

containing 
no proline 

proline 

containing 

frequency (%) 84 75 46 48 

intensity (%) 94 71 (81*) 50 43 

 
Table 1. Analysis of the frequency and normalized overall intensity of b-ions compared to y-

ions in MALDI-CID spectra of Lys-N and Lys-C-derived peptides. The percent intensity is the 
intensity of all b-ions divided by the sum of intensity of all b- and y-ions. *After subtracting the 

intensity of y-ions with an N-terminal proline.
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Figure 5 Lys-N facilitates de novo sequencing of ostrich creatine kinase and actin. (a) Multiple sequence 
alignment of de novo sequenced ostrich peptides with partial creatine kinase sequences of human (P06732, 

UniProtKB/Swiss-Prot) and chicken (P00565). (b) Multiple sequence alignment of de novo sequenced ostrich 
peptides with partial actin sequences of human (P62736) and chicken (P68139). (c) MALDI-CID spectrum 

of creatine kinase peptide KLSAEALNSLEGEF (m/z 1507.71, 1+), which has a V to A mutation of the fourth 
residue compared to chicken and human creatine kinase. (d) MALDI-CID spectrum of actin peptide KYPIEHAI-
ITNWDDME (m/z 1974.84, 1+), which has a G to A mutation of the seventh residue compared to chicken and 

human actin. *, identical amino acid; :, conserved substitution; ., semi-conserved substitution.
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series facilitated its de novo sequencing. The sequence deviates at the fourth (alanine) residue 
compared to chicken and human, whereas the 11th (glutamine) residue is similar to chicken, 
but different from human. In Figure 5d a CID spectrum is depicted of actin peptide KYP-
IEHAIITNWDDME. This peptide aligns with human and chicken actin except for residue 7 
(alanine). Additional annotated spectra can be found in supplemental Figure 2. 

DISCUSSION
In the present study, we show that in MALDI-CID fragmentation of Lys-N peptides the 
basic N terminus has a strong influence on fragment ion formation and leads to clean b-ion 
ladder series. These ladders are easily deciphered as the presence of interfering ion-series is 
significantly reduced or are altogether missing. We show that this is clearly different from 
MALDI-CID spectra of peptides with a C-terminal lysine, generated by a Lys-C protease, 
where a mixture of both b- and y-ion series was detected, as expected because both the 
N terminus and C terminus contain basic entities. Furthermore, MALDI provides informa-
tive lower m/z ions including the b1-ion (see Figure 3).  An additional advantage is the good 
mass accuracy and resolution for these spectra since analyses were performed with a TOF 
mass analyzer. It should be noted that b1-ions are typically missing in tandem MS of tryptic 
peptides [35]. The presence of the b1-ion for Lys-N peptides  is likely to originate through 
a distinct, lysine specific, cleavage pathway as it cannot be achieved via the regular bx/yz 
fragmentation pathway [36]. 
Evidently CID of doubly charged Lys-N peptide ions is different from CID of singly charged 
Lys-N peptide ions. In ESI-CID MS/MS of the identical, Lys-N generated, doubly charged 
peptide ions, a mixture of b- and y-ions is detected with the b-ion series being somewhat 
more intense [24, 28, 30]. During fragmentation of doubly charged peptide ions, one of the 
protons will be sequestered by lysine. The other, mobile proton will then be less prone to 
protonate the N terminus and thus the possibility of the formation of also C-terminal ions 
is increased. 

To isolate and obtain a statistically significant number of Lys-N peptides with a single basic 
residue an initial low pH SCX chromatographic step was added [31]. However, the fact that 
we chose to isolate peptides with a single N-terminal lysine does not mean that the remain-
ing peptides, which contain for example more than one basic residue, are of no value. Tan-
dem mass spectra can also be obtained from Lys-N peptides with additional basic residues 
where the fragmentation will follow a pattern similar to that achieved with tryptic peptides 
containing miscleavages. Although containing b- and y-ion series, they are not as straight-
forward to interpret manually as the spectra from peptides with a single N-terminal lysine; 
these spectra have similar appearances to those originating from tryptic or Lys-C peptides 
(supplemental Figure 3). 

Scrutinizing spectra for additional trends, we observed that the MALDI-CID spectra of pro-
line-containing peptides contained intense peaks corresponding to fragment ions with an 
N-terminal proline, a well described phenomenon [4, 37-39]. The intensity of these peaks 
has been explained by the extraordinary structure of proline with its side chain forming a 
five-membered ring with the peptide backbone. This hinders cleavage C-terminal of proline 
as it would involve the generation of a strained bicyclic structure [39]. Cleavage on the N-
terminal side causes the formation of the secondary amine group of proline which can se-
quester the mobile proton, causing the generation of the C-terminal fragment ion (see Figure 
4b)[38]. Our data suggest that a combination of both effects prompt the emergence of intense 
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peaks of y-ions with an N-terminal proline. First, the fact that the intensity of a b-ion with a 
C-terminal proline is significantly lower than other b-ions indicates that the formation of a b-
ion with a bicyclic C-terminal proline structure is unfavored [39]. Second, the high gas phase 
proton affinity of the proline amine group is reflected in the intensity of the y-ion with an 
N-terminal proline being substantially larger than the intensity of the b-ion that is generated 
N-terminal of the same proline. It appears thus that the two amino groups at the N terminus 
of the potential b-ion exert less influence than the secondary amine of the proline present on 
the y-ion at the point of cleavage [38]. On average, b-ions in MALDI CID spectra of proline 
containing peptides account for 71% of the total intensity of b- and y-ions. When the intense 
y-ions corresponding to fragments with an N-terminal proline were removed, this percent-
age of b-ions increased to 81%. This is slightly lower than for proline free peptides. Despite 
the occurrence of y-ions, the remainder of such Lys-N MALDI-CID spectra is still domi-
nated by sequence ladders of b-ions. About 56% of the peptides we identified with a single 
N-terminal lysine contained a proline residue. This is similar to a recent study in which the 
occurrence of at least one proline in a tryptic peptide was determined, both theoretically (us-
ing the IPI-Human database) and practically, to be around 50% [40].

Efficient and facile de novo sequencing requires good quality straightforward mass spectra. 
Lys-N proteolysis allows significant portions of a protein to generate simplified MALDI-CID 
spectra without any derivatization steps. An in silico digest of all proteins in the IPI Human 
database revealed that approximately one-third of all theoretical Lys-N peptides contains a 
single basic residue. Therefore, as an example of the applicability of Lys-N proteolysis for de 
novo sequencing we strived to identify the protein contents of a 1D SDS-PAGE gel band of 
ostrich muscle tissue. Clear, simplified spectra were generated facilitating de novo sequenc-
ing. Sequenced peptides could be aligned to chicken (the phylogenetically closest species to 
ostrich with a genome that is sequenced) creatine kinase and actin. Of these peptides, at least 
two would not have been identified if a traditional database search strategy had been per-
formed since these peptides slightly differ in sequence compared to sequences available in 
genomic databases. For example, in the ostrich creatine kinase peptide KLSAEALNSLEGEF, 
the third residue, an alanine, is a valine in chicken and human; this is probably a DNA point 
mutation as the translation codons of valine and alanine only differ by one nucleotide. The 
same is true for the actin peptide KYPIEHAIITNWDDME where a single DNA point muta-
tion could explain the conversion of glycine in chicken and human to alanine in ostrich. Fur-
thermore, modifications to this peptide were found in other mass spectra that could easily 
be detected, including methionine oxidation, tryptophan hydroxylation and decomposed 
carboxymethylated methionine. Although methionine oxidation is generally included as a 
variable modification in database searching, for tryptophan hydroxylation and decomposed 
carboxymethylated methionine this is generally not the case, thus underscoring the poten-
tial of our de novo sequencing approach. Similarly we expect that other modifications can 
be easily identified and located using the MS/MS sequence ladders by combining Lys-N di-
gestion with MALDI-MS/MS analysis. Labile modifications such as phosphorylation might 
result in neutral loss-dominated spectra as fragmentation is performed by CID. However, 
these spectra will still be simpler than those achieved by tryptic peptides.

As discussed before, an apparent drawback of Lys-N MALDI-CID is that the clear b-ion 
dominated spectra will exclusively be observed for peptides containing a single N-terminal 
basic residue. Depending on the position in the peptide sequence, an extra basic residue 
might lead to the generation of an additional (y-) ion series thereby complicating manual 
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interpretation. Chemical derivatization that aids de novo sequencing such as CAF and SPITC 
can be applied, but it is necessary to have a basic residue at the C-terminus thus tryptic pep-
tides are necessary.  In theory, the number of peptides with a single basic residue in a tryptic 
digest is ~3-fold higher than in a Lys-N digest. However, internal basic residues negatively 
affect these derivatization strategies in a similar way to Lys-N, i.e. generating additional 
fragment ion series [11, 16, 18, 19]. Furthermore the sulfonyl group which is key to CAF/
SPITC, reduces peptide signal intensities due to the intrinsic negative charge.  Also these 
chemical derivatization steps potentially lead to sample loss and further signal reduction. Fi-
nally, side reactions (often) hamper the analysis by increasing the complexity of the sample 
with uninformative peptides. Through the use of Lys-N de novo sequencable peptides can be 
attained without chemical derivatization.

In summary, we evaluated here MALDI-CID fragmentation of singly charged Lys-N-gen-
erated peptide ions. With a lysine residue on the peptide N terminus, protonation of N-ter-
minal fragments of these peptides is favored, resulting in the detection of dominant, nearly 
complete series of b-ions, rendering Lys-N a useful protease aiding in the unambiguous 
sequencing of peptides in MALDI-MS/MS. Lys-N can be applied on a proteome scale using 
a low pH SCX MudPIT strategy where one can isolate and separate single lysine-containing 
peptides that represent the whole protein content. Equally Lys-N is also applicable in a 1D 
or 2D gel strategy where a significant portion of generated peptides for each protein can be 
de novo sequenced in a similar vein to CAF and SPITC.   
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ABSTRACT
Reversible phosphorylation is a key event in many biological processes and is 
therefore a much studied  phenomenon. The mass spectrometric (MS) analysis 
of phosphorylation is challenged by the substoichiometric levels of phosphor-
ylation and the lability of the phosphate group in collision-induced dissociation 
(CID). Here, we review the fragmentation behavior of phosphorylated peptides 
in MS and discuss several MS approaches that have been developed to improve 
and facilitate the analysis of phosphorylated peptides. CID of phosphopeptides 
typically results in spectra dominated by a neutral loss of the phosphate group. 
Several proposed mechanisms for this neutral loss and several factors affect-
ing the extent at which this occurs are discussed. Approaches are described to 
interpret such neutral loss dominated spectra to identify the phosphopeptide 
and localize the phosphorylation site. Methods using additional activation, such 
as MS3 and multistage activation (MSA), have been designed to generate more 
sequence-informative fragments from the ion produced by the neutral loss. 
The characteristics and benefits of these methods are reviewed together with 
approaches using phosphopeptide derivatization or specific MS scan modes. 
Additionally, electron driven dissociation methods by electron capture disso-
ciation (ECD) or electron transfer dissociation (ETD) and their application in 
phosphopeptide analysis are evaluated. Finally, these techniques are put into 
perspective for their use in large scale phosphoproteomics studies.
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INTRODUCTION

Reversible phosphorylation is essential in the regulation of cellular proteins, their subcellu-
lar localization, degradation, complex formation and furthermore, it is the key event in cell 
signaling [1]. Phosphorylation in eukaryotes takes place on serine, threonine and tyrosine 
residues (Figure 1). To succeed in phosphopeptide detection and phosphosite localization 
by mass spectrometry (MS) one has to overcome several hurdles. The initial challenge is to 
observe the phosphopeptide of interest in a typically enormous pool of non-modified pep-
tides [2-4]. These large numbers of peptides are created by the necessity to digest proteins to 
successfully sequence the resulting peptides by MS. Typically, phosphopeptides are present 
at substoichiometric levels when compared to non-modified peptides of the protein. Also, 
the ionization efficiency of phosphorylated peptides in positive ion mode MS –as typically 
is used for liquid chromatography (LC)-MS- is lower compared to non-phosphorylated pep-
tides due to the negative phosphate group [5, 6]. Other challenges are the identification 
of the phosphopeptide and the localization of the site of phosphorylation, which can be 
impaired by the lability of the phosphate group in collision induced dissociation (CID)[2]. 
Typical fragmentation spectra of phosphopeptides are dominated by one peak that is related 
to the neutral loss of the phosphate group, hampering the level of backbone fragmentation 
observed, which is essential to determine the amino acid sequence. The obstacles relating 
to the complexity of the sample and the relatively low abundance of phosphopeptides ob-
served by MS can be alleviated by applying various enrichment techniques, amongst others, 
based on: strong cation exchange (SCX)[7], TiO2 chromatography [8, 9], immobilized metal 
affinity chromatography (IMAC)[10], barium [11] or calcium precipitation [12] and antibod-
ies[13, 14] or combinations thereof, such as SCX followed by IMAC [15], SCX followed by 
TiO2 [16] and hydrophilic interaction liquid chromatography followed by IMAC [17]. In this 
review, we focus, however, on the specific fragmentation of phosphopeptides in MS and 
how such data can be used to identify phosphopeptides/phosphoproteins and localize the 
site of phosphorylation. The fragmentation behavior of phosphopeptides in CID will be de-
scribed and the neutral loss pathway discussed. Furthermore, the advantage of perform-
ing additional fragmentation steps will be reviewed as well as the benefits of alternative 
fragmentation techniques, such as electron capture dissociation (ECD) and electron transfer 
dissociation (ETD).
 
COLLISION INDUCED DISSOCIATION
In current proteomics approaches, identification of peptides is generally achieved by tan-
dem MS. CID (also: collisionally activated dissociation; CAD) is the most popular means 
of gas phase fragmentation of peptides in proteomics. In CID, protonated peptides are ac-
celerated by an electric potential in the vacuum of the mass spectrometer and then allowed 
to collide with an inert neutral gas (typically helium, nitrogen or argon). Through the col-
lisions, the kinetic energy of the peptide ion is partially converted into internal energy that 
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is distributed over the molecule, disrupting bonds and causing the peptide ion to fragment. 
Usually, peptides are fragmented at the amide bonds along the backbone which results in 
the emergence of amino acid sequence informative b- and y-ions [18-20]. The eventual frag-
mentation pattern obtained by MS/MS depends on several parameters including the amino 
acid composition, size and charge state of the peptide ion, the excitation method of the mass 
spectrometer and the time scale of fragmentation and detection. The ‘mobile proton model’ 
is the most comprehensive model to describe the ‘charge directed’ dissociation of protonated 
peptides [20-22]. Upon excitation of the protonated peptide, the proton becomes ‘mobile’ 
and energetically less favored protonation sites become more populated, including the ter-
minal amino group, amide oxygens and nitrogens and side chain groups [23]. Protonation of 
the amide nitrogen leads to weakening of the amide bond, and eventually, dissociation at the 
protonated site when there is sufficient internal energy present. As several different proto-
nated species of the same peptide can coexist, dissociation occurs at different positions along 
the peptide backbone providing sequence information in the fragmentation spectrum. How-
ever, fragmentation generally occurs in a non-random fashion over the backbone because 
certain amino acids have an influence on the proton localization [22, 24, 25]. Furthermore, 
different fragmentation pathways give rise to, for example, a-ions or the neutral loss of wa-
ter or ammonia, and may compete with the backbone cleavages which give rise to additional 
ions and/or differences in ion intensity in the fragmentation spectrum. 

Neutral loss of the phosphate group from phosphorylated serine, threonine and tyrosine residues
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The phosphate group of a phosphopeptide is relatively labile providing a low energy path-
way that competes with backbone fragmentation. As a result, a CID spectrum of a phos-
phopeptide typically contains an intense neutral loss peak that resides at 98 Da or 80 Da 
lower than the precursor mass representing the loss of H3PO4 and HPO3 respectively (Figure 
2). Sometimes, the neutral loss peak dominates to such an extent that no other (sequence 
informative) ions can be observed. Loss of H3PO4 is dominant for serine phosphorylated 
peptides, for threonine it is present to a somewhat lesser extent. Phosphothreonine contain-
ing peptides might also exhibit a loss of  HPO3 [26]. Tyrosine phosphorylated peptides show 
a much lower extent of neutral loss, being typically exclusively HPO3 [27].

Neutral loss of H3PO4 from phosphorylated serine and threonine residues
Several mechanisms have been suggested for the loss of H3PO4 in CID. Generally, neutral 
loss of H3PO4 is assumed to be a β-elimination reaction [26, 27]. However, alternative theo-
ries exist that describe a charge directed E2-elimination reaction, or SN2-neighbouring group 
participation reactions, whereby an aziridine or an oxazoline ring is formed, respectively 
[28, 29]. The charge remote β-elimination reaction theory assumes a six-centered intermedi-
ate with cyclic rearrangement of three electron pairs [27]. Thereby, the hydrogen located 
at the α-carbon of the phosphorylated residue is transferred to the phosphate group, ulti-
mately resulting in the formation of dehydroalanine or dehydroaminobutyric acid depend-
ing on whether the phosphorylation was on a serine or a threonine residue, respectively 
(Scheme 1A). In the charge directed pathways, protonation of the phosphate group itself 

is associated with the neutral loss of H3PO4. The loss of H3PO4 from the single amino acid 
O-phosphoserine was explained by a nucleophilic attack of the β-carbon of the side chain 
by the N-terminus and was suggested to result in the formation of an aziridine structure 
(Scheme 1B) [28]. A dependence on the neighboring amine and leaving group was found, 
and this reaction might also occur for peptides rather than the studied single amino acid. In 
the E2-elimination reaction, the neighboring carbonyl oxygen abstracts the acidic hydrogen 

Scheme 1. Proposed neutral loss pathways. A) charge remote β-elimination. B-D) 
charge directed pathways. B) SN2-neighbouring group participation; C) E2-elimina-

tion; D) SN2-neighbouring group participation. Indicated in grey is the hydrogen that 
is abstracted by the leaving phosphoric acid
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on the α-carbon (Scheme 1C). Finally, the SN2-neighbouring group participation reaction is 
initiated by the protonation of the phosphate group via a protonated neighboring amino 
acid followed by the nucleophilic attack of the β-carbon on the side chain of the phospho-
rylated amino acid by the amide carbonyl group. This results in the formation of a cyclic, 
five-membered oxazoline structure (Scheme 1D). 
The charge-remote and charge-directed loss of H3PO4 are different in the origin of the hydro-
gen abstracted by the phosphate group. In the β-elimination reaction, the phosphate group 
abstracts the hydrogen from the α-carbon of the phosphorylated amino acid residue, while 
in the charge directed mechanism the hydrogen is the mobile proton. This origin of the 
hydrogen has been exploited to determine which mechanism dominates the neutral loss of 
H3PO4  by performing uniform and regioselective H/D exchange [27-29]. After H/D exchange 
of a phosphorylated peptide, all hydrogens except the backbone amide hydrogens are ex-
changed with deuterium atoms. If neutral loss of the phosphate group in CID results in a 
loss of 100 Da (HD2PO4) this would be indicative of a β-elimination reaction as the hydrogen 
then originates from the α-carbon. A loss of 101 Da (D3PO4) would be observed if a charge 
directed mechanism is responsible for the neutral loss. Interestingly, Tholey et al. [27], Reid 
et al. [28] and Palumbo et al. [29] performed similar H/D exchange experiments to determine 
the mechanism behind the neutral loss of the phosphate group, but drew opposite conclu-
sions. Tholey et al. observed a loss of HD2PO4 and concluded the mechanism behind neutral 
loss to be β-elimination [27]. Reid et al. and Palumbo et al. repeated the experiment, but 
detected a loss of D3PO4 and concluded a charge directed mechanism to underlie the neutral 
loss of H3PO4 in CID, which may be a more justified conclusion considering the quality and 
detail of their spectra [28, 29]. Regio-selective side chain deuteration labeling of a phospho-
serine containing peptide further confirmed their hypothesis and disproved β-elimination 
to be the dominant pathway in neutral loss [29]. Interestingly, MS3 analysis of the singly and 
doubly charged [M+nH-H3PO4]n+

 and [M+nH-H2DPO4]n+
 product ions revealed rather dif-

ferent fragment ions in the tandem mass spectra. This would suggest that the loss of H3PO4 
resulted in a peptide product exhibiting a different structure than the product formed after 
the loss of H2DPO4, implying that the charge directed and β-elimination reactions might 
be in competition, with the charge directed mechanism being the more abundant [29]. Ad-
ditional confirmation of a charge directed neighboring group underlying the neutral loss of 
the phosphate group was obtained by comparing side chain losses in MS3 spectra of neutral 
loss products of O-phosphoserine and several serine derivatives [28]. It appeared that in CID 
different neutral loss products arise from the [M+H-H3PO4]+ ion of phosphoserine compared 
to the [M+H]+ ion of dehydroalanine, while similar MS3 spectra were obtained for a fixed 
charge derivative where only neighboring group participation reactions are expected to oc-
cur. This also indicates that other reaction mechanisms besides β-elimination are in play 
[28]. Additional neutral losses of CH2O and CH3CHO that were observed in the MS3 spectra 
could only be explained by a SN2-neighbouring group participation reaction and ruled out 
the charge directed E2-elimination reaction [29]. In summary, the neutral loss mechanism 
of H3PO4 from phosphorylated serine and threonine residues seems to be dominated by a 
charge-directed mechanism. However, this may happen concordantly with, to a lesser ex-
tent, a β-elimination mechanism.

