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I. DNA damage, repair  and carcinogenesis 
All cells undergo division cycles throughout their life span. During the 

process of cell division, everything within the cell must be duplicated in order to 
ensure the survival of the resulting daughter cell. Accurate, efficient and rapid 
duplication of the cellular genome, which holds all genetic information necessary 
for cell functioning, is of particular importance for cell survival. The integrity of 
the genome however, is constantly challenged by both endogenous (1) and 
exogenous factors, such as ionizing radiation (IR, for example X-rays during 
diagnostic radiology) or compounds in food and beverages, such as acrylamide 
and alcohol that can induce a variety of types of damage (2). Of these, the most 
severe is the DNA double strand break (DSB), which is generated when two 
complementary strands are broken simultaneously at sites that are close enough 
so that both base pairing and chromatin structure are not sufficient to keep the 
strands juxtaposed. This can result in physical separation of the two strands, 
whereby bases at the newly formed DNA ends often have additional damage as a 
result of oxidative side reactions. This poses the cell with a major challenge in 
repairing this damage.  

Even though DSBs form a major threat to genome integrity, their 
formation also occurs naturally during meiosis I (3) and in B- and T-lymphocytes 
during V(D)J recombination, which provides the basis for the antigen-binding 
diversity of immunoglobulins (4). Therefore, the cell has a number of 
mechanisms to sense and repair DSBs that collectively make up the DNA damage 
response (2,5-9). 

Figure 1. Schematic overview of the DNA damage response. Upon detection of a lesion in DNA by 
sensor proteins, transducers amplify and diversify these signals and in turn activate a number of 
effector proteins involved in for example cell cycle control and DNA repair.

DNA double strand break
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Apoptosis Cell cycle arrestDNA repair
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As illustrated in Figure 1, the DNA damage response consists of three 
consecutive levels: the so called sensor proteins that act at the first level 
(Ku70/80, (10,11), RPA (12,13)) recognize lesions in DNA (5,6,14,15). These 
proteins in turn activate a transducer system which is a signal transduction 
cascade that makes up the second level of the response (ATM / ATR (16-19) DNA-
PK (17,20,21)). Damage signals are both amplified and diversified and a number 
of effector pathways (the third level) are triggered.  

Important effector pathways are those controlling the cell cycle at the 
checkpoints. In order to prevent damaged DNA from being replicated, the cell 
can activate the G1/S checkpoint, which results in cell cycle arrest and prevents 
cells from entering S phase by blocking replication (22-24). When DNA damage is 
induced during S phase, or when damaged DNA escapes the G1/S checkpoint, the 
intra S phase checkpoint can be set off, leading to a block in replication (25). A 
third checkpoint at the end of the G2 phase prevents cells from undergoing 
mitosis with damaged DNA present (15). Subsequently, other effector pathways 
can be triggered, leading for example to the repair of damaged DNA (26) or the 
onset of apoptosis –programmed cell death- in case of severe DNA damage (27). 
 
DNA repair pathways 

There are two important pathways of DSB repair (14): homologous 
recombination (HR (28-31)) and non-homologous end joining (NHEJ (32)). These 
pathways are largely distinct but function in complementary ways. In the first 
pathway, sequence information from an undamaged DNA molecule with which 
the damaged strand shares extensive homology is used to repair the damaged 
chromosome. This leads to accurate repair of DNA, while ligation without the 
requirement of extensive homology between the individual strands occurs in the 
second pathway. Consequently, this repair is less accurate. Even though proteins 
from both pathways are highly conserved in evolution, HR is mainly used for DSB 
repair in prokaryotes and lower eukaryotes. In mammals, NHEJ predominates 
particularly in the G0 and G1 phase of the cell cycle and HR is particularly 
important during G2 and S phase. Figure 2 gives an overview of the stages that 
occur in both repair pathways. 
 

In NHEJ, Ku70 and Ku80 play an important role in DNA DSB recognition. 
The Ku proteins form a heterodimer that binds DNA surrounding a DSB in a non-
sequence-dependent fashion, and acts as the recruiting subunit for the DNA 
dependent protein kinase (DNA-PK). Upon binding, DNA-PK displays protein serine 
and threonine kinase activity. In vivo substrates for this kinase include XRCC4 
(33) and replication protein A2 (12) that, when phosphorylated, facilitate NHEJ. 
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Another factor in mammalian NHEJ is DNA ligase IV that forms a complex with 
XRCC4 and brings about DNA strand-joining events. HR on the other hand, follows 
a more complex mechanism that has only been partially elucidated using studies 
in bacteria and yeast. Since we are primarily interested in NHEJ, HR is not 
further explained here.  

Figure 2. General outline of the pathways for DNA double strand break repair (14). In mammalia, HR 
involves factors from the Rad50 group, Mre11 and NBS1 proteins. It starts with nucleolytic resection 
of the DSB in the 3’ 5’ direction. Subsequently, the ensuing 3’ tails are bound to Rad51, Rad52 and 
Rad54. This filament then interacts with an undamaged DNA molecule. DNA polymerase extends the 
3’ terminus of the damaged DNA molecule. It copies information from the undamaged molecule and 
the ends are ligated by DNA ligase I. After that the DNA cross-overs (Holliday junctions) are cleaved, 
yielding two intact DNA molecules (28). Events in NHEJ are discussed in the text. 
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DNA repair in a chromatin environment 
As DNA is densely packed in chromatin, DSBs are not always easily 

accessible. Therefore, chromatin decondensation has to take place prior to DNA 
repair in a similar way as occurring prior to transcription (34). Over the past 
years, research has been increasingly aimed at chromatin remodelling and the 
influence of core histone variants and modifications in particular. It is clear that 
very specific modifications occur upon induction of DNA double strand breaks on 
particular histones, such as phosphorylation of human histone H2A.X on S139 by 
members of the PI3K-like family of protein kinases (35), which include ATM, ATR 
and DNA-PK. This modification has been described to be a beacon for other 
protein (complexes) involved in DNA repair (36,37). 

The current knowledge however resembles only the tip of the iceberg, 
and recently new modifications, which influence processes in the DNA damage 
response have been detected, such as core histone acetylation (38), methylation 
(39,40) and ubiquitination (for reviews see (41,42)). The unravelling of the so-
called histone code, which programs transcription either through silencing of 
genes or through increased transcription by way of chromatin decondensation, 
has been extended to a possible epigenetic code for the repair of DNA DSBs (43). 
Next to variants and modifications, histone chaperones, which are proteins 
characterized by the presence of acidic (glutamate- and aspartate-rich) regions 
also play an important role in the structural organization of chromatin. These 
proteins disrupt DNA-histone contacts and thereby aid in DNA-related processes. 
Several parallels have been described between chromatin remodelling that 
occurs in transcription regulating processes and DNA repair, in which the same 
proteins act (38). 

 
DNA damage and carcinogenesis 

Interactions between proteins in the DNA damage response pathway are 
tightly regulated. Therefore, a gene mutation leading to, for example, an 
impaired protein that is important for DNA repair can have a dramatic effect on 
downstream protein functioning. A well-known example is p53, which is a key 
protein in the DNA damage response (44). This protein regulates transcriptional 
control of target genes involved in several stress responses, including that to DNA 
double strand breaks (45). Expression of mutant forms of p53 is known to alter 
cellular resistance to DNA double strand breaks (46) and since p53 is involved in 
cell cycle checkpoint activation and apoptosis, impaired functioning also affects 
cell proliferation. On top of this, p53 is subject to a variety of post-translational 
modifications (47,48), such as phosphorylation (49-52), acetylation (53-56), 
ubiquitination (55,57) that can either influence its turnover rate, cellular 
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localization and/or its functioning. Hence, p53 functioning can also be directly 
impaired when the enzymes responsible for any of these post-translational 
modifications do not function properly. Consequently, the p53 tumour suppressor 
protein is involved in the onset and development of several types of cancer, such 
as hepatocellular carcinoma, colorectal, lung, bladder and breast cancer, brain 
tumours, squamous cell skin carcinoma, leukaemia and lymphoma 
[http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM].  

Another well-known example of loss of function mutations occur in the 
ataxia telangiectasia mutated kinase that phosphorylates a number of substrates 
in response to DNA double strand breaks (16,19,58-60). In ataxia telangiectasia 
(AT), this enzyme is present in cells, but several mutations in the amino acid 
sequence (61,62) severely affect its functioning. This leads to a seriously 
impaired DNA damage response and increases cellular sensitivity towards ionizing 
radiation, genomic aberrations and malignancies (63).  

Even though the molecular mechanisms underlying the increased 
sensitivity towards ionizing radiation seen in AT have been extensively studied 
over the past decades (63-66), several studies have aimed at identifying genes 
involved in the DNA damage response in general (67,68). This type of research 
can help to further explain this cellular response or to elucidate other syndromes 
with similar phenotypes. Another example in which an increased sensitivity 
towards DNA damage-inducing agents is observed, is head and neck squamous 
cell carcinoma (HNSCC). It is known that besides well-known risk factors like 
smoking and alcohol consumption, an intrinsic susceptibility plays a role in HNSCC 
carcinogenesis (69). This susceptibility is reflected by the mutagen sensitivity, 
which is determined by the number of chromatid breaks per cell (b/c) induced 
after exposing patient lymphocyte cells to a DNA damaging agent (70). A large-
scale study involving cancer patients, their healthy family members (including 
homozygotic and heterozygotic twins) as well as family members suffering from 
HNSCC, showed that mutagen sensitivity is an inheritable factor (71) and a b/c 
value dichotomised at 1.0 was found to be the best predictor of a hypersensitive 
phenotype (69). An increased number of b/c (larger than 1.0) correlates with 
decreased DNA stability, which is a well-known risk factor for cancer 
development (72). Patients suffering from HNSCC that developed a single primary 
tumour (SPT) were found to show a significantly higher sensitivity towards 
chemically induced DNA damage compared to control subjects as determined in 
the mutagen sensitivity assay. Consecutively, HNSCC patients that developed 
multiple primary tumours showed a significantly higher sensitivity compared to 
SPT patients (73). Even though mutagen sensitivity has become a potential 
biomarker for the susceptibility to HNSCC development (74), the challenge 
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remains to track genes involved in the response to DNA damage in general and in 
increased susceptibility of certain persons to DNA damage.  

 
In this thesis, I will focus on the biochemical mechanisms underlying the 

development of cancer and the role of double strand DNA breaks in this process. 
Bearing in mind that the response to DNA damage is a constitutional factor, it 
can be studied in different types of cells, such as lymphoblast cells. Lymphoblast 
cells are often used as a model system to study the response to DNA damage (75-
77). After extraction of lymphoblast cells from blood of individuals, the cells can 
be immortalized through a transformation with the Eppstein-Barr virus, as 
described by Hsu et al. in 1990 (78). By immortalizing cell lines, their lifetime is 
extended, since they can replicate indefinitely. This introduces flexibility in 
large-scale, long-term studies, because several experiments can be performed 
multiple times using the same cell line(s), which in turn increases the confidence 
of the results obtained. This also introduces the possibility of performing genetic 
and proteomic analyses of the same cells and allows strict control of the 
experimental conditions. Hsu et al. also studied the effect of immortalisation on 
the mutagen sensitivity phenotype of the lymphoblast cell lines used and found 
that it was similar to that of the lymphocytes short-term cultures (78), which 
meant that this cell line could be used for studies of the DNA damage response. 
In our study, lymphoblastoid cell lines were used that were derived from blood 
drawn of individuals that were involved in the large-scale study by Cloos et al. 
(71). The phenotype of the cells, i.e. susceptibility towards DNA double strand 
breaks, was also checked here and was found to be unchanged after 
immortalisation. 

When focussing on the effect of double strand DNA breaks on cellular 
functioning, ionizing radiation (IR) can be used to induce DNA damage. This 
procedure however has some practical drawbacks, resulting in for example 
inhomogeneous irradiation. A more convenient way to induce this specific type of 
DNA damage is through the use of bleomycin, a radiomimetic compound that 
induces DNA double strand breaks (79). This compound can be added to the 
growth medium, is taken up by cells and subsequently induces DNA damage in a 
relatively short period of time. Bleomycin requires molecular oxygen and an 
activating metal, such as iron or copper in order to be active (80). An additional 
advantage of bleomycin over ionizing radiation is the fact that since both agents 
also induce single strand DNA breaks, the ratio DSB/SSB for bleomycin is higher 
compared to that for IR  (1/9 vs 1/100, respectively) (81).  Cells will respond to 
the induced damage by activating DNA damage response pathways in order to 
start DNA repair. Next to that, cells will have to deal with secondary effects, 
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such as the cellular stress that is induced by the oxidizing action of bleomycin. 
This is similar to the secondary effects of ionizing radiation that are caused by 
radicals that are formed during oxidative DNA cleavage. 

II. Techniques to study the overall cellular response to DNA damage 
Transcriptomics

Upon induction of DNA damage through exposure to IR or radiomimetic 
compounds, the cellular response to DNA DSBs affects several processes ranging 
from transcription and translation to protein post-translational modifications. 
This can be studied at different levels, as illustrated in Figure 3. First of all, 
micro-arrays can be used to get an overview of the response of large sets of 
genes to this particular stimulus (82) in a set-up that is referred to as a 
(functional) genomic or transcriptomic approach.  

Figure 3. Conversion of genetic information into functional proteins by subsequent transcription, 
translation and protein-protein interactions. The complexity of the resulting products increases due 
to alternative splicing and post-translational modifications. The levels at which these processes can 
be studied are given on the right side.

In a transcriptomic experiment mRNA levels are determined, which is a 
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of transcriptomic experiments to determine the response of human cell lines to 
ionizing radiation and DNA damaging chemical compounds (83-87). In one of 
these studies potential biomarkers of ionizing radiation were identified in ex vivo 
irradiated human peripheral white blood cells. Resulting candidate genes such as 
CDK1N, DDB2 and GADD45A were validated in vivo in patients undergoing total 
body irradiation using RNA extracted from whole blood.  

A transcriptomic approach was also used to assess mRNA levels of genes 
in lymphoblastoid cell lines at various time points within 24 hours following 
ionizing radiation. It was found that genes involved in cell cycle control, DNA 
repair, DNA metabolism, RNA processing and cell death were differentially 
regulated. For a number of other differentially regulated genes no direct relation 
to the DNA damage response could be established (77). These proteins are, for 
example, involved in detoxification pathways or in maintaining the redox balance 
of the cell, which is disturbed upon induction of cells with ionizing radiation or 
DNA damaging chemicals. 

Although transcriptomics can provide insight into the regulation of genes 
upon certain stimuli, the actual cellular response is effectuated by proteins. 
Moreover, the correlation between gene and corresponding protein expression 
regulation in mammalian cells has been reported to be poor (88,89). This is 
mainly caused by differences in turn over rates of mRNA and corresponding 
proteins and by the influence of protein post-translational modification. The 
latter is particularly the case in the DNA damage response in which protein 
activity is controlled by a variety of kinases and phosphatases. This means that 
proteins already present in the cell can be activated or inactivated by post-
translational modifications, resulting in a cellular response largely independent 
of gene regulation. Consequently, a second approach to study the effect of 
certain stimuli that reflects what occurs at the cellular level, is to focus on 
changes in expression levels of all proteins present in a cell between 
unstimulated cells and cells in which DNA damage was induced. This complement 
of all proteins present in a cell at a certain point in time is called the proteome 
and the study of that entity is called proteomics (90) (see Figure 3). 
 
2D gel-based proteomics  

In proteomics research, all proteins in complex mixtures are analysed 
simultaneously. This requires methods that can resolve individual proteins in a 
particular sample with high resolution and in a reproducible way. Two-
dimensional gel electrophoresis (2D-GE), a method frequently used to accomplish 
this, was already introduced in 1975 by O’Farrell (91) and is based on separating 
proteins using two of their biophysical properties. The first is the pI that is used 
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to separate proteins by iso-electric focusing (IEF) in the first dimension. The pI, 
the pH at which the net charge of a protein is 0, is determined by the 
contributions of all positively and negatively charged amino acids. Secondly, 
proteins are separated according to their molecular weight by sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) in the second dimension. 

In practice, proteins are taken up into a polyacrylamide gel in which a pH 
gradient is created by modification of acrylamide with compounds containing 
either  carboxylic  or amino groups. Upon application of an electrical 
proteins migrate until they reach their pI at which the net charge of the protein 
is 0. After application of the IPG strip with the focussed proteins onto the 
polyacrylamide gel for the second dimension, SDS in the running buffer surrounds 
proteins with a negatively charged shell that is proportional to their size/weight. 
This separates proteins in the gel while migrating from the anode to the cathode: 
small proteins move about quickly and end up in the lower side of the gel, while 
large proteins travel much slower and therefore end up in the upper part of the 
gel. There is a linear relationship between the logarithm of the molecular weight 
and the relative migration distance of a protein. 

Figure 4. Typical example of a silver stained two-dimensional gel. Nuclear lysate (150 µg) was 
separated in the first dimension on a 24 cm non-linear pH 3-10 IPG strip and subsequently in  
second dimension on a continuous 12.5% SDS-polyacrylamide gel. Single spots represent individually 
resolved proteins. 
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In order to allow the comparison of protein expression levels between 
multiple samples, proteins need to be visualised. This is routinely done by using 
either Coomassie blue or silver staining (92,93). After staining, the intensity of a 
protein spot correlates to the protein quantity in the sample and the resulting 2D 
gel can be considered as the protein equivalent of a micro-array, the major 
differences being that the position of the proteins within the gel is not regular as 
the spotted cDNA clones on a micro-array. Moreover, while the identity of 
spotted sequences on a micro-array is known, that of a protein at a certain 
position in the gel has to be determined afterwards (See Figure 4). 

Examples of 2D-GE based proteomic approaches applied to the DNA 
damage response are studies by Szkanderova et al (94-97) in which the effect of 
γ-radiation on L929 and T-lymphocyte leukaemia cells is described. Several 
metabolic enzymes and proteins involved in regulation of the cellular redox 
balance that were found to be regulated were identified. Another study 
describes the effect of UV light radiation on the proteome of HeLa cells (98), in 
which several actin isoforms and heat shock proteins were found to be 
differentially regulated. 
 

The results mentioned above are obtained from experiments performed 
with single cell lines. This compromises the confidence of the proteins that are 
found to be differentially regulated as a result of the biological phenomenon 
studied, since the response of particular cell lines to stimuli might differ greatly. 
As a result, changes in protein expression levels independent of the DNA damage 
response can appear as false positives. In general, basal protein expression levels 
show differences, particularly when using human cell lines. This is the reason 
why lists of ‘differentially regulated’ proteins often contain similar proteins 
independent of the stimulus. To avoid this, the correct design of an experiment 
is of utmost importance (99). This comprises acquiring sufficient biological 
replicates, optimisation of sample preparation, such as the purification of a 
particular organelle, and the experimental set up. In the case of 2D-GE, the 
experimental set-up determines the size of the pH gradient and the subsequent 
gel, the number of analytical replicates, but also methods for gel visualization 
and subsequent statistical analysis.  

 
Despite its large resolving power, 2D GE has some well-known 

disadvantages: the procedure of running a 2D gel is laborious and thus time 
consuming, it is hard to automate and suffers therefore from low reproducibility. 
Next to that, physical characteristics of particular subgroups of proteins, such as 
hydrophobicity and extreme molecular weights or pI values, generally cause 



Chapter 1 
 
 

 12

underrepresentation in a 2D gel. Ultimately, the general methods for protein 
visualization, like Coomassie blue and silver staining, limit protein quantitation 
capacities of proteins separated on a 2D gel due to poor sensitivity and a limited 
linear dynamic range (100-103). 

 
2D difference in-gel electrophoresis 

The shift in focus of proteomics research from qualitative detection of 
proteins in gel to quantitative analysis of protein expression levels between 
samples (gels), has led to the development of new ways of protein visualisation, 
based on covalent or non-covalent labeling of proteins with fluorescent dyes. 
After the introduction of the SYPRO dyes (104), that are used to visualise 
proteins after they have been in-gel separated, fluorescent dyes were developed 
that covalently label proteins prior to in-gel separation (105-107). The labeling is 
based on modification of the ε-amino group of lysine with an NHS-activated 
fluorophore molecule and to minimize the influence of labeling on protein 
migration, the fluorescent labels have been size and charge matched. Due to the 
positive charge present on the label itself, which replaces the positive charge on 
the lysine side chain that is lost upon labeling, the pI will not differ between a 
labelled and an unlabeled protein, rendering the pH at which the protein focuses 
unchanged in the first dimension. The influence on migration in the second 
dimension will also be minor, since the mass of a labelled protein will only 
increase by 450 Da compared to its unlabeled equivalent. Initially, two spectrally 
resolvable labels –Cy3 and Cy5, originating from DNA micro-array analyses – were 
used, allowing the simultaneous analysis of two protein samples in the same gel. 
Recently, a third label was introduced which, instead of being used for the 
labeling and analysis of a third analyte sample, is routinely used to label an 
internal standard that consists of equal amounts of all the samples in the 
experiment. The advantage of using an internal standard is twofold: matching 
confidence between gels increases and it enables separation of technical 
variation, which still is one of the major drawbacks of 2D-GE, from 
sample/biological variation (108).  

As calculations on dynamic protein expression levels are based on 
comparisons between spot intensities of the same protein on multiple gels, 
reproducibility is crucial in proteomics approaches. By using three different, 
spectrally resolvable fluorescent dyes, three individual samples can be labelled 
and subsequently separated on a single gel.  

Depending on the amount of protein available for analysis, two different 
approaches can be chosen. The first is minimal labeling, in which about 3% of the 
proteins is labelled on the ε-amino group of lysines. The unlabeled protein     
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can then be used for protein identification and characterization. If the sample 
amount is limited however, a second approach called saturation labeling can be 
applied. This involves complete labeling of proteins on cysteine residues and has 
the advantage that fluorescence signals are maximized for the proteins in the 
mixture. A disadvantage is that the analysis is limited to proteins containing 
cysteine residues. The chance of finding a protein that contains no cysteines is 
more than 3 times higher than the chance of finding a protein lacking lysines. 

 
The individual images from every gel are acquired by measuring the 

emission after fluorophore-specific excitation. Since the same proteins that are 
present in all three samples have migrated to the exact same positions in the gel, 
their fluorescence can be directly compared and provides information about 
differences in protein levels between two samples.  

The increasingly complex set-ups of 2D gel-based proteomic experiments 
require dedicated image analysis software packages that can simultaneously 
analyse large numbers of spots within multiple gels. Key part of the image 
analysis is detecting and matching of protein spots across all gels in the analysis 
set, to ensure that the intensities of the same protein spots are compared. Small 
differences induced by, for example, air bubbles, inhomogeneous polymerisation 
of acrylamide, streaking or smearing, can greatly influence the pattern of a 2D 
gel. Therefore spot detection and matching algorithms have been designed by a 
variety of manufacturers (for a review on image analysis software packages, see 
(109)), such as PDQuest (BioRad), Progenesis (Nonlinear Dynamics), Melanie 
(GeneBio) and DeCyder (Amersham Biosciences). The inter-gel matching 
algorithm of DeCyder, for example, is based on pattern recognition that matches 
an individual spot in one gel with an individual spot in another gel based on its 
neighbouring spots. By manually defining matched spots (‘landmarks’) the 
accuracy of this procedure is improved and when a substantial part of the 
number of detected spots has been matched to the majority of the images that is 
included in the analysis, spot intensities can be compared. 

To make certain that changes in protein expression levels are calculated 
as a function of the levels present in untreated or unstimulated cells, all images 
have to be normalized. In DeCyder, normalization of fluorescence intensities 
occurs at two levels: the differential in-gel analysis (DIA) normalization works on 
the individual gel images. For this, the spot ratios are calculated after 
background subtraction and these are fitted into a data histogram, assuming that 
the majority of all protein spot intensities in the experiment do not change 
between two situations, to ensure that the data fit a normal distribution. After 
optimisation of the curve using a least means square gradient descent algorithm, 
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the histogram is recalculated and the standard deviation is determined. In the 
biological variation analysis (BVA) normalization the data histogram is optimised 
and after that, the centre of the curve is denoted as the centre of volume, which 
is subsequently used to calculate normalized spot volumes. The normalization 
methods mentioned above are embedded in the image analysis software. 
Additionally, some research groups have developed independent methods for the 
analysis of data obtained from 2D-DiGE experiments (110) that provide a better 
insight in the calculation procedures. Finally, statistical analyses such as the 
Student’s T-test or an analysis of variance (ANOVA), give a numerical level of 
confidence to determine whether a particular change in protein abundance is 
above biological variation (111). In order to study large (2D-DiGE) datasets in 
more detail, additional statistical tests have been developed. Many of these 
originate from micro-array analysis experiments and have been adapted for 
application on 2D gel data (112).  

 
LC-based proteomics 

In an attempt to circumvent the aforementioned problems related to 
two-dimensional gel-based proteomic approaches, liquid chromatography-based 
methods have been developed for the separation of complex biological samples. 
One of the main differences between gel-based and LC-based approaches is that 
in the latter proteins from a cellular lysate are proteolytically digested prior to 
separation and analysis.  

Typically, a digested lysate obtained from cells in state A is separated 
and analysed using reversed phase liquid chromatography (RP-LC) coupled to 
mass spectrometry. In such an experiment, peptides are loaded on a stationary 
phase (C18) on which they absorb under aqueous conditions as a result of their 
hydrophobic properties. Since peptides show differences in hydrophobicity, they 
can be gradually eluted from the stationary phase using an increasing amount of 
organic modifier in the mobile phase changing the conditions from aqueous to 
organic. The retention times of all peptides in this sample can subsequently be 
compared to those from the lysate of cells in state B. This however, introduces 
similar problems as encountered in standard 2D-GE concerning reproducibility of 
retention times and internal standardization of ion intensities, which 
compromises accurate quantitative comparisons. To further improve this, stable 
isotope labels have been introduced in gel-free quantitative proteomic 
experiments (for a review see (113)). In general, stable isotopes have the 
advantages that they are physically the same as naturally occurring isotopes 
apart from the fact that their masses differ. Incorporation of stable isotopes into 
proteins and/or peptides can be used to directly compare cellular states, since 
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the labeled and the unlabeled sample can be mixed and subsequently analysed in 
the same LC-MS experiment. Finally, the mixed sample is analyzed in the mass 
spectrometer that can discriminate between the light and heavy variant of the 
stable isotope labels used. This is highly analogous to the fluorescent approach, 
in which differently labeled samples are mixed and finally the protein levels of 
each sample are detected individually again.  

Various strategies for the incorporation of stable isotopes have been 
described over the past years, as can be seen in Figure 5, ranging from metabolic 
stable isotope labeling (114) and stable isotope labeling of amino acids in cell 
culture (SILAC (115,116)), which are the methods that enable the earliest 
introduction of labels into proteins and therefore provide the most accurate way 
of protein quantitation, to ICAT labeling (117) and tryptic digestion in H2

18O
(118).

In the latter two methods, as well as in iTRAQ (119) and other peptide 
derivatization methods, the stable isotope label is only introduced after several 
steps of sample preparation, such as cell lysis and/or proteolytic digestion. As a 
consequence, quantitative information is partly lost as a result differences in 
losses that can occur during those sample preparation steps, which compromises 
accuracy.  

Figure 5. A choice of strategies for the labeling of proteins and peptides with stable isotopes for 
accurate quantitation purposes.
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At present, it is clear that even though multidimensional LC approaches 
were originally meant to replace 2D GE, the two techniques are in fact 
complementary. Illustrative examples are hydrophobic membrane proteins on the 
one hand, which are hard to analyze using 2D GE due to their poor solubility, and 
complex protein isoforms, resulting from alternative splicing, single nucleotide 
polymorphisms and post-translational modifications on the other. The latter are 
preferably analyzed using 2D GE because of the fact that this technique is able to 
resolve protein isoforms, at least when they have different pI’s and/or molecular 
weights. 
 
III. Mass spectrometry in proteomics 
 Following statistical analysis of a set of 2D gels, a subset of proteins is 
typically taken of which the abundance changes between the different biological 
samples analysed. These proteins are selected for spot excision from a 2D gel and 
subsequent proteolytic digestion. This is routinely done using trypsin (120,121) 
that degrades proteins by hydrolysing the C-terminal peptide bond after a lysine 
or an arginine residue. The resulting peptide mixture can be used for 
identification of the protein (122-124). The latter can be achieved using mass 
spectrometry that has been playing an increasingly important role in proteomics 
since the introduction of two ionisation techniques, matrix assisted laser 
desorption/ionisation (MALDI) and electrospray ionisation (ESI). These enable the 
analysis of large biomolecules, such as peptides and proteins.  
 
Matrix assisted laser desorption/ionisation 

In MALDI (125), the analyte is mixed with an acidic matrix solution and 
applied on a target plate. During drying of the sample, the matrix crystallizes 
thereby enclosing the peptides. These crystals, containing sample and excess 
matrix are bombarded with laser light. The laser energy applied is absorbed by 
the aromatic matrix molecules and subsequently transformed into excitation 
energy that causes desorption of matrix and analyte molecules. Although the 
majority of the desorbed species are neutrals, positive and negative ions are 
formed in the plume as well. Numerous collisions occur in this desorbed matter 
that may ultimately lead to ionisation of peptides by a proton transfer reaction 
that generates a set of singly charged ions representative for the peptides in the 
mixture. Since peptides are indirectly ionised after energy transfer by the matrix 
molecules, MALDI is considered to be a ‘soft’ ionisation method, making it better 
suited for the analysis larger (labile) biomolecules compared to ‘old-fashioned’ 
ionisation techniques such as electron impact (EI) or fast atom bombardment 
(FAB).  
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The pulse of generated ions is normally analysed using a time-of-flight 
(TOF) mass analyser (126), which is sensitive, relatively simple and applicable 
over a high mass range. All ions are accelerated with the same kinetic energy 
(Uk) into the flight tube. Subsequently, the time individual ions need to reach the 
detector at the end of the flight tube is measured. As the kinetic energy equals 
half the mass multiplied by their velocity squared (Uk = ½mv2), the velocity of 
the ions is inversely proportional to the square root of their masses. As a result of 
this, ions with different masses have different flight times. After determining the 
flight times of all ions through the flight tube, a mass spectrum is acquired. To 
improve the relatively low resolution of the linear TOF analyser, which is a 
disadvantage of the linear TOF, a reflectron can be used that basically lengthens 
the flight path and consequently increases the resolving power by reducing the 
spread in kinetic energy of the ions. Additionally, time lag focussing has helped 
to further improve resolution and mass accuracy that can be obtained using 
MALDI-TOF mass spectrometry (127). 

 
Electrospray ionisation 

In ESI (128) (reviewed in (129,130)) the analyte (peptide mixture) is 
usually dissolved in a solution containing organic solvent and a volatile acid. This 
solution is forced through a needle to which a potential is applied. This process is 
referred to as pneumatic nebulization and produces large charged droplets. The 
voltage applied (1-5 kV) disperses the emerging solution into a fine spray of 
droplets. Subsequently, the solvent evaporates, decreasing the droplet size and 
increasing the charge density on the droplet’s surface. When Coulombic repulsion 
overcomes the droplet's surface tension, droplet fission occurs. This produces 
series of smaller and lower charged droplets and eventually leads to the 
formation of desorbed analyte ions. In positive ion ESI-MS, peptides become 
charged as a result of multiple protonations, preferably at amino groups at the N-
terminus of a peptide or arginine, histidine and lysine side chains. ESI 
consequently generates multiply charged ions, which provides a large advantage 
since it allows analysis of large biomolecules on an instrument that has a 
relatively low m/z range. The introduction of nanoflow ESI (120,131) has played 
an important role in the development of mass spectrometry for proteome 
analysis. This miniaturized version of ESI that requires only a few nanoliters per 
minute allows very sensitive detection of peptides and proteins. Since in ESI 
analytes are directly ionised out of a solution, it is routinely coupled to liquid 
chromatography based separation methods (132). The ions generated by ESI can 
also be analysed using a TOF detector, but more frequently other mass analysers 
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are used for this purpose, such as quadrupole TOF (133) or ion trap (linear ion 
trap (134) or quadrupole ion trap (135)) instruments. 
 

The ionisation methods discussed above have been implemented in 
proteome research and are mainly used to identify proteins from a mixture of 
peptides generated from a 2D gel-separated spot, a digested 1D SDS-PA gel lane, 
or from an in solution digested mixture of proteins. Two mass spectrometric 
approaches that can be used to identify proteins are peptide mass fingerprinting 
and peptide sequencing. Despite the wide application of both of these methods, 
peptide sequencing is used more and more at the cost of peptide mass 
fingerprinting. 
 
Peptide mass fingerprinting  

A mixture of peptides can be analysed using matrix assisted laser 
desorption/ionisation-time of flight mass spectrometry (MALDI-TOF MS) (136).   

Since proteins on the one hand are built up of 20 building blocks, amino 
acids, but on the other hand have different amino acid sequences, peptide 
fragments resulting from proteolytic processing are unique for every protein and 
have unique masses. It is therefore referred to as a peptide mass fingerprint 
(137-140). After acquiring the fingerprint and conversion of the data into a text 
file containing the individual peptide masses and their relative intensities, the 
masses are compared to theoretical masses present in a database, such as the 
SwissProt database [http://www.expasy.org/sprot], using an interface like 
Mascot [http://matrixscience.com/search_form_select.html]. 

Additional information is required to get a successfull identification, such 
as the taxonomy of the species studied, the proteolytic enzyme used, whether 
any fixed (carbamidomethylation of Cys) or variable (oxidation of Met) 
modifications can be expected and the peptide tolerance (usually 50 ppm). In 
turn, a (set of) protein(s) that suits the given criteria best will be returned. 
Confident protein identification does not require that all peptides originating 
from a single protein are retrieved: a sequence coverage –which is the 
percentage of the total protein sequence that can be read from the peptide mass 
fingerprint- of about 10-20% is usually enough.  
 
Peptide sequencing 

 In case peptide mass fingerprinting has not led to unambiguous 
identification of a digested protein, a peptide mixture can also be analysed using 
tandem mass spectrometry. For this, the generated ions are subjected to 
collision-induced dissociation (CID), a process in which the selected peptide ion 
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collides with inert gas molecules, like argon. Upon this collisional activation, the 
added internal energy leads to the breaking of peptide bonds and fragment ions 
are formed. For particular series of fragment ions, such as b and y ions, the 
difference in mass corresponds to the residue mass of one of the twenty amino 
acids. This can be used to read the peptide sequence from either the N-terminal 
or the C-terminal side. Next to that, other types of ions, such as immonium ions, 
also provide information about the composition of the peptide. An overview the 
nomenclature for fragment ions (141) is given in Figure 6.  

Figure 6. Roepstorff-Folmann nomenclature of peptide fragmentation (141). 

With this information, part of the amino acid sequence of a selected 
peptide is determined and subsequently, the protein from which it originated can 
be identified. Again, due to the fact that proteins are built up of 20 amino acids, 
a sequence tag, which is a partial amino acid sequence is usually enough to 
uniquely identify the protein. The length of this tag, required for a protein 
identification, is dependent on the size of the genome that is studied: for 
bacteria a tag of 3 to 4 amino acids can be enough, while 6-8 residues are 
required in the case of human proteins. 

IV. Analysis of protein phosphorylation 
As mentioned in the beginning of part II, post-translational modification 

is an important parameter that influences the activity of a protein (see also 
Figure 3), and consequently cellular processes. 

One of the most abundant post-translational modifications is a covalent 
modification by a protein kinase of hydroxyl groups of serine, threonine and 
tyrosine with phosphate (142). It is hypothesized that one third of all proteins in 
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a cell are phosphorylated at a given moment and the ratio of 
serine/threonine/tyrosine phosphorylation is estimated to be 90:10:0.05 (143). 
Although I recognize the importance of tyrosine phosphorylation (144) especially 
in receptor-mediated signalling, I will focus on the analysis of serine and 
threonine phosphorylation only.  

In turn, phosphatases can dephosphorylate phosphorylated amino acids, 
see Figure 7. This kind of on/off switch partly determines the activity of a 
protein within a signal transduction cascade.  

Figure 7. Schematic representation of the dynamic interplay between kinases and phosphatases that 
regulates protein activity. 