Neutral loss of HPO3 and H3PO4 from phosphorylated tyrosine residues
CID of tyrosine phosphorylated peptides on occasion results in the neutral loss of 80 Da 
which represents the loss of HPO3 [26]. H3PO4 cannot be lost from the phosphorylated tyro-
sine residue because the aromatic ring does not allow an E2-elimination or SN2-neighbour-



111

6

ing group participation reaction to occur. Furthermore, in the C-O-P structure of phospho-
rylated tyrosine, the C-O bond is stronger than the same bond of phosphorylated aliphatic 
amino acids due to stabilization by the aromatic ring [27]. The O-P bond is weaker and thus 
loss of HPO3 is preferred. The exact mechanism of the neutral loss of HPO3 from a phosphor-
ylated tyrosine has yet to be fully established, but the involvement of a basic moiety has been 
suggested [30-32]. A protonated tyrosine phosphorylated peptide without basic residues did 
not produce any neutral loss [31]. However, the sodiated version of the same peptide did 
produce a neutral loss and it was suggested that a cation-π interaction between the sodium 
ion and the phenyl group of the phosphotyrosine residue would underlie the neutral loss of 
the sodiated phosphopeptide [31]. A similar interaction of the arginine or lysine side-chain 
with the π-cloud of the phosphotyrosine phenyl ring under proton depleted conditions was 
proposed to facilitate the gas phase phosphate fragmentation [30]. In some instances, a loss 
of 98 Da rather than 80 Da is observed for tyrosine phosphorylated peptides [30]. This can 
be attributed to a simultaneous or consecutive loss of HPO3    from the phosphorylated tyro-
sine residue and H2O from another residue [27, 32]. An alternative theory was formulated, 
wherein the HPO3 group is transferred to an aspartic acid residue after which a cleavage of 
H3PO4 generates a succinimide [32].

Extent of neutral loss
The extent of neutral loss of H3PO4 and HPO3 from phosphorylated residues is dependent on 
several aspects including the chemical structure of the phosphorylated amino acid residue, 
the amino acid sequence, charge state of the precursor ion, proton mobility, the type of mass 
spectrometer and the applied collision energy. 
As discussed above, in CID, serine and threonine display mostly a loss of H3PO4. For phos-
phorylated threonine it has been suggested that it should exhibit slightly less neutral loss 
than serine [26, 27, 29]. This might be related to the steric hindrance of the β-methyl group 
in the side chain of threonine. Phosphorylated tyrosine shows the least neutral loss, but oc-
casionally a neutral loss of HPO3 can be observed as described above.
Precursor ion charge state and number of basic residues are interconnected characteristics 
in terms of the extent to which a neutral loss can be observed. Generally, with increasing 
charge, a phosphopeptide displays a reduced neutral loss [26, 27, 29, 33]. Furthermore, the 
extent of neutral loss seems to be dependent on the ratio of charge state versus number of ba-
sic amino acid residues (arginine, lysine, histidine)[29]. When the charge state is higher than 
the number of basic residues, less neutral loss is observed. Thus, when a ‘mobile proton’ is 
available, charge-directed backbone fragmentation can occur more easily and less fragments 
from the neutral loss fragmentation pathway are observed. In the case of no available mobile 
proton, the energy required for backbone cleavages is much higher and other pathways that 
do not require full deprotonation are energetically more favorable. One of these low-energy 
pathways is neutral loss, assisted by protonated arginine or lysine residues as participating 
SN2 neighboring group donating entities [29]. For example, in Figure 3A, the fragmentation 
spectra of two peptides at charge 2+ and 3+ are compared. Where in the spectrum of the 2+ 
precursor ion (one ‘mobile’ proton) the neutral loss peak is the dominant peak, in the spec-
trum of 3+ (two ‘mobile’ protons present) this peak is significantly reduced relative to other 
(backbone) fragment ions. 

Another parameter that determines the extent of neutral loss, is the amount of collision en-
ergy used in the CID experiment [34, 35]. Generally, ion trap mass spectrometers generate 
a higher level of neutral loss than ‘tandem in space’ collision cell mass spectrometers [36], 
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which can be explained by the difference in collision energy used and the timeframe allowed 
for fragmentation. The slow heating approach of CID applied in ion traps through resonant 
excitation will favor low-energy pathways such as neutral loss fragmentation when com-
pared to tandem in space instruments, where a higher level of internal energy is deposited 
much quicker. In Figure 4, fragmentation spectra are shown of two peptides analyzed by 
both an ion trap and a ‘tandem in space’ collision cell mass spectrometer. The neutral loss 
peak is less abundant in the collision cell MS spectra and more products of backbone cleav-
ages can be observed. 
Overall, differences in the extent of neutral loss can be explained by the above mentioned 
factors. However, it is still difficult to a priori determine the extent of neutral loss. 

Figure 3. The effect of precursor ion charge state on neutral loss. A higher extent 
of neutral loss can be observed in the CID spectra of doubly charged precursor ions 

(panel A and B) than in their triply charged counterparts (panel C and D). The 
neutral loss peak is highlighted in grey. A and C) GDVTAEEAAGApSPAK; B and 

D) EVSSLEGpSPPPCLGQEEAVCTK.
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Phosphosite localization
Determining the exact site of phosphorylation can be even more demanding than identifying 
the phosphopeptide itself. Almost 16% of the amino acids in the current full NCBI database 
(20082710) are serine, threonine or tyrosine. Therefore, the chance of a given peptide to con-
tain more than one possible phosphorylation is quite high. To confidently localize the site 
of phosphorylation requires specific diagnostic backbone fragments (also ‘site determining 
ions’) to be present [37]. To exemplify how to localize a phosphorylation site, in Figure 5A, a 
fragmentation spectrum of a tryptic peptide is shown and compared with the fragmentation 
spectrum of the phosphorylated analogue (Figure 5B). Seven potential phosphorylation sites 
are present in the sequence: Y3, S4, T6, S7, T10, T12 and T14. In figure 5B, fragment ions b3 to 

Figure 4. The effect of collision energy and activation time on the extent of 
neutral loss. CID spectra of the same phosphopeptides were obtained at low 

collision energy (<2 eV) and relatively long activation times (30ms) in a 
linear ion trap (A and C) and higher collision energy (38-39 eV) and shorter 
activation time (microsecond range) in a Q-TOF (B and D) with the neutral 
loss peak highlighted in grey. A,B) SVSSNVASVpSPIPAGSK; C,D) GGSIS-

VQVNSIKFDpSE.
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b9 have masses corresponding to the fragment ions that are unmodified indicating that these 
peptide fragments are not phosphorylated. Therefore, Y3, S4, T6 and S7 can be excluded 
as phosphorylation sites. Examining the C-terminal fragments, y3 to y6 also correspond to 
non-modified peptide sequences. This excludes T12 and T14 as possible phosphorylation 
sites and leaves T10 as the only option. This is further confirmed by b10-b15 and y7-y14 which 
originate from phosphorylation containing peptide fragments. Finally, also some fragments 
are observed that have lost the phosphate group that further confirm the phosphorylation 
site to be T10. Note, backbone fragment ions are present n two forms, i.e. with and without 
the phosphate group, which corresponds to +80 Da or -18 Da respectively compared to the 
unmodified peptide. One should be aware that a loss of -18 Da is not a positive identification 
of a loss of the phosphate group, since it can also correspond to the loss of water from an 
unmodified residue. The fragment ion with an intact phosphate is required for direct vali-
dation. It is possible to use a fragment with a neutral loss if all other amino acid candidates 
can be eliminated. In Figure 5C, a fragmentation spectrum of another phosphopeptide is 

Figure 5. Phosphorylation site localization. A) CID spectrum of a non-phosphorylated peptide compared with 
the CID spectrum of the phosphorylated counterpart (B). Indicated on the peptide sequence are the fragment ions 
that were found, including ions that lost 98 Da or were 80 Da heavier than in the non-phosphorylated peptide. 

Highlighted in dark grey are the site determining ions and the corresponding peaks in the spectrum. In light grey 
are indicated fragment ions that confirm the site localization C) A CID spectrum of a phosphopeptide of which 

the exact site of phosphorylation could not unambiguously be determined. In light grey are highlighted fragment 
ions that indicate that the phosphorylation is on either S7 or S8.
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depicted. Six possible phosphorylation sites are present on this peptide, one tyrosine and 
five serine residues. Fragment ions y6-y9 suggest that the phosphorylation site is on the S6, 
S7 or S8. Ions b2-b6 exclude Y1, S3, S4 and S6 to be phosphorylated. Yet, two options exist of 
residues that might be phosphorylated: S7 and S8. However, no site-determining ions exist 
that resolve the final ambiguity. 
Recently, it was shown that under conditions of low proton mobility, i.e. when neutral loss 
is highest, phosphorylated serine and threonine-containing peptides that also contain an ar-
ginine might induce a charge-remote cleavage pathway that results in an increased intensity 
of the y-ion C-terminal of the phosphorylated residue [38]. This might be used as additional 
information to pinpoint the site of phosphorylation. 
Several software tools and scoring schemes have been developed to automatically process 
fragmentation spectra of phosphorylated peptides and localize the site of modification. An 
often used and rather straightforward scoring system is the “delta score”. A Mascot or Se-
quest score is calculated for all different possible localizations of the phosphorylation on 
the phosphopeptide. The localization with the highest score is the most likely candidate 
because the most fragment ions could be matched to this form of the peptide. The difference 
between the highest and the second highest gives an indication of the level of ambiguity in 
the phosphosite localization. The larger the difference, the more confident one can be in the 
localization of the highest score. In the example of Figure 5B, the peptide with phosphoryla-
tion at T10 obtained a Mascot score of 66, while the peptide with the second highest score, 
54, had the phosphorylation at S7. In this example the difference –or delta score – would be 
12. The Mascot score is given as S = -10* log(P) whereby P is the absolute probability that the 
returned hit is a random event. The phosphopeptide isoform with a score of 54 is therefore 
16.6 times more likely a random hit than the one with the score of 66. In the second example, 
Figure 5C,  the peptide with phosphorylation at S8 obtained a Mascot score of 35, while the 
peptide with phosphorylation at S7 scored 34. The delta score of only 1 is too low to confi-
dently place the phosphorylation site on S8. In that case, the ambiguity of the phosphoryla-
tion site remains. 
The post translational modification (PTM) scoring tool that is implemented in the MSQuant 
software [39, 40] is based on an algorithm that uses the four most intense ions per 100 m/z in 
an MS2 or MS3 spectrum. Theoretical spectra of all possible phosphorylation sites are then 
matched and the highest scoring option is reported. Ascore [37] is a variation on PTM scor-
ing and is based on the presence and intensity of site-determining ions. A probability score 
is calculated of the phosphorylation localization by using these ions, whereby a score of 19 
is considered highly confident. Several other scoring methods exist, some also incorporate 
MS4 [41] or ECD/ETD spectra [42]. While these scoring tools are helpful in the processing 
of large scale phosphoproteomics datasets, they are probability-based algorithms that still 
have difficulties with peptides whereby multiple serine, threonine or tyrosine residues are 
close or next to each other. As in these instances only one b- and y-ion can determine the 
exact phosphorylation sites, localization scores are low and random matching chances may 
be high. Especially when spectra are noisy or when backbone fragments have to be found 
within the low intensity peaks, probabilities get low and erroneous assignment of site locali-
zation can occur. 
Next to the fact that too little backbone fragmentation might make confident localization 
of phosphorylation difficult, a more serious effect might interfere with the correct localiza-
tion. Palumbo et al. recently provided evidence that in the gas phase during tandem MS, the 
phosphate group might be rearranged and transferred prior to fragmentation to another 
serine, threonine or tyrosine residue present in the precursor peptide [43]. It has been sug-
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gested before that rearrangement of a phosphomoiety might underlie the loss of H3PO4 from 
a tyrosine phosphorylated peptide [26, 32]. The phosphate group rearrangement was clearly 
displayed in a recent paper wherein synthetic phosphopeptides with known serine, threo-
nine and tyrosine phosphorylation sites were subjected to and analyzed by tandem MS [43]. 
Of the spectra of the studied phosphopeptides, 45% exhibited ions that were the product of 
transfer reactions of the phosphate group. A protonated arginine was suggested to facilitate 
the transfer of the phosphate group from the original site of phosphorylation to another hy-
droxyl containing amino acid along the peptide backbone (Scheme 2) [43]. This was found to 
occur particularly under partial and non-mobile proton conditions, i.e. the conditions under 
which neutral loss of the phosphate group is most predominant. It was noted that this effect 
was dependent on the CID activation time. While at the shortest activation time (2 ms) in 
an ion trap mass spectrometer still rearrangement products ions were observed, in a triple 
quadrupole mass spectrometer -where the activation time is in the microsecond range- no 
evidence for these rearrangements were found. This effect can only be studied when the 
phosphorylation sites are known a priori. The extent of rearrangement cannot be established 
when studying larger phosphopeptide datasets of which the phosphorylation sites are still 
to be determined. Yet, these rearrangement effects might explain some of the contradictory 
phosphosite assignments. 

MS3
 and multistage activation

A method to obtain more sequence information from peptides that show extensive neutral 
loss in their CID spectra, is the use of a second step of activation. By activating the ion pro-
duced by the neutral loss, peptide backbone fragments can be obtained that do reveal the 
amino acid sequence. In such an MS3 experiment, which is generally performed in an ion 
trap mass spectrometer, first a survey scan is performed to determine the precursor masses 
and charge states (MS). The trap is then refilled and a precursor ion isolated for fragmenta-
tion (MS/MS, or MS2) which may result in a spectrum with a dominant neutral loss peak 
(Figure 6A). In the third step, the trap is refilled, the precursor ion is isolated, activated and 
fragmentated followed by the isolation of the neutral loss fragment ion for a second step of 
activation and fragmentation (MS/MS/MS, or MS3). As the low-energy pathway of neutral 
loss of the phosphate group is not available anymore, more backbone fragmentation occurs, 
which results in relatively more sequence-informative fragments (Figure 6B). The formerly 
phosphorylated serine residue can now be recognized as having lost 18 Da (-H2O), although 
some speculation remains as to the exact structure of the amino acid [29]. MS3 is normally 
performed in a data-dependent manner in which the third step of MS is trigged by the pres-
ence of an intense peak at the m/z of a neutral loss, which is calculated on the basis of the 
precursor ion mass and charge state (e.g. [M+2H]2+-49, [M+3H]3+-32.6, etc.). Data dependent 
neutral loss triggered MS3 has been performed in several large-scale phosphoproteomics 
studies [7, 16, 39, 44-46] (and many more). Information from both MS2 and MS3 spectra can 

Scheme 2. Proposed mechanism for the gas phase phosphate group rearrangement from phosphothreonine to 
serine. Based on Palumbo et al. [43].
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be combined to determine the amino acid sequence of the analyzed peptide either as com-
bined or separate spectra [47, 48]. 

The repetition of MS2 in order to perform an MS3 experiment increases the analysis time per 
peptide considerably. To reduce the duty cycle and not to be confronted with contradictory 
sequences from MS2 and MS3 [47]. the MS2 and MS3 step can be combined in a ‘pseudo-MS3’ 
or ‘multistage activation’  (MSA) type of analysis [49]. Herein, a precursor ion selected after 
the first MS analysis is activated at its m/z, followed by an additional activation at the m/z 
where theoretically the neutral loss ion should reside, while all the other fragments are still 
trapped in the ion trap. In Figure 6C, an MSA spectrum of a phosphopeptide is shown and 

Figure 6. Multiple stage fragmentation. A) MS/MS of doubly charged phosphopeptide YKVPQLEIVP-
NpSAEER. B) MS3 of the [M+2H-98]2+ from (A) (Note in the MSA spectrum all b-98 and y-98 are annotated as 

b and y). C) MSA of the same phosphopeptide with additional activation aimed at [M+2H-98]2+.
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compared with the MS2 and MS3. The strong neutral loss peak from the MS2 is missing in the 
MSA as the ion was further fragmented. Therefore, the (relative) intensity of sequence in-
formative fragments is much increased. Normal b- and y-ions are formed, which are found 
at the same m/z as in the corresponding MS2 spectrum. However, also b-98-ions and y-98-
ions are present. These are the fragments of the neutral loss ion and are the same as the 
b- and y-ions found in the MS3. Hence, an MSA spectrum can basically be regarded as a 
composite spectrum of the MS2 and MS3. Compared to an MSA spectrum, an MS3 spectrum 
is generally of lower quality as the production of the neutral loss from the precursor ion is 
complemented by partial fragmentation, so the MS3 will be constructed from a lower ion 
count [33]. MSA is most suited for samples that are rich in phosphopeptides. As no neutral 
loss triggering is performed, the additional time of activation might be wasted in the case 
of non-phosphorylated peptides where no neutral loss peak at [M+nH-98]n+ is present. MSA 
has shown its usefulness in a number of large-scale studies [33, 39, 50].

Several studies have described the pros and cons of performing MS3 or MSA. Slightly differ-
ent conclusions have been drawn regarding the effect of additional MS steps in the analy-
sis of phosphopeptides. Initially, large benefits of MS3 were reported whereby 43-56% of 
phosphopeptides could only be identified after performing MS3 [44, 51]. Later, other work  
reported much smaller increases in the number of identified phosphopeptides by using MS3 
[37, 47]. A great redundancy in MS2 and MS3 data was shown wherein 82% of the phos-
phosites identified with MS3 were already identified by MS2 [37]. A few large scale phospho-
rylation studies have directly compared MS2, MS3 and MSA approaches [33, 50]. Large over-
laps of phosphopeptides were found between MS2, MS3 and MSA in these high-throughput 
approaches. However, also some unique sets of peptides were identified for each of the 
approaches. For example, MS3 and MSA identified more multiply phosphorylated peptides 
[50]. In this respect it is interesting to look at another study where a sample was reanalyzed 
by MSA with an inclusion list of all the precursor ions that showed a large neutral loss, 
but could not be identified by MS3 [52]. An additional 107 out of a final total of 1628 phos-
phosites were identified in this way, showing that MSA is not exactly identical to MS2 and 
MS3 combined and a different subset of phosphopeptides may be identified. Ulintz et al. 
found MSA to perform slightly better than MS3 and MS2

 [50], while Villén et al. found MS2 to 
outperform MSA and MS3 [33]. This discrepancy might be related to difference in MS set-up. 
Villén et al. used shorter LC-MS runs with relatively short ion accumulation times for MS2 
[33]. Any increase in the MS duty cycle because of the additional activation in MS3 or MSA 
would have a stronger negative impact on the overall performance. Interestingly, in compar-
ing the statistics of ion types found in MS2, MS3 and MSA spectra surprisingly few differ-
ences were found [50]. As expected, the MS3 spectra contain more neutral loss fragment ions 
and fewer backbone cleavage fragment ions than MS2 spectra. Based on ion statistics, MSA 
appears merely an MS2 spectrum with the neutral loss peak removed rather than a combined 
MS2 and MS3 spectrum.
Also, the effect of MS3 and MSA on phosphorylation localization was found to be limited 
[33, 50]. Basically, peptides that generate sequence-rich MS3 or MSA spectra, i.e. spectra that 
can be used to localize the phosphosite, already generate sequence-rich MS2 spectra, and 
in quite a few cases, the phosphosite could only be localized from the MS2 spectrum and 
not from the MS3 [33]. A perturbing observation concerning the phosphosite localization by 
multiple fragmentation stages, next to the above discussed rearrangement of the phosphate 
group, was that an apparent neutral loss of H3PO4 might actually be a simultaneous loss of 
HPO3 from the phosphorylated residue and H2O from another serine or threonine residue 
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[43]. In an MS3 spectrum, normally the phosphorylation site is localized by determining the 
serine or threonine residue with -18 Da (i.e. -H2O). If, however, H2O is lost from another, non-
phosphorylated serine or threonine residue, this might be assigned as the formerly phos-
phorylated site and while incorrect still get a high localization score [43]. 
Overall, it seems the additional effect of MS3 and MSA is not very significant in large-scale 
phosphorylation analyses wherein high mass accuracy MS instrumentation is used in a 
high-throughput manner. Basically, although neutral loss ions may dominate the tandem 
mass spectra, the capacity of these ion traps is sufficient to still detect ion peaks diagnos-
tic for peptide sequence determination as well as phosphosite localization. In these high-
throughput approaches one normally strives to the highest achievable number of sequenc-
ing events. The extra time spent on additional fragmentation in MS3 and MSA will decrease 
the number of sequencing attempts and this unconstructive effect might not be sufficiently 
compensated for by the additional information generated by MS3 and MSA. Furthermore, 
the benefit of MS3 and MSA is dependent on the experimental approach. For example, MS3 
and MSA can often still be useful when there is sufficient sequencing time, no limit in sample 
consisting solely of phosphopeptides. In such cases, MS3 and MSA could be used to obtain 
sequence information of phosphopeptides that could not be identified in MS2. 