The study of the subgroup of cellular proteins that carry this modification 
is often referred to as phosphoproteomics. Mass spectrometric strategies used in 
this discipline frequently yield dissatisfying results, which is generally considered 
to be caused by physical characteristics of phosphorylated peptides: 
phosphorylated proteins show decreased hydrophobicity, ion suppression of 
phosphorylated peptides in the presence of non-phosphorylated peptides occurs 
and phosphorylated peptides are claimed to display reduced ionisation/detection 
efficiencies. Recently this was refuted by Steen et al. (145), who found no 
evidence for either of the aforementioned arguments using a set of synthetic 
phosphopeptides. They state that other, well-known, difficulties such as the 
dynamic nature of the phenomenon (equilibrium between kinase and 
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phosphatase activities) and substochiometric modification of peptides have a 
much larger negative influence on phosphopeptide detection. Finally, the fact 
that MS/MS fragmentation of serine- and threonine-phosphorylated peptide ions 
mainly results in loss of the labile phosphate group only can hamper their 
sequence analysis. This however, can also be used as will be discussed below. 
 
Mass spectrometry-based phosphorylation analysis 

A way to exploit the very specific loss of 98 Da (in the case of serine or 
threonine phosphorylation) is by performing a neutral loss scan experiment for 
which a triple quadrupole-type mass spectrometer can be used (146). 

The phospho-specfic loss can also be applied for data dependent MS3 

switching. In such an experiment, the fragment that has lost phosphoric acid is 
automatically selected to undergo another round of CID. The peptide sequence is 
retrieved from the MS3 spectrum and the site of phosphorylation can be 
determined using the specific mass of a dehydroalanine (in the case of 
phosphoserine) or dehydrobutyric acid (in the case of phosphothreonine) residue 
(147). 

 
Hypothesis-driven mass spectrometry can also be used for the 

identification of phosphorylated peptides from a proteolytic digest (148,149). 
Theoretical masses of phosphopeptides are directly selected for CID enabling 
sequence and phosphorylation site determination. Even though this approach 
allows sequencing of low abundant phosphopeptides that would have been 
missed in a normal data-dependent MS run due to threshold settings, it can not 
be used for the phosphoproteomic analysis of complex mixtures, since in that 
case too many theoretical phosphorylation sites are present. Therefore, this 
approach is better suited for the analysis of purified proteins that contain 
specific kinase consensus sequences.  

Analysis of phosphorylated peptides can also be performed using MALDI-
TOF mass spectrometry. Optimisation of the detection of phosphopeptides can be 
achieved using additives like ammonium citrate (150,151). Differential enzymatic 
approaches for the detection of phosphopeptides have been applied for the 
analysis of purified proteins or for relatively simple protein mixtures (152). Upon 
phosphatase-catalyzed removal of phosphate from peptides, a mass shift of 80 Da 
towards lower m/z is observed, enabling the detection of phosphorylated 
peptides within a mixture. 

Next to that, new mass spectrometric fragmentation methods are 
developed that induce fragmentation through electron capture (153,154) or 
electron transfer (155) methods, which mainly results in backbone 
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fragmentation. A big advantage of these approaches is that the phosphate group 
–or other possibly labile post-translation modifications- is not lost during analysis. 

In general, chances of identifying phosphorylation sites on peptides from 
proteolytic digests are improved by reducing sample complexity. Even though 
antibodies against phosphorylated proteins have been successfully employed for 
tyrosine-phosphorylated proteins (156,157), the lack of antibodies specific for 
serine- and threonine-phosphorylated proteins has led to a very limited number 
of applications on these type of phosphorylated proteins (158). Therefore, other 
methods can be used for the analysis of S/T phosphorylation, such as (2D) gel- or 
liquid chromatography-based methods.  
 
(2D) gel-based methods for protein phosphorylation analysis 

A generally recognized advantage of 2D-GE is the ability to resolve 
protein isoforms and post-translationally modified proteins (159). In the case of 
protein phosphorylation the molecular weight of the protein hardly changes, 
while it reduces the iso-electric point (pI). This results in a horizontal shift of a 
protein spot towards lower pH upon phosphorylation of the protein, often 
detected as trains of spots in the case of multiple phosphorylation sites. The 
presence of such trains indicates that a protein might be phosphorylated. Other 
modifications however, like lysine or N-terminal acetylation have a similar effect 
on protein mass and pI. Therefore a number of methods that enable specific 
detection of phosphorylated proteins in gel have been developed. A conventional 
method for the direct qualitative and quantitative analysis of protein 
phosphorylation is through in vitro labelling using 32P-γ-ATP. After labelling, 
proteins are resolved by 2D-GE and changes in phosphorylation are calculated 
using spot intensities in autoradiograms. The use of radioactively labelled 
phosphate however, is hazardous and contaminates analytical equipment and is 
therefore not ideally suited for phosphoproteomic analyses.  

Recently, a fluorescent stain was introduced that specifically visualizes 
(in gel separated) phosphorylated proteins through metal coordination. The 
characteristics of the staining method enable multiplexed proteomics 
experiments in which both general protein expression as well as protein 
phosphorylation can be studied with general fluorescent protein stains (such as 
SYPRO, described above) and the phospho-specific fluorescent stain, respectively 
(160-163). An example of a gel on which phosphorylated proteins were visualised 
using this fluorescent staining method is given in Figure 8. Phosphorylated 
proteins of interest can be excised from the gel and identified using mass 
spectrometry. The spot indicated in Figure 8 was identified as nucleophosmin, a 
nuclear protein known to be phosphorylated on at least one serine and one 
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threonine residue (164). Since the phosphate remains on the protein during the 
analysis, proteolytic digestion and subsequent liquid chromatography-tandem 
mass spectrometry enabled the identification one of the phosphopeptides and 
the site of phosphorylation.  In general however, fluorescence detection is more 
sensitive than mass spectrometry and as a result identification can be 
problematic, and phosphosite identification usually requires additional 
enrichment steps. 

Figure 8. Example of a 13 cm 3-10NL two dimensional gel of a nuclear lysate that was first stained 
with ProQ Diamond phosphorylation-specific fluorescent staining and subsequently with silver. The 
indicated protein on the acidic (left) side of the gel was identified as nucleophosmin, which is known 
to be phosphorylated at at least two sites. 

LC-based methods for protein phosphorylation analysis  
In parallel to the progress in detection methods for phosphorylated 

proteins in gel, efforts have been made to develop column materials suitable for 
(multidimensional) liquid chromatography that specifically bind phosphorylated 
peptides and therefore can be used for enrichment of this type of peptides. 

 An example is immobilized metal affinity chromatography (IMAC), which 
makes use of metal coordination of negatively charged phosphate groups on 
peptides. A trivalent metal ion, like FeIII or GaIII, is immobilized to a negatively 
charged matrix (imidodiacetate (IDA) or nitrilotriacetate (NTA)) and is 
subsequently used to specifically enrich phosphorylated peptides through 
coordination binding (152,165-173). Bound phospho-peptides can be eluted using 
either basic or phosphate buffers. A disadvantage of IMAC is the fact that acidic 

Silver stainPro Q Diamond
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amino acid residues, like glutamic and aspartic acid, also carry a negatively 
charged side chains. This causes aspecific binding of acidic peptides, which in 
turn leads to a decrease in sensitivity for the phosphorylated peptides. Carboxy-
methylation of glutamic and aspartic acid side chains, to eliminate the negative 
charge, has been described to decrease the aspecfic binding of these peptides 
(171), but is not ideal due to the number of side reactions that can occur and to 
the fact that the reaction is reversible and therefore does not run to completion.  

 
In 2004, Pinkse et al (174) introduced a new column material for the 

enrichment of phosphorylated peptides. This titanium oxide material was 
successfully used to enrich phosphorylated peptides from a digested 
autophosphorylated kinase. The mechanism of binding specificity is not exactly 
known, but it is assumed that coordination of the phosphorylated peptides by 
metal plays a crucial role. The large advantage over IMAC was reported to be the 
fact that no metal loading and associated additional washing steps are needed, 
thereby limiting analysis time.  

Further improvement can be obtained by multidimensional 
chromatographic approaches in which the IMAC or titanium oxide step is 
preceded by ion exchange chromatography. In the case of strong anion exchange 
chromatography, this reduces sample complexity but does not solve the problem 
of aspecific binding of acidic peptides (175). Using strong cation exchange (SCX) 
chromatography at low pH however, allowed enrichment of phosphorylated 
peptides from a HeLa cell lysate (147). At low pH, most (tryptic) peptides carry 
two positive charges (on the N-terminal and lysine side chain amino group), while 
a phosphorylated peptide only carries one, due to the negative charge of the 
phosphate group. Consequently, phosphorylated peptides bind relatively weak to 
the SCX column, which can be used to elute phosphorylated peptides in the 
isocratic part of the gradient, together with N-terminally acetylated and C-
terminal peptides. The other peptides will elute during the salt gradient. The 
first fractions eluting from the ion exchange column can be subsequently 
injected onto a titanium oxide column to further enrich phosphorylated peptides. 
 
Chemical methods for protein phosphorylation analysis  
Besides the physical properties of phosphorylated peptides, the well-known fact 
that serine- and threonine-phosphorylated peptides are susceptible to base-
catalysed β-elimination is frequently used for the enrichment of phosphorylated 
peptides. The reaction, of which the mechanism is shown in Figure 9, is 
catalyzed by dilute alkali in the presence of group II metal ions. 
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Figure 9. General reaction mechanism for the β-elimination, Michael addition and subsequent 
affinity purification of phosphorylated serine- and threonine-containing peptides. 

The occurrence of an unwanted side reaction during the reaction, i.e.
the elimination of glycosidic groups from serine or threonine residues is two 
orders of magnitude slower than that of phosphate groups using barium hydroxide 
(176). Therefore, barium hydroxide has been described to be most suited for this 
purpose. Elimination results in the formation of a dehydro amino acid 
(dehydroalanine in the case of phosphorylated serine and dehydrobutyric acid in 
the case of a phosphorylated threonine) of which the α, β-unsaturated side chain 
is susceptible to nucleophilic attack. This opens up a large set of reactions that 
can be carried out to modify the formerly phosphorylated peptides (177), see 

N
N

RO

P OH

O

OH

O

O
H

OH-
N

N

RO

P OH

O

OH

O

O

-
N

N

R
O

O

OH

P OH

O

OH

N
N

R
O

O

S

R'

N
N

R
O

O

R' SH

N
N

R
O

O

SH SHn
 

N
N

R
O

O

S

SH 

N

O

O

Affinity probe N

N
N

R
O

O

S

S

O

O

Affinity probe

Liquid chromatography / mass spectrometry

Identification / quantitation

Affinity purification

(Cleavage of probe)

Mass spectrometric characterization

H
2
O

R = H (for serine)
R = CH

3
 (for threonine)



Chapter 1 
 
 

 26

Figure 9.  First of all, different aliphatic thiols have been described to positively 
influence the chromatographic behaviour of phosphopeptides (178-180) and their 
stable isotope labelled forms allow relative quantitation of phosphorylation 
states (181-183). A specific example is the nucleophilic addition of cystamine 
(H2N-C2H4-SH) to the dehydro amino acid which not only introduces an extra 
amino group resulting in improved ionisation of the formerly phosphorylated 
peptide (184), but with the newly formed structure being a lysine analogue this 
also introduces a ‘phosphospecific’ proteolytic (trypsin, LysC) cleavage site (185-
187).  

 
More frequently however, dithiols are used as nucleophiles: upon 

addition of a dithiol, an sulfhydryl group is introduced in the peptide that can be 
used to enable thiol-based affinity purification (188) or as a handle for further 
modification, for example with biotin to allow affinity purification of modified 
phosphopeptides (189). Increasingly advanced approaches, such as the PhIAT 
approach by Goshe (190-192) have been reported. This approach was further 
optimised with the introduction of labile linkers in a biotin probe that can be 
used to cleave off the biotin moiety directly after affinity purification and prior 
to mass spectrometric analysis (193,194). This is an advantage, since biotin is 
known to hamper sequence analysis due to its own fragmentation in MS/MS 
experiments. Instead of using affinity couples to modify the functionalised 
peptide, the sulfhydryl group can also be used for fluorescent labelling of the 
peptide (195,196).  

Latest developments in chemical phosphoproteomic approaches involve 
modification of sulfhydryl-functionalized peptides with solid-phase resin coupled 
probes (197-200) and the use of dendrimers for the selective enrichment of 
phosphorylated peptides (201). 

 
As mentioned before, a disadvantage of the chemistry described here is 

that not only phosphate, but also other functional groups, such as glycosidic 
esters are susceptible to β-elimination. This means that final reaction products 
can originate from phosphorylated or glycosylated peptides or even from 
peptides carrying other modifications on serine and threonine hydroxyl groups. 
GlcNAc modification of S and T residues occurs frequently (202-204) and several 
studies have described interplay between this type of modification and 
phosphorylation (205-208). Therefore, distinguishing between both is important. 
An approach can be the combination of chemistry and an enzymatic treatment in 
which GlcNAc groups are removed using glycanases. In this way both glycosylation 
and phosphorylation can be subsequently analysed.  
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V. Chemical proteomics 
The genomic revolution has provided insight into the functioning of cells 

and the important role of proteins therein. However, understanding protein 
function within complex cellular networks is needed to enable, for example, the 
discovery of novel drug targets. Even though the present proteomics methods are 
able to resolve complex mixtures of proteins, they are often challenged by the 
dynamics of the proteome.  

In an attempt to focus proteomic efforts on subsets of physiologically 
important protein targets, activity-based proteomics (or chemical proteomics) 
has been initiated. This approach makes use of small molecules called activity-
based probes (ABPs) that are used to tag, enrich, and isolate, particular sets of 
proteins based on their enzymatic activity analogous to chemical 
phosphoproteomic approaches described above.  

Chemical probes can be customized to react with different (enzymatic) 
targets through the use of chemically reactive ‘warhead’ groups, coupled to 
selective binding elements that control their overall specificity, thereby 
providing an insight into enzymatic activity within complex proteomes (209, 210). 
In this way, (additional) targets (and their interaction partners) of a particular 
ligand can be identified. Ligands can be other proteins, peptides or chemical 
compounds, like inhibitors or cofactors.  

The general strategy of a chemical proteomics experiment (211) starts 
with the modification and immobilization of a ligand of interest onto solid phase. 
Examples of this are the immobilization of microcystin, a bacterial toxin, through 
nucleophilic addition of L-cystein to Microcystin-LR and the subsequent coupling 
of that compound to activated CH Sepharose 4B (212), or the coupling of  amino-
modified cyclin-dependent kinase inhibitors onto carbonyldiimidazole-activated 
agarose beads (213,214).  

During these immobilization procedures it is very important to ensure 
that the interaction between the proteins of interest and the immobilized ligand 
is not lost as a result of chemical modification and/or coupling to solid phase. 
Varying linker molecules used for immobilization or modifying other functional 
groups within the compound of interest can circumvent possible problems at this 
level. Subsequently, the solid phase bound inhibitor can be used in a cellular 
lysate, to purify its (known and unknown) targets (215) and thereby gain insight 
into in the molecular mechanisms of known drugs. Depending on the 
experimental set-up co-purifications of proteins binding to the actual targets of 
the immobilized compound can be pulled down and analysed as well. The 
material used to immobilize a ligand on can also show affinity for proteins in the 
lysate and therefore multiple controls, including unmodified beads or beads onto 
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which an inactive analogue of the compound of interest was immobilized, should 
be included in the analysis. To get round problems with aspecific binding, several 
elution methods can be applied in which for example salt or detergents are used 
that wash away aspecifically binding proteins. On the other hand, competitive 
elution with the free ligand is the most specific elution method.  

Examples of chemical proteomics approaches identified malate 
dehydrogenase (mitochondrial, but not cytoplasmic) as major paullone-binding 
protein, which is an inhibitor of cyclin-dependent kinases (215) or revealed 
alternative cellular modes of action for gefitinib, an epidermal growth factor 
receptor kinase inhibitor (216). From the set of interacting proteins found in 
experiment in which a complete protein, recombinant O6-methylguanine-DNA 
methyltransferase, was immobilized it was concluded that this protein not only 
functions in DNA repair, but integrates this process with other cellular events, 
such as replication and cell cycle progression (217). 

Analogous approaches can be designed in which peptides with a certain 
motif are immobilized to see which proteins bind to that peptide, like for 
instance the use of an immobilized polyproline peptide to enrich for SH3 domain-
containing proteins, or the selective purification of DNA binding proteins, such as 
transcription factors, using immobilized DNA (218).  

To fully utilize the power of chemical proteomic methods high 
throughput methods are required. Therefore libraries are built to perform large-
scale screens with (219) that can aid the pharmaceutical industry to a great 
extent by determining protein targets for bioactive compounds.  
 
VI. Scope of this thesis 

This thesis describes how various approaches in proteomic research were 
developed and used to investigate the complex protein networks that underlie 
the cellular response to double strand DNA breaks of human lymphoblastoid cells. 
In quantitative proteomics accurate and reproducible quantitation methods are 
essential. Therefore two state-of-the-art techniques used for the quantitation of 
protein expression levels, i.e. two dimensional difference in-gel electrophoresis 
(2D-DiGE) and metabolic stable isotope labelling were compared, which is 
described in Chapter 2. Both methods were applied and compared in a single 
quantitative proteomic experiment in which differences in protein expression 
levels of the yeast Saccharomyces cervisiae grown under nitrogen- and carbon-
limited conditions in chemostat cultures were determined. Subsequently, 2D-
DiGE was applied to investigate the cellular response to bleomycin-induced DNA 
damage in human lymphoblastoid cell lines. The results of this experiment are 
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described in Chapter 3, which illustrates that a proteomics approach can be used 
for the accurate quantitation of protein expression levels.  

The dataset obtained in Chapter 3 was further analysed to reveal 
differential protein expression between individuals that show different 
sensitivities towards bleomycin-induced DNA damage. The results, described in 
Chapter 4, demonstrate that these individuals show different expression patterns 
for certain proteins. This sheds new light on the biochemical mechanisms 
underlying the increased sensitivity towards DNA damage and can aid in the 
development of cancer therapies. 

Numerous cellular processes are not only regulated by gene expression or 
protein degradation. Post-translational modification of certain amino acids in 
proteins can also influence their activity and thus that of the signalling pathways 
in which they function. One of the most important post-translational 
modifications is protein phosphorylation on serine, threonine and tyrosine 
residues. In order to focus on the influence of this modification a novel chemical 
proteomics approach for the enrichment and mass spectrometric analysis of 
serine- and threonine-phosphorylated peptides was developed, which is 
described in Chapter 5. This method makes use of β-elimination of the phosphate 
moiety and the subsequent (Michael) addition of a dithiol to which a probe 
consisting of a biotin moiety, acid cleavable linker and a maleimid-functionalized 
endgroup, is coupled.  

Since DNA is densely packed in chromatin when stored in nuclei, DNA-
related processes such as transcription but also DNA repair require relaxation of 
chromatin to increase accessibility of transcription and/or repair factors to 
particular sites on DNA. How these remodelling events are regulated is largely 
unknown. Therefore an LC-MS-based analysis of phosphorylation of histone-
binding proteins before and after DNA damage induction was peformed, which is 
described in Chapter 6. Histone-binding proteins were enriched using an 
immobilized histone-mimicking peptide. Following in solution dual digestion, the 
peptide mixtures were analysed using multidimensional nano LC (TiO2/SCX/RP) 
coupled to Fourier transform mass spectrometry. This analysis provides improved 
insight into the role of interactions between proteins and core histone N-terminal 
tails in the regulation of the response to DNA double strand breaks.  

Taken together, we have combined quantitative proteomics of cellular 
lysates, subproteomics of proteins carrying phosphorylation (phosphoproteomics) 
and the analysis of the subgroup of proteins that bind to chromatin in an attempt 
to map the complex mechanisms that are triggered in human cell lines upon DNA 
damage induction. 
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 ABSTRACT 
Quantitative protein expression profiling is a crucial part of proteomics 

and requires methods that are able to efficiently provide accurate and 
reproducible differential expression values for proteins in two or more biological 
samples. Here, two state-of-the-art quantitative proteomics approaches, i.e. 
difference in gel electrophoresis (DiGE) and metabolic stable isotope labeling 
were evaluated in a direct comparative assessment. For that purpose, 
Saccharomyces cerevisiae was grown under well-defined experimental conditions 
in chemostat cultures under two single-nutrient limited growth conditions, using 
14N or 15N ammonium sulfate as single nitrogen source. Following lysis and protein 
extraction from the two yeast samples, proteins were labeled using different 
fluorescent CyDyes. Subsequently, the yeast samples were mixed and the 
proteins separated by 2D gel electrophoresis.  

Peptides resulting from the in-gel digestion of proteins were analyzed 
using MALDI-TOF mass spectrometry. Relative protein expression ratios between 
these two yeast samples were determined using both DiGE and metabolic stable 
isotope labeling. Focusing on a small, albeit representative set of proteins 
covering the whole gel-range, including some protein isoforms, and ranging from 
low to high abundance, it was observed that the correlation between these two 
methods of quantification is good: the differential ratios determined match the 
equation RMet.Lab. = 0.98 RDiGE, with r2 = 0.89. Although the correlation between 
DiGE and metabolic stable isotope labeling is exceptionally good, some 
advantages as well as disadvantages of both methods were observed. These are 
discussed and evaluated in relation to other (quantitative) approaches. 
 
 
INTRODUCTION 

The proteome is generally defined as the total protein complement of a 
genome present in cells and/or tissue (1). As a result of splice variation and/or 
post-translational modifications, the proteome is several orders of magnitude 
more complex than the genome. An extra factor that adds to the relative 
complexity of the proteome is the fact that protein abundance varies over time, 
either as a reaction to changes in the environment or during development. To 
understand these dynamic processes, which may lead to indications why e.g. 
“healthy” cells are different from “diseased” or “stressed” cells, or how cells 
change during differentiation, it is not only important to identify which proteins 
are involved but also to measure their differential expression levels. It is 
especially this latter notion that makes quantitative protein profiling an essential 
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part of proteomics, which requires technologies that accurately, reproducibly, 

and comprehensively quantify the protein content in biological samples (2-4). 
Traditionally, and probably still, the most frequently used method to 

investigate differential protein abundances in large scale proteomics experiments 
on protein mixtures from cellular extracts or tissue is by two-dimensional gel 
electrophoresis (2D-GE) (5-9). In such experiments proteins are separated by 
their pI and molecular weight on a 2D gel and subsequently stained for 
visualization. The spot density on the gel is used to assess relative quantification 
through comparison with “matched” protein spots on parallel run 2D gels. For 
protein staining many protocols are in use (6), whereby Coomassie Brilliant Blue 
(CBB) and silver staining have found most widespread applications. These stains 
have appeared to be not ideal because of relatively poor detection sensitivity 
(CBB), or diminished peptide recovery from in-gel digested proteins for mass 
spectrometry (MS) (silver staining). Both CBB and silver staining also have a 
limited dynamic range. The accuracy of quantification depends on the intrinsic 
characteristics of the visualization methods. More recently, a variety of 
improvements and alternatives that are more reproducible and have an increased 
linear dynamic range have been introduced. Significant quality improvements 
have been achieved with the introduction of fluorescent stains like that of the 
SYPRO family (10), which besides an increase in linear dynamic range turned out 
to be satisfactorily compatible with MS analysis. 

Another recently introduced novel approach in 2D gel based quantitative 
proteomics is the application of fluorescent cyanine dyes (Cy2, Cy3, Cy5) to label 
proteins before they are separated on a 2D gel (11-13). These fluorescent labels 
carry a N-hydroxysuccinimidyl ester functionality, designed to modify the ε-
amino group of lysine residues in proteins. The three spectrally resolvable 
fluorophores carry a positive charge to compensate for the charge of the lysine 
that is lost upon labeling, thereby balancing the pI of the protein. The molecular 
masses of the CyDyes are approximately 450 Da, and will not significantly affect 
the protein migration in the second dimension. Taken together, the 
characteristics of these labels allow the analysis of up to three pools of protein 
samples simultaneously on a single 2D gel. This approach eliminates technical, 
i.e. gel-to-gel, variation which is the main limitation of 2D gel electrophoresis. In 
a standard protocol, two of the dyes (typically Cy3 and Cy5) are used to label 
two different pools of protein samples, while the third label (Cy2) is used to 
label an internal standard that consists of equal amounts of the two pools. This 
internal standard allows a correction for further experimental errors, thereby 
distinguishing biological from experimental variation (14). Since its introduction 
this so-called difference in gel electrophoresis (DiGE) approach has found 
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applications in quantitative proteomics (15-21), for instance in comparative 
quantitative proteomics of primitive hematopoietic cell populations (17). 

In recent years also entirely different, mass spectrometry based, 
methods to assess protein expression levels have been developed. Herein, 
differential quantification is accomplished by labeling peptides/proteins with 
stable isotope tags. These techniques are quite different from radioactive 
isotope labeling (with 35S methionine for instance) (22), which is probably still 
the most sensitive and accurate method to label/stain proteins, but which is 
rather hazardous. In stable isotope labeling, proteins or peptides in two sets of 
samples are differentially labeled using different stable isotope tags. These 
different isotope tags will produce specific mass-shifts in the mass spectra of 
peptides/proteins, which may then be used as internal standards in differential 
analysis. In this way, differential quantification by mass spectrometric analysis 
can be achieved. Many different stable isotope-containing labels have now been 
developed, which may be classified on the basis of how and when they are 
introduced into the protein samples. The stable isotope labels may be 
incorporated by chemical or biological means, at different stages of the 
proteomics experiment, i.e. from the start in vivo in cells or organisms up to the 
end by reacting the protein digest with appropriate labels just prior to mass 
spectrometric analysis (23,24). 

Chemically, the stable isotope label can be incorporated via reactions 
with isotope-containing reagents at different functional groups in the 
peptides/proteins such as lysine side-chains or the free N-termini etc. (25-28). By 
using an isotope coded affinity tag, such as the biotinylated ICAT reagent that 
reacts selectively with free cysteines, stable isotope labeled peptides/proteins 
can be enriched prior to mass analysis (29-34). Alternatively, generation of C-
terminal labeled peptides can be achieved by enzymatic digestion in heavy H2

18O 
water (35-40). More recently a novel chemical isotope labeling approach, named 
iTRAQ, was introduced that uses a multiplexed set of isobaric reagents that yield 
amine-derivatized peptides. The derivatized peptides are indistinguishable in MS, 
but exhibit intense low-mass MS/MS marker ions that may be used for relative 
quantification of proteins originating from up to four different sample pools (41). 
A disadvantage of these “chemical” approaches is that the stable isotope label is 
introduced into the sample only after several stages of sample preparation, such 
as cell lysis, protein extraction and/or even proteolysis. When the mixing of the 
differentially labeled samples occurs only after several of these sample 
preparation steps it is of ultimate importance in these approaches that the 
sample preparation is highly consistent. 
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Therefore, it is preferred to introduce the stable isotope label very early 
in the process. In such approaches, the cells or organisms need to be grown in 
defined media containing a stable isotope label that can be incorporated during 
protein synthesis (42-44). In a typical approach, termed metabolic labeling, 
growth medium is prepared in which a stable isotope labeled compound, like 15N 
labeled ammonium sulfate, is used as the sole nitrogen source. Alternatively, 
also stable isotope labeled amino acids can be introduced into the medium, 
which will be incorporated (in the case of essential amino acids), during protein 
synthesis (45-49). So far metabolic labeling has been mostly applied to 
unicellular organisms, such as yeast (42), bacteria (43) and to tissue cell cultures 
(45) that can be easily grown on defined media in the laboratory. Recently, also 
the multicellular organisms Caenorhabditis elegans and Drosophila melanogaster 
(50) have been metabolically labeled, and lately this has even been extended to 
the isotope labeling of a complete rat (51) and potato plant (52). 

In general, all these different quantitative proteomics approaches have 
their merits and limits and the method of choice often depends on the particular 
biological question. However, as far as accuracy and validation of methods in 
protein quantification is concerned, only very few reports exist in which different 
quantification techniques are directly compared (22,53,54). For instance, Lopez 
et al. (54) compared the quantification of about 400 protein spots stained by 
silver and SYPRO Ruby on 2D gels and found an overall correlation of just 0.75, 
with the largest deviation at lower protein abundances. Fievet et al. (22) 
compared protein quantities from yeast proteins labeled with radioactive 35S or 
stained with CBB. They observed a very weak correlation and found the relative 
ratios determined by these two methods to vary for individual proteins from 0.37 
to 1.86. As it is of absolute importance in quantitative proteomics that methods 
are able to accurately, reproducibly, and comprehensively quantify the protein 
content in biological samples, we set out to evaluate two current state-of-the-art 
quantitative approaches, difference in gel electrophoresis (DiGE) and metabolic 
stable isotope labeling, in a direct comparative assessment. For this, we used 
Saccharomyces cerevisiae that was grown under well-defined experimental 
conditions in chemostat cultures under two different single-nutrient limited 
growth conditions (i.e. nitrogen versus carbon) as a model system. One of the 
two yeast samples was grown in the chemostats using medium containing a stable 
isotope (i.e. 15N) while the other was grown on natural isotope containing 
medium, with ammonium sulfate being the sole nitrogen source. Throughout this 
work the term 15N indicates proteins, or peptides thereof, that were extracted 
from yeast grown on medium containing 98% 15(NH4)2SO4 as sole nitrogen source, 
while proteins extracted from yeast grown on medium containing (NH4)2SO4 are 



Chapter 2 
 
 

 46

referred to as the natural isotope. Following lysis and protein extraction, the two 
samples were fluorescently labeled using two different fluorescent CyDyes, prior 
to mixing. Proteins were separated by 2D gel electrophoresis and after in-gel 
digestion further analyzed by mass spectrometry. Protein expression levels of 
these two yeast samples were relatively quantified both using DiGE and 
metabolic stable isotope labeling. Focusing on a small, but representative set of 
protein spots with a wide variety in pI, Mr and abundance, we observe that, when 
excluding so-called on-off spots, the correlation between the two methods of 
quantification is very good, with the differential ratios determined following the 
equation RMet.Lab. = 0.98 RDiGE, with a correlation coefficient r2 of 0.89. 
 
 
EXPERIMENTAL PROCEDURES 
Strain and culture conditions  

Wild-type Saccharomyces cerevisiae strain CEN.PK113-7D (MATa) (55) was 
grown at 30°C in 2-liter chemostats (Applikon), with a working volume of 1.0 
liter as described in (56). Cultures were fed with a defined mineral medium that 
limited growth by either carbon or nitrogen with all other growth requirements in 
excess and at a constant residual concentration. The defined mineral medium 
composition was based on that described by Verduyn et al (57). The medium 
contained the following components: Carbon-limited: (NH4)2SO4 19 mM and 
glucose 42 mM; Nitrogen-limited: (NH4)2SO4 7.5 mM and glucose 330 mM. 

Both cultures were started with (14NH4)2SO4 as sole nitrogen source 
(Merck, Darmstadt, Germany). In case the 15N isotope was used, the medium 
vessel was replaced by a new vessel containing (15NH4)2SO4 (Isotec Inc, 
Miamisburg, USA) after 5 volume changes. The carbon-limited culture was fed 
with 98% (15NH4)2SO4 as supplied by Isotec. After five additional volume changes, 
a new steady-state was reached and samples for proteome analysis were taken. 
Dry-weight, metabolite, dissolved oxygen and gas profiles were constant over at 
least 3 volume changes prior to sampling. Samples dedicated to proteome 
analysis were sampled on ice and immediately centrifuged (5 min. at 0oC), 
washed twice with ice-cold sterile water and stored 5 times concentrated in 
water at -80°C. 
 
Protein extraction  

Protein extracts were prepared as described previously (58). Protein 
concentration was determined using the Plus One 2D Quant Kit (Amersham 
Biosciences). The protein samples were stored in aliquots at –80oC. 
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Labeling of proteins with CyDyes  
Protein samples were prepared and labeled according to the 

manufacturers protocol. Briefly, 50 µg of protein was precipitated using the Plus 
One 2D Clean-Up Kit (Amersham Biosciences), dissolved in labeling buffer, and 
labeled at 0oC in the dark for 30 minutes with 400 pmoles of cyanine dye (Cy2, 
Cy3, Cy5; Amersham Biosciences), dissolved in 99.8% DMF (Sigma). The reaction 
was quenched by the addition of 1 µL of a 10 mM L-lysine solution (Merck) and 
left on ice for 10 minutes.  
 
Two-dimensional gel electrophoresis 

Two-dimensional gels were run as described before (58). Briefly, the 
three 50 µg aliquots of the Cy2, Cy3 and Cy5 labeled proteins were mixed and 
loaded on a 24-cm Immobiline Dry-Strip pH3-10 NL (Amersham Biosciences). 
Isoelectric focusing was carried out using an IPGphor (Amersham Biosciences) to a 
total of 50-55 kVh. After equilibration, strips were placed on top of 12.5% 
polyacrylamide gels and sealed with a solution of 1% (w/v) agarose containing a 
trace of bromophenol blue. Gels were run overnight at a constant power of 2 
Watt until the bromophenol blue front had migrated to the bottom of the gel. 
 
Image acquisition and analysis  

Gels were scanned using the Typhoon 9400 Imager (Amersham 
Biosciences) according to the manufacturers protocol. Scans were acquired at 
100 µm resolution. After cropping and filtering, images were subjected to 
automated Difference in-gel Analysis (DIA) and Biological Variation Analysis (BVA) 
using the Batch Processor of DeCyder software version 5.01 (Amersham 
Biosciences). 
 
Post staining  

2D gels were post-stained using silver staining as described by 
Shevchenko (59) with slight modifications. Briefly, after fixing and washing, the 
gels were sensitized using 0.04% sodium thiosulfate and impregnated with 0.1% 
silver nitrate at 4oC for 20 minutes. Development of the gel was performed using 
3% sodium carbonate/0.05% formalin. Silver stained gels were scanned using a 
GS710 Calibrated Densitometer (Bio-Rad). 
 
In-gel tryptic digestion  

Protein spots of interest were digested in-gel with trypsin according to a 
slightly modified version of the protocol described by Wilm et al. (60). The gel 
pieces were first destained using 30 mM potasium ferricyanide and 100 mM 
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sodium thiosulfate solution, followed by washing and shrinking steps using 50 mM 
ammonium bicarbonate and acetonitrile, respectively. Proteins were digested 
overnight at 370C. 
 
MALDI-MS and protein identification 

Tryptic digests were desalted and concentrated with µC18-ZipTips 
(Millipore) and analysed on a Voyager DE-STR MALDI-TOF mass spectrometer 
(Applied Biosystems) using α-cyano-4-hydroxycinnamic acid as matrix. The 
MALDI-MS resolution for the peptides was typically ~10000. The raw MALDI-TOF 
spectra were processed using Data Explorer software (version 4.0, Applied 
Biosystems). The following process parameters were used before the final peak 
list was generated: advanced baseline correction, smoothing, and peak de-
isotoping. The MALDI-MS spectra were internally calibrated using the singly 
protonated trypsin auto-digestion peaks at m/z 2273.159 and 2163.056. The 
MALDI-MS spectra were searched against the SwissProt database using a local 
Mascot search engine (61). The following settings were used: trypsin was used as 
enzyme, a maximum of 2 missed cleavages was allowed, the peptide tolerance 
was set at 150 ppm, carbamidomethyl cysteine and oxidized methionine were set 
as fixed and variable modification, respectively. The MALDI-MS spectra were 
searched twice against the SwissProt database. The first time using the above 
described parameters. The second time also by using the above described 
parameters with additional a newly defined fixed modification, assuming that all 
nitrogen atoms in the amino acids are 15N labeled. In this way, both the natural 
abundance 14N peptides as well as 15N labeled peptides were identified, 
significantly increasing the confidence score for identification. 
 
Protein expression ratio determination  

Ratios of differentially expressed proteins (RDiGE) were calculated using 
DeCyder (v5.01, Amersham Biosciences) for DiGE and show the fold change of the 
expression under nitrogen-limiting conditions versus carbon-limiting conditions 
(N/C). In the DeCyder output, an increase in protein abundance under nitrogen-
limitation is expressed as a positive value (e.g. a two-fold increase = 2), while a 
decrease in protein abundance under nitrogen-limitation is expressed as a 
negative value (e.g. a two-fold decrease = -2).  