Phosphopeptide derivatization
To overcome the ionization issues of phosphopeptides in positive ion mode MS and the 
domination of neutral loss in CID, which are both associated with the nature of the phos-
phate group of a phosphorylated peptide, several derivatization and dephosphorylation ap-
proaches have been proposed and assessed to remove the negative charge of the phosphate 
group [5, 6, 53-58]. Dephosphorylation of the phosphopeptide by alkaline phosphatase 
can potentially solve both of the issues of neutral loss and poor ionization [57]. Recently, a 
number of groups have evaluated the efficacy of this approach where it was confirmed that 
after removal of the phosphorylation a higher signal intensity is observed in MS, particular-
ly for multiply phosphorylated peptides [5, 6]. In contrast, Steen et al. saw no increased MS 
signal intensity of non-phosphorylated peptides compared to their phosphorylated coun-
terpart [59]. However, the synthetic phosphopeptides used in this study were mostly rather 
atypical, non-tryptic peptides containing several basic residues. To identify phosphopep-
tides after dephosphorylation, a sample can be run in parallel with and without phosphatase 
treatment and the dephosphorylated peptide can be recognized by its appearance 80 Da 
lower than the disappearance of another peptide [5, 6]. The sequence of non-phosphorylated 
peptide would be relatively easy to determine since the fragmentation spectrum will not be 
dominated by a neutral loss peak. However, the greatest downside of this approach is that 
it will be impossible to obtain the specific site of phosphorylation when more than one pos-
sible phosphosite is present in the peptide sequence [6]. 
Another way to remove the phosphate group is by in-solution β-elimination [53, 54, 56, 60-
63]. Exposing a phosphopeptide to highly alkaline conditions results in the β-elimination of 
the phosphate group which leaves a reactive dehydroamino acid that can react with a nucle-
ophile in a Michael addition reaction [54, 56]. This, in turn, might be linked to an immobiliz-
ing agent for enrichment of the modified phosphopeptides [54, 60-63]. This has also been 
done in a one step process whereby the phosphorylated serine and threonine residues were 
chemically transformed into lysine analogs to allow phosphospecific proteolysis [62]. While 
neutral loss is abolished in these approaches, the site of original phosphorylation can still be 
recognized and localized. Using different isotopomers of the nucleophile in the Michael ad-
dition reaction step enables MS based quantification of the modified phosphopeptides [61]. 
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However, the β-elimination reaction requires precise quantities of reactant to minimize side 
reactions [54]. Furthermore, the β-elimination reaction of phosphorylated threonine is much 
slower than for phosphorylated serine and phosphorylated tyrosine is left untouched [54]. 
Finally, it was demonstrated that also O-glycosylated serine and threonine residues [63, 64] 
and even the hydroxylgroups of non-phosphorylated serine and threonine can be modified 
in this β-elimination and Michael addition reaction, and therefore, impair the determination 
and localization of phosphorylation events [60, 65]. 

Phosphorylation analysis by targeted instrumental scan modes
Several other mass spectrometric approaches have been developed for a more targeted 
phosphorylation analysis using specific MS scanning modes. For example, neutral loss ion 
scanning on a triple quadrupole mass spectrometer can be used to detect the loss of the 
phosphate group from phosphopeptides [27, 34]. In such a set-up, Q1 is used to scan the 
whole mass range. Q2 is used as a collision cell, while Q3 is set to scan at [M+nH-98]n+ to de-
tect phosphopeptides that lose the phosphate group [66]. In another approach, precursor ion 
scanning was performed in the negative ion mode to detect the loss of m/z 97 (H2PO4

-) or the 
more phosphorylation specific loss of m/z 79 (PO3

-) and/or 63 (PO2
-) at higher collision ener-

gies [67-69]. By using the loss of PO3
- tyrosine phosphorylated peptides can also be detected. 

The mass spectrometer can then be switched to positive ion mode to perform CID on only 
the peptide precursors that showed the loss that was scanned for [68, 70]. To analyze tyro-
sine phosphorylated peptides in positive ion mode a pseudo precursor ion scanning method 
can be used, where the time-of-flight (TOF) part of a quadrupole (Q)-TOF mass spectrometer 
can be set to ‘scan’ the immonium ion of phosphorylated tyrosine at m/z 216.043 [71, 72]. In 
general, however, the scan times for these ion scanning methods limit the use in online LC-
MS. 
The mass defect, i.e. the difference between the nominal and actual mass, of 31P is greater 
than for most of the other atoms present in a peptide. The addition of HPO3 to a peptide 
shifts the mass defect by -0.0337 amu, while the mass defects of 1H, 14N and 16O are only 
0.0078, 0.0031 and  -0.0051 amu, respectively [73]. On the basis of purely the accurate mass, 
this mass defect can be used to predict whether a precursor ion is a phosphorylated or a non-
phosphorylated peptide. With a measurement error of up to 20 ppm, 16.5-40.5% of known 
phosphopeptides could theoretically be identified as likely phosphorylated [73]. Implemen-
tation of knowledge on these mass defects in LC-MS approaches might involve targeted MS/
MS sequencing of precursor ions that are likely phosphorylated.

ELECTRON-DRIVEN DISSOCIATION METHODS
As discussed above, fragmentation of phosphopeptides by CID is often dominated by 
neutral losses which can seriously hamper identification and phosphosite determination. 
Recently, novel electron based dissociation methods have been introduced that leave post 
translational modifications such as phosphorylation and glycosylation intact during frag-
mentation [74, 75]. In ECD, precursor ions are bombarded with near-thermal electrons (<0.2 
eV). The capture of an electron by the peptide ion is an exothermic process which charge-
reduces the peptide into a radical cation [76]. The basicity of the amide carbonyl oxygen 
is thereby increased such that it can abstract a proton from an amino acid residue in the 
peptide sequence. Very low energy barriers have been calculated for the dissociation of the 
N-Cα bond in the aminoketyl radical that is formed (Scheme 3)[76]. This results in the gener-
ation of c- and z-dot ions and, in much lower abundance, c-dot and z-ions, when a hydrogen 
is transferred. The presence of a radical makes this fragmentation very specific for the N-Ca 
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bond and little secondary loss of termini and sidechains occur [74]. Only amine cleavages 
within proline residues are rarely observed, as this would require the cleavage of a second 
bond in the cyclic side chain [77]. It should be noted that ECD mechanisms are constantly be-
ing refined [74, 76, 78-80]. In Figure 7, an example of an ECD spectrum of a phosphopeptide 
is displayed. Compared to a CID spectrum of a phosphopeptide, it is predominantly made 
up of backbone fragments and no neutral loss can be observed. ECD is mostly performed 
on Fourier transform ion cyclotron resonance (FTICR) instruments, although some attempts 
have been made to implement ECD in modified ion traps [81-84]. An ion trap is required 
for ECD as the electron capture process by the precursor ion usually requires several milli-
seconds [85], which is longer than the residence time in a tandem in space collision cell. The 
means of trapping the ions for ECD are often based on a combination of magnetic and elec-
tric fields (FTICR) rather than radiofrequency (rf, other ion traps). The highest ECD efficien-
cy is obtained with near-thermal electrons (<0.2 eV). In rf traps, however, electrons would 
maintain their thermal energy for only a few microseconds and, more importantly, will not 
be trapped [75, 86]. The electron capture cross section is proportional to the square of the ion 
charge [86], making ECD best suited for multiply charged ions generated by electrospray 

Scheme 3. Proposed ECD/ETD fragmentation 
mechanism of phosphorylated peptides. Based on 

Syka et al. [75].
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ionization (ESI). However, only after electron production was changed from a conventional 
heated filament source, whereby the ion irradiation step took 3-30 secs [87], to an indirectly 
heated dispenser cathode, whereby the ion irradiation step takes a few milliseconds [85] 
could ECD be successfully coupled to online LC separation. Most studies have focused on 
digests of model proteins or simple protein mixtures and found better sequence coverage 
and more phosphopeptides compared to CID [88-92]. 

Up to now, the only large scale phosphoproteomics study using ECD acquired paired CID 
and ECD spectra by neutral loss dependent ECD [92]. Fifty percent of the phosphopeptides 
that were identified with the paired approach were identified with both CID and ECD, 34% 
was identified with CID alone and only 13% was identified with ECD alone, even though 
the ECD spectra were acquired in the high mass resolution FTICR cell and the CID spectra 
in a linear ion trap. The poorer performance of ECD might be explained by the analyzed 
peptides being trypsin products that are generally doubly charged after ESI. These peptides 
do fragment well in CID, but are suboptimal for ECD [86]. It has even been suggested that 
salt bridges might be formed between a protonated amide side chain and the deprotonated 
phosphogroup [93]. This will hold the two ECD fragments together at lower charge states 
and will only be broken by coulombic forces concurrent with higher charge states or at in-
creased ECD electron energies. For phosphorylation-localization purposes ECD, however, 
outperformed CID thanks to the better fragmentation, higher mass accuracy of the FTICR 
and the lower background noise [92]. Next to the requirement of an (expensive) FTICR in-

Figure 7. A) ECD and B) ETD spectra of the same phosphopeptide. Indicated on the peptide 
sequence are the ions that were detected. The spectra are largely similar. The ECD spectrum was 

kindly provided by Dr. Helen J. Cooper and Dr. Steve M.M. Sweet.
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strument, ECD still suffers from the low efficiency for peptide fragmentation of only 20-50% 
[74] and the need for 80 times more ions than CID which increases the duty cycle [92].

Electron based dissociation was made available for rf based ion trap mass spectrometers by 
using a different source of electrons, radical anions, and the fragmentation method is termed 
ETD [75]. ETD was first implemented on a modified quadrupole linear ion trap [75, 94], but 
has recently been made available for the high mass accuracy and resolution Orbitrap and 
Q-TOF instruments [95-97]. There is evidence that the fragmentation mechanism of ETD 
is similar to ECD, although thermodynamically an extra barrier of an electron leaving the 
radical anion is present [98, 99]. Cleavage also occurs at the N-Cα bond which generates 
c- and z-dot ions. In Figure 7B, an ETD spectrum is shown of the same phosphopeptides 
used to generate the ECD spectrum. The spectra are largely similar with c- an z- ions and 
no neutral loss. Radical anions generally used are anthracene [75], fluoranthene [100] and 
azobenzene [101] as they have a low enough electron affinity to pass the electron efficiently 
on to the precursor peptide ion. ETD has the same advantages as ECD for phosphopeptide 
sequencing: primarily backbone cleavages and no loss of labile modifications [75], but now 
with the additional advantage of being available on less cost prohibitive MS instruments. 
The ion trap is modified to trap both positively charged peptide ions and negatively charged 
radical anions. This is typically performed by confining the different ion species in separate 
segments on either side of the ion trap before ion-ion reactions are allowed to occur [75]. 
Similar to ECD, ETD is more efficient for higher-charged peptides, typically ≥3+ [102-106]. 
More precisely, the efficiency of ETD is improved by an increasing ratio of charge over 
number of amino acid residues, i.e. increasing peptide charge density [104]. At a lower 
charge density, which is the case in for example doubly charged tryptic peptides, non-cov-
alent interactions within the peptide might result in electron transfer (ET) without dissocia-
tion. To overcome these interactions several approaches have been suggested. One way is to 
increase the charge state of peptide ions by charging them with for example m-nitrobenzyl 
alcohol that is added to the LC-MS eluents [99]. This solvent additive improves the electro-
spray ionization such that the charge density on the ionized peptides is increased. This im-
proved the ETD fragmentation efficiency which was reflected in increased database scores. 
In another approach, using elevated bath gas temperatures, the sequence coverage of me-
dium and large peptides was shown to increase [107]. It, however, requires modification of 
the mass spectrometer and increases the detector noise [107, 108]. One other way to improve 
fragmentation of doubly charged peptides and implemented in many current days ETD in-
struments is Electron Transfer with Collisionally Activated Dissociation (ETcaD)[103]. After 
ET, the product ion is dissociated via collisional activation at the m/z of the [M+nH]n+•. As 
the radical containing product ions are rather labile a lower energy is required for their dis-
sociation than for typical CID. For fragmentation of doubly charged phosphopeptides this 
additional collision-based fragmentation might be useful. However, it might actually also 
result in the re-introduction of neutral loss of the phosphate group [103]. In a variation to 
ETcaD, in charge-reduced CID (CRCID), a charged reduced ET product is isolated and then 
fragmented to acquire cleaner and easier-to-interpret spectra [109].
Molina et al. [102] compared CID and ETD for the analysis of phosphopeptides and identi-
fied 70% more Lys-C phosphopeptides by ETD than CID with a 15% overlap. In a second 
study, however, 50% more non-modified tryptic peptides were identified with CID [110]. 
Both studies agreed in the advantage of ETD for sequence coverage, approximately 20% 
more peptide sequence was covered by ETD than CID, and the degree of complementarity, 
as the overlap of peptides identified with ETD and CID is relatively low [102, 110]. A simi-
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larly small overlap was observed by Good et al. [104] which triggered them to compare the 
characteristics of the peptides that were identified with CID or ETD and use these charac-
teristics in a decision-tree-based data-dependent MS approach whereby either CID or ETD 
was used for sequencing [105]. CID was shown to outperform ETD in the fragmentation of 
peptides with a charge state of 2+, and for peptides at higher m/z [105]. Less than 1% of the 
peptides identified with ETD were charge state 2+ [104] which is in sharp contrast with Mo-
lina et al. [110] where approximately half of the identified peptides with ETD were 2+. This 
is probably related to the different instrumentation and, more importantly, the use of ETcaD 
by Molina et al. [110].
Overall, ETD shows to be highly dependent on the charge state and the charge density [102-
106]. As trypsin generally produces 2+ peptides, several alternative proteases have been 
used in ETD analysis including Lys-C, Glu-C, chymotrypsin and Lys-N [95, 100, 102, 104, 
109, 111-113]. As lysine and arginine are similarly abundant, a large proportion of peptides 
generated by Lys-C would theoretically be 3+ and would therefore be excellent targets for 
ETD analysis. However, no increase in number of identified phosphopeptides was found 
between tryptic and Lys-C peptides [102]. This is probably related to the fact that next to 
the charge state, also the average length of a Lys-C peptide is increased compared to trypsin 
[100], so the peptide charge density is actually decreased. Furthermore, in practice, Lys-C 
products might not be so different from trypsin products. Trypsin was shown to cleave less 
specific close to phosphorylated residues as tryptic phosphopeptides turned out to have ap-
proximately four times more missed cleavages than normal peptides from the same digest 
[102]. Therefore, phosphopeptides already contain on average more than two charges. In the 
same study, Glu-C, which cleaves C-terminal of glutamic and, to a smaller extent, aspartic 
acid residues, was also tested for proteolysis as it would potentially generate peptides with 
a length in between tryptic and Lys-C peptides that might carry more charges [102]. How-
ever, the poor efficiency and specificity of the enzyme resulted in a dramatic decrease in the 
number of identifications. Finally, Lys-N, which is an enzyme that cleaves N-terminal of 
lysine residues [114], should produce peptides that are similar to Lys-C [112], only the posi-
tion of the lysine residue would be different. This position of lysine showed to have a major 
impact on the fragmentation behavior in both CID [115] and ETcaD [112]. In Lys-N peptides, 
the basicity is concentrated at the N-terminus which affects the protonation after fragmenta-
tion. In the case of a doubly charged peptide,  ET will charge-reduce the precursor ion such 
that after fragmentation one proton is available. This proton will be heavily drawn towards 

Figure 8 ETcaD spectrum of a phosphorylated Lys-N peptide. A clear and straightforward fragmentation spec-
trum allows ladder sequencing of the peptide sequence and unambiguously localizes the phosphorylation at S7.
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the N-terminal fragment. ETcaD of doubly charged Lys-N therefore results in mass spectra 
that are dominated by N-terminal fragments and are largely simplified. The peptide se-
quence is thereby very easy to read  from the spectrum and as generally almost full ion series 
are available, the exact site of phosphorylation can be readily determined (Figure 8) [112].

MS INSTRUMENTATION FOR LARGE SCALE PHOSPHORYLATION ANALYSIS 
Special attention should be paid to the selection of an appropriate MS platform for large-
scale phosphorylation analyses. Here, it is essential that phosphopeptides can be identified 
and the phosphorylation sites localized in an automated high-throughput, albeit confident, 
fashion as typically thousands of phosphopeptides are analyzed in parallel. An ideal mass 
spectrometer for large scale phosphopeptide analysis would (1) enable high resolution and 
mass accuracy analysis, (2) detect peptides over a wide dynamic range, (3) pose no restraints 
to the peptide sequence, (4) perform several tandem MS experiments per second, (5) gener-
ate little to no neutral loss, and (6) provide enough sequence-informative fragments to iden-
tify the phosphopeptides and localize sites of phosphorylation. 
Matrix-assisted laser desorption/ionization (MALDI) based MS platforms have been suc-
cessfully used for phosphopeptide analyses [13, 30, 116-119]. It has been shown that the 
response of phosphopeptides in MALDI-MS and the extent of neutral loss of the phosphate 
group during post source decay can be adjusted by changing the matrix and using additives 
such as phosphoric acid [120, 121]. An advantage of MALDI over ESI is the option to reana-
lyze samples. However, MALDI generates primarily singly charged peptide ions that thus 
have a low proton mobility in CID and therefore might show extensive neutral loss of the 
phosphate group. Furthermore, it takes relatively long to accumulate MALDI-CID spectra 
and therefore MALDI based MS instruments might not be well suited for high-throughput 
applications. 
Therefore, nowadays most reported high-throughput phosphoproteomics experiments have 
used ESI-based platforms. ESI typically generates multiply charged peptide ions and espe-
cially its higher sensitivity when hyphenated to nano-LC has made ESI the routine ioniza-
tion technique for phosphopeptide analysis. The drawback encountered by using an ion trap 
and CID, i.e. neutral loss-dominated spectra, might be somewhat overcome by implement-
ing additional fragmentation in MS3 or MSA approaches. However, as described above this 
comes at the expense of the number of peptides that can be sequenced as the duty cycle is in-
creased (Figure 9). Tandem in space collision cell type of mass spectrometers such as Q-TOF 
instruments are nowadays capable of performing up to, theoretically, 10 MS/MS per second. 
Together with the adequate mass accuracy and resolution in both MS and MS/MS associated 
with TOF instruments and a reduced neutral loss and phosphate group rearrangement com-
pared to ion trap mass spectrometers, the new generation Q-TOFs might become interesting 
tools for large-scale phosphoproteomics analyses. ECD and ETD of phosphopeptides do not 
result in neutral loss-dominated spectra and generate sequence-informative data. However, 
ECD still requires a long ion accumulation time (Figure 9) and both ETD and ECD are fas-
tidious as to the charge state and charge density of the peptide. The phosphopeptides that 
are most efficiently fragmented in ECD and ETD have a high charge density. Ironically, these 
are phosphopeptides that in CID show less neutral loss. Nonetheless, the advent of Orbit-
rap and Q-TOF ETD instrumentation, allows high mass accuracy and resolution data to be 
generated. Using the m/z and precursor ion charge states the most efficient fragmentation 
method for that peptide -CID or ETD- can be selected to optimally sequence the contents of 
a sample. Thereby, ETD can be used as a complementary rather than a replacement MS/MS 
method for phosphopeptide analysis to increase the phosphoproteomic coverage.
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CONCLUSIONS
In this review, the fragmentation and analysis of phosphorylated peptide ions by mass spec-
trometry has been addressed. The instability of the phosphate group in MS warrants spe-
cial attention and adapted MS approaches for the analysis of phosphopeptides. Although 
many attempts have been made to improve the analysis of phosphopeptides, clearly, a ful-
ly flawless MS technique for phosphorylation analysis does not exist (yet). Currently, the 
choice of mass spectrometer and MS strategy is dependent on whether quantity or quality 
of phosphopeptide identification is important; whether the ultimate aim is to identify as 
many phosphosites as possible, to localize phosphorylation sites with the highest confidence 
possible or to specifically target only a few phosphorylation events. This determines how 
the sample should be prepared, which protease should be selected, whether phosphopep-
tide enrichment should be performed or additional dimensions of LC separation should be 
implemented. And also, it determines which LC-MS approach should be chosen and how 
much time should be allowed for both LC separation and ion accumulation in the mass spec-
trometer, and whether additional fragmentation should be performed. Importantly, not only 
the analytical choices control the outcome of the study. Also, the bioinformatic processing 
of the MS data determines the results. For example, MS2 and MS3 spectra can be combined 
or searched separately [47]. Furthermore, some database search engines appear to be more 
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suited for ETD or CID and also for phosphorylation search engines seem to perform differ-
ently [48]. Further development of hybrid MS systems such as the Orbitrap-ETD and Q-TOF 
ETD that combine high-accuracy mass measurements with a choice of CID with or without 
additional fragmentation and ETD will certainly aid the progression of phosphorylation 
analysis by MS and may provide the researcher an ‘all-in-one’ system for both high-through-
put and targeted analysis.
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SUMMARY
Several mass spectrometry based assays have emerged for the quantitative pro-
filing of cellular tyrosine phosphorylation. Ideally, these methods should reveal 
the exact sites of tyrosine phosphorylation, be quantitative and not cost-prohib-
itive. The latter is often an issue as typically several milligrams of (stable iso-
tope labeled) starting protein material is required to enable the detection of low 
abundant phosphotyrosine peptides. Here, we adopted and refined a peptide 
centric immuno-affinity purification approach for the quantitative analysis of 
tyrosine phosphorylation by combining it with a cost-effective stable isotope 
dimethyl labeling method. 
We were able to identify by mass spectrometry, using just two LC-MS/MS runs, 
more than 1100 unique non-redundant phosphopeptides in HeLa cells from 
about 4 mg of starting material without requiring any further affinity enrich-
ment as close to 80% of the identified peptides were tyrosine phosphorylated 
peptides. Stable isotope dimethyl labeling could be incorporated prior to the 
immuno-affinity purification, even for the used large quantities (mg) of peptide 
material, enabling the quantification of differences in tyrosine phosphorylation 
upon pervanadate treatment or EGF stimulation. Analysis of the EGF-stimulated 
HeLa cells, a frequently used model system for tyrosine phosphorylation, result-
ed in the quantification of 73 regulated unique phosphotyrosine peptides. The 
quantitative data was found to be exceptionally consistent with the literature, 
evidencing that such a targeted quantitative phosphoproteomics approach can 
provide reproducible results. In general, the combination of immuno-affinity 
purification of tyrosine phosphorylated peptides with large scale stable isotope 
dimethyl labeling provides a cost-effective approach that can alleviate variation 
in sample preparation and analysis as samples can be combined early on. Using 
this approach a rather complete qualitative and quantitative picture of tyrosine 
phosphorylation signaling events can be generated.
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INTRODUCTION
Reversible tyrosine phosphorylation plays an important role in numerous cellular processes 
like growth, differentiation and migration. Phosphotyrosine signaling is tightly controlled 
by the balanced action of protein tyrosine kinases (PTKs) and protein tyrosine phosphatases. 
Aberrant tyrosine phosphorylation has been suggested to be an underlying course in mul-
tiple cancers [1]. Therefore, the identification of tyrosine phosphorylated proteins and the 
investigation into their involvement in signaling pathways is important. Several groups 
have attempted to comprehensively study tyrosine phosphorylation by proteomics means 
[2-5]. However, large scale identification of tyrosine phosphorylation sites by mass spec-
trometry (MS) can be hindered by the low abundance of tyrosine phosphorylated proteins. 
Especially, signaling intermediates are usually low abundant proteins that show substoi-
chiometric phosphorylation levels. In addition, the identification by mass spectrometry of 
phosphopeptides from a complex cellular lysate digest is often complicated by ion sup-
pression effects due to a high background of non-phosphorylated peptides. Enrichment 
of tyrosine phosphorylated proteins or peptides prior to mass spectrometric detection is 
therefore essential. Traditionally, antibodies against phosphorylated tyrosine have been 
used to immunoprecipitate tyrosine phosphorylated proteins from cultured cells [2-4, 6-8]. 
This phosphoprotein immuno-affinity purification method has for example been used to 
study the global dynamics of phosphotyrosine signaling events after EGF stimulation using 
stable isotope labeling with amino acids in cell culture (SILAC)[2]. This approach led to the 
identification of known and previously unidentified signaling proteins in the EGF receptor 
(EGFR) pathway, including their temporal activation profile after stimulation of the EGFR, 
providing crucial information for modeling signaling events in the cell. However, as the 
identification and quantification of these phosphorylated proteins in these studies was not 
necessarily based on tyrosine phosphorylated peptides, but largely on non-phosphorylated 
peptides, little information is derived on the exact site(s) of tyrosine phosphorylation. Also, 
binding partners of tyrosine phosphorylated proteins, that itself are not tyrosine phospho-
rylated, might be co-precipitated and impair the tyrosine phosphorylation quantification. 
Immuno-affinity purification of phosphotyrosine peptides -rather than proteins- using anti-
phosphotyrosine antibodies [5, 9-16] significantly facilitates the identification of the site(s) 
of phosphorylation as it greatly alleviates most of the above mentioned problems since the 
tyrosine phosphorylated site can be directly identified and quantified. 
Accurate MS-based quantification is typically performed by stable isotope labeling. The iso-
topes can be incorporated metabolically during cell culture as in stable isotope labeling by 
amino acids in cell culture (SILAC)[17] or chemically as in isobaric tag for relative and ab-
solute quantitation (iTRAQ)[18] or stable isotope dimethyl labeling [19-21]. Typically, most 
precise quantification can be obtained by metabolic labeling as the different samples can be 
combined at the level of intact cells [22]. However, metabolic labeling is somewhat limited to 
biological systems that can be grown in culture and the medium may have an effect on the 
growth and development of the cells. iTRAQ has been used in conjunction with phospho-
tyrosine peptide immunoprecipitation [5]. As the chemical labeling is performed before im-
munoprecipitation, the differentially labeled samples can be precipitated together, thereby 
neutralizing the potentially largest source of variation. However, as this phosphotyrosine 
peptide immunoprecipitation is typically performed on several hundreds of micrograms to 
milligrams of protein sample, iTRAQ provides in these cases a rather cost prohibitive means. 