For metabolic stable isotope labeling, proteins were relatively quantified 
as described previously (50). Briefly, peaks of all isotopes of the unlabeled 
peptide were integrated and divided by the integrated peak area of the 15N 
labeled peptide. The integration was performed by zooming in on all the isotopes 
of the peptide of interest, and subsequently the area under all isotopes was 
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calculated in the Data Explorer software (version 4.0, Applied Biosystems) and 
was subsequently exported to Excel (Microsoft). The protein expression ratio 
nitrogen-limitation versus carbon-limitation was calculated for each peptide pair. 
This was performed for multiple peak pairs in the same MALDI-TOF mass 
spectrum and the RMet.Lab. was calculated as the average ratio of the multiple 
peak pairs. To enable a direct comparison with the DiGE quantitative data an 
increase in protein abundance under nitrogen-limitation was expressed as a 
positive value, while a decrease in protein abundance under nitrogen-limitation 
was expressed as a negative value. This representation is used throughout this 
work. 
 
 
RESULTS 

In this study, two state-of-the-art relative quantitative proteomics 
approaches, namely difference in gel electrophoresis (DiGE) and metabolic stable 
isotope labeling, were evaluated in a direct comparative assessment. To make an 
appropriate technological comparison while limiting any side effects, for instance 
due to experimental variation, the setup of the experiment is of vital 
importance. In Figure 1 and Table 1 the details of the selected experimental 
setup are shown.  
 
Table 1. Employed labeling strategy. Yeast sample composition of the 2D gels used for the direct 
comparative assessment. Yeast was grown under either nitrogen limited or carbon limited conditions 
in chemostat cultures. The growth media either contained natural isotope or 15N labeled ammonium 
sulfate as the sole nitrogen source. Furthermore the CyDye labels, which are used to label the 
protein samples are indicated, i.e. Cy3 or Cy5. 

 
Gel Limitation Nitrogen source CyDye 

1 Nitrogen Natural isotope Cy3 

 Carbon 15N labeled Cy5 

2 Nitrogen Natural isotope Cy5 

 Carbon 15N labeled Cy3 

 
First of all, yeast cells were cultivated in well-controlled chemostats 

limited for either the carbon or nitrogen source. The only nitrogen source in 
these chemostat cultures was ammonium sulfate ((NH4)2SO4). For the yeast cells 
grown under nitrogen limited conditions the natural isotope (NH4)2SO4

 was used, 
while in the carbon limited culture 15N enriched (NH4)2SO4 was used as sole 
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nitrogen source. Following cell lysis, proteins from these two chemostat yeast 
cultures were extracted. Complete incorporation of 15N in yeast proteins was 
checked using tryptic digestion and mass spectrometry (data not shown). 
Subsequently, proteins were labeled with the fluorescent cyanine dyes. As 
described in Table 1, two DiGE experiments were performed: in the first 
experiment yeast grown under nitrogen limited conditions was labeled with Cy3 
and 15N labeled yeast grown under carbon limited conditions was labeled with 
Cy5. In the second DiGE experiment, the same chemostat cultured samples were 
used, but the two fluorescent dyes were reversed. Through this so-called dye 
swap an extra internal control for the DiGE experiments was incorporated. In 
addition, an internal standard that consisted of equal amounts of protein from 
both yeast samples and was labeled with Cy2, was used for the DiGE 
experiments. The DiGE internal standard was used to normalize the data, 
thereby limiting technical variation (14). Following fluorescent labeling, the 
samples were mixed and the proteins separated on one 2D gel. For the DiGE 
analysis, 2D gel images were acquired by fluorescence scanning and analyzed 
using DeCyder software. The DiGE analysis of the two separate fluorescent 
labeling experiments yielded two distinct values for the relative fold change in 
protein expression between the yeast grown under nitrogen-limited versus 
carbon-limited conditions. In theory these values should be equal, and any 
variation observed must be due to intrinsic variation in the DiGE methodology.  

In order to allow analysis of the in-gel separated proteins, the gels were 
post-stained with silver. Upon comparison of the individual images, no 
differences concerning spot position were seen. Some differences between the 
staining methods were observed however, resulting in some spots being 
preferably ‘stained’ by either of the two (data not shown). Comparison of the 
linear dynamic range of DiGE and silver staining showed DiGE to have a range of 
at least four orders of magnitude, while that of silver staining had a maximum of 
two orders of magnitude, in agreement with previously reported data (54). 

In this comparative evaluation a number of spots on the 2D gel (Figure 2) 
that ranged over the whole gel (with extensive variation in mass and pI) and 
varied over a wide range of protein expression levels (as determined by the 
DeCyder analysis) were picked.  
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Figure 1. Experimental setup for the direct comparative assessment of Difference in Gel 
Electrophoresis (DiGE) and metabolic stable isotope labeling. Saccharomyces cerevisiae was cultured 
in nitrogen-limited and carbon-limited chemostats in media containing either “natural” ammonium 
sulfate or 15N labeled ammonium sulfate as the sole nitrogen source, respectively. Protein extracts 
from both cultures were prepared and proteins were labeled with the CyDyes as described in Table 
1.  A mixture of CyDye labeled proteins was prepared and run on a single 2D gel. 20 protein spots of 
interest were excised, digested in-gel with trypsin and analyzed with MALDI-TOF-MS to identify the 
protein. Protein expression ratios were determined in two ways; via comparing the fluorescence spot 
intensities (DiGE) and secondly via comparison of mass spectrometry peak areas of the unlabeled 
versus 15N labeled peptide.
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Figure 2. Typical example of a 2D gel of a 1:1 mixture of protein extracts from chemostat-grown 
yeast cells, limited for either nitrogen or carbon. 150 µg of protein extract was separated in the 
first dimension on a 24 cm IPG strip (pI 3-10NL) and on a 12.5% SDS PAGE gel in the second 
dimension. Protein spots that were excised and analyzed by mass spectrometry are numbered and 
correspond to the numbers in Table 2.

Table 2. Protein expression ratios (nitrogen-limited versus carbon-limited) as determined by DiGE 
(RDiGE) and stable isotope metabolic labeling (RMet.Lab). In total 20 spots were relatively quantified on 
two 2D gels with both DiGE and stable isotope metabolic labeling. The spot numbering corresponds 
with the numbering in Figure 2. The protein identity, SwissProt accession number, the observed 
isoelectric point (pI) and approximate molecular weight (Mw), and the sequence coverage for each 
protein spot are indicated. Below RDiGE column 1 and 2, the two ratios for the protein expression 
levels as obtained by the DiGE image analysis of the two separate gels are shown, followed by the 
average of the two values (Av) and the standard deviation (Std). Similar, in Rmet.Lab column 1 and 2 
the two ratios (Av), as well as the inter protein standard deviation (Std.) and the number of 
peptides ion peak pairs (#) on which the relative quantification is based are indicated. In the last 
two columns the average ratio (Av.) and standard deviation (Std.) for the protein expression levels 
as obtained by the two metabolic stable isotope labeling experiment are given. A negative ratio 
indicates a down regulation of the protein in the nitrogen-limited culture, and a positive value an up 
regulation of the protein in the nitrogen-limited culture
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(Table can be found on page 53).



        
    RDiGE RMet.Lab. 

Spot  Protein SwissProt  pI 
Mw 

(kDa) 
Sequence 
coverage 1 2 Av Std 1     2     Av Std 

           Av Std # Av Std #   

1 Gdh1p P07262  5.56 49.5  30% 1.87 1.73 1.8 0.1 1.29 0.13 4 1.22 0.09 4 1.26 0.05 

2 Gdh1p P07262 5.58 49.5 38% 1.27 1.3 1.29 0.02 1.27 0.13 2 1.51 0.00 2 1.39 0.17 

3 Gdh1p P07262 5.62 49.5 40% 1.94 1.52 1.73 0.3 1.25 0.13 4 1.26 0.10 4 1.26 0.01 

4 Eno2p P00925 5.67 46.8 39% 1.62 1.49 1.56 0.09 1.07 0.34 4 1.4 0.27 4 1.24 0.23 

5 Tdh3p P00359 6.49 35.5 35% 1.26 1.6 1.43 0.24 1.11 0.06 4 1.22 0.07 4 1.17 0.08 

6 Met6p P05694 6.07 85.8 26% 1.97 1.8 1.89 0.12 1.83 0.15 2 1.3 0.04 2 1.57 0.37 

7 Eno1p P00924 6.17 46.5 54% -1.27 -1.22 -1.25 0.04 -1.58 0.27 3 -3.57 0.39 3 -2.58 1.41 

8 Eno1p P00924 6.45 46.5 31% -1.8 -1.73 -1.77 0.05 -1.83 0.21 3 -2.44 0.24 3 -2.14 0.43 

9 Pgk1p P00560 7.09 44.6 53% 1.01 1.07 1.04 0.04 1.33 0.26 3 1.16 0.45 3 1.25 0.12 

10 Pgk1p P00560 7.58 44.6 39% 1.17 1.33 1.25 0.11 1.02 0.03 4 1.01 0.05 4 1.01 0.01 

11 Tpi1p P00942 5.75 26.6 33% 1.6 1.46 1.53 0.1 1.85 0.35 4 1.5 0.19 4 1.68 0.25 

12 Sod1p P00445 5.63 15.5 71% 1.01 1.06 1.04 0.04 1.05 0.05 4 1.08 0.52 4 1.07 0.02 

13 Hsp26p P15992 5.31 24 43% -5.99 -6.86 -6.43 0.62 -12.98 46.7 5 -34.44 12.5 5 -23.7 15.20

14 Adh2p P00331 6.26 36.6 27% -9.83 -13.3 -11.6 2.44 -9.65 52.3 3 -25.17 42.8 3 -17.4 11.00

15 Adh2p P00331 7.15 36.6 17% -14.4 -41.4 -27.9 19.2 -23.86 16.7 3 -37.97 12.5 3 -30.9 9.98 

16 Pdc1p P06169 5.8 61.4 35% 2.75 2.45 2.6 0.21 4.23 3.23 4 4.99 1.40 4 4.61 0.54 

17 Pdc1p P06169 5.6 61.4 34% 3.46 2.77 3.12 0.49 10.30 5.30 4 20.36 20.14 4 15.3 7.11 

18 Arg1p P22768 5.53 47 28% 1.4 1.22 1.31 0.13 1.30 0.17 4 1.44 0.24 3 1.37 0.10 

19 Tpi1p P00942 5.75 26.6 28% 1.75 1.76 1.75 0.02 1.51 0.21 5 1.54 0.16 5 1.53 0.04 

20 Tdh3p P00359  6.49  18  24% -1.07 -1.12 -1.09 0.05 -1.22 0.15 2 -1.31 0.10 2 -1.26 0.05 
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These protein spots were excised, and after tryptic digestion, the proteins were 
identified by peptide mass fingerprinting using a MALDI-TOF mass spectrometer. 
Out of the spots analyzed, 20 spots were selected that originated exclusively 
from a single protein, as revealed by mass spectrometric analysis, i.e. all 
peptides observed in the mass spectra originated from that protein, excluding 
the possibility that the spot intensity as measured by DiGE originated from more 
than one protein. The measured ratios of protein expression of these 20 selected 
proteins obtained by using DiGE are given in Table 2. Protein identifications of 
these 20 protein spots are given in Table 2, and revealed that the twenty spots 
corresponded to 12 different proteins, with 7 proteins appearing in more than 
one spot on the 2D gel, indicating the presence of protein isoforms and/or post-
translational modifications. Peptides carrying a fluorophore modification on a 
lysine residue were not observed in our MALDI-TOF spectra, which was expected 
as only a very small percentage (< 3%) of the proteins is labeled with the CyDyes. 

 

As each selected spot contains proteins from the isotope labeled and 
unlabeled cultures the resulting MALDI peptide fingerprint mass spectra displayed 
numerous peptide pairs (Figure 1). Differential quantification was achieved by 
comparing the peak areas of the natural isotope containing and 15N labeled 
peptides, averaged over all peptide pairs available. Thus, using this metabolic 
stable isotope labeling approach, the relative protein expression levels between 
the yeast samples grown under nitrogen-limited versus carbon-limited conditions 
were determined in duplicate. The protein expression ratios measured by stable 
isotope labeling, the number of peptides pairs on which quantification is based, 
as well as the intra-protein quantification standard deviation are also given in 
Table 2.  

In Figure 3, we have focused on a few spot/protein examples, showing 
that both with DiGE and stable isotope labeling a wide range of differential 
expression ratios can be determined. 3D views of the fluorescent abundance of a 
protein spot in yeast grown under nitrogen-limitation (Cy3) and carbon-limitation 
(Cy5) next to a typical peptide ion peak pair measured in the MALDI-TOF spectra 
of the same protein spot are given. In Figure 3 the results for two proteins that 
appeared in multiple spots on the gel, i.e. Adh2p and Pdc1p are also depicted. 
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Figure 3. Typical examples of relative protein quantification by DiGE and metabolic stable isotope 
labeling. On the left, next to the column with the spot number and protein name, 3D views of the 
fluorescent intensities of the spots are shown. In the given example, protein spot intensities in the 
nitrogen-limited chemostat culture were visualized using Cy3 fluorescence and protein spot 
intensities in the carbon-limited chemostat culture were visualized using Cy5 fluorescence. On the 
right, a typical tryptic peptide ion pair of the same protein spot measured by MALDI-TOF-MS is 
shown. The sequence of this peptide is indicated and in parentheses the number of nitrogen atoms 
of that particular peptide is indicated. Protein ratios, as defined in the experimental section, 
obtained by both methods (RDiGE and RMet.Lab) are indicated next to the 3D views and the peptide ion 
pairs, respectively. For both quantification methods, the signal to noise ratio for the individual 
protein signals (DiGE) and peptide signals (metabolic stable isotope labeling) are given in italic script 
revealing that for low abundant proteins the S/N ratios are generally smaller in the mass 
spectrometric approach. 
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DISCUSSION 
High-throughput proteome analyses, in which thousands of proteins are 

analyzed in a single experiment, call for design standards and guidelines that 
enable proper validation of the quality of the proteome data set and the 
conclusions drawn from the results. Recently, two reports appeared that address 
these issues and suggest parameters to judge the quality both of peptide and 
protein identification data (62) and of 2D gel based proteomics analyses (63). 
These are important steps towards quality control and validation. A next, equally 
essential, step is the cross-comparison and validation of different quantification 
techniques that are used in proteomics. The aim of this report is to contribute to 
this process and therefore two currently popular quantification methods were 
assessed in a direct comparative approach. The results of this comparison are 
comprehensively given in Table 2, with some illustrative detailed experimental 
results depicted in Figure 3.  
 
Comparison of DiGE versus metabolic stable isotope labeling 

A more direct comparison of both DiGE and stable isotope labeling 
methods for quantification of proteins is shown in Figure 4. Performing both the 
DiGE and metabolic stable isotope labeling quantification in duplicate provides a 
measure for the experimental standard deviation in the quantification by both 
methods. For both DiGE and the metabolic stable isotope labeling experiments 
the average ratio of the two separate measurements was determined, which is 
given in Table 2. These average ratios were used for a comparison between the 
DiGE and stable isotope labeling based quantification. Therefore, we divided the 
average ratio determined by metabolic stable isotope labeling by the ratio 
determined by DiGE for all 20 proteins. Theoretically, when both methods would 
provide accurate quantitative results, these values should be 1 for all individual 
protein spots. These divided ratios of the 20 spots are plotted in Figure 4A sorted 
by descending fold change values. Inspecting Figure 4A it is clear that the ratio 
between the fold changes observed by DiGE and metabolic stable isotope labeling 
are indeed close to 1, in particular when the ratio in protein expression between 
yeast grown under nitrogen-limited versus carbon-limited conditions is between  
-3 and 3.  

When the average ratio determined by DiGE versus the one measured by 
stable isotope labeling is plotted, as shown in Figure 4B, a good correlation is 
found for this limited set of data (taking 15 out of the 20 spots). The data could 
be fitted with a linear relationship between the two determined ratios following 
the equation RMet.Lab. = 0.98 RDiGE, with a r2-value of 0.89, whereby RMet.Lab. is the 
average ratio determined by metabolic stable isotope labeling and RDiGE. is the 
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average ratio determined by DiGE. The obtained coefficient of one and the 
correlation r2-value of 0.89 indicate that the differential quantification by 
metabolic stable isotope labeling and DiGE are within the margin of error 
equivalent.

Figure 4. Correlation between the average ratios obtained by DiGE (RDiGE) and metabolic labeling 
(RMet.Lab.). (A) The ratios obtained by metabolic stable isotope labeling are divided by the ratios 
obtained from the DiGE analysis (RMet.Lab./RDiGE) and centered around 1, the value expected for a 
optimal correlation. (B) Correlation plot of the ratios obtained by DiGE (x-axis) against the ratios 
obtained via metabolic stable isotope labeling (y-axis). Extreme ratio’s (on-off spots), that show 
large standard deviations, were excluded from this graph, leaving only ratios between –3 and 3. 
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The five spots outside the limited range described above are the “on-off” 
spots that show “extreme” fold changes in protein expression. For these 
particular spots it was observed that the calculated R is primarily determined by 
the low signal-to-noise (S/N) values of the “off”-spot of either the fluorescent 
intensities on the DiGE gels or the peptide ion signals. Our data indicate that the 
S/N values in the mass spectrometric approach are generally smaller than in DiGE 
approach, especially for the low abundant proteins (see Figure 3) and this value 
also differs between individual spots on the MALDI target, depending on 
composition and crystallization quality. Therefore the ratio R is more difficult to 
accurately determine in the mass spectrometric approach. These smaller S/N 
values lead also to larger standard deviations for the calculated protein ratios R 
in the metabolic stable isotope labeling approach compared to fluorescent 
labeling (see Table 2). Overall, this demonstrates that DiGE may be better suited 
to determine changes of low abundant proteins and proteins that show extreme 
changes in expression. 
 