Here, we present an optimized immuno-affinity purification approach for the analysis of 
tyrosine phosphorylation and combine it with stable isotope dimethyl labeling [19-21, 23]. 
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We efficiently enriched and identified by MS 1112 unique phosphopeptides derived from 4 
mg of starting protein material without any further affinity chromatographic enrichment, 
whereby up to 80% of the peptides analyzed in the final LC run were phosphotyrosine 
peptides. We further advanced the method by introducing triplex stable isotope dimethyl 
labeling prior to immunoprecipitation. We quantified differences in tyrosine phosphoryla-
tion upon pervanadate treatment or EGF stimulation to detect site-specific changes in tyro-
sine phosphorylation. 128 unique phosphotyrosine peptides were identified and quantified 
upon pervanadate treatment. By employing an internal standard comprising of both mock 
and pervanadate treated sample, we could more confidently identify and quantify phospho-
rylation sites that are strongly regulated and on-off situations. Analysis of EGF-stimulated 
HeLa cells resulted in the quantification of 73 unique phosphotyrosine peptides. Most of the 
upregulated phosphotyrosine peptides that were identified have previously been reported  
to be involved in the EGFR signaling pathway, validating our approach. However, for the 
first time we found TFG to become also highly tyrosine phosphorylated upon EGF stimula-
tion together with some tyrosine phosphorylation sites on for example IRS2, SgK269 and 
DLG3 that have not been firmly established earlier to be involved in EGFR signaling. 
In general, we show that the combination of immuno-affinity purification of tyrosine phos-
phorylated peptides with large scale chemical stable isotope dimethyl labeling provides a 
cost-effective approach that can alleviate variation in immunoprecipitation and LC-MS as 
samples can be combined before immunoprecipitation and the necessity of performing ad-
ditional enrichment is removed by an optimization of the protocol. With only a single LC-
MS run, already a rather complete qualitative and quantitative picture of a signaling event 
can be generated.
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MATERIALS AND METHODS
Cell culture, stimulation, digest preparation
HeLa cells were grown to confluence in Dulbecco’s modified Eagle’s medium containing 

10% fetal bovine serum (Invitrogen) and 0.05 mg/ml penicillin/streptomycin (Invitrogen). 
Cells were placed in serum-free medium 16 h before EGF stimulation. Cells were stimulated 
with 150 ng/ml EGF for 10 or 30 min, 1mM Pervanadate (prepared by incubating 1 mM 
orthovanadate with 1 mM  hydrogen peroxide for several min) for 10 min or left untreated. 
Cells were washed with cold phosphate buffered saline and lysed. Before labeling and im-
munoprecipitation, cells were lysed in 8 M Urea/ 50 mM ammoniumbicarbonate, 5 mM 
sodium phosphate, 1 mM potassium fluoride, 1 mM sodium orthovanadate and EDTA-free 
protease inhibitor cocktail (Sigma). Samples were reduced with DTT at a final concentra-
tion of 10 mM at 56 oC, subsequently samples were alkylated with iodoacetamide at a final 
concentration of 55 mM at RT.  The samples were diluted to 2 M Urea/50 mM ammonium-
bicarbonate and trypsin (1:100; Promega) was added. Digestion was performed overnight 
at 37 oC. 

Stable isotope labeling by reductive amination of tryptic peptides 
Tryptic peptides were desalted, dried in-vacuo and re-suspended in 100 µL of triethylam-
monium bicarbonate (100 mM). Subsequently, formaldehyde-H2 (573 µmol) was added, vor-
texed for 2 min followed by the addition of freshly prepared sodium cyanoborohydride (278 
µmol). The resultant mixture was vortexed for 60 min at RT. A total of 60 µl ammonia (25%) 
was added to consume the excess formaldehyde. Finally, 50 µl formic acid (100%) was added 
to acidify the solution. For intermediate labels, formaldehyde-D2 (573 µmol) was used. For 
the heavy labeling, 13C-D2-formaldehyde (573 µmol) and freshly prepared cyanoborodeu-
teride (278 µmol) was used [20, 21].  The light, intermediate and heavy dimethyl labeled 
samples were mixed in 1:1:1 ratio based on total peptide amount, determined by running 
an aliquot of the labeled samples on a regular LC-MS run and comparing overall peptide 
signal intensities. 

Immunoprecipitation
Labeled peptides were mixed, desalted, dried down and re-dissolved in immunoprecipita-
tion (IP) buffer (50mM Tris pH 7.4, 150 mM NaCl, 1% n-octyl-beta-d-glucopyranoside and 
1x Complete mini (Roche diagnostics)). Prior to IP, pY99 agarose beads (Santa Cruz) were 
washed in IP buffer. The labeled peptide mixture was added to the pY99 agarose beads and 
incubation was performed overnight at 4oC. Beads were washed 3 times with IP buffer and 
2 times with water. Peptides were eluted by adding 0.15% TFA for 20 min at RT. Eluted pep-
tides were desalted and concentrated on STAGE-tips.

On-line nanoflow liquid chromatography 
Nanoflow LC-MS/MS was performed by coupling an Agilent 1100 HPLC system (Agilent 
Technologies, Waldbronn, Germany) to a LTQ-Orbitrap mass spectrometer (Thermo Elec-
tron, Bremen, Germany) as described previously [24]. Dried fractions were reconstituted in 
10 µL 0.1 M acetic acid and delivered to a trap column (Aquatm C18, 5 µm, (Phenomenex, 
Torrance, CA, USA); 20 mm × 100 µm ID, packed in-house) at 5 µL/min in 100% solvent A 
(0.1 M acetic acid in water). Subsequently, peptides were transferred to an analytical column 
(ReproSil-Pur C18-AQ, 3 µm, Dr. Maisch GmbH, Ammerbuch, Germany; 40 cm × 50 µm ID, 
packed in-house) at ~100 nL/min in a 2 or 3 hour gradient from 0 to 40% solvent B (0.1 M 
acetic acid in 8/2 (v/v) acetonitrile/water). The eluent was sprayed via distal coated emitter 
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tips (New Objective), butt-connected to the analytical column. The mass spectrometer was 
operated in data dependent mode, automatically switching between MS and MS/MS. Full 
scan MS spectra (from m/z 300-1500) were acquired in the Orbitrap with a resolution of 
60,000 at m/z 400 after accumulation to target value of 500,000. The three most intense ions 
at a threshold above 5000 were selected for collision-induced fragmentation in the linear ion 
trap at a normalized collision energy of 35% after accumulation to a target value of 10,000. 

Data analysis
All MS2 spectra were converted to single DTA files using Bioworks 3.3 using default settings. 
Runs were searched using an in-house licensed MASCOT search engine (Mascot (version 
2.1.0) software platform (Matrix Science, London, UK)) against the Human IPI database ver-
sion 3.36 (63012 sequences) with carbamidomethyl cysteine as a fixed modification. Light, 
intermediate and heavy dimethylation of peptide N-termini and lysine residues, oxidized 
methionine and phosphorylation of tyrosine, serine and threonine were set as variable mod-
ifications. Trypsin was specified as the proteolytic enzyme and up to two missed cleavages 
were allowed. The mass tolerance of the precursor ion was set to 5 ppm and for  fragment 
ions 0.6 Da. Peptides were assigned to the first protein hit reported by Mascot. The assign-
ment of phosphorylation sites of identified phosphopeptides was performed by the PTM 
scoring algorithm implemented in MSQuant as described previously [25]. Individual MS/
MS spectra from phosphopeptides were accepted for a Mascot score ≥20. This threshold was 
experimentally tested (see Results section) and the FDR at this score for phosphotyrosine 
peptides only was estimated to be 2% by performing a concatenated decoy database search. 
All identified phosphopeptides that were found to be differentially phosphorylated were 
manually validated. 

Quantification
Quantification of peptide triplets of which at least one has obtained a Mascot peptide score 
of 20 was performed using an in-house dimethyl-adapted version of MSQuant (http://
msquant.sourceforge.net/), as described previously [20]. Briefly, peptide ratios were ob-
tained by calculating the extracted ion chromatograms (XIC) of the “light”, “intermediate” 
and “heavy” forms of the peptide using the monoisotopic peaks only. The total XIC for each 
of the peptide forms was obtained by summing the XIC in consecutive MS cycles for the 
duration of their respective LC-MS peaks in the total ion chromatogram using FT-MS scans. 
This total XIC was then used to compute the peptide ratio. Heavy and light labeled peptides 
were found to largely co-elute. Quantified proteins were normalized against the Log2 of 
the median of all peptides quantified. StatQuant, an in-house developed program [26], was 
used for normalization, outlier detection and determination of standard deviation. Ratios 
of phosphotyrosine levels were normalized to the ratios of (non-specifically binding) non-
phosphorylated peptides. Ratios derived from different charge states of the peptide and/
or missed cleavages with the same phosphorylation sites were log averaged. Clustering of 
the phosphotyrosine profiles upon EGF stimulation was performed by K-means clustering 
(Eucledian distance). 

Datasets
The HeLa phosphoproteome was compared to other datasets by mapping protein identifiers 
and phosphosite locations from Phospho.ELM (version 8.2) and Rikova et al. [10] to IPI hu-
man version 3.36. Only sites that could be mapped unambiguously to a single IPI identifier 
were included, resulting in 1405 and 3955 mapped phosphotyrosines, respectively. Overlap 
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was determined by counting the number of identical sites in the different combinations of 
datasets. 



143

7

RESULTS
To first evaluate our protocols and to chart the potential arsenal of phosphorylation sites in 
HeLa cells, we performed immuno-affinity enrichment of tyrosine phosphorylated peptides 
from HeLa cell lysate digests in which hyper-phosphorylation was induced via inhibition 
of phosphatases by pervanadate. To allow for a comprehensive coverage of tyrosine phos-
phorylation, HeLa cells that were stimulated with pervanadate or mock treated were lysed 
and digested by trypsin and mixed 1:1, followed by peptide immuno-affinity purification 
of 4 mg total starting protein material by an antiphosphotyrosine antibody immobilized on 
agarose beads. The peptides that eluted from the immuno-affinity resin were then analyzed 
without any further enrichment in two separate LC-MS runs using a two and a three hour 
LC gradient, respectively. Peptides were identified by matching the fragmentation spectra 
against the IPI human database (3.36). In Figure 1A, a part of the base peak chromatogram 
of the 3 hour run is shown to illustrate the efficiency and specificity of the immunopre-
cipitation. The resolved peaks nearly all represent tyrosine phosphorylated peptides, while 
the few non-phosphorylated peptides of abundant proteins that were detected are largely 
masked by these phosphopeptides. In Figure 1B, the apparent specificity of the immunopre-
cipitation and the number of identified tyrosine phosphorylated peptides with decreasing 
Mascot threshold score is plotted. By decreasing the Mascot threshold score the number of 
identified redundant tyrosine phosphorylated peptides increases considerably. However, by 
decreasing the threshold the chance of including false positives is also increased substantial-
ly [27]. This is reflected in the number of identified non-tyrosine phosphorylated peptides 
which increases exponentially below a score of 20. Consequently, the apparent immunopre-
cipitation specificity remains above 75% from threshold score 45 to 20 and then suddenly 
drops. A Mascot score of 20 was therefore taken as a threshold score as this lies above the 
apparent inflection point. At this score the false discovery rate (FDR) as calculated by per-
forming a concatenated decoy database search is seemingly large, approximately 9%. How-
ever, when only tyrosine phosphorylated peptides are taken into account the FDR is only 
2%. Tandem mass spectra are available in the PRIDE (Proteomics Identifications) database 
under accession number 9779. To create a unique, non-redundant phosphotyrosine peptide 
library, we filtered the identified peptides. Phosphorylation sites that were also identified 
with a methionine oxidation or a miss-cleavage were considered redundant, but different 
states of additional phosphorylation on serine, threonine and/or tyrosine were considered 
unique. This led to the identification of 729 unique phosphotyrosine peptides in the 2 hour 
run and 970 unique phosphotyrosine peptides in the 3 hour run. The overlap between these 
two runs was very large (Supplemental Figure 1A1), leading to the identification of 1112 
unique phosphotyrosine peptides with a total of 983 unique tyrosine phosphorylation sites. 
A list of these identified phosphopeptides including the sites of phosphorylation and Mascot 
scores are listed in Supplementary Table 2. This is one of the largest experimental datasets 
of phosphotyrosine peptides detected in a single experiment without any further TiO2 or 
IMAC enrichment. We compared our dataset with phosphotyrosine peptides and sites re-
ported in the recent update of the Phospho.ELM [28] database and with a recently reported 
large phosphotyrosine peptide dataset of lung cancer cell lines consisting of the phosphoty-
rosine peptides cumulatively identified from 20 different cell lines and 30 different tissues 
samples [10]. Approximately 28% of the phosphotyrosine sites that were identified in the 
current study overlapped with Rikova et al.[10] (Supplemental Figure 1B). The Phospho.

1  Supplementary data for this chapter is available at http://www.mcponline.org/cgi/content/
full/M900291-MCP200/DC1
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ELM database reports whether a phosphorylation site is identified by small scale analysis 
(low throughput, LTP) or large scale, typically LC-MS based, analysis (high throughput, 
HTP). The overlap of our dataset with the HTP database is small with 14.3% (Supplemental 
Figure 1B), but still more than three times larger than the overlap with the LTP database 
(Supplemental Figure 1C). 
The size of the dataset allowed us to do a statistically relevant motif analysis of the residues 
neighboring the sites of phosphorylation in our dataset to identify conserved sequence mo-
tifs that can be recognized by protein tyrosine kinases. Using motif-X [29], the occurrence of 
motifs from our phosphotyrosine dataset is compared with the occurrence of these motifs 
in the total human proteome. We found 6 highly significantly enriched motifs that could 

Figure 1. A) LC-MS base peak chromatogram of the eluate from the phosphotyrosine immunoprecipitated 
pervanadate treated HeLa digest. The numbers indicate intense peaks representing phosphotyrosine containing 
peptides. Only a few non-phosphorylated peptides were detected in this eluate. A numbered list of these abun-

dant phosphopeptides is available as Supplemental Table 1. * represents a peak of an ion that could not be identi-
fied and most likely is a non-peptide species. Bl) Number of identified phosphotyrosine and non-phosphorylated 
peptides as a function of the applied Mascot threshold score revealing  the apparent specificity of the immunopu-
rification. With decreasing Mascot score threshold the number of non-modified peptides in the dataset increases 

exponentially below 20. The inflection point at score 20 indicates that at an even lower score, relatively more 
false positive identifications are introduced in the dataset.
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classify two-thirds of our observed phosphotyrosine sites. These motifs are displayed as 
WebLogos [30] in Figure 2. The motif with the highest occurrence has a serine residue at 
the P+1 position. Surprisingly, this motif, has not been previously reported and only one 
rather promiscuous kinase/phosphatase motif and three also promiscuous binding motifs 
are known in PhosphoMotif finder[31] with a serine at that position. The second motif con-
tains a proline at the P+3 position. Two motifs show a negatively charged amino acid (as-
partic or glutamic acid) at the P+1 position. And two already previously identified motifs as 
obtained from analysis in mouse brain [11], show a negatively charged amino acid at the P-3 
position. To obtain an indication of the potential kinases responsible for phosphorylation of 
the identified phosphotyrosine peptides we used NetworKIN [32, 33]. For 925 phosphosites 
(pY, pS and pT) we could identify the potential upstream kinase. The Insulin receptor group 
kinases was shown to be the upstream kinase for more than 50% of the identified phos-
photyrosine peptides that were identified in our dataset, whereby the insulin receptor and 
insulin-like growth factor 1 receptor contribute equally. Also the EphA receptors, and in 
particular EphA4, seem to have a high number of substrates represented in our dataset (see 
Supplemental Figure 2).

Quantitative phosphoproteomics
To allow for quantification of tyrosine phosphorylation, we next set out to incorporate stable 
isotope dimethyl labeling [19-21] into the phosphotyrosine peptide immunoprecipitation 
workflow. Therefore, HeLa cells were mock treated or treated with 1 mM pervanadate for 10 
min. Cells were lysed and proteins digested. Peptides were labeled with light, intermediate 
or heavy dimethyl, essentially as described previously [20], but with adopted protocols to al-
low for the labeling of a few milligrams of sample [21]. Peptides derived from the untreated 
cells were labeled with light dimethyl, peptides derived from a 1:1 mixture of untreated and 
pervanadate treated cells were labeled with intermediate dimethyl (as an internal standard) 
and peptides derived from the pervanadate treated cells were labeled with heavy dimethyl. 
Labeled peptides originating from 2 mg of protein sample for each of the three samples were 
mixed in a 1:1:1 ratio, and from this complex peptide mixture tyrosine phosphorylated pep-
tides were enriched by immunoprecipitation (Figure 3). Using this approach we were able to 
identify and quantify from a single LC-MS run 128 unique tyrosine phosphorylated triplet 
peptides originating from 99 phosphoproteins. As expected, most of the detected peptides 
show an abundance profile whereby the ion signal from the non-stimulated phosphopep-
tide is very low and the signal from the intermediate labeled phosphopeptide is equal to 
half of the sum of the untreated peptide signal (light) and treated phosphopeptide signal 
(heavy) (Figure 4A). On average the heavy labeled phosphopeptides were 2.22 (±0.49) times 
more intense than the intermediate. A list of all quantified phosphopeptides is available 
as Supplementary Table 3 and tandem mass spectra are available in the PRIDE database 
under accession number 9780. Interestingly, 15 tyrosine phosphorylated peptides seemed 
not to be affected by pervanadate treatment as the abundance profile did not significantly 
change (Table 1 and Figure 4B). A GO term [34] and motif-X [29] analysis was performed 
to find within this set of unaffected phosphopeptides, and their corresponding proteins, an 
enrichment of certain biological processes, molecular function or conserved sequences, but 
the set was probably too small to detect any significant enrichment. However, an enrichment 
was found of phosphotyrosine sites that fall within a protein family (Pfam) domain [35] 
(p=2.7e-6, Fisher’s exact test). 12 of the 15 unaffected phosphotyrosine sites (80%) fall within 
a Pfam domain, while only 18% of the remainder of phosphotyrosine sites in the quantified 
database fall within such globular domains which is close to a previously reported 15-17% 
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[36]. It remains therefore elusive what is the exact cause of the apparent resistance to phos-
phatases at these particular phosphotyrosine sites.

With the quantitative method established, we next set out to investigate tyrosine phosphor-
ylation mediated EGFR signaling pathways using stable isotope dimethyl labeling followed 
by phosphotyrosine immunoprecipitation. In our study, HeLa cells were stimulated with 
EGF for 0, 10 or 30 min to study the temporal phosphotyrosine signaling pathways after 
stimulation of the EGF receptor. We used essentially similar methods as described above for 
the pervanadate treated cells (Figure 3). Briefly, HeLa cells were stimulated with 150 ng/ml 
EGF for 0, 10 or 30 min. Cells were lysed and proteins were digested. The derived peptide 
mixtures were stable isotope labeled with light, intermediate or heavy dimethyl labels and 
mixed in a 1:1:1 ratio after which tyrosine phosphorylated peptides were immunoprecipi-
tated using the antiphosphotyrosine antibody. 73 unique phosphotyrosine peptides, origi-
nating from 52 phosphoproteins could be differentially quantified over all three time-points 
after EGF stimulation in a single LC-MS analysis without any additional affinity enrichment. 
These associated phosphoproteins including their sites of phosphorylation are listed in Ta-
ble 2 (For a full table with Mascot and PTM scores, see Supplemental Figure 4) and tandem 
mass spectra are available in the PRIDE database under accession number 9777. All except 
one of the phosphotyrosine peptides that were identified, have been reported before and can 
be found in the PhosphoSitePlus database (www.phosphosite.org)[37]. The observed tem-
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Figure 2. Motif-X [29] analysis of the here acquired HeLa phos-
photyrosine dataset identified six conserved motifs, here displayed 
as WebLogos [30]. The numbers indicate the number of peptides 

exhibiting this motif in the full dataset.
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poral ratio profiles largely clustered into three 
groups (Figure 5A). Cluster 1 consists of sites 
that show no or only a small change in phos-
phorylation levels. Cluster 2 consists of tyro-
sine phosphorylation sites that show an im-
mediate upregulation upon EGF stimulation 
that remains after 30 min. Cluster 3 comprises 
of phosphorylation sites that show a large and 
quick (10 min) increase in tyrosine phosphor-
ylation that already diminishes at 30 min. In 
the latter cluster autophosphorylation sites of 
EGFR are found along with established direct 
EGFR interactors such as Gab1, Cbl and SHC1. 
In cluster 2, are downstream targets like p38a, 
stat3 and GSK3-β. Some phosphotyrosine sites 
were found to be regulated that have not been 
conclusively established to be in involved in 
EGFR signaling such as sites on SgK269, IRS2, 
HNRNPA1 and ATP1A1. The tyrosine phos-
phorylation on TFG has not been reported 
before. Finally, in cluster 1, phosphotyrosine 
peptides were detected from CTTN, ENO1 
and WASL that showed an apparent downreg-
ulation upon EGF stimulation. Representative 
examples of tyrosine phosphorylated peptides 
from the three clusters and their temporal pro-
files are shown in Figure 5B-D. 

Comparing the identified phosphotyrosine 
peptides from the three separate experiments, 
evidently, a large overlap can be observed be-
tween the more comprehensive dataset of 1112 
phosphopeptides in the pervanadate blocked 
cells and the two other quantitative experi-
ments (Supplemental Figure 3). 86% of the 
phosphotyrosine peptides identified in the 
quantitative pervanadate study overlapped 
with the library, while 74% of the EGF study 
overlapped with the library set. Also, 51% of 
the phosphotyrosine peptides identified in 
the EGF experiment overlapped with those 
identified in the quantitative pervanadate ex-
periment. Ratios of these phosphopeptides 
were plotted against each other (Supplemental 
Figure 4). Some of the sites that showed an in-
crease in tyrosine phosphorylation upon phos-
phatase inhibition showed no increase upon 
EGF stimulation. However, tyrosine phospho-

Figure 3. Experimental scheme for the quantitative 
phosphotyrosine proteome studies. Cell cultures 
were mock treated or stimulated with pervanad-
ate or EGF. After lysis and enzymatic digestion, 

peptides were differentially stable isotope dimethyl 
labeled and combined before immunoprecipita-

tion with a phosphotyrosine specific antibody. The 
precipitate was analyzed by LC-MS followed by 
quantification using the triplet peaks originating 

from the different isotopes.

Protein extraction
8M Urea/50 mM Ambi

LC-MS analysis

Protein digestion & Peptide labelling

Mix peptides

HeLa

‘light’ ‘intermediate’ ‘heavy’

Anti-pTyr IP

m/z

HeLa
1:1 non-treated and 

10 min pervanadate or 
10 min EGF

HeLa
10 min. 

pervandate or
30 min EGF
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Figure 4. Representative examples of mass spectra and fragmentation spectra of peptides identified and quanti-
fied after pervanadate treatment. A) The abundance of SHIP-2 peptide TLSEVDpYAPAGPAR (fragmenta-
tion spectrum shown of m/z 781.8848, +2, heavy dimethyl labeled) is dramatically increased by pervanadate 

treatment. B) The abundance of peptide IGEGTpYGVVYK (fragmentation spectrum shown of m/z 665.3498, 
+2, intermediate dimethyl labeled) is not affected by pervanadate treatment. * indicates the site of stable isotope 

dimethyl labeling.
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779.88

780.38

no perv. 1/2 perv. perv.

665.35

661.33
669.37

666.10
661.90

669.94

no perv. 1/2 perv. perv.

m/z 781.8848, +2
SHIP2

m/z 665.3498, +2
CDC2

Table 1. Phosphotyrosine peptides whose abundance did not change significantly upon pervanadate treatment 
of HeLa cells. L, light labeled peptide (mock treated), I, intermediate labeled peptide (1:1 mock and pervanadate 

treated), H, heavy labeled (pervanadate treated).

IPI acc. nr. Gene Peptide Site 1 Site 2 ratio I/L 

 STDEV 

I/L   ratio H/L 

 STDEV 

H/L  

IPI00016932  SHIP-2 NSFNNPApYpYVLEGVPHQLLPPEPPSPAR Y986 Y987 1.04 - 2.38 - 

IPI00008530  RPLP0 IIQLLDDpYPK Y24 

 

0.81 - 0.65 - 

IPI00000352  DYRK1B IYQpYIQSR Y273 

 

0.92 - 1.03 - 

IPI00291175  VCL SFLDSGpYR Y822 

 

0.93 - 0.73 - 

IPI00396485  EEF1A1 EHALLApYTLGVK Y141 

 

1.02 - 0.93 - 

IPI00026689  CDC2 IEKIGEGTpYGVVYK Y15 

 

1.06 0.05 1.12 0.10 

IPI00028570  GSK3B QLVRGEPNVSpYICSR Y216 

 

1.10 0.01 1.68 0.15 

IPI00654623  TNS3 KLSLGQpYDNDAGGQLPFSK Y540   1.15 - 1.19 - 

IPI00023503  CDK3 VEKIGEGTpYGVVYK Y43 

 

1.16 - 1.41 - 

IPI00026689  CDC2 IGEGpTpYGVVYK T14 Y15 1.27 0.04 1.49 0.08 

IPI00013721  PRPF4B LCDFGSASHVADNDITPpYLVSR Y849 

 

1.29 0.08 1.33 0.08 

IPI00012885  PTK2 Y(ox)MEDSTpYYKASK Y576 

 

1.30 - 1.42 - 

IPI00008438  RPS10 IAIpYELLFK Y12 

 

1.41 - 1.70 - 

IPI00013981  YES1 LIEDNEpYTAR Y426 

 

1.47 - 2.22 - 

IPI00166578  PRAGMIN EATQPEPIpYAESTKR Y411 1.66 0.03 2.44 0.23 
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rylation events that showed a large increase upon EGF stimulation also showed a strong 
increase upon phosphatase inhibition by pervanadate. Interestingly, some of the phospho-
tyrosine sites that were not affected by pervanadate treatment, such as CDC2 (pY15) and 
GSK3β (pY216) did increase in abundance upon EGF stimulation.   

DISCUSSION
Analysis of tyrosine phosphorylation in cells or tissue is extremely important to understand 
critical signaling processes involved in processes like development and human disease. In 
this work, we explored and further optimized an enrichment method for phosphotyrosine 
peptides based on immuno-affinity purification using phosphotyrosine specific antibodies. 
Our protocol allowed a very high level of enrichment efficiency providing an eluted frac-
tion dominated by phosphotyrosine peptides, requiring no further IMAC or TiO2 enrich-
ment prior to LC-MS/MS analysis. From just two of these eluates we were able to identify 
1112 unique, non-redundant phosphotyrosine peptides derived from only 4 mg of starting 
material. The overlap of our HeLa cells phosphotyrosine sites with the dataset reported in 
Rikova et al. [10] is 28%. Notably, the dataset was of Rikova et al. was obtained by analyzing 
several dozens of non-small cell lung cancer (NSCLC) cell lines and NSCLC tumors. The 
different constitution of their and our cells, together with a different antibody used for phos-
photyrosine peptide enrichment, might explain the relative small overlap in tyrosine phos-
phopeptides, while the greater protein amount and larger number of LC-MS analyses might 
have allowed them for an even deeper penetration into the tyrosine phosphoproteome. The 
overlap between LTP and HTP phosphosites in the Phospho.ELM database is surprisingly 
low indicating that the tyrosine phosphoproteome has not yet been fully mapped [28]. Not 
unexpectedly, the overlap between our dataset and the HTP dataset is larger than with the 
smaller LTP dataset. Apparently, a different subset of phosphosites is detected by classical 
biology means than by LC-MS even though datasets derived by the latter method typically 
contain hundreds of phosphosites. It is estimated that of the peptides that are identified in a 
vertebrate cell to be phosphorylated approximately 0.05-2% is phosphorylated on tyrosine 
residues [25, 38]. If these numbers are taken as true, the number of phosphotyrosine sites 
identified in this study (over 1000) would suggest that there may be concurrently even up to 
1,000,000 serine and threonine phosphorylation sites present as well. Therefore, even with 
ever improving analytical tools it still remains a great challenge to comprehensively analyze 
the complete cellular phosphoproteome. 

Several stable isotope labeling based quantification methods have been used in combina-
tion with phosphoproteomic approaches, including chemical labeling such as iTRAQ [4, 5, 
13] and metabolic labeling such as SILAC [2, 39]. The advantage of a chemical modification 
approach over metabolic labeling is the ability to label samples after cell lysis and diges-
tion. This makes the approach more generically applicable as it also allows the quantitative 
analysis of biological samples that cannot be grown in culture such as human body fluids 
or tissue. The benefit of peptide level immunoprecipitation combined with stable isotope 
labeling is that differently labeled samples can be combined prior to immunoprecipitation, 
thereby neutralizing the potentially largest source of variation. Furthermore, quantification 
at the peptide level allows the separate analysis of phosphorylation events on the same pro-
tein. Here, we introduced stable isotope dimethyl labeling for quantification of immunopre-
cipitated phosphotyrosine peptides. As the starting material for these immunoprecipitation 
typically is several milligrams of protein, the use of iTRAQ labeling can be cost prohibitive, 
while stable isotope dimethyl labeling is performed with inexpensive generic reagents and 
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IPI acc. nr. Gene Peptide Site 1 Site 2 

 log2 ratio 

10/0min stdev 

 log2 ratio 

30/0min stdev 

IPI00011676  N-WASP VIpYDFIEK Y256 

 

-1.49 0.66 -1.86 0.74 

IPI00465248  ENO1 AAVPSGASTGIpYEALELR Y44 

 

-0.90 0.25 -0.08 0.25 

IPI00029601  CTTN TQTPPVSPAPQPTEERLPSSPVpYEDAASFK Y421 

 

-0.73 - -1.47 - 

IPI00220644  PKM2 TATESFASDPILpYRPVAVALDTK Y105 

 

-0.68 - -0.13 - 

IPI00012885  PTK2 GSIDREDGSLQGPIGNQHIpYQPVGKPDPAAPPK Y861 

 

-0.52 0.45 0.43 0.09 

IPI00216423  ITSN2 REEPEALpYAAVNK Y967 

 

-0.41 - -0.79 - 

IPI00021439  ACTB IWHHTFpYNELR Y91 

 

-0.32 - 0.57 - 

IPI00008530  RPLP0 IIQLLDDpYPK Y24 

 

-0.14 - -0.16 - 

IPI00215949  HIPK2 AVCSTpYLQSR Y361 

 

-0.13 - -0.34 - 

IPI00013721  PRPF4B LCDFGSASHVADNDITPpYLVSR Y849 

 

-0.10 - 0.09 - 

IPI00000352  DYRK1B IYQpYIQSR Y273 

 

-0.06 - -0.04 - 

IPI00217966  LDHA QVVESApYEVIK Y239 

 

0.02 - 0.30 - 

IPI00641339  BCAR1 GLPPSNHHAVpYDVPPSVSK Y306 

 

0.05 - 0.58 - 

IPI00552750  TNK2 KPTpYDPVSEDQDPLSSDFKR Y574 

 

0.08 0.12 -1.30 0.25 

IPI00641339  BCAR1 AQQGLpYQVPGPSPQFQSPPAK Y128 

 

0.16 - 0.77 - 

IPI00641339  BCAR1 HLLAPGPQDIpYDVPPVR Y249 

 

0.20 0.15 0.73 0.22 

IPI00301058  VASP VQIpYHNPTANSFR Y39 

 

0.21 0.12 0.26 0.06 

IPI00654623  TNS3 LSLGQpYDNDAGGQLPFSK Y540 

 

0.24 - 0.40 - 

IPI00021076  PKP4 NNYALNTTATpYAEPYRPIQYR Y478 

 

0.32 - 0.77 - 

IPI00306959  KRT7 LSSARPGGLGSSSLpYGLGASRPR Y40 

 

0.32 0.10 0.82 0.01 

IPI00641339  BCAR1 RPGPGTLpYDVPRER Y387 

 

0.33 0.15 1.00 0.07 

IPI00021267  EPHA2 TYVDPHTpYEDPNQAVLK Y594 

 

0.35 - 0.69 - 

IPI00166578  PRAGMIN EATQPEPIpYAESTK Y411 

 

0.39 0.14 0.20 0.23 

IPI00291175  VCL SFLDSGpYR Y822 

 

0.40 - 0.35 - 

IPI00220030  PXN VGEEEHVpYSFPNK Y118 

 

0.43 0.19 0.50 0.11 

IPI00013981  Src LIEDNEpYTAR Y426 

 

0.44 - 0.72 - 

IPI00418471  VIM SLYASSPGGVpYATR Y61 

 

0.45 - 0.65 - 

IPI00220030  PXN FIHQQPQSSSPVpYGSSAK Y88 

 

0.47 - 0.50 - 

IPI00396485  EEF1A1 STTTGHLIpYK Y29 

 

0.50 - 0.32 - 

IPI00298347  PTPN11 IQNTGDpYYDLYGGEK Y62 

 

0.50 - 0.75 - 

IPI00026689  CDC2 IGEGpTpYGVVYK T14 Y15 0.58 0.00 1.22 0.00 

IPI00026689  CDC2 IGEGTYGVVpYKGR Y19 

 

0.59 0.15 0.49 0.03 

IPI00016932  SHIP-2 ERLpYEWISIDKDEAGAK Y886 

 

0.63 - 1.55 - 

IPI00021267  EPHA2 VLEDDPEATpYTTSGGKIPIR Y772 

 

0.65 - 1.04 - 

IPI00220030  PXN FIHQQPQSSpSPVpYGSSAK S85 Y88 0.74 0.00 0.91 0.00 

IPI00396485  EEF1A1 EHALLApYTLGVK Y141 

 

0.80 - 0.61 - 

IPI00182469  CTNND1 SLDNNpYSTPNER Y898 

 

0.90 - 0.33 - 

IPI00012885  PTK2 YMEDSTpYYK Y576 

 

0.91 - 0.71 - 

IPI00182469  CTNND1 LNGPQDHSHLLpYSTIPR Y96 

 

0.98 - 1.03 - 

         IPI00737545  SGK269 NAIKVPIVINPNApYDNLAIYK Y635 

 

1.17 - 0.98 - 

IPI00022353  TYK2 LLAQAEGEPCpYIR Y292 

 

1.19 - 1.01 - 

IPI00215965  HNRNPA1 SSGPpYGGGGQYFAKPR Y341 

 

1.22 - 0.45 - 

IPI00028570  GSK3B GEPNVSpYICSR Y216 

 

1.34 0.74 0.95 0.39 

IPI00176903  PTRF SFTPDHVVpYAR Y308 

 

1.44 - 1.15 - 

IPI00014454  RIN1 EKPAQDPLpYDVPNASGGQAGGPQRPGR Y36 

 

1.53 0.05 1.81 0.11 

IPI00412752  STAT3 YCRPESQEHPEADPGSAAPpYLK Y705 

 

1.56 - 0.96 - 

IPI00029601  CTTN GPVSGTEPEPVpYSMEAADYR Y446 

 

1.57 - 1.21 - 

IPI00026689  CDC2 IEKIGEGTpYGVVYK Y15 

 

1.66 - 0.71 - 

IPI00334715  GRLF1 NEEENIpYSVPHDSTQGK Y1105 

 

1.69 0.00 1.64 0.04 

IPI00552750  TNK2 VSSTHpYYLLPERPSYLER Y913 

 

1.87 - 0.89 - 

IPI00216423  ITSN2 LIpYLVPEK Y552 

 

1.93 - 1.26 - 

IPI00022462  TFRC SAFSNLFGGEPLSpYTR Y20 

 

2.04 - 1.41 - 

IPI00737545  SGK269 SSAIRpYQEVWTSSTSPR Y531 

 

2.04 - 1.63 - 

IPI00464978  IRS2 SYKAPYTCGGDSDQpYVLMSSPVGR Y825 2.16 - 1.61 - 

Table 2. Identified and quantified tyrosine phosphopeptides after EGF stimulation.



151

7

-4

-2

0

2

4

6

8

10

No EGF 10 min 30 minN
or

m
al

iz
ed

 p
ho

sp
ho

ty
ro

si
ne

 
ab

un
da

nc
e 

(L
og

2)

400 600 800 1000 1200 1400 1600 1800 2000
m/z

Re
la

ti
ve

 A
bu

nd
an

ce

1268.85

1273.06

y5 y7

y8

y9

y10-NH3

y12

y13-H2O

y14

y15

y16
b4

b5

b6
b7

b8

b12

b9-H2O

b13

y6

*N S Q E A E V S C P F I D N T pY S C S G*K
y12 y8 y7 y5

b5 b9 b12

y9y15y16

b8

y10y13y14

b4 b6 b7 b13

y6

Cluster 3 peptide: 
m/z 1273.0631, 2+

RBCK1

no EGF 10 min EGF 30 min EGF

689.67

691.01

688.33

200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Re
la

ti
ve

 A
bu

nd
an

ce

y2

y3

y4

y5/b5

y6 y7

y8

y9

y16
++

y14-H2O
++

b2

b8

b9

b10

b8
++

b9
++

*S S A I R pY Q E V W T S S T S P R
y4 y3y11 y8 y7 y6 y5

b2 b5 b9 b10

y9y14y16 y2

b8

Cluster 2 peptide: 
m/z 689.6682, 3+

SGK269

no EGF 10 min 30 min EGF

1002.03

1000.02

998.01

400 600 800 1000 1200 1400 1600 1800 2000
m/z

Re
la

ti
ve

 A
bu

nd
an

ce

y3

y4 y5/b5

y6

y7

y8

y9

y11

y12

y13

y14

y15 y16b3

b9

b13

*H L L A P G P Q D I pY D V P P V R
y4 y3y11 y8 y7 y6 y5

b3 b5 b9 b13

y9y13 y12y15 y14y16

Cluster 1 peptide: 
m/z 1002.0319, 2+

BCAR1

no EGF 10 min 30 min EGF

A

B

DC



152

7

thereby does not pose financial restrictions to the amount of sample to be labeled [21]. Im-
portantly, the chemical labeling does not seem to significantly affect the immunoprecipita-
tion process itself.