Stable isotope labeling has experienced a dramatic increase in popularity 
in recent years in quantitative proteomics applications (43,44,50,64-68), thereby 
replacing, to some extent, conventional 2D gel-based approaches. This is 
probably due to the fact that at present stable isotope labeling is considered to 
be one of the most accurate ways to relatively quantify protein expression levels 
and additionally stable isotope labeling may be combined with 
(multidimensional) LC MS/MS approaches. As described in the introduction, in 
stable isotope labeling there are quite a few alternative approaches to introduce 
the label, either by chemical introduction of the isotope label (e.g. ICAT (29), 
iTRAQ (41)) or biological introduction of the label (15N or 13C metabolic labeling 
(50), SILAC (45,47)). The advantages and disadvantages of the different stable 
isotope labeling approaches have been discussed in detail in several reviews 
(23,44,66). Here, we just restate that some of the major advantages of the 
metabolic stable isotope labeling approach chosen here are that the label used 
for quantification is introduced very early on in the procedure (during cell 
growth), thereby decreasing the potential effect of differential losses in 
subsequent steps during sample preparation and additionally all proteins, and 
even all peptides, are uniformly labeled, increasing the probability that proteins 
may be quantitated by a larger set of peptide pairs, which is essential for 
accurate quantification. The latter is a major limitation in the stable isotope 
labeling approach, whereby in most reported experiments so far, the 
quantification of proteins is often only based on a single or just a few peptides 
per protein, hampering a meaningful error analysis in the quantification.  
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This study, and other DiGE experiments, reveal that with the 
implementation of pre-separation fluorescent dyes for protein labeling an 
alternative method capable of determining both small and large changes in 
protein expression has been added to the quantitative proteomics toolbox, 
producing accurate differential expression data. Compared to more conventional 
staining methods used in 2D gel electrophoresis, DiGE has a large dynamic range, 
allowing both the differential analysis of high and low abundant proteins. In the 
differential analysis of individual proteins, DiGE is probably even better than the 
stable isotope labeling approach, whereby the S/N level in the latter is largely 
dependent on the sensitivity and accuracy of the mass spectrometer used, and 
the complexity of the sample analyzed. Concerning the sensitivity and limits of 
stable isotope labeling and DiGE, it was observed that low abundant protein spots 
that still could be detected and quantified using DiGE, could not be detected and 
consequently not quantified using the mass spectrometry-based approach. 

Another clear advantage of DiGE over metabolic stable isotope labeling is 
the general applicability: all protein samples irrespective of their origin (e.g. 
clinical samples) can be labeled as long as they contain lysine residues. In that 
sense, metabolic stable isotope labeling is limited to more simple uni- and multi-
cellular organisms. Chemical introduction of stable isotopes such as in ICAT and 
iTRAQ on the other hand, are not hampered by this limitation.  

The fact that proteins quantified on the gel still need to be identified, 
thereby requiring subsequent mass spectrometric analysis, might be considered 
as a disadvantage of the DiGE technology. Additionally, as with every 2D gel 
based technology, only subsequent analysis of protein spots, by for instance mass 
spectrometry, can reveal whether the spot of interest is “pure”, i.e. originating 
from just one protein. If two or more proteins do co-migrate on the gel relative 
quantification is impossible. However, in general this report shows that the 
quantifications by metabolic stable isotope labeling and DiGE are in very good 
agreement.  

Interestingly, the combined approach of stable isotope labeling and DiGE 
has, besides the achieved twofold quantification/validation, some other unique 
advantages, particularly in that some of the disadvantages of each of the 
methods are compensated by the other.  

The illustrative examples in Figure 3 not only show that both methods 
provide similar results in up- and down-regulation, but also directly point out 
some intrinsic advantages of the combined 2D gel and stable isotope labeling 
approach used here. For instance, spot number 14 and 15, both identified as 
Adh2p, differ only in pI, thereby indicating that these proteins are most likely 
isoforms and/or post-translationally modified. Both forms are extremely up 
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regulated under carbon-limiting conditions. Also spot 16 and 17 are identified as 
“identical” proteins, i.e. Pdc1p, and differ only in pI. Interestingly, although 
both these Pdc1p isoforms are significantly down regulated under carbon-limiting 
conditions, both DiGE and stable isotope labeling indicate that spot 17 is more 
down regulated than spot 16 (Table 2 and Figure 3). In particular these data 
reveal an advantage of using 2D gel approaches instead of the direct analysis of 
total cell lysate digests by for instance a combination of stable isotope labeling 
and multidimensional LC. In this latter approach the peptide 
WAGNANELNAAYAADGYAR that was used for quantification of spot 16 and 17 (see 
Figure 3) would be analyzed only once and a single ratio would be determined 
averaged over the different protein isoforms, leading to erroneous 
quantification. 

Another strong advantage of the combined approach of stable isotope 
labeling and DiGE is that on the one hand the mass spectrometric analysis can be 
used to ensure that the spot on the gel originates from only one protein, 
excluding co-migrating proteins in the analysis, on the other hand the DiGE 
separation provides directly multiple peptide pairs, all belonging to the same 
isoform of the protein, which facilitates quantitative analysis. 
 
Comparison of gel-based versus non-gel based technologies 

Although the combined stable isotope labeling and DiGE approach has 
advantages certain disadvantages linked to both methods remain. Classical 2D gel 
electrophoresis is labor intensive, hard-to-automate and is sensitive to technical 
variation. Additionally, despite the high-resolution separation capabilities of the 
2D gel approach, certain classes of proteins (e.g. hydrophobic proteins, or those 
with high molecular weights and/or extreme pI values) are normally 
underrepresented in these analyses and moreover, the risk of overlapping 
proteins is introduced, hampering quantification of the individual proteins.  

Alternative separation approaches based on liquid chromatographic 
separation of peptides resulting from proteolytically digested proteins from 
complete lysates, such as for example in MudPIT (69,70) were originally thought 
to replace 2D gel-based approaches, as they generally lead to higher-throughput 
and wider coverage of the full proteome. However, the direct LC based 
approaches have also their own intrinsic disadvantages, as they are more difficult 
to use for quantitative proteomics and for the analysis of protein isoforms. The 
identification and quantification of post-translationally modified proteins or 
protein isoforms in direct LC based approaches, for example, is only possible 
when the actual modified peptide is detected, significantly reducing the chance 
of quantification of the different protein forms. With all these pro- and cons of 
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the gel- and non-gel-based approaches it is becoming increasingly clear that both 
LC and gel-based technologies are more or less complementary not only in 
protein identification, but particularly in protein quantification.  
 

In summary, both gel-based and liquid chromatography-based methods 
have their advantages and remaining challenges in quantitative proteomics. The 
metabolic stable isotope labeling and DiGE approach, comparatively assessed 
here, are both able to provide efficiently accurate and reproducible differential 
expression values for proteins in two or more biological samples and may 
therefore find wide applications in proteomics research. Combining the two 
methods not only allowed a direct validation of the two methods, but also 
revealed unique strong features, particularly in that some of the disadvantages 
of each of the methods could be compensated by the other.  
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ABSTRACT 
 A DNA double strand break (DSB) is highly cytotoxic, it emerges as the 
type of DNA damage that most severely affects the genomic integrity of the cell. It 
is essential that DNA DSBs are recognized and repaired efficiently, in particular 
prior to mitosis, to prevent genomic instability and eventually the development of 
cancer. To assess the pathways that are induced upon DNA DSBs, 14 human 
lymphoblastoid cell lines were challenged with bleomycin for 30 and 240 minutes 
to establish the fast and more prolonged response, respectively. The proteome of 
14 lymphoblastoid cell lines was investigated to account for the variation amongst 
individuals. The primary DNA DSB response was expected to occur within the 
nucleus, therefore the nuclear extracts were considered. Differential analysis was 
performed using 2D DiGE and paired ANOVA statistics was used to recognize 
significant changes in time. Many proteins of which the levels in the nuclei changed 
statistically significant showed a fast response, i.e. within 30 minutes after 
bleomycin challenge. A significant number of these proteins could be assigned to 
known DNA DSB response processes, such as sensing DSBs (Ku70), DNA repair 
through effectors (HMG1), or cell cycle arrest at the G2/M phase checkpoint (14-3-
3 zeta). Interestingly, the nuclear levels of all three proteins of the INHAT complex 
were reduced after 30 minutes of bleomycin challenge, suggesting that this 
complex might have a role in changing the chromatin structure, allowing DNA 
repair enzymes to gain access to DNA lesions. 
 
 
INTRODUCTION 
 Decreased DNA stability is a key factor in the development of cancer. An 
impaired response to DNA damage, in particular to double strand breaks (DSBs), 
plays a role in the earliest stages of carcinogenesis (1). In addition, in inherited 
genetic syndromes such as ataxia telangiectasia and Fanconi anemia, genes that 
play a role in maintenance of DNA stability are affected and these syndromes are 
associated with a predisposition to cancer (2). Specific polymorphisms or low 
pathogenic mutations in these genes may subtly affect the function of the encoded 
enzymes, causing intermediate phenotypes associated with moderate increase in 
cancer risk (2-4). Nevertheless, not only genotype, but also exposure to 
environmental carcinogens is an important determinant for cancer risk. In 
particular, epithelial cells lining the body surfaces are continuously challenged by 
exogenous DNA-damaging agents. An example of what this can lead to are head 
and neck squamous cell carcinoma (HNSCC). These tumors arise in the mucosal 
linings of the upper aerodigestive tract in the 6th and 7th decade of life. The main 
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etiological factors are smoking and alcohol drinking that together have a 
synergistic effect. The risk for developing HNSCC is related to carcinogen exposure 
and for heavy smokers and drinkers the relative risk is as large as 20 (5). 
Notwithstanding, the large majority of smokers and alcohol drinkers do not develop 
HNSCC, indicating that individual cancer risk not solely depends on exposure but 
that this acts in concert with the capacity of individuals to deal with DNA damage 
induced by these exogenous agents (6-8). 
 Of the numerous DNA damage types occurring, cellular genome integrity 
is most severely affected by DSBs. Cells respond to DSBs by activating complex 
response pathways, including cell cycle arrest, DNA repair activation, and -in case 
of extensive damage- apoptosis (9, 10). There are two distinct and complementary 
mechanisms known for DNA DSB repair, i.e. homologous recombination and non-
homologous end-joining (10). Much is already known about the signaling pathways 
that are induced upon the formation of DNA DSBs. The involvement of tumor 
suppressor genes such as p53, ATM, BRCA1, BRCA2, and of many other genes 
involved in the cell cycle checkpoint, DNA repair or apoptosis, has so far 
predominantly been investigated at the level of single proteins or separate 
signaling pathways. These signaling pathways have been studied at the level of 
mRNA to establish the effect of DSB induction, like the transcriptional response of 
lymphoblastoid cells to ionizing radiation (11-13). A more comprehensive analysis 
of the proteomic response to DNA DSB induction in cells, involving several human 
samples to enable appropriate statistics however, has never been reported.  
 Therefore, DNA damage was induced in human lymphoblastoid cells using 
bleomycin, which was selected since its mode of action resembles that of 
environmental carcinogens. Moreover, we are particularly interested in the 
response to DSBs, and bleomycin is more efficient in producing double strand 
breaks than ionizing radiation, (which is often used for this purpose) since it binds 
to and can cleave DNA at two opposing strands, resulting in a DSB (14). The ratio 
between double- and single strand breaks is 1:9 for bleomycin, and 1:100 for 
ionizing radiation (15). To identify both fast and more prolonged changes, the 
proteomic response to DNA DSB induction was determined at two time points. 
Samples were analyzed using two-dimensional difference in gel electrophoresis (2D 
DiGE), allowing the simultaneous analysis of many samples, which could not be 
easily performed using any of the alternative approaches in quantitative 
proteomics. The use of fluorescent dyes permitted analysis of small changes in 
protein expression both for relatively low and high protein levels, and the use of an 
internal standard to normalize the gel-to-gel variation. Proteins of which the 
nuclear levels changed statistically significant upon DNA DSB induction were 
identified using (tandem) mass spectrometric techniques. Our results showed that 
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many of the identified proteins are part of known DNA DSB response signaling 
pathways and that these proteins demonstrated a relatively fast response. 
Surprisingly, a fast decrease was detected in the relative levels of the three 
proteins forming the so-called ‘inhibitor of acetyltransferases’ or INHAT complex, 
of which involvement in DNA DSB response has not been described before.  
 
 
EXPERIMENTAL PROCEDURES 
Donor characteristics, cell culture and stimulation of cells 

Blood was drawn from 14 individuals who took part in an epidemiological 
study evaluating risk factors for HNSCC. The study was approved by the 
Institutional Review Board of the VU University Medical Center, and written 
informed consent was obtained from all individuals. For each individual, a 
lymphoblastoid cell line was produced by immortalization with EBV, after which 
the phenotype was checked (7). These cell lines were cultured for a relatively 
short period of time (no more than 20 passages) in RPMI 1640 (with glutamine) 
medium-supplemented with 15% fetal bovine serum (BioWhittaker, Verviers, 
Belgium), 1% penicillin and streptomycin (Gibco-Invitrogen, Paisley, UK) and 0.1% 
1M pyruvic acid (Sigma, Zwijndrecht, the Netherlands). Cells were incubated in a 
humidified incubator at 37oC in a 5% CO2 in cultured flasks with filter caps 
(Nalgene-Nunc, Roskilde, Denmark).  
Cells were challenged using bleomycin (Dagra Pharma, Diemen, the Netherlands) 
at a final concentration of 10 µM in H2O to induce DSBs (16), and were harvested 
after 30 and 240 minutes, respectively. Control cells were harvested without any 
challenge.  
 
Sample preparation and protein labeling 

For harvesting, cells were pelleted and washed on ice using PBS 
containing 1 tablet/ 25 mL Complete Protease Inhibitor Cocktail (Roche 
Diagnostics, Almere, The Netherlands) and 1/100 (v/v) of Phosphatase Inhibitor 
Cocktails 1 and 2 (Sigma). Nuclei were purified using the protocol of Busch et al. 
(17). Subsequently, nuclear extracts were prepared basically as described by 
Valcarcel et al. (18). In short, purified nuclei were lysed in hypertonic buffer 
containing 20 mM HEPES pH 7.9, 420 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 20% 
glycerol, 1 mM DTT and protease and phosphatase inhibitors as mentioned above. 
After continuous stirring at 4oC for 1 hour, samples were centrifuged at 40,000 g. 
The supernatants, i.e. the nuclear extracts, were collected and stored at –80oC.  

Nuclear extract protein concentrations were determined using the 
PlusOne 2D Quant Kit (Amersham Biosciences, Uppsala, Sweden). For each 2D 
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gel, 50 µg of nuclear extract proteins was precipitated using the PlusOne 2D 
Clean Up Kit (Amersham Biosciences) and was redissolved in 5-10 µL labeling 
buffer containing 30 mM Tris, pH 8.5, 7 M urea, 2 M thiourea and 4% CHAPS. 

Nuclear protein samples were labeled as previously described (19). In 
brief, 50 µg of precipitated protein was labeled with 400 pmol of cyanine dye 
(Cy3 or Cy5, see Table 1 for the labeling scheme) during 30 minutes in the dark.  
 
 
Table 1. Setup of the 2D DiGE experiment to analyze 3x14 human nuclear extracts in a paired 
manner. Lymphoblastoid cells were stimulated with bleomycin for 0, 30, and 240 minutes, indicated 
with (t = 0),  (t = 30’) and (t = 240’), respectively. For each of the 28 gels, the Cy2 labeled internal 
standard consisted of an equal amount of all 42 samples that were analyzed. Other samples, of 
which the differential nuclear protein abundance had to be established, were labeled with Cy3 or 
Cy5 as indicated. 
 

2D gel # Cy2 labeled sample Cy3 labeled sample Cy5 labeled sample 

1 Internal standard Nuclear extract (t = 0) Nuclear extract (t = 30’) 

2 Internal standard Nuclear extract (t = 0) Nuclear extract (t = 240’) 

 
The internal standard, consisting of equal amounts of all 42 samples, was 

labeled with Cy2. The cyanine dyes contain an NHS-ester reactive group that 
covalently attaches to the epsilon amino group of protein lysine residues. Since 
the cyanine dyes are limiting in the reaction, on average only one lysine residue 
in labeled per protein. The labeling reaction was quenched by adding 1 µl of a 10 
mM lysine solution. Both steps were performed at 4oC. Labeled samples were 
stored at -80oC for further analysis. CyDye labeling efficiency was verified by 
comparing the total density of a 1D SDS-PAGE image of a nuclear extract lysate 
with that of an E. coli lysate, prepared according to the description of the 
manufacturer.  
 
Two-dimensional difference in-gel electrophoresis 

After pooling the Cy2-labeled internal standard, Cy3- and Cy5-labeled 
samples according to Table 1, proteins were resolved according to their charge 
and size using two-dimensional gel electrophoresis. Conditions for 2D gel 
electrophoresis were as previously described (19). The cyanine dyes are designed 
such that dye-labeled lysines still contain a single positive charge and possess an 
added Mr of approximately 500 Da. This combination of size- and charge matching 
ensures an exact overlay of the protein patterns from the three differently 
labeled samples in a single 2D gel. 
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Image acquisition and statistical analysis 
Because the three fluorescent Cy-dyes are spectrally distinct, each 

sample in a 2D gel image was independently scanned at the appropriate label-
specific excitation and emission wavelengths using a Typhoon 9400 imager 
(Amersham Biosciences) equipped with narrow band pass filters. DeCyder 
software (version 5.01.01, Amersham Biosciences) was used for image analysis as 
described before (19). The number of estimated spots was set to 2,500. 
Detection and matching of protein spots required manual intervention to set 
landmarks on the gels to increase cross-gel matching accuracy. Data concerning 
the spot volume (with background subtracted) were collected for each spot, and 
then standardized abundance ratios were calculated for each pair of images 
(Cy3:Cy2, and Cy5:Cy2). These ratios were normalized to correct for differences 
in dye intensities, and subjected to statistical analysis, which was all performed 
within the DeCyder software. A paired analysis of variation (ANOVA) method was 
used, which assigned statistical significance to the differences in normalized 
protein abundance between the three different time points of bleomycin 
stimulation. Firstly, a change in protein spot intensity was only further regarded 
as relevant when it was detected in at least 80% of the 84 images. Secondly, the 
nuclear protein abundances were considered to be changed significantly when 
p<0.05. To account for genetic variation among individuals, 14 human 
lymphoblastoid cell lines were explored, which served as replicates. To establish 
the effect of considering less than 14 individuals, data sets from 2 up to 14 
randomly chosen non-similar samples were evaluated with paired ANOVA 
statistics, using the same criteria as described for the evaluation of 14 samples, 
i.e. detection of the spot in more than 80% of the gels and p<0.05. 
 