We were able to identify and quantify 128 unique phosphotyrosine peptides upon pervana-
date induction, all detected by their characteristic peptide triplets that can be easily distin-
guished in the LC-MS spectra. As expected most of the peptide ion signals of the internal 
standard intensity were equal to half of the sum of the untreated and treated signal intensi-
ties, confirming that stable isotope dimethyl labeling does not alter phosphorylation states 
or impair immunoprecipitation. For most phosphotyrosine peptides, the detected ratios 
were close to the expected 0:1:2, indicating that tyrosine phosphorylation was largely en-
hanced upon pervanadate treatment. In Figure 4A, an example of such a phosphotyrosine 
peptide can be seen. No signal is detected at the m/z where the light labeled, non-pervana-
date treated, phosphotyrosine peptide would reside. The intermediate labeled phosphoty-
rosine peptide from the internal standard is half the intensity of the heavy labeled phospho-
tyrosine peptide. The internal standard facilitates the detection and quantification of such 
an on-off situation. Without the internal standard only a single isotope envelope would be 
visible. The internal standard confirms the on-off situation and validates the identified se-
quence by the number of lysine residues that can be easily determined based on the mass 
shift between the intermediate and heavy labeled peptides. Surprisingly, about 15 out of 
128 of the quantified peptides showed a close to 1:1:1 ratio in the three samples, indicating 
that these phosphorylation sites were not affected by pervanadate treatment. Pervanadate is 
thought to inhibit phosphatases by irreversibly oxidizing the catalytic cysteine [40]. The fact 
that all of these phosphopeptides were selected by the mass spectrometer for sequencing 
indicates that these phosphopeptides are relatively abundant. These sites might therefore 
be constitutively phosphorylated. However, some of the sites showed an increase in phos-
phorylation upon EGF stimulation and, assuming that the time scale of 10 min is too low for 
protein synthesis, this suggests that some non-phosphorylated tyrosine residues are phos-
phorylated upon EGF stimulation. Explanations for the unaltered phosphorylation levels 
upon pervanadate treatment might involve specific phosphatases that are not inhibited by 
pervanadate or phosphorylation sites that are not easily accessible for these phosphates, so 
that inhibition does not lead to increased phosphorylation under the condition used here. 
The here observed enrichment of phosphotyrosine sites residing in Pfam domains, which 
are protein domains with a known function and tertiary structure, for this class of peptides 
could be in agreement with the latter hypothesis. It has been suggested that proteins become 
typically phosphorylated on sites outside these functional domains [36, 41] as phosphor-
ylation sites on the interspersing variable regions might be more exposed for kinases and 
phosphatases. We hypothesize that the unaffected phosphorylation sites might therefore be 
structurally essential or concealed in a non-accessible tertiary structural element. 

Figure 5 (previous page). A) Clustering of tyrosine phosphorylation profiles. Cluster 1 (dark grey): no or only 
a small change in phosphorylation levels; cluster 2 (light grey): an immediate upregulation that remains after 30 
min; cluster 3 (black): strong and quick increase in phosphorylation. B, C, D) Representative examples of mass 
spectra and fragmentation spectra of peptides identified and quantified after EGF stimulation from each of the 

clusters. B) BCAR1 peptide HLLAPGPQDIpYDVPPVR (fragmentation spectrum shown of m/z 1002.0319, +2, 
heavy dimethyl labeled) is from cluster 1 with only a slight increase in phosphorylation upon EGF stimulation. 

C) SGK269 peptide SSAIRpYQEVWTSSTSPR (fragmentation spectrum shown of m/z 689.6682, +3, intermedi-
ate dimethyl labeled) is from cluster 2 with a larger increase after EGF stimulation. D) RBCK1 peptide NSQE-
AEVSCPFIDNTpYSCSGK (fragmentation spectrum shown of m/z 1273.0631, +2, heavy dimethyl labeled) is 
from cluster 3 showing an extensive increase in abundance after EGF stimulation. * indicates the site of stable 

isotope dimethyl labeling.
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The EGF receptor plays an important role in a variety of cellular processes and has been 
studied intensively over the years. The EGFR signaling pathway has been investigated by 
a variety of (phospho-)proteomic approaches [2, 4, 5, 9, 13, 25, 42, 43]. Upon activation by a 
growth factor, the PTK activity of EGFR is enhanced [44]. Our quantitative phosphotyrosine 
peptide immunoprecipitation, therefore, provides an excellent way to study EGFR signal-
ing. For this reason, and as the pathway is very well documented in the literature, we took it 
here as a model system to further test our new approach. We analyzed HeLa cells that were 
stimulated for 0, 10 or 30 min by EGF. 73 unique tyrosine phosphorylated triplet peptides 
were identified and quantified over all time points. Most of the tyrosine phosphopeptides 
we identified have been reported before also in the context of EGF stimulation. For example, 
more than 30% of the here identified phosphosites overlap with those identified in Zhang et 
al.[5]. In that report, similar EGF stimulation conditions were used and the effect was also 
measured after 0, 10 and 30 min. Reassuringly, the observed ratios for these overlapping 
phosphopeptides for 10 min and 30 min after EGF stimulation correlated very well with 
those found in our study (correlation coefficients 0.87 and 0.82, respectively, see Figure 6). 
This is especially remarkable considering different cell lines were used, HeLa versus 184A1 
parental human mammary epithelial cells, suggesting a high conservation of the EGFR sig-
naling pathway between these two cell lines. Moreover, it reveals that quantitative tyrosine 
phosphoproteome studies can provide highly reproducible results, even between different 
laboratories and cell lines used, which is a status not yet readily achieved in global phos-
phoproteome studies. Most of the identified phosphotyrosine peptides that are increased 
upon EGF stimulation are known members of the EGF signaling pathway. The EGFR auto-
phosphorylation sites pY1172  and pY1197 showed an increase in phosphorylation after 10 
min EGF stimulation whereby this phosphorylation decreased again after 30 min, consist-
ent with previously published data [5, 45]. Furthermore, phosphopeptides of Gab1 (pY659), 
STAM2 (pY192 and pY371), RBCK1  (pY288), Cbl (pY674), SHIP-2 (pY986 and pY1135) and 
Epsin (pY17) showed an extensive increase in phosphorylation and have shown to be in-
volved in EGF signaling and internalization [5, 12, 15, 46, 47]. 

Some of the tyrosine phosphorylated peptides that showed an increase in abundance after 
EGF stimulation have not been reported before or the phosphosite has not been described 
profoundly to be involved in EGFR signaling. For example, here, we observed IRS2 pY260 to 
become more phosporylated upon EGF stimulation [48, 49]. Also, TFG (pY392) shows high 
tyrosine phosphorylation in response to EGF treatment, but the phosphosite has not been 
reported before. Recently, this protein has been described to be a substrate of Src [50] like 
SgK269, a pseudokinase for which we found two phosphosites (pY531 and pY635) to be up-
regulated [51, 52]. Upregulation of both these phosphotyrosine sites has not been associated 
with EGF stimulation before, but pY635 was suggested to be involved in Src interaction [52] 
and was shown to be downregulated upon drug induced EGFR inhibition [9]. With these 
two proteins we might shed new light on a less well established Src-based part of the EGFR 
signaling pathway. Next, DLG3 (pY673), which was shown to be downregulated upon drug 
induced EGFR inhibition [9] was here, in agreement, found to be upregulated upon EGF 
stimulation. 

Finally, only a few tyrosine phosphorylation sites were observed to be significantly down-
regulated upon EGF stimulation: N-WASP (pY256), ENO1 (pY44) and CTTN (pY421). Inter-
estingly, CTTN has been shown to bind N-WASP. pY421 is one of three residues known to be 
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phosphorylated by Src while Erk can phosphorylate CTTN at two other serine residues [53, 
54]. This Erk and Src phosphorylation of CTTN was suggested to act as a switch on-switch 
off mechanism respectively for the activation of N-WASP leading to actin polymerization 
which is important in for example cytokinesis [55]. What exactly the outcome of the down-
regulation of these sites is regarding actin polymerization remains to be elucidated. 

Our quantitative phosphotyrosine profiling in HeLa cells enables a direct comparison of 
the response of individual phosphorylation sites upon EGF stimulation and pervanadate 
treatment. Some sites show a strong increase after pervanadate treatment, but are seemingly 
unaffected by EGF stimulation, while others are increased in abundance after both EGF 
stimulation and pervanadate treatment. The existence of the latter category would suggest 
that in the pervanadate treatment conditions EGFR stimuli exist or kinases are active that 
target substrates that are also in the EGFR signaling pathway. This is not surprising as the 
fetal calf serum on which these cells are grown contain hormones and growth factors. This 
is reflected in the overrepresentation of insulin receptor, insulin-like growth factor recep-
tor and ephrin receptors in the upstream kinases as predicted by NetworKIN in the larger 
library phosphotyrosine dataset. 

In conclusion, immunoprecipitation of tyrosine phosphorylated stable isotope dimethyl 
labeled peptides allows the quantitative analysis of tyrosine phosphorylation. As isotope 
labeling is performed after cell lysis and enzymatic digestion, the method is applicable to 
virtually any sample type, including human tissue. As demonstrated for the EGFR signal-
ing pathway, by these means protein tyrosine kinase signaling pathways can be studied in 
a relatively quick and inexpensive manner. Several phosphotyrosine sites could be newly 
identified or further substantiated to be involved in EGFR signaling. By performing quan-
tification on the peptide, rather than protein levels, different phosphorylation events on the 
same protein can be readily monitored. 

Figure 6. Ratios of changes in tyrosine phosphorylation A) 10 min and B) 30 min after EGF stimulation de-
tected in the current study plotted against ratios of overlapping phosphotyrosine sites found in Zhang et al.[5].
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Table 3. Ratios of changes in tyrosine phosphorylation upon EGF stimulation of phosphorylation sites detected 
in the current study and Zhang et al. [5].

  

Zhang et al. (2005) Boersema et al. (2009) 

Peptide Sequence/phosphosite pY-site 

log2 ratio, 

10/0 min 

log2 ratio, 

30/0 min 

log2 ratio, 

10/0 min 

log2 ratio, 

30/0 min 

AAVPSGASTGIpYEALELR Y44 0.47 0.42 -0.90 -0.08 

LCDFGSASHVADNDITPpYLVSR Y849 0.44 0.07 -0.10 0.09 

EATQPEPIpYAESTKR Y411 0.06 0.34 0.39 0.20 

VGEEEHVpYSFPNK Y118 0.52 0.59 0.43 0.50 

TYVDPHTpYEDPNQAVLK Y594 1.07 0.86 0.35 0.69 

YMEDSTpYYK Y576 1.16 1.35 0.91 0.71 

IGEGTpYGVVYK Y15 0.79 0.30 1.66 0.71 

HLLAPGPQDIpYDVPPVR Y249 1.03 1.33 0.20 0.73 

IQNTGDpYYDLYGGEK Y62 0.42 0.25 0.50 0.75 

VSSTHpYYLLPERPSYLER Y857 2.91 1.31 1.87 0.89 

YCRPESQEHPEADPGSAAPpYLK Y705 1.94 0.23 1.56 0.96 

GEPNVSpYICSR Y279 0.39 0.14 1.34 0.95 

VLEDDPEATpYTTSGGKIPIR Y772 0.87 0.82 0.65 1.04 

GPVSGTEPEPVpYSMEAADYR Y446 0.95 0.97 1.57 1.21 

SAFSNLFGGEPLSpYTR Y20 1.44 0.85 2.04 1.41 

EKPAQDPLpYDVPNASGGQAGGPQRPGR Y36 1.84 1.55 1.53 1.81 

VADPDHDHTGFLTEpYVATR Y204 3.42 3.07 3.98 2.68 

LVNEAPVYSVpYSK Y374 3.66 2.06 6.12 2.78 

NSFNNPApYYVLEGVPHQLLPPEPPpSPARA

PVPSATK 

Y986/ 

S1003 
5.10 3.83 4.49 3.29 

GSHQISLDNPDpYQQDFFPK Y1172 4.16 3.32 5.49 4.27 

ELFDDPSpYVNVQNLDK Y317 5.26 4.52 5.97 4.71 

NSQEAEVSCPFIDNTpYSCSGK Y288 6.21 4.07 8.93 6.95 
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ABSTRACT
FGF signaling appears to be essential in the process of self-renewal of human 
embryonic stem cells (hESCs). FGF-2 is used for long-term culture of hESC, 
but the exact role of exogenous FGF-2 is unclear. To elucidate the role of FGF-2 
in maintenance of the pluripotency state of hESC, a large-scale targeted phos-
phoproteomics approach was undertaken to investigate specifically tyrosine 
phosphorylation events following FGF-2 stimulation. Using an optimized im-
muno-affinity purification strategy, a cumulative total of 735 unique tyrosine 
phosphorylation sites were identified. This is the largest inventory to date for 
hESC. Combining the enrichment approach with a stable isotope dimethyl labe-
ling strategy, a quantitative picture of the early signaling events in FGF-2 stimu-
lated hESC could be generated. A temporal tyrosine phosphorylation profile was 
generated for 316 unique peptides. Activation of all four FGFRs was found upon 
FGF-2 stimulation. Furthermore, transactivation of several other receptor tyro-
sine kinases (RTKs) was observed. Increased tyrosine phosphorylation was con-
firmed for most of these RTKs using a human phospho-RTK array. Downstream 
proteins with increased tyrosine phosphorylation include Src family members 
and their substrate targets. These downstream Src substrates are involved in the 
regulation of cytoskeletal/actin depending processes that are important in the 
structural maintenance of the pluripotency state of hESC. Therefore we hypoth-
esize that FGF-2 induces self-renewal partly through the regulation of cytoskel-
etal and actin depending processes. 
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INTRODUCTION
Human embryonic stem cells (hESC) are derived from the inner cell mass of the blastocyst 
[2, 3]. They have the ability to self-renew and are capable of differentiating into the three 
embryonic germ layers (ectoderm, endoderm, and mesoderm) both in vitro and in vivo [4, 
5]. Importantly, these cells are a powerful tool for drug screening, studying early lineage 
differentiation in vitro, and generating specific cell phenotypes for therapeutic applications.
Several pathways have been implicated in hESC self-renewal, such as transforming growth 
factor-β (TGF-β)/Activin-A/Nodal, Sphingosine-1-phosphate/platelet-dervied growth factor 
(S1P/PDGF), fibroblast growth factor-2 (FGF-2) (reviewed in [6]) and insulin growth fac-
tor (IGF)/insulin [7].  The process of self-renewal appears to be regulated synergistically 
through various pathways via growth factor or cytokine supplementation. FGF signaling is 
of central importance to hESC self-renewal.  FGF-2 is widely used for long-term culture of 
hESC and human induced pluripotent stem (iPS) cells in feeder and feeder–free systems [3, 
8-10]. Despite its importance in maintaining the undifferentiated phenotype, the exact role 
of exogenous FGF-2 is still unclear.
FGFs execute their biological actions by binding, dimerizing and activating cell surface 
fibroblast growth factor receptors (FGFRs) [11, 12]. There are four known human FGFRs 
with tyrosine kinase activity, namely FGFR1, 2, 3 and 4 which are members of the recep-
tor tyrosine kinase (RTK) family that govern a wide variety of cellular processes from cell 
motility and differentiation to proliferation. hESC expresses all four FGF-receptors [13-17]. 
Blocking FGFR signaling in hESC leads to rapid differentiation [13, 17]. This suggests that 
FGF-mediated signaling is important for embryonic stem cell self-renewal. Following FGF-2 
stimulation, activation of the FGF/FGFRs in hESC typically results in signal transduction of 
the FGF canonical pathways namely, mitogen activated protein kinase (MAPK) and phos-
phoinositide 3- kinase (PI3-K) pathways [13, 17, 18]. However, the downstream signaling 
events following FGF-2 stimulation, its link to hESC self-renewal and the maintenance of 
pluripotency remain to be determined.  
Phosphorylation of RTKs, such as FGFRs, elicits a plethora of downstream signaling events 
upon stimulation which is a highly dynamic process. Reversible protein phosphorylation 
plays a critical role in regulating signaling pathways and cellular processes. Conventional 
techniques used to identify these phosphorylation events are limited, for example, by the 
availability and efficiency of the detection antibodies. Therefore, more recently, large scale 
proteomics methods have been used to profile phosphorylation in hESC [19-21]. The large 
scale analysis of phosphorylation, and particularly tyrosine phosphorylation, by LC-MS is 
challenging because of the low stoichiometry of phosphorylation. Therefore, various tech-
niques have been developed to enrich for phosphopeptides prior to MS analysis, for exam-
ple using TiO2 [22] or IMAC [23] for total phosphopeptides. Further specific enrichment of 
tyrosine phosphorylated peptides by phosphotyrosine-specific antibodies has been used as 
well [24-26]. 
To understand the broader implications of FGF signaling in hESC, we have undertaken a 
large-scale phosphoproteomics approach to investigate the global tyrosine phosphoryla-
tion events following FGF-2 stimulation. In this study, using an optimized immuno-affinity 
purification strategy, a cumulative total of 735 unique tyrosine phosphorylation sites were 
detected using two biological replicates. Combining this enrichment approach with a sta-
ble isotope dimethyl labeling strategy [27-29], a quantitative picture of the early signaling 
events in FGF-2 stimulated hESC could be generated.
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MATERIALS AND METHODS
Cell culture and cell lysis
Human embryonic stem cell line, HES-3 (46 X,X) from ES Cell International (ESI, Singa-
pore) was cultured on Matrigel-coated (Becton, Dickinson and Company, Franklin Lakes, 
NJ) tissue culture dishes supplemented with conditioned medium (CM) from mitomycin-C 
treated immortalised mouse embryonic fibroblast (ΔE-MEF)[30].  Medium used for cultur-
ing hESC was knockout (KO) medium, which contained 85% KO-DMEM supplemented 
with 15% KO serum replacer, 1 mM L-glutamine, 1% non-essential amino acids and 0.1 mM 
2-mercaptoethanol (All from Invitrogen, Carlsbad, CA).  For routine culture, the medium 
was supplemented with 10 ng/ml of FGF-2 (Invitrogen), and medium was changed daily. 
The cultures were passaged weekly following enzymatic treatment as previously described 
[31]. For FGF-2 starved cultures, cells were maintained as mentioned above in the absence of 
FGF-2 for 5-7 population doublings (PD, 1 PD = ~1 day). Cells were then stimulated with 10 
ng/ml of FGF-2 at the indicated time points. 
Cells were lysed on ice in 7M urea, 2M thiourea, 4% CHAPS, 40mM Tris, 50 µg/ml DNase, 50 
µg/ml RNase, 1mM sodium orthovanadate and 1X PhosSTOP (Roche Diagnostics, Switzer-
land) in the presence of protease inhibitors. Protein concentration was determined using a 
Bradford Assay. Total protein lysate of 6 mg per time point were reduced with DTT at a final 
concentration of 10 mM at 56oC. Subsequently, lysates were alkylated with 55 mM iodoa-
cetamide. Lysates were diluted 6-fold with 100 mM ammonium bicarbonate and digested 
overnight with trypsin. 

Stable isotope labeling by reductive amination of tryptic peptides
Tryptic peptides were desalted with Sep-Pak C18 column (Waters, Milford, MA), eluted pep-
tides were lyophilized, and re-suspended in 100 µL of triethylammonium bicarbonate (100 
mM). Subsequently, stable isotope dimethyl labeling was performed as described before [26, 
27, 29] using formaldehyde-H2 and cyanoborohydride, formaldehyde-D2 and cyanoborohy-
dride and formaldehyde-13C-D2 and cyanoborodeuteride to generate light, intermediate and 
heavy dimethyl labels, respectively.  The light, intermediate and heavy dimethyl labeled 
samples were mixed in 1:1:1 ratio based on total peptide amount, determined by running 
an aliquot of the labeled samples on a regular LC-MS run and comparing overall peptide 
signal intensities. Labeled peptides were mixed, desalted with Sep-Pak C18 column and 
lypholized.

Immunoprecipitation (IP) of tyrosine phosphorylated peptides
IP was performed as described in Chapter 7 [26]. Peptide mixtures (both non-labeled and 
stable isotope dimethyl labeled) were dissolved in IP buffer containing 50mM Tris (pH7.4), 
150mM NaCl, 1% NOG, and 1x complete mini (Roche Diagnostics). pY-99 antibody beads 
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) (prewashed three times with IP buffer) 
were added into each peptide mixture and incubated overnight at 4°C with gentle rotation. 
After incubation, the beads were then washed three times with 1 ml of IP buffer followed 
by two times with 1 ml of water, all at 4oC. Peptides were eluted with 0.15% TFA and cen-
trifuged at 1500g for 1 min to separate the antibody beads from the eluate. Eluted peptides 
were desalted and concentrated on STAGE-tips.

On-line nanoflow LC-MS
Nanoflow LC-MS/MS was performed by coupling an Agilent 1100 HPLC system (Agilent 
Technologies, Waldbronn, Germany) to an LTQ-Orbitrap mass spectrometer (Thermo Elec-
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tron, Bremen, Germany) as described previously. Dried fractions were reconstituted in 10 
µL 0.1 M acetic acid and delivered to a trap column (Aquatm C18, 5 µm, (Phenomenex, Tor-
rance, CA, USA); 20 mm × 100 µm ID, packed in-house) at 5 µL/min in 100% solvent A (0.1 
M acetic acid in water). Subsequently, peptides were transferred to an analytical column 
(ReproSil-Pur C18-AQ, 3 µm, Dr. Maisch GmbH, Ammerbuch, Germany; 40 cm × 50 µm ID, 
packed in-house) at ~100 nL/min in a 2 hour (non-labeled) or 3 hour (stable isotope dimethyl 
labeled) gradient from 0 to 40% solvent B (0.1 M acetic acid in 8/2 (v/v) acetonitrile/water). 
The eluent was sprayed via distal coated emitter tips (New Objective), butt-connected to 
the analytical column. The mass spectrometer was operated in data dependent mode, auto-
matically switching between MS and MS/MS. Full scan MS spectra (from m/z 300-1500) were 
acquired in the Orbitrap with a resolution of 60,000 at m/z 400 after accumulation to target 
value of 500,000. The three most intense ions at a threshold above 5000 were selected for 
collision-induced fragmentation in the linear ion trap at normalized collision energy of 35% 
after accumulation to a target value of 10,000. 

Data analysis
All MS2 spectra were converted to single DTA files using Bioworks 3.3 using default set-
tings. Runs were searched using an in-house licensed MASCOT search engine (Mascot ver-
sion 2.1.0) software platform (Matrix Science, London, UK) against the Human IPI database 
version 3.36 (labeled sample; 63012 sequences) or version 3.37 (non-labeled sample; 69164 
sequences) with carbamidomethyl cysteine as a fixed modification. Light, intermediate and 
heavy dimethylation of peptide N-termini and lysine residues (for labeled samples only), 
oxidized methionine and phosphorylation of tyrosine, serine and threonine were set as vari-
able modifications. Trypsin was specified as the proteolytic enzyme and up to two missed 
cleavages were allowed. The mass tolerance of the precursor ion was set to 5 ppm and for 
fragment ions 0.6 Da. Peptides were assigned to the first protein hit reported by Mascot. The 
assignment of phosphorylation sites of identified phosphopeptides was performed by the 
PTM scoring algorithm implemented in MSQuant as described previously [32]. Individual 
MS/MS spectra from phosphopeptides were accepted for a Mascot score ≥ 20. The FDR at 
this score for pY peptides was found to be less than 1% by performing a concatenated decoy 
database search. All identified phosphopeptides that were found to be differentially phos-
phorylated were manually validated. 

Quantification
Quantification of peptide triplets of which at least one had obtained a Mascot peptide score 
of 20 was performed using an in-house stable isotope dimethyl labeling-adapted version of 
MSQuant (http://msquant.sourceforge.net/), as described previously [26, 28]. Briefly, peptide 
ratios were obtained by calculating the extracted ion chromatograms (XIC) of the “light”, 
“intermediate” and “heavy” forms of the peptide using the monoisotopic peaks only. The 
total XIC for each of the peptide forms was obtained by summing the XIC in consecutive MS 
cycles for the duration of their respective LC-MS peaks in the total ion chromatogram using 
FT-MS scans. This total XIC was then used to compute the peptide ratio. Quantified proteins 
were normalized against the Log2 of the median of all peptides quantified. StatQuant, an in-
house developed program [33], was used for normalization, outlier detection and determi-
nation of standard deviation. Ratios of phosphotyrosine levels were normalized to the ratios 
of several of the most abundant (non-specifically binding) non-phosphorylated peptides. 

Western Blot and IP of phosphoproteins
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Cells were lysed in Cell Lysis Buffer (Cell Signaling Technology, Beverly, MA) supplemented 
with 1 mM PMSF. Protein concentrations were determined using the DC protein assay (Bio-
Rad laboratories Inc., Hercules, CA). Twenty micrograms of each sample was mixed with 
Laemmli buffer and boiled for 5 minat 95oC. All samples were subjected to SDS-PAGE and 
electro-transferred onto PDVF membranes (0.2 µm, Bio-Rad). Membranes were probed us-
ing the corresponding primary antibodies at the indicated dilutions. After incubation with 
the primary antibodies, appropriate peroxidase-conjugated secondary antibodies (Dako, 
Glostrup, Denmark) or fluorescence secondary antibodies (LI-COR Biosciences, Lincoln, 
NE) were used to detect the bound antibodies. Protein bands were visualized either using a 
chemiluminescence detection reagent ECL Plus (Amersham, GE Healthcare, UK) or LI-COR 
ODYSSY imaging system (LI-COR Biosciences). All antibodies used are shown in Supple-
mentary Table 11.
For IP of phosphotyrosine (pY) proteins, cells were harvested and precleared with Protein 
A beads. The precleared lysates were subjected to agarose-conjugated 4G10 antibody (Cell 
Signaling Technology). After incubating with 4G10 antibody for 2 h at 4oC, anti-pY antibody 
pY99 (Santa Cruz) was added to the immunoprecipitation for an additional 4 h at 4oC . The 
beads were then washed three times with lysis buffer, followed by elution of the immuno-
precipitated proteins in Laemmli buffer after boiling for 5 min at 95oC.  Western blotting was 
performed as mentioned above. 

Human phospho-RTK Array
Analysis of protein expression using a human phospho-RTK antibody array (R&D Systems 
Inc., Minneapolis, MN) was performed according to manufacturer’s instructions. Briefly, 
capture and control antibodies were spotted in duplicates on nitrocellulose membranes and 
incubated overnight with 300 µg protein lysate. The membrane was then washed extensive-
ly with buffer provided and, further incubated with pan anti-phospho-tyrosine antibody 
conjugated to horseradish peroxidase (HRP). After incubation, arrays were washed and 
visualized using chemiluminescence ECL Plus (Amersham) and developed using chemilu-
minescence.

Dataset Comparison
The hESC phosphoproteome was compared to other datasets by mapping known pY site 
locations obtained from Phospho.ELM (version 8.2) and Rikova et. al. (2007)[1]. Using the IPI 
human database, 1382 and 4117 unique pY sites were mapped out from phospho.ELM and 
Rikova et. al. (2007) datasets respectively. Overlap was determined by counting the number 
of identical sites between t he datasets.

1  Supplementary data to this chapter is available at http://tinyurl.com/thesispjb
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RESULTS
Effect of FGF-2 stimulation on hESC phosphoproteome
To study the effect of FGF-2 in the maintenance of hESC pluripotency, hESCs were FGF-2 
starved for 5-7 doublings, followed by stimulation with 10 ng/mL FGF-2 for 0, 1, 5, 15 and 
30 min and 1, 2, 4, 8 and 24 hours. A rapid increase in phosphorylation of both ERK/MAPK 
(Thr185 and Tyr187) and AKT (Ser473) was observed after FGF-2 stimulation (Figure 1A) 
suggesting the expected activation of the FGF receptors as ERK/MAPK and AKT are down-
stream targets of FGFRs. To profile the early effect of the activation of FGFR on the tyrosine 
phosphorylation of hESC an anti-pY specific antibody was used to selectively enrich for 
tyrosine phosphorylated peptides from 6 mg of tryptic lysate digest per cell state (0, 1, 5, 15 
and 60 min)[26]. The precipitated peptides were then analyzed by LC-MS. Respectively 153, 
376, 273, 285 and 287 unique tyrosine phosphorylation sites could be identified from the 0, 1, 
5, 15 and 60 min by FGF-2 stimulated cells with cumulatively 597 unique tyrosine phospho-
rylation sites. In a biological replicate, a total of 574 tyrosine phosphorylation sites could be 
identified leading to an overall cumulative 735 unique tyrosine phosphorylation sites in the 
two biological replicates (see Supplemental Table 2). The more than double increase in tyro-
sine phosphorylation after 1 min of FGF-2 stimulation suggests a prompt activation of sev-
eral tyrosine phosphorylated signaling pathways. The overlap of identified pY sites between 
each sample time point is relatively large, typically between 60% and 80%. Also, the 76% 
overlap between the biological replicates is larger than is observed in typical shotgun LC-MS 
phosphoproteomics approaches, suggesting that significant reproducibility in phosphopro-
teomics can be achieved by enrichment of tyrosine phosphorylated peptides using IP, and 
thus allowing comprehensive profiling of tyrosine phosphorylation in complex cell lysates. 
Many of the pY sites were classified by Panther [34] to be on proteins that are involved in 
growth factor signaling, such as the FGF, EGF, VEGF and PDGF signaling pathways. 

Comparison of our dataset with previously reported large datasets of pY site locations ob-
tained in Phospho.ELM (version 8.2) and Rikova et al. [1] yielded an overlap of 44% and 23% 
respectively (Figure 1B). A motif analysis was performed on the residues of the adjourning 
sites of phosphorylation in our cumulative hESC dataset. Using Motif-X [35], overrepresent-
ed sequence motifs were extracted which might be related to consensus sequences that are 
recognized by kinases. Employing human IPI database as the background sequences, 7 mo-
tif patterns were found to be significantly overrepresented, covering over 53% of our dataset 

Figure 1. A) Western blot showing an increase in phosphorylation of both ERK and AKT upon FGF-2 stimula-
tion. B) Overlap of identified phosphotyrosine sites between our dataset (hESC), those deposited in Phospho.

ELM (v 8.2), and those identified in Rikova et al. [1].

A B
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(Figure 2).  In particular, the motifs where Aspartic acid (D) 
or Glutamic acid (E) occupy position P-3 (Motifs 3 and 4), 
covered 23% of the phosphopeptide sequences. Although 
motifs 1 and 2 are only present in approximately 6% of the 
cumulative databases, they occur more frequently in our 
dataset as compared to the background sequences. Further 
comparison of the 7 motif patterns identified in our cumu-
lative dataset to both phospho.ELM and Rikova databases, 
revealed that motif 1 and motif 5 are overrepresented only 
in our hESC dataset. 

Quantitative phosphoproteomics
For a more precise quantitative profiling of tyrosine phos-
phorylation, enrichment of tyrosine phosphorylated pep-
tides by immunoprecipitation was combined with stable 
isotope dimethyl labeling [26-29]. The activation profile of 
ERK and AKT detected by Western blot (Figure 1A), to-
gether with the number of tyrosine phosphorylation sites 
detected in our tyrosine phosphorylation profiling dataset, 
indicated that most of the tyrosine phosphorylation events 
happen within 15 min after FGF-2 stimulation. Therefore, 
the 0, 5 and 15 min post FGF-2 stimulation time points 
were chosen for the quantitative profiling study. Figure 3 
displays an overview of the quantitative phosphoproteom-
ics strategy used in this study.
Lysate (6 mg) for each time point was digested followed 
by stable isotope dimethyl labeling whereby the non-
stimulated sample (0 min) was labeled with light dimethyl 
labels, the 5 min time point with intermediate labels, and 
finally the 15 min time point with heavy dimethyl labels. 
The differentially labeled samples were mixed 1:1:1 and 
enriched simultaneously for tyrosine phosphorylated 
peptides by immunoprecipitation. The enriched tyrosine 
phosphorylated peptides were then analyzed by LC-MS, 
using a 3 hour elution gradient. By comparing their respec-
tive signal intensities the different FGF-2 stimulated time 

Figure 2. Tyrosine phosphorylation motifs overrepresented in the current dataset. A) Seven 
motifs were found to be significantly overrepresented. B) Distribution of different motifs in the 

dataset.

Figure 3. Overview of the quantita-
tive proteomics workflow. Samples 

are stimulated for different times with 
FGF-2 followed by lysis and digestion. 
The peptides are differentially labeled 

by stable isotope dimethyl labeling and 
combined followed by simultaneous 

enrichment of tyrosine phosphorylated 
peptides using a phosphotyrosine 

specific antibody. The enriched fraction 
is analyzed by LC-MS.

A B

Protein extraction
and lysis

LC-MS analysis

Protein digestion & Peptide labelling

Mix peptides

0 min
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m/z
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points were relatively quantified. 

From our analysis, 316 unique tyrosine phosphorylated peptides (light, intermediate, 
heavy) with 300 unique tyrosine phosphorylation sites could be identified and quantified 
(see Supplemental Table 3 and 4). The quantitative analysis demonstrated the increase upon 
FGF-2 stimulation in tyrosine phosphorylation of FGFRs, which includes the autophospho-
rylation tyrosine phosphorylation sites on FGFR 1, 2, 3, and 4 and some of their canonical 
downstream effectors, (see Figure 4 for the abundance profiles of several selected tyrosine 
phosphorylated peptides). Activation of FGF receptors is known to induce MAPK and PI3-
K pathways [17, 18]. In the quantitative dataset we do indeed find an increase in tyrosine 
phosphorylation in the activation loop of MAPK1 and 3, which confirms the initial western 
blot from Figure 1A as the same phosphorylation sites were detected that increased in inten-
sity. Furthermore, two members of the PI3-K family were found with increases in tyrosine 
phosphorylation upon FGF-2 stimulation. Additionally, a large number of tyrosine phos-
phorylated peptides of proteins not directly involved in the canonical FGF pathway were 
identified with an increase in tyrosine phosphorylation post FGF-2 stimulation.

 
To classify the response of these proteins to FGF-2, a cluster analysis was performed based 
on the temporal tyrosine phosphorylation profiles. Phosphopeptides that showed and in-
crease in tyrosine phosphorylation of at least two times at either of the time points were 
clustered into 5 different groups, each describing a particular profile pattern (Figure 5). 
From the clusters, most of the phosphopeptides (approximately 34.5%) showed sustained or 
transient activity (Clusters 2 and 3) upon stimulation. No significant enrichment within the 
different clusters was found for the motifs that were found to be overrepresented in hESC 
as described in Figure 1. 

Human phospho-receptor tyrosine kinase array
In the quantitative tyrosine phosphorylation profiling study of the effect of FGF-2 on hESC, 
several receptors other than FGFR were shown to increase in tyrosine phosphorylation upon 

Figure 4. Quantitative profiles of tyrosine phosphorylation abundance upon FGF-2 stimulation for a selection of 
proteins.
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FGF-2 stimulation. To confirm the activation of these receptors a human phospho-receptor 
tyrosine kinase (phospho-RTK) array was used. With the human phospho-RTK array, rela-
tive tyrosine phosphorylation of 42 different RTKs can be simultaneously monitored. This 
includes receptors from the FGF, EGF, VEGF, and insulin receptor families. In the human 
phospho-RTK array, RTKs are captured by antibodies spotted on a nitrocellulose membrane. 
The levels of total tyrosine phosphorylation of the RTKs are then determined using a pan 
phosphotyrosine antibody that is conjugated to horseradish peroxidase which can be de-
tected by chemiluminescence. In the array dataset, an additional time point (60 min) was 
included to understand the pattern of phosphorylation sustenance of these receptors in the 
stimulated hESC. A rapid increase in phosphorylation of all FGF receptors was observed 
(Figure 6). Furthermore, phosphorylation levels increased for Insulin receptor (INSR), In-
sulin growth factor 1 receptor (IGF1-R), Ephrin type A receptors (EphA) 1 and 2, Vascular 
endothelial growth factor receptor 2 (VEGF2/KDR). 

DISCUSSION
Many cytokines and growth factors have been shown to play a role in maintaining hESC 
self-renewal. For example, almost all hESC culture platforms require FGF-2 supplementa-
tion. In our previous study [17], we demonstrated that the withdrawal of exogenous FGF-2 
from hESC results in loss of pluripotent marker expression (Oct-4, Tra-1-60, and Podocalyx-
in). The presence of all four FGFRs on Oct-4 positive cells was also illustrated. Furthermore, 
blocking FGFR signaling in hESC was shown to lead to rapid differentiation [13, 17]. Taken 
together, these data suggest that FGF-mediated signaling is important for the maintenance 
of the undifferentiated hESC phenotype. To understand FGF-2 mediated signaling in hESC, 
a large-scale phosphoproteomics approach was embarked upon to investigate the global 
tyrosine phosphorylation events following FGF-2 stimulation. 
The main challenge in identification of tyrosine phosphoproteomics is the low abundance of 
tyrosine phosphorylated proteins. In this study, we used a pY-specific antibody to enrich for 
these low abundant pY-peptides from large quantities of complex samples. Using this ap-
proach, a cumulative 735 unique tyrosine phosphorylation sites in two biological replicates 

Figure 5. Clustering of tyrosine phosphorylation profiles in response to FGF-2 stimula-
tion.



170

8

were identified. To our knowledge, this is to date the largest hESC tyrosine phosphorylation 
dataset reported. The levels of tyrosine phosphorylation seem surprisingly large. Often the 
inhibition of phosphatases with, for example, pervanadate is necessary to detect tyrosine 
phosphorylation sites [26], while here, FGF-2 starved cells were only stimulated with exog-
enous FGF-2. Seemingly, ample tyrosine phosphorylation network pathways are active in 
hESC. Previous large scale hESC phosphorylation profiling studies reported thousands of 
phosphorylation sites but were largely biased to serine and threonine phosphorylation with 
only 2-4% of the identified phosphorylation sites were on tyrosine residues [19-21]. 

Quantitative profiling of tyrosine phosphorylation
In order to study key early signaling events of FGF-2 stimulated hESC, it is important to un-
derstand the temporal involvement of the FGFRs and its subsequent substrates post FGF-2 
stimulation. Results from Western blotting of FGF signaling downstream effectors (ph-ERK 
and ph-AKT) demonstrated rapid responses (5-15 min) of these downstream effectors to 
FGF-2 stimulation, hence we selected 0, 5, and 15 min post-FGF-2 for our quantitative study. 
pY-peptide immunoprecipitation using a pY specific antibody was combined with stable iso-
tope dimethyl labeling to quantitatively profile tyrosine phosphorylation. Thus, 316 unique 

Figure 6. Human phospho-RTK array to detect proteins activated upon FGF-2 stimulation. A, B) Phosphoryla-
tion levels of FGFR 1, 2, 3, and 4 are increased upon FGF-2 stimulation. C, D, E) Proteins in the insulin recep-

tor, ephrin A, and VEGF receptor family show an increase in phosphorylation upon FGF-2.
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tyrosine phosphorylated peptides were identified and quantified. By performing quantita-
tive phosphoproteomics at the peptide level, temporal dynamics of specific phosphorylated 
sites rather than total tyrosine phosphorylation of the whole protein can be followed. 

FGF receptors and other receptor tyrosine kinases
Expectedly, increases in tyrosine phosphorylation at multiple sites of FGFR 1, 2, 3, and 4 
were detected upon FGF-2 stimulation which was confirmed by the human phospho-RTK 
array. The phosphorylation of autophosphorylation sites suggests indeed activation of these 
receptors which is further corroborated by the detection of increased tyrosine phosphoryla-
tion of downstream targets of canonical FGF signaling, such as PLC-γ, GAB1, MAPK1/3, 
and PI3-K. 
Interestingly, several other RTKs were identified in our quantitative proteomics dataset to 
show a temporal tyrosine phosphorylation response upon FGF-2 stimulation. Amongst 
these receptors were the IR, IGF1-R, ERBB2, ERBB3, EphA1 and 2, EphB3 and 4, and KDR/
VEGFR2. IGF1-R and IR have been shown to play a role in the self-renewal of hESC [7, 
36]. Furthermore, tyrosine phosphorylation of ERBB2, ERBB3, KDR/VEGFR2, FGFR3, and 
FGFR4 has been demonstrated before upon stimulation with both conditioned medium and 
FGF2 [36]. The activation of most of these receptors was confirmed by the human phospho-
RTK array. With the array, changes in total tyrosine phosphorylation can be robustly and 
sensitively measured and it has therefore been used to determine the activation state of the 
captured RTKs {}. Next to activation of the FGF receptors,  in our study, the phospho-RTK 
array showed increased total tyrosine phosphorylation upon stimulation with FGF-2 for the 
VEGF receptor, insulin receptor family and ephrin family members. The increased phospho-
rylation is in agreement with the increase in tyrosine phosphorylation that was observed 
using quantitative LC-MS. The latter method however has the advantage that it can deter-
mine exactly which tyrosine sites are differentially phosphorylated and therefore provide 
higher resolution data. Transactivation (i.e. the activation of a given receptor activates a het-
erologous receptor [37]) has been suggested for FGFR and other RTKs [38-40]. For example, 
FGFR1 was shown to be capable of tyrosine phosphorylating EphA4 in an adult kinase-neg-
ative mutant cell line [38]. Also, it has been demonstrated that a transactivation mechanism 
might even be required to establish certain physiological processes [40]. The elucidation of 
these transactivations and cross-talk between different pathways, once again, illustrates that 
a linear view of signal transduction is a large simplification of the actual pathway {}. Some 
RTKs share several of the same downstream targets, including the above mentioned PLC-γ, 
GAB1, MAPK1/3, and PI3-K which might make it difficult to determine whether phospho-
rylation of any of these proteins was the result of upstream activation of FGFR or one of 
the other RTKs. A more comprehensive view is therefore requisite for the determination 
of signaling pathways underlying the effect of certain stimuli. Here, we show the potential 
involvement of several RTKs in the FGF-2 induced self-renewal of hESCs which could aid in 
the elucidation of the triggered signaling pathway.

Src family kinases and substrates
Src family kinases (SFKs) represent a group of tyrosine kinases that are strongly activated 
by, amongst others, RTKs [41]. Several tyrosine phosphorylation sites were identified on 
members of SFKs, but the extensive homology in particularly the activation loop of different 
members of the family complicates the determination of the exact family member. Interest-
ingly, although only relatively small increases in tyrosine phosphorylation were observed 
for the SFK members, larger increases in tyrosine phosphorylation were observed for Src 
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substrates and, for example, focal adhesion kinase (FAK). Src and FAK are known to form 
a tight complex after activation by RTKs or Integrins [42, 43]. Src binds to phosphorylated 
FAK and promotes further phosphorylation of tyrosine residues on FAK. 
Cortactin has long been known to be a very efficient substrate for SFKs and was found in our 
screen to exhibit increased tyrosine phosphorylation levels. These phosphorylation events 
are supposed to create docking sites for proteins containing the SH2 phosphotyrosine bind-
ing domain, such as Src family kinases themselves or adaptor proteins [44, 45]. These inter-
actions are then thought to influence actin polymerization and thus the turnover of actin net-
works. SHANK2 was also found to be heavily phosphorylated upon induction with FGF. It 
is a large scaffold protein associated with actin, and also a binding partner of Cortactin [46].
Another protein that shows increased tyrosine phosphorylation is the scaffold protein Paxil-
lin, which localizes at the sites of cell adhesions. Together with a large number of interac-
tion partners, Paxillin is heavily involved in cytoskeletal reorganization and cell adhesion 
[47-50]. 
Plakophilin-3, Plakophilin-4, Catenin delta-1, F11R, Occludin, KIRREL/Neph1, TJP-1 and 
TJP-2 are found in tight junctions and an increased tyrosine phosphorylation was detected 
in our screen. Of these proteins Catenin delta-1, Occludin, TJP-1 and TJP-2 have been de-
scribed as genuine Src kinase substrates; the phosphorylation of the aforementioned sites 
has been shown to modulate the regulation of cell-cell adhesions as well as the formation of 
tight junctions [47, 51, 52]. 
Another activated kinase to be found upregulated upon FGF-treatment was CDK5. CDK5 is 
an atypical member of the cyclin dependent kinase family, which has rather been found to 
be involved in the regulation of CNS development [53]. Many of its substrates are involved 
in cytoskeletal regulation and neuronal migration such as c-Abl, Src, PAK1 or beta-catenin. 