Staining, protein identification using mass spectrometry 

As described before (19), gels were stained with silver after fluorescence 
detection, which enabled manual spot excision, and subsequently protein 
digestion was performed. MALDI-TOF MS peptide mass fingerprints were acquired 
on a Voyager DE-STR MALDI TOF mass spectrometer (Applied Biosystems, 
Nieuwerkerk a/d IJssel, the Netherlands) in the positive reflectron mode with 
delayed extraction, using the following settings: Accelerating voltage 20 kV, grid 
voltage 72%, guide wire 0.01%, delay time 150 nsec. Internal calibration was 
performed using trypsin auto-digest peaks. After baseline correction and noise 
filtering, spectra were de-isotoped and the resulting peak lists were searched 
against the SwissProt and NCBI databases for protein identity using the Mascot 
search engine. MS/MS spectra were acquired on a 4700 Proteomics Analyzer 
MALDI-TOF/TOF mass spectrometer (AB 4700 Proteomics Analyzer, Applied 
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Biosystems) This instrument is equipped with a 200 Hz Nd:YAG laser operating at 
355 nm. Experiments were performed in a reflectron positive ion mode using 
delayed extraction. Typically, 2,000 shots per spectrum were acquired in the MS 
mode and 15,000 shots/spectrum in the MS/MS mode. Details of the peptide 
sequence coverage and Mascot score are given in the Supplementary Table. 
 
Biochemical analysis of INHAT proteins 

A core histone N-terminal consensus peptide, with sequence 
SGRGKAGKKGRKGAKTRQC, was immobilized onto Sulfolink beads (Pierce 
Biotechnology) at a concentration of 1 mg/mL. Affinity purifications were 
performed as described by Schneider et al (20). The immobilized peptide was 
fully acetylated during 1 hour at room temperature using NHS-acetyl in 200 mM 
Na2CO3, pH 8. After washing the beads, the experiment was repeated as 
described above. Eluted proteins were analyzed using 1D SDS-PAGE and visualized 
using silver staining. For Western blotting, nuclear proteins were resolved by SDS-
PAGE and subsequently transferred to nitrocellulose (Bio-Rad, Veenendaal, the 
Netherlands), and probed with the primary anti-pp32A antibody (Abcam, 
Cambridge, UK) in block buffer (3% BSA, 0.1% Tween 20, v/v in PBS) and 
incubated overnight at 4oC. A Cy5-linked secondary antibody (Abcam) was used to 
visualize the pp32A bands, fluorescence intensities were determined using the 
Typhoon 9400 fluorescence scanner (Amersham Biosciences), and subsequently 
normalized using the total protein intensity as detected with Coomassie Blue.  
 
 
RESULTS 
2D DiGE 

The nuclear proteomic response to DNA double strand break induction 
was investigated in 14 human lymphoblastoid cell lines, using 2D DiGE. This 
approach permitted a simultaneous paired comparison of 56 samples, which were 
normalized against 28 internal standards (Table 1). Image analysis revealed that 
typically 2,100 protein spots were detected per gel, and that differences both in 
low- and high protein expression levels could be quantified over a linear dynamic 
range of 4-5 orders of magnitude. Moreover, the set of 84 gel images was highly 
reproducible, since over 60% of the spots were detected in all gels. Figure 1 
shows a representative example of a post-silver stained 2D DiGE gel image, in 
which spot positions of proteins that will be discussed are indicated.  
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Figure 1. Representative example of a post-silver stained 2D gel image from the analysis set. Note 
that every spot intensity appears as the sum of three individual sample spot intensities, since each 
gel contains three samples, labeled with separate Cy-Dyes. On average 2100 spots were separated on 
a non-linear pH 3-10 IPG strip in the first dimension and on a 12.5% SDS-PA gel in the second 
dimension. The selected subset of proteins, as listed in Table 2, is indicated in the image.

Further characteristics of these indicated proteins are summarized in 
Table 2. The complete dataset of identified proteins can be found in the 
Supplementary Table. Although we restricted the paired ANOVA p-values to 0.05, 
the majority of p-values were much smaller than 0.05, i.e. for 50 proteins the p-
values ranged from 9 x 10-18 to 0.01, for 16 proteins the p-values ranged from 
0.01 to 0.025, and for 22 proteins the p-value ranged from 0.025 to 0.05. Hence, 
in total 88 nuclear extract proteins demonstrated a significant change in protein 
abundance, and remarkably, significant changes in protein abundance occurred 
rather fast, i.e. after 30 minutes of bleomycin challenge. Moreover, it was 
estimated how many lymphoblastoid cell lines would have been necessary for a 
study as described here, i.e. a study in which it is essential to account for 
genetic variation amongst individuals. As shown in Figure 2, it seems that for this 
data set of 2,100 detected spots, a more or less constant number of significantly 
changed protein levels is found when 9-14 cell lines are considered. Figure 2 also 
shows an evaluation of the consistency of the data sets, i.e. how many proteins 
are found that are in common with the final set found in 14 cell lines, 80% or 
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more proteins are in common with the final set for 9-14 cell lines, whereas 92% 
or more proteins are in common for 11-14 cell lines.  
 
 
Table 2. Selected subset of proteins that showed significantly changed nuclear levels upon DSB 
induction, and of which the relation with DNA DSBs is discussed in this paper. The regulation is 
either indicated by arrows (up and down to point out up-regulation or down-regulation, respectively) 
or by an equal sign (for ‘no change’). The complete list of differential proteins that were identified, 
and other relevant data are summarized in the Supplementary Table. All proteins were identified 
using MALDI-TOF peptide mass fingerprinting and MALDI-TOF/TOF peptide sequencing. 

 
Protein Regulation* Accession Mass‡ pI** SC†† 

 A B number† (Da)  (%) 
Sensors of DNA damage      
ATP-dependent DNA helicase II, 70 kDa (Ku70)  ▲ ▲ P12956 70084 6.23 31  
Effectors      
  Inhibitor of acetyltransferases complex      
Template activating factor 1α (TAF 1α) ▼ = Q01105-1 33469 4.23 24 
SET protein (TAF 1β)  ▼ = Q01105-2 32084 4.12 21 
Acidic nuclear phosphoprotein pp32 (pp32A) ▼ = P39687 28585 4.50 41 
  DNA-interacting proteins      
High mobility group protein 1 (HMG1) ▼ = P09429 25049 5.62 41  
High mobility group protein 1 (HMG1) ▼ = P09429 25049 5.62 54 
Nuclear protein Hcc-1 (HCC1) ▲ ▲ P82979 23713 6.10 44 
  Cell cycle      
Eukaryotic translation initiation factor 5A       
(eIF5A) 

▼ = P63241 17049 5.08 61 

14-3-3 zeta/delta (14-3-3) ▼ ▲ P63104 27899 4.73 28 
* Regulation of protein expression levels; A: regulation between 0 and 30 minutes of bleomycin 
stimulation, B: regulation between 30 and 240 minutes of bleomycin stimulation. 
† Accession number according to entries in the SwissProt Database,  
‡ Theoretical values, mass in Dalton 
** Theoretical values 
†† Sequence coverage, obtained by a combination of peptide mass fingerprinting and ToF/ToF peptide    
   sequencing 
 
 
 
Supplementary Table. Characteristics of all proteins that showed a significant change in nuclear 
protein levels in time in response to DNA damage induction. For each protein the following 
characteristics are given; the protein name and accession numbers as given in the Swiss-Prot and the 
NCBI non-redundant databases, the theoretical molecular weight and pI, the average ratios in 
protein level showing the changes after 30 and after 240 minutes of bleomycin challenge, the p-
value from the paired 1-ANOVA, the number of peptides used for identification of the protein, the 
Mascot score and the percentage sequence coverage. This table can be found on the supplementary 
CD-rom 
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Figure 2. Assessment of the effect of the number of lymphoblastoid cell lines taken into 
consideration on the number of protein levels that are significantly changed, and the consistency of 
the data sets. The 14 cell lines used for this study were taken as reference. For this analysis, 2-14 
independent randomly chosen cell lines were subjected to paired 1-way ANOVA statistics. The white 
bars represent the percentage of proteins that were significantly changing compared to the 
reference, which is relatively constant when 9-14 cell lines are considered. The black bars indicate 
the consistency of the data sets, i.e. the number of proteins in common with the reference, showing 
that 80% or more proteins are in common with the final set for 9-14 cell lines, whereas 92% or more 
proteins are in common for 11-14 cell lines.

Protein identification 
Using MALDI peptide mass fingerprinting and MALDI-TOF/TOF sequence 

analysis, 56 significantly changed proteins could be identified, of which the 
results are summarized in Table 2 and the Supplementary Table. The low 
expression level of the 32 other significantly changed proteins hampered their 
identification, even when analyzing spots from preparative gels. This shows that 
the sensitivity of fluorescent detection exceeds that of MS detection. An example 
of the protein identification of HMG1 using mass spectrometry is depicted in 
Figure 3, showing a typical flow scheme for the identification of the high mobility 
group protein 1 (HMG1; the spot of the most basic isoform in Figure 1). The 
paired ANOVA statistical analysis showed that for this spot the nuclear protein 
level significantly changed over three time points in all samples. The protein was 
identified through its peptide mass fingerprint, and identification was confirmed 
using the sequence information in the MS/MS spectra, of which an example is 
shown in Figure 3B and 3C, respectively. 
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Figure 3. Flow scheme for the mass spectrometric identification of a differentially regulated 
protein, high mobility group 1 or HMG1 protein, from a 2D gel. A) Statistical analysis, i.e. paired 1-
way ANOVA, showed that the protein significantly changed in abundance over three time points in 
all samples. The corresponding protein spot was excised from the gel and subsequently digested 
using trypsin. B) The peptide mass fingerprint was used to identify the protein. C) To confirm the 
identification, a peptide was selected for collision-induced dissociation (CID), from which sequence 
information was retrieved.
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Response to DNA DSB induction 
All proteins of which the expression level in the nuclei significantly 

changed upon bleomycin challenge were classified according to their function, 
which was based on the information present in the SwissProt 
[http://us.expasy.org/sprot/] and the NCBI non redundant 
[http://www.ncbi.nlm.nih.gov/] databases. Table 2 shows the proteins classified 
as involved in DNA repair (ATP-dependent DNA helicase II or Ku70), in DNA 
interaction (template activating factor Iα, SET protein, acidic nuclear phospho-
protein pp32, high mobility group protein 1, and nuclear protein Hcc-1), and 
involved in cell cycle regulation (14-3-3 zeta/delta, eukaryotic translation 
initiation factor 5A). Significant changes were also found for protein levels known 
to be involved in several other processes such as in the oxidative stress response, 
these were however not directly related to DNA DSBs (see the Supplementary 
Table). High mobility group protein 1, or HMG1, is an example of a protein that 
was identified in more than one distinct protein spot, differing in pI, which may 
implicate that post-translational modification occurred. Unfortunately, the mass 
spectra of these samples did not reveal the type of post-translational 
modification. 
 
Response of INHAT complex to DNA DSBs  

A remarkable response to the induction of DNA DSBs was the decrease in 
protein levels of the template activating factor Iα (TAF 1α), the SET protein (TAF 
1�), and the acidic leucine-rich nuclear phosphoprotein pp32 A (pp32A), proteins 
that form the ‘inhibitor of acetyltransferases’ (INHAT) complex (21, 22). The 
decrease in nuclear levels of this complex suggests that it might be involved in 
the response to DNA DSBs through regulation of chromatin structure. Even though 
this complex is known to be involved in HAT-dependent transcriptional regulation 
(23, 24), a role in DNA DSB damage response has not been described before. It 
has been found that histone N-terminal tails are central to regulation of 
chromatin structure, as they form a binding platform for multiple protein 
complexes such as the INHAT complex. Furthermore, binding to the N-terminal 
tail was reported to be affected by various modifications within the histone N-
terminal tail sequence (20). Therefore, our results concerning the INHAT complex 
proteins were further investigated using the same lymphoblastoid nuclear 
extracts. To establish whether the INHAT complex binds preferably to non-
acetylated histones, an immobilized peptide with the sequence 
SGRGKAGKKGRKGAKTRQC was used as bait, which is a sequence considered as 
histone N-terminal ‘consensus’ peptide. Both the non-acetylated and the 
acetylated form of this histone N-terminal ‘consensus’ peptide were used in 
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separate experiments. Specifically bound proteins were separated and identified 
using 1D SDS-PAGE and mass spectrometry. As can be concluded from Figure 4A, 
the INHAT complex proteins were detected in the eluate and not in the flow 
through for the non-acetylated histone N-terminal ‘consensus’ peptide. 

Figure 4. Biochemical analysis of specific binding of INHAT complex proteins to a histone N-terminal 
‘consensus’ peptide. A) A synthetic peptide reflecting a histone N-terminal ‘consensus’ sequence 
SGRGKAGKKGRKGAKTRQC was immobilized through the C-terminal cysteine onto Sulfolink beads. 
Proteins that specifically bound to this peptide were separated using 1D-SDS-PAGE (M, molecular 
weight marker; FT, flow-through; W1/2/3, wash fractions 1, 2 and 3; E, eluate fraction). Mass 
spectrometric analysis of this fraction revealed binding of the three proteins of the INHAT complex 
(arrows). B) After complete acetylation of the immobilized peptide, the experiment was repeated. 
This showed that binding of INHAT to the non-acetylated histone N-terminal tail peptide was specific 
because these proteins were detected in the flow-through and not in the eluate fraction. C) Western 
blot results of the regulation of pp32A, one of the INHAT proteins. D) Relative quantitation of pp32A 
protein levels.
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 Binding to this peptide was indeed specific, since the INHAT complex 
proteins did not bind to the acetylated histone N-terminal ‘consensus’ peptide. 
This is shown in Figure 4B, where the INHAT complex proteins were detected in 
the flow through and not in the eluate fraction. This is in agreement with results 
obtained by Schneider et al (20) who found reduced binding of INHAT proteins to 
histone N-terminal tails upon (partial) modification of amino acids in the N-
terminus. The protein band that appeared in the eluate fraction was identified as 
the NAD-dependent deacetylase sirtuin-1, which is known to deacetylate (and 
bind) acetylated histones in vitro. This protein was not identified in the eluate 
from the non-acetylated immobilized peptide. In addition, the 2D DiGE 
quantification of the INHAT complex proteins in the nuclear extracts was 
validated for pp32A using Western blotting. The example depicted in Figure 4C, 
showing the densitograms, and 4D, showing the relative quantities, confirmed 
that the nuclear levels of pp32A decreased after 30 and 240 minutes of 
bleomycin challenge compared to the reference (t=0). 
 
 
DISCUSSION 

DNA DSBs are highly cytotoxic and must be recognized and repaired 
efficiently to prevent genomic instability and eventually the development of 
cancer. The signaling pathways that are activated upon DNA DSB induction were 
investigated by challenging 14 human lymphoblastoid cell lines with bleomycin, 
and subsequent monitoring of the proteomic response in time. In the relatively 
small time span of 30–240 minutes of bleomycin challenge it is expected that 
transcriptional or translational control plays a minor role, since in particular in 
higher eukaryotes correct splicing and folding are time consuming processes. 
Instead, signaling at these time-intervals will mainly be controlled by post-
translational modifications, such as protein phosphorylation. This can trigger the 
formation of protein-protein interactions or shuttling of proteins from the 
nucleus to the cytoplasm. The latter mechanism is described for example for 
regulation of BRCA1, which has been found to be regulated through nuclear 
export in response to DNA damage induced by ionizing irradiation (25).  
 
Response of proteins known to be involved in DNA DSBs 

A considerable fraction of the differential nuclear proteins was found to 
be involved in DNA DSB response pathways. The first step in the DNA damage 
response is the recognition of lesions in the DNA by specific sensor proteins (9, 
10). The DNA repair machinery started relatively quickly, because the ATP-
dependent DNA helicase II or Ku70 was one of the proteins of which the nuclear 
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level increased within 30 minutes of DSB induction. This important sensor and 
initiator of DNA repair is part of a heterodimer consisting of Ku70 and Ku80, of 
which Ku70 is known to bind DNA ends in a non-sequence specific manner and 
starts DNA repair through non-homologous end joining (26). In the subsequent 
step, sensor proteins recruit signal transducers such as the ataxia telangiectasia 
mutated (ATM) kinase (27), its homologue ataxia telangiectasia and Rad3 related 
protein (ATR, (28), the DNA-dependent protein kinase (DNA-PK) (29), p53 (30), 
BRCA1 (31), Chk1 and Chk2 (32). These signal transducer proteins were either not 
found to be differentially present in the nuclei or they were not detected, the 
latter since these regulatory proteins have a high molecular weight (ATM/ATR) or 
are very low abundant and unstable (p53) and thus hard to visualize on a 2D gel.  

In turn, the signal transducers activate a broad range of effector 
proteins, for example those involved in cell cycle arrest (33, 34). A relatively fast 
response was found for the effector protein 14-3-3zeta/delta, of which the zeta 
isoform is known to be involved in cell cycle regulation through binding to Cdc25 
(35, 36). Cdc25 is a phosphatase that dephosphorylates Cdc2, thereby positively 
regulating entry into mitosis. However, upon induction of DNA damage, Cdc25 is 
phosphorylated to create a 14-3-3 zeta binding site. After binding, 14-3-3-bound 
Cdc25 is sequestered from the nucleus into the cytosol where it cannot act on 
Cdc2, thus mitosis is prevented, and as a result the cell cycle is halted at the 
G2/M checkpoint (35, 36). Additionaly, a reduction in level of eIF5A1 was 
detected after 30 minutes, a protein of which the function is related to the 
checkpoint at the G1/S transition. This may indicate an arrest of the cell cycle 
prior to the start of the S phase, to prevent that damaged DNA will be replicated 
(37, 38). Recently, it has been found that a complex of eIF5A and syntenin has a 
function in regulation of p53 and p53-dependent apoptosis (39). 

Another category of effector proteins consists of those involved in DNA 
repair. High mobility group 1 protein (HMG1) was found to be reduced in 
abundance in the nuclear extract after bleomycin stimulation. HMG1 has been 
described to enhance intra- and intermolecular ligations of cohesive-ended and 
blunt-ended DNA through its DNA binding properties, and it was suggested that 
HMG1 is involved in the final ligation step in DNA end-joining processes (40, 41). 
It has also been found that HMG1 is a direct activator of the DNA binding 
capacities of p53. This interaction has been found to be independent of the C-
terminal tail of p53, a region known to interact with other activators (42). 
Another DNA binding protein is the nuclear protein Hcc-1 that showed an 
increase in abundance only after 240 minutes of bleomycin challenge. Not much 
is known about the exact function of this protein, although a PSI-BLAST search 
showed that the first 42 amino acids of the protein form a SAP domain (43). This 
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type of domain is a putative DNA binding motif that is known to be involved in 
transcription regulation and DNA repair (44).  