CONCLUSIONS
Taken together these findings, FGF-2 treatment of hESC results in the activation of all four 
FGFR family members as well as transactivation of members of several other receptor fami-
lies such as the insulin receptor family, the Ephrin type A family and the VEGF receptor. In-
creased tyrosine phosphorylation was found on downstream substrate targets of these RTKs 
including Src family kinases and their substrates. Seemingly, major and very fast changes in 
the regulation of cytoskeletal/actin depending processes are induced, including modulation 
of cell-adhesion, cell-cell adhesion, migration and the formation of tight junctions. Many of 
the proteins found in our screen that show a distinct increase in tyrosine phosphorylation 
induced by FGF have been described as integral components and also key players in the 
aforementioned processes in adult cells. Here, we show activation of several of these path-
ways in embryonic stem cells upon FGF-2 stimulation. For the differentiation of embryonic 
cells, cytoskeletal and actin depending processes are majorly involved. Therefore, the role 
of FGF-2 in the maintenance of the pluripotency state of hESCs might be partly found in the 
regulation of these processes.
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In proteomics, high-tech nano-LC and MS instrumentation is used to routinely sequence 
proteins at a large scale. The protein status of (part of) an organism can thus be determined, 
which can be dynamic in, for example, protein expression and post translational modifica-
tions (PTMs). The field of proteomics has evolved rapidly over the last decade with substan-
tial technical advances. However, improvements are still necessary to increase the sensitivity 
and dynamic range of LC-MS in order to dig deeper into the proteome to identify lower 
abundant proteins, to advance MS based quantification and to enhance throughput. In this 
thesis, several technological developments are described to advance proteomics and their 
applicability is demonstrated in several different research lines.

In chapter 1, the concept of proteomics is introduced and several practical aspects of a pro-
teomics workflow are highlighted. A universal proteomics workflow does not exist as dif-
ferent research questions and the availability of instruments require different approaches. 
However, several components come back in many proteomics experimental procedures. 
Generally, one of the first steps is the lysis of a biological sample followed by enzymatic di-
gestion. As the complexity of the sample is increased tremendously by the digestion, several 
ways of fractionation can be applied, such as strong cation exchange (SCX) and hydrophilic 
interaction liquid chromatography (HILIC). To isolate proteins or peptides containing cer-
tain PTMs, enrichment techniques can be applied before or after sample fractionation such 
as immobilized metal affinity chromatography, TiO2 or antibody based immunoprecipita-
tion. The most important step in a proteomics experiment is the sequencing of peptides by 
LC-MS to identify the protein contents of the sample. This is performed by matching the 
masses of intact peptides and their fragments with the theoretical masses as derived from 
genomic databases. 

Chapter 2 focuses specifically on the use of HILIC in proteomics. This relatively new and 
little explored LC phase exhibits some features that can be utilized in proteomics. The or-
thogonality of separation with reversed phase (RP)-LC and the more even dispersion of 
peptides over the LC run, makes HILIC an adequate first dimension for the fractionation of 
complex peptide mixtures. Furthermore, HILIC was found to be useful in the enrichment of 
phosphorylated, N-acetylated and glycosylated peptides and has been used for the separa-
tion of differently modified histones.
In chapter 3, a specific variety of HILIC is evaluated and further optimized for two dimen-
sional-LC (2D-LC); zwitterionic HILIC (ZIC-HILIC). A mixed mode separation was observed 
for ZIC-HILIC consisting of both electrostatic and polar interactions between the peptides 
and stationary phase. The final separation mechanism can be altered by adjusting the pH of 
the solvent as this affects the hydrophilicity and charge of peptides. Compared to the often 
used SCX, less clustering of the typically ubiquitous +2 and +3 charged peptides was ob-
served, rendering ZIC-HILIC an attractive alternative to SCX in multidimensional peptide 
separations. This was confirmed by the analysis of a complex biological sample consisting of 
several thousands of proteins whereby a semi-automatic ZIC-HILIC fractionation was set-
up that mixes the elution with enough aqueous buffer to allow direct consecutive analysis 
by RP LC-MS. More than a thousand proteins could be identified using the 2D-LC system.

Several approaches of stable isotope labeling have been developed to allow for MS based 
quantification in proteomics. Some incorporate the isotopes at metabolic level during, for 
example, cell culturing. In other methods proteins or peptides are  chemically labeled with 
isotopomeric labels. In chapter 4, the development of a triplex stable isotope dimethyl labe-
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ling approach is reported. By using different isotopomers of formaldehyde and cyanoboro-
hydride, three different dimethyl labels can be generated in order to simultaneously analyze 
peptides from three different samples by LC-MS. The advantage of this approach is the 
utilization of cheap and readily available chemicals and therefore, the method does not pose 
limits to the amount of sample that has to be labeled. Furthermore, the labeling reaction goes 
to close to completion and virtually any sample can be labeled as the labeling is performed 
post-lysis and -digestion. It was found that the first dimension of a 2D-LC system has to be 
chosen carefully when working with stable isotope dimethyl labeled samples. For example, 
in HILIC a small retention shift is observed for the differently labeled peptides due to the 
different numbers of deuterium the labels contain. This results in a slight differential elution 
of isotopomeric peptides over consecutive fractions. As SCX separation is not based on hy-
drophilicity or hydrophobicity, this isotope effect was not observed and was therefore used 
in the application of stable isotope dimethyl labeling in a targeted study wherein the method 
was used to distinguish specific from aspecific cAMP binding proteins when performing 
pull-down experiments using immobilized cAMP. In total, 142 proteins could be identified 
and quantified, including several cAMP binding proteins and several of their A-kinase an-
choring protein binding partners. 

Trypsin is the most often used enzyme for proteolysis in proteomics approaches. The re-
sultant peptides have a basic N-terminus and C-terminus (Lys or Arg residue). After colli-
sion induced dissociation (CID) a mass spectrum typically consists of both b- and y-ions. In 
chapter 5, the metalloendopeptidase Lys-N is investigated for MALDI-MS/MS proteomics 
applications. Lys-N produces peptides with an N-terminal Lys residue and therefore the 
basicity is concentrated at the N-terminus. Fragmentation in MALDI of peptides where this 
N-terminal Lys is the only basic group results in the generation of primarily N-terminal frag-
ments. The CID spectra are straightforward and the sequence can be easily read off since of-
ten complete sequence ladders of b-ions are present. The extent of this effect was statistically 
supported by performing Lys-N digestion on a complex cellular lysate. It was calculated that 
b-ions were responsible for 94% of the total intensity of b- and y-ions in Pro-free peptides. 
Furthermore, it was found that these straightforward spectra facilitate de novo sequencing. 
Several peptides could be identified from an ostrich muscle sample without bioinformatic 
database searching tools. 

Phosphorylated peptides typically fragment differently compared to non-modified pep-
tides. In CID for example, fragmentation of phosphorylated peptides can result in spec-
tra that are dominated by a single peak that represents the neutral loss of the phosphate 
group. In chapter 6, this neutral loss effect and ways to accommodate challenges of MS 
based analysis of phosphopeptides are reviewed. The neutral loss of the phosphate group 
of a phosphate has often been described as the result of a β-elimination reaction during 
CID. However, multiple lines of evidence are discussed that suggest that charge-directed 
SN2-neighbouring group participation reactions might have a more dominant effect. The 
extent of neutral loss is dependent on several aspects including the chemical structure of the 
phosphorylated residue, the amino acid sequence of the peptide, the charge state of the pre-
cursor ion, proton mobility, the type of mass spectrometer and the applied collision energy. 
The neutral loss can hinder identification of the peptide sequence and the determination 
of the exact site of phosphorylation. Several alternative fragmentation approaches such as 
MS3, multistage activation, ECD and ETD have been developed to accommodate some of 
the challenges of MS analysis of phosphopeptides. Although all these methods show certain 
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advantages over CID, they also seem to identify complementary and not always larger sets 
of phosphorylated peptides. Therefore, not one ideal fragmentation methods exists that is 
capable of fully and comprehensively determining a phosphoproteome. Often the faster se-
quencing speed of CID MS/MS allows a larger set of phosphopeptides to be identified.

The analysis of Tyr phosphorylation is rather challenging due to the low levels of Tyr phos-
phorylation. Approaches have been developed whereby Tyr phosphorylated peptides are 
immunoprecipitated using antibodies that are specific for Tyr phosphorylation. In chapter 7, 
the enrichment efficiency of such phosphopeptide immuno-affinity purification was shown 
to be rather high and more than 1000 phospho-Tyr peptides could be identified after two 
separate LC-MS runs. In the optimized immunoprecipitation protocol the input is several 
milligrams of sample. To introduce stable isotope labeling in the protocol, triplex stable iso-
tope dimethyl labeling was combined with phosphoTyr immunoprecipitation. Tyr phos-
phorylation was profiled after pervanadate and EGF stimulation, respectively. Using the 
quantitative immunoprecipitation approach and just a single LC-MS run, a rather complete 
qualitative and quantitative image was generated of Tyr phosphorylation signaling events. 
Many known Tyr phosphorylation sites and several sites that have not or only poorly been 
described to be involved in EGF receptor signaling were detected. 
In chapter 8, the quantitative immunoprecipitation method was applied to study the role 
of FGF-2 stimulation in human embryonic stem cells (hESCs). FGF-2 is important in the 
maintenance of the pluripotency state of hESCs. FGF-2 stimulation was shown to activate 
MAPK and AKT pathways. In our study, several hundreds of Tyr phosphorylation sites 
could be identified and quantified of which some 140 showed a differential regulation upon 
FGF-2 stimulation. These regulated sites were found on proteins that include FGF receptors, 
members of the Src family, proteins involved in actin polymerization and cyclin dependent 
kinases. 
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In proteomics worden high-tech nano vloeistofchromatografie (liquid chromatography; LC)
en massa spectrometrie (MS) instrumenten gebruikt om op grote schaal eiwitten te kunnen 
identificeren. Op deze manier kan bepaald worden welke eiwitten in (een gedeelte van) een 
organisme voorkomen. Deze eiwit status kan erg dynamisch zijn door veranderingen in ei-
wit expressie en post translationele modificaties (PTMs). Het proteomics veld heeft zich snel 
geëvolueerd over de laatste decennia met belangrijke technische ontwikkelingen. Toch zijn 
technische verbeteringen nog steeds noodzakelijk om de gevoeligheid en het dynamische 
bereik van LC-MS te verhogen om zo dieper in het proteome te graven en minder voorko-
mende eiwitten te kunnen identificeren, om op MS gebaseerde kwantificatie methoden te 
verbeteren en om de analyse snelheid te verhogen. In dit proefschrift worden enkele tech-
nologische proteomics ontwikkeling beschreven en hun toepassing in een aantal verschil-
lende onderzoekslijnen.

In hoofdstuk 1 wordt het concept proteomics geïntroduceerd en passeren verscheiden prak-
tische aspecten van een proteomics experiment de revue. Een universeel draaiboek voor een 
proteomics experiment bestaat niet, omdat verschillende onderzoeksvragen en de beschik-
baarheid van bepaalde apparatuur verschillende werkwijzen noodzaken. Over het algemeen 
is een van de eerste stappen van een proteomics experiment de lysis van een biologische 
monster gevolgd door enzymatische digestie. Verscheidene manieren van fractioneren kun-
nen vervolgens toegepast worden zoals strong cation exchange (SCX) en hydrophilic inter-
action liquid chromatography (HILIC). Om eiwitten of peptiden met bepaalde PTMs te kun-
nen isoleren kunnen verrijkingsmethode gebruikt worden voor of na monster fractionering 
zoals ‘immobilized metal affinity chromatography’, TiO2 of op antilichaam gebaseerde im-
munoprecipitatie. De belangrijkste stap in een proteomics experiment is het sequencen van 
peptiden met LC-MS om te bepalen welke eiwitten zich in een monster bevinden. Dit kan 
gedaan worden door de massa’s van intacte peptiden en hun fragmenten te vergelijken met 
de theoretische massa’s uit een genomische databank.

Hoofdstuk 2 richt zich specifiek op het gebruik van HILIC in proteomics. Deze relatief nieu-
we en weinig gekarakteriseerde LC fase bezit enkele eigenschappen die interessant zijn voor 
proteomics. De orthogonaliteit van scheiding in vergelijking met ‘reversed phase’ (RP)-LC 
en de betere verspreiding van peptiden over een LC scheiding maken van HILIC een ge-
schikte eerste dimensie voor de fractionering van complexe peptiden mengsels. HILIC blijkt 
ook bruikbaar voor de verrijking van gefosforyleerde, N-geacetyleerde en geglycosyleerde 
peptiden en het is toegepast voor de scheiding van verschillend gemodificeerde histonen. 
In hoofstuk 3 is een specifieke versie van HILIC geëvalueerd en geoptimaliseerd voor ge-
bruik in twee dimensionale-LC (2D-LC); zwitterionic-HILIC (ZIC-HILIC). Aan de scheiding 
met ZIC-HILIC blijkt een tweeledig mechanisme ten grondslag te liggen met zowel elec-
trostatische als polaire interacties tussen de peptiden en de stationaire fase. Het uiteinde-
lijke scheidingsmechanisme kan aangepast worden door de pH van de oplosmiddelen te 
veranderen waardoor de hydrofiliciteit en lading van peptiden verandert. In vergelijking 
met het veel gebruikte SCX vindt minder clusteren van +2 en +3 geladen peptiden plaats wat 
ZIC-HILIC een aantrekkelijk alternatief voor SCX maakt voor multidimensionale peptide 
scheidingen. Dit werd bevestigd door de analyse van een complex biologisch monster dat 
bestond uit enkele duizenden eiwitten. Een semiautomatische ZIC-HILIC fractionering was 
ontworpen waarbij het eluaat direct met genoeg waterige buffer wordt gemengd waardoor 
analyse met RP LC-MS direct mogelijk is. Meer dan duizend eiwitten konden geïdentifi-
ceerd worden door gebruik te maken van dit 2D-LC systeem.
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Verscheidene methoden van stabiele isotoop labelen zijn ontwikkeld om op MS gebaseerd 
kwantificatie mogelijk te maken in proteomics. Sommige van die methoden introduceren 
de isotopen op metabool niveau, bijvoorbeeld tijdens celkweek. In een andere benadering 
worden eiwitten of peptiden chemische gelabeld met isotopomere labels. In hoofdstuk 4 
wordt de ontwikkeling van een triplex stabiele isotoop dimethyl labeling methode bespro-
ken. Door verschillende isotopomeren van formaldehyde en cyanoborohydride te gebruiken 
kunnen drie verschillende dimethyl labels gegenereerd worden waardoor tegelijkertijd drie 
verschillende monster met LC-MS geanalyseerd kunnen worden. Het voordeel van deze 
methode is dat goedkope en algemeen verkrijgbare chemicaliën gebruikt worden waardoor 
de hoeveelheid monster dat gelabeld moet worden geen beperkende factor is. Verder is de 
reactie zo goed als volledig en kan vrijwel elk monster gelabeld worden, omdat de labeling 
plaats vindt na lysis en digestie. De juiste keuze van de eerste dimensie van een 2D-LC 
systeem bleek van belang te zijn wanneer er gewerkt wordt met stabiele isotoop dimethyl 
gelabelde monsters. Met HILIC kan een kleine retentie verschuiving optreden van de ver-
schillend gelabelde peptide door het verschillende aantal deuteriums dat de labels bevatten. 
Dit kan resulteren in een niet evenredige elutie van verschillende isotopomere peptiden 
over opeenvolgende fracties. SCX scheiding is niet gebaseerd op hydrophiliciteit of hydro-
phobiciteit en een isotoop effect is daardoor verwaarloosbaar. SCX was daarom gebruikt in 
een toepassing van stabiele isotoop dimethyl labeling waarbij de methode werd gebruikt 
om onderscheid te maken tussen specifiek en aspecifiek aan cAMP bindende eiwitten in 
pull-down experimenten waarbij gebruik wordt gemaakt van geïmmobiliseerd cAMP. In to-
taal konden 142 eiwitten geïdentificeerd en gekwantificeerd worden inclusief verscheidene 
cAMP bindende eiwitten en enkele van hun AKAPs. 

Trypsine is het meest gebruikte enzym voor proteolysis in proteomics. De peptiden die op 
deze manier geproduceerd worden hebben een basische N-terminus en C-terminus (Lys of 
Arg residu). De spectra die worden gegenereerd met collision induced dissociation (CID) 
bestaan over het algemeen uit b- en y-ionen. In hoofdstuk 5 is de metalloendopeptidase 
Lys-N getest voor toepassing in MALDI-MS/MS. Lys-N produceert peptiden met een N-
terminale Lys residu en daardoor is de basiciteit van het peptide geconcentreerd op de N-
terminus. Fragmentatie met MALDI-MS/MS van peptiden waarbij Lys de enige basische 
aminozuur is resulteert in de productie van voornamelijk N-terminale fragmenten. De CID 
spectra zien er eenvoudig uit en de aminozuur volgorde van het peptide kan makkelijk 
afgelezen worden, omdat vaak volledige sequentie ladders van b-ionen aanwezig zijn. De 
mate van het effect werd statistisch ondersteund door een Lys-N digestie van een complex 
cellulair lysaat. B-ionen bleken verantwoordelijk voor 94% van de totale intensiteit van b- en 
y-ionen van niet-Pro-bevattende peptiden. Verder blijken de vereenvoudigde spectra de novo 
sequencing te vergemakkelijken. Verscheidene peptiden konden geïdentificeerd worden in 
een spiermonster van een struisvogel zonder bioinformatische programma’s. 

Gefosforyleerde peptiden fragmenteren over het algemeen anders dan hun niet gefosfory-
leerde equivalenten. In CID kunnen gefosforyleerde peptiden bijvoorbeeld spectra gener-
eren die gedomineerd worden door een enkele piek veroorzaakt door de ‘neutral loss’ van 
de fosfaat groep. In hoofdstuk 6 wordt deze neutral loss besproken samen met manieren 
om om te gaan met de hindernissen die opgeworpen kunnen worden in de analyse van 
fosfopeptiden met MS. Vaak wordt de neutral loss van de fosfaat groep omschreven als een 
β-eliminatie reactie tijdens CID. Er komt echter meer en meer data beschikbaar die doet ver-
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moeden dat een ‘charge-directed SN2 neighbouring group participation reaction’ ten grond-
slag ligt. De mate van neutral loss hangt af van verscheidene aspecten zoals de chemische 
structuur van het gefosforyleerde residu, de aminozuurvolgorde van het peptide, de lading 
van het precursor ion, ‘proton mobility’, het type massaspectrometer en de hoeveelheid en-
ergie die toegepast wordt om fragmentatie te induceren. De neutral loss kan de identificatie 
van de peptide sequentie en de lokalisatie van de fosforylering bemoeilijken. Verscheidene 
alternatieve fragmentatie technieken zijn daarom ontwikkeld zoals MS3, ‘multistage activa-
tion’, ECD en ETD. Hoewel deze technieken enkele voordelen hebben ten opzichte van CID, 
blijken ze ook andere subgroepen van peptiden te identificeren. Er bestaat daarom niet één 
ideale fragmentatie techniek die een phosphoproteome volledig kan bepalen. Vaak blijken 
meer fosfopeptiden geïdentificeerd te kunnen worden met CID MS/MS door de hogere se-
quentie snelheid. 

De analyse van Tyr fosforylering wordt behoorlijk bemoeilijkt door de lage hoeveelheden 
van Tyr fosforyleringen. Er zijn methodes ontwikkeld waarbij Tyr gefosforyleerde peptiden 
geïmmunoprecipiteerd kunnen worden door gebruik te maken van antilichamen met spe-
cificiteit voor Tyr fosforylering. In hoofdstuk 7 wordt aangetoond dat de efficiëntie van zo’n 
fosfopeptide immunoprecipitatie erg hoog kan zijn en dat meer dan 1000 fosfoTyr peptiden 
geïdentificeerd konden worden in twee LC-MS analyses. De input in het geoptimaliseerde 
protocol is enkele milligrammen. Om stabiele isotoop labeling toe te kunnen passen werd 
daarom gekozen om de fosfoTyr immunoprecipitatie te combineren met stabiele isotoop 
dimethyl labeling. Tyr fosforylering na pervanadaat of  EGF stimulatie kon op deze ma-
nier gekarakteriseerd worden. Door gebruik te maken van deze kwantitatieve immunopre-
cipitatie benadering kon in een enkele LC-MS analyse een behoorlijk compleet kwalitatief 
en kwantitatief beeld gegenereerd worden van Tyr fosforyleringen. Vele Tyr fosfosites die 
bekend zijn in EGF receptor signaal transductie konden geïdentificeerd worden, maar ook 
enkele onbekende of weinig beschreven sites werden geïdentificeerd. 
In hoofdstuk 8 is de kwantitatieve immunoprecipitatie methode toegepast op de analyse van 
de rol van FGF-2 stimulatie in humane embryonale stamcellen (hESC). FGF-2 is belangrijk 
voor de instandhouding van de pluripotente toestand van hESC. In onze studie konden en-
kele honderden Tyr fosforyleringen geïdentificeerd en gekwantificeerd worden. Ongeveer 
140 daarvan lieten een differentiële regulatie door FGF-2 stimulatie zien. Deze fosforylerin-
gen konden gedetecteerd worden op eiwitten zoals FGF receptoren, leden van de Src familie 
en eiwitten die betrokken zijn bij actine polymerisatie en ‘cyclin dependent kinases’.
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