Response of INHAT complex to bleomycin challenge 
Strikingly, it was established that the nuclear levels of the tripartite 

INHAT complex proteins were reduced after 30 minutes of bleomycin challenge. 
It has been suggested that this complex inhibits p300/CBP and PCAF-mediated 
acetylation of histones, most likely by masking the accessibility of the histone 
lysines (22-24). When levels of the INHAT complex proteins are reduced, the 
basic N-terminal ends of the core histones become accessible to p300/CBP. 
Histone acetylation by p300/CBP is an important mechanism in chromatin 
dynamics during transcription, since this results in a decreased density of packed 
DNA, which allows transcription factors to enter DNA and genes to be transcribed 
(45). The fact that the nuclear levels of all these three proteins of the INHAT 
complex were reduced after 30 minutes of DNA damage induction may indicate 
that this complex is not only involved in transcriptional regulation, but plays a 
similar role in response to DNA DSBs, as illustrated in Figure 5.  

Figure 5. Proposed mechanism of chromatin remodeling in the DNA damage response. Upon 
induction of a DSB (indicated by a star), the INHAT complex (indicated by the U-shaped structures) 
dissociates from the histone N-termini that are exposed from of the nucleosome core. This allows 
modification of the N-termini, such as methylation and acetylation (indicated by the closed circles) 
by histone methyl- and acetyltransferases, which in turn leads to chromatin decondensation, opens 
up chromatin and increases accessibility for DNA repair factors, like Ku70 and DNA-PK. 

Comparison to other proteomics studies 
Even though the effect of DNA damage has been studied extensively, the 

response to DNA DSB inducing agents as efficient as bleomycin was never 
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investigated using a proteomics approach. In contrast, the proteomic responses 
to ultraviolet (UV) irradiation of HeLa cells (46) and to ionizing irradiation 
induction of L929 cells (47) have already been investigated. Some of the proteins 
that were found to be differentially regulated upon UV irradiation over a time 
course of 24 hours were also found in our study, like eIF5A, lactate 
dehydrogenase, and proteasome subunits, but the main effect was detected to 
occur on DNA replication at the G1/S boundary (46). The L929 cells were 
challenged with 6 Gy ionizing radiation, and after 72 hours differential expression 
of 47 proteins was detected. The identified proteins participate either in 
protective and reparative cell responses or induction of apoptosis. Like in our 
study, eIF5A and several subunits of the proteasome, 14-3-3 zeta, transketolase, 
and protein disulfide isomerase were found to be differentially regulated (47).  

 
In conclusion, the use of 2D DiGE allowed investigation of the proteomic 

response of 14 independent human biological replicates to DNA DSBs induced by 
bleomycin. It was established that for this study of human samples at least 9 
independent replicates are needed tot find a rather constant and consistent 
number of significant changes in nuclear protein levels. Many of the proteins that 
changed in nuclear level are known to be involved in repair of DNA DSBs. 
Although it is known which pathways are involved to a large extent, it is still not 
known how DNA repair factors can gain access to DNA lesions within chromatin, 
prior to repair of damaged DNA. The significance of chromatin remodeling in DNA 
repair has been reported in several studies (48-50). Intriguingly, protein levels of 
the tripartite INHAT complex were found to be significantly reduced upon DNA 
DSB induction, suggesting that these inhibitors of chromatin modifiers not only 
play a role in transcription, but also in DNA repair. 
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ABSTRACT
Tobacco smoking and alcohol abuse are important risk factors for the 

development of tumors in the mucosal linings of the upper aerodigestive tract, 
such as head and neck squamous cell carcinomas (HNSCCs). Even though cancer 
risk is related to exposure, the large majority of smokers and alcohol drinkers do 
not develop HNSCC. It appears that individual cancer risk is determined by the 
interplay between exposure to these exogenous agents and the capacity of 
subjects to handle DNA damage. Hypersensitivity to chromatid breaks after 
exposure  to  bleomycin  or γ-irradiation is regarded as biomarker of 
susceptibility to multiple cancer types, including HNSCC, and a decreased G2/M 
block is associated with the hypersensitive phenotype. The exact pathways and 
involved proteins that could explain this phenotype however, are not known. 
Therefore, the response to bleomycin exposure (for 30 and 240 minutes) was 
investigated in the nuclear proteome of lymphoblastoid cell lines of which seven 
exhibit a normally sensitive and seven a hypersensitive phenotype. A total of 
seventeen nuclear protein levels differed significantly (p<0.01; two-sided) either 
between phenotypes or as interaction between both phenotype and time of 
bleomycin exposure. Several of these proteins take part in one or more 
complexes involved in known pathways of the DNA damage response. In 
particular, the aberrant regulation of HMG2, which is found at major 
intersections of these pathways, may form an important factor in enhanced 
susceptibility to DNA damage.  

BRIEF COMMUNICATION 
Maintenance of DNA integrity is essential for accurate transcription and 

correct transmission of genetic information. Consequently, decreased DNA 
stability is associated with development of cancer. This is most prominent with 
inherited disorders such as in ataxia telangiectasia (AT) and other hereditary 
cancer syndromes, often characterized by genomic instability and an increased 
risk for cancer development (1). Most sporadic cancers arising in the epithelial 
linings of the body however, develop as a result of the interplay between the 
exposure to exogenous carcinogenic agents and inherited susceptibility. This is 
well-illustrated by squamous cell carcinomas in the head and neck that arise as 
result of smoking and alcohol abuse, but only in a subgroup of exposed 
individuals, indicating that some individuals are able to handle high carcinogenic 
exposure while remaining free of cancer.  

Susceptibility has a hereditary basis and can be measured in various cell 
types using model compounds such as bleomycin, which is a clastogenic 
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compound that causes double strand breaks in DNA. Blood cells (or 
lymphoblastoid cell lines thereof) from head and neck squamous cell carcinoma 
(HNSCC) patients, and particularly from those who developed multiple tumors, 
are more sensitive to the effects of DNA double strand breaks caused by 
bleomycin than the cells from control subjects (2,3). Accordingly, sensitivity to 
bleomycin-induced DNA damage can be considered a biomarker of cancer 
susceptibility. A subsequent study with monozygotic and dizygotic twins 
confirmed that the susceptibility for bleomycin induced DNA damage has a strong 
heritable basis (4). Functional studies revealed a relation with a decreased G2/M 
block, causing so called damage-resistant proliferation (5). However, a clear 
molecular basis of this hypersensitive phenotype has not been established. 
Therefore, a comprehensive proteome analysis was performed to obtain insight in 
the underlying pathways. 

Lymphoblastoid cell lines of seven hypersensitive and seven normal 
control subjects were cultured and subsequently exposed to bleomycin for 0 
(controls), 30 or 240 minutes. Cell lines were as used previously (6,7). Extraction, 
separation of nuclear proteins using two dimensional difference in gel 
electrophoresis, and protein identifications were performed as described before 
(7). Approximately 2100 protein spots were detected in each of the 56 2D gels; 
their relative protein levels were determined using DeCyder software. A two-way 
analysis of variance (2-ANOVA) was conducted considering phenotype (condition 
1) and time of bleomycin challenge (condition 2). Here, only significant 
differences in condition 1 and significant interaction between condition 1 and 2 
were taken into account (p<0.01, two-sided). Using these stringent criteria, the 
nuclear protein levels of 17 proteins differed significantly (Table 1). These could 
be subdivided into 11 decreased and 4 increased in hypersensitive subjects 
compared to normal control subjects. Two proteins exhibited significant 
interaction values in protein levels. Some of the differential proteins are known 
to be involved in the immediate response to DNA damage, involving cell cycle 
regulation, cell proliferation and DNA repair. Moreover, the general response to 
bleomycin induction was studied previously (7), and both data sets share 
significantly changing proteins (indicated with ‘*’ in Table 1). Five of these play 
an important role in DNA damage response pathways, suggesting that aberrant 
regulation of these proteins could play an essential role in the hypersensitive 
phenotype.  
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Table 1. Proteins found to be differentially regulated between the normal control (N) and the 
hypersensitive (H) phenotype using a 2D gel/mass spectrometry based proteomics approach. The 
accession numbers correspond to those in the SwissProt database (http://www.expasy.org/sprot/). 

 
Protein name Accession 

number 
2-ANOVA-S 2-ANOVA-I 

interaction 
Nuclear protein levels in normal control higher 
than in hypersensitive phenotype 

(SwissProt) p-value p-value 

ATP-dependent DNA helicase II, 80 kDa subunit P13010 0.0037  

Heat shock cognate 71 kDa protein P11142 0.0085  

Adenylyl cyclase-associated protein 1* Q01518 0.0047  

Septin 2 (NEDD5 homologue)* Q15019 0.006  

hnRNP A2/B1 P22626 7.80E-05  

PNAS-139 Q9BXV5 2.30E-05  

GTP-binding nuclear protein Ran P62826 0.0016  

Rho GDP-dissociation inhibitor 2 P52566 0.0027  

Peroxiredoxin 2 P32119 0.0042  

Nucleoside diphosphate kinase A* P15531 0.01  

Ubiquitin-conjugating enzyme E2 N P61088 0.0052  

Nuclear protein levels in hypersensitive 
phenotype higher than in normal control 

 

Eukaryotic initiation factor 4A-I* P60842 0.0096  

Thioredoxin-like protein 2 O76003 0.0063  

Acidic leucine-rich nuclear phosphoprotein 32A* P39687 0.00037  

Rap1B, member of the Ras oncogene family Q6DCA1 0.00032  

Interaction: regulation in time, and between 
normal control versus hypersensitive phenotype 

 

Heterogeneous nuclear ribonucleoprotein C1/C2 P07910  0.0084 

High mobility group protein 2 P26583  0.006 

Abbreviations: 2-ANOVA-S: p-value for the statistical significance between the phenotypes; 2-ANOVA-
I: p-value for the statistical significance of the interaction between time and phenotype. *Protein was 
also significantly regulated in response to bleomycin challenge (7). 

 
 

Proteins involved in cell cycle regulation and/or proliferation are septin-
2, GTP-binding nuclear protein RAN, nucleoside diphosphate kinase A, and Rap1B 
(Figure 1A-D). Deviant regulation of these proteins has been described in 
association with several types of cancer (8-10). For example, septin-2 is a GTPase 
that plays a role in cytokinesis, its expression is cell-cycle dependent and is 
highest in G2/M (11). The reduced levels found for the hypersensitive phenotype 
may relate to the damage resistant growth that has been described by Cloos et al 
(5).  
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Two of the significantly changing proteins are involved in DNA repair: 
Ku80 and high mobility group protein 2 (HMG2, Figure 1E-F). Ku80 forms a 
heterodimer with Ku70 that recognizes lesions in DNA and recruits the DNA-
dependent protein kinase catalytic subunit (DNA-PK) to the sites of DNA damage, 
thereby starting DNA repair through non-homologous end joining (12). HMG2 
binds to DNA, in particular to four-stranded structures that occur during DNA DSB 
repair (13) and it facilitates DNA binding of DNA-PK (14). In general, HMG 
proteins are involved in many DNA related processes, and besides the role in DNA 
repair, an important role has been found in protection of DNA against exogenous 
damaging agents (13,15). The patterns of HMG2 (Figure 1F) as well as of the 
heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNP C1/C2) protein levels in 
response to DNA damage are remarkable, since they exhibit a significant 
interaction between phenotype and response in time. DNA damage-dependent 
chromatin binding was recently reported for hnRNP C1/C2 (16). Reduced Ku80, 
HMG2 and hnRNP C1/C2 levels in the hypersensitive phenotypes before and 
shortly after DNA damage induction may implicate a decrease in DNA protection 
and DNA damage repair. It is however not straightforward to relate the 
differential patterns of the proteins in Table 1 to the susceptibility to cancer 
development, since these proteins are each part of more than one complex with 
different functions in the DNA damage response. HMG2, for example, is part of 
the SET complex, the specific inhibitor of the tumor suppressor NM23-H1 (17). 
This complex comprises SET, acidic leucine-rich nuclear phosphoprotein 32A 
(pp32A), HMG2, Ape-1, and nucleoside diphosphate kinase A, of which some are 
differentially regulated in normal control versus hypersensitive cells (Table 1). 
The nuclear protein pp32A shows significantly higher levels for the hypersensitive 
phenotype (Figure 1G). Besides its role in the SET complex, this protein is also 
part of the tripartite INHAT complex that has been shown to play a role in 
transcription by regulating chromatin structure (17-19). Recently we suggested 
that this INHAT complex may have a similar function in DNA repair (7). The 
increased level detected for the hypersensitive phenotype might result in 
enhanced chromatin condensation, with the consequence that DNA repair 
enzymes have reduced access to the DNA lesions. This could also account for the 
enhanced mutagen susceptibility of this phenotype. 
 
 In conclusion, the comparative proteome analysis of lymphoblastoid 
nuclear extracts derived from cells exhibiting both mutagen hypersensitive and 
normal control phenotypes described here, has revealed a number of proteins 
with potential significance in understanding pathways involved in cancer 
susceptibility. 
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Figure 1. Patterns of proteins that were differentially regulated between the hypersensitive 
phenotype and the normal control, this is the subset related to cell cycle regulation, cell progression 
and/or DNA repair. A) Septin-2; B) GTP-binding nuclear protein RAN; C) Nucleoside diphosphate 
kinase A; D) Rap1B; E) Ku80; F) HMG2; G) acidic leucine-rich nuclear phosphoprotein 32A. Each data 
point represents the average relative level of the protein in seven nuclear extracts, either for the 
normally sensitive (open dots) or for the hypersensitive phenotype (black dots); error bars 
correspond to the standard deviation of the mean. 
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C.  Nucleoside diphosphate kinase A 
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G.  Acidic leucine-rich nuclear phosphoprotein 32A                
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ABSTRACT 
Gaining insight into phosphoproteomes is of utmost importance for the 

understanding of regulation processes such as signal transduction and cellular 
differentiation. While the identification of phosphotyrosine-containing amino 
acid sequences in peptides and proteins is becoming possible, mainly because of 
the availability of specific, high-affinity antibodies, no general and robust 
methodology is presently available allowing the selective enrichment and analysis 
of serine- and threonine-phosphorylated proteins and peptides. The method 
presented here involves chemical modification of phosphorylated serine or 
threonine residues and subsequent derivatization using a new probe molecule. 
The designed probe consists of four parts: a reactive group that is used to 
specifically bind to the modified phosphopeptide, a part in which, optionally, 
stable isotopes can be incorporated, an acid-labile linker and an affinity tag for 
the selective enrichment of modified phosphopeptides from complex mixtures. 
The acid-cleavable linker allows full recovery from the affinity purified material 
and removal of the affinity tag prior to MS analysis. Next to the preparation of a 
representative probe molecule containing a biotin affinity tag, its applicability in 
phosphoproteome analysis is shown in a number of well-defined model systems 
with an increasing degree of complexity. During the development of the β-
elimination/nucleophilic addition protocol special attention was paid to the 
different experimental parameters that may affect the chemical modification 
steps carried out on phosphorylated residues. 
 
 
INTRODUCTION 

The reversible phosphorylation of serine, threonine and tyrosine residues 
in peptides and proteins is generally recognized as a key event in the regulation 
of virtually all cellular functions. With an estimated one third of all eukaryotic 
proteins being amenable to this form of post-translational modification, 
phosphorylation has been well appreciated as a regulating mechanism touching 
almost every known signaling pathway (1). In spite of its importance, the global 
analysis of phosphoproteomes remains a challenge that is far from being realized. 
Problems related to heterogeneous phosphorylation patterns within a given 
protein and their relatively low abundance are often encountered, necessitating 
the development of selective enrichment techniques. In general, there is a clear 
need for robust analytical methodologies that allow the quantitative mapping of 
phosphoproteins, the sites of phosphorylation and the rapid screening for deviant 
phosphorylation events.  
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Several approaches towards quantitative phosphoproteomics have been 
described in literature (2-5), and as in many fields in proteomics, mass 
spectrometric analysis plays a crucial role in these studies (6-10). While analysis 
of phosphorylated tyrosine residues in peptides and proteins is facilitated by the 
commercial availability of specific antibodies (11-13), the use of 
immunochemical techniques for the enrichment and detection of serine- and 
threonine-phosphorylated proteins (accounting for >99% of all phosphorylated 
species) is rarely demonstrated (7,14). For tackling analytical problems 
associated with the latter two types of phosphorylated amino acid residues, 
different strategies based on affinity chromatographic enrichment of 
phosphopeptides from tryptic protein digests, followed by mass spectrometric 
analysis have been reported (15-22). Nevertheless, due to the poor ionization 
efficiency of phosphopeptides in the positive ionization mode, probably resulting 
from proton sequestration by the acidic phosphate group, methods in which the 
phosphate ester is chemically modified prior to MS can be expected to be more 
sensitive (9). To date, a number of methods for the analysis and/or enrichment 
of phosphorylated proteins and peptides based on chemical modification have 
been described (15,23-31). However, some of these approaches suffer from 
certain limitations, like relatively low efficiency of reactions. This results in low 
yields, hampering proteomics applications. We chose a stepwise development of 
a chemical modification/multifunctional probe addition strategy in attempts 
towards general methods for assessing phosphoserine/threonine containing 
(phospho)proteomes. During this process we focused on improvement of 
efficiency of the individual reactions and a stepwise extrapolation of the results 
obtained from the test conditions. 

EXPERIMENTAL PROCEDURES 
All solvents were distilled prior to use or were HPLC grade. Avidin 

immobilized on 6% agarose was purchased from Sigma. All other reagents were 
purchased from Fluka, Sigma-Aldrich, and Acros and used without further 
purification.

MALDI-TOF spectra were acquired in reflectron positive ion mode on an 
Applied Biosystems Voyager DE-STR or an Applied Biosystems 4700 Proteomics 
Analyzer using α-cyano-4-hydroxycinnamic acid as the matrix.  MS/MS spectra 
were acquired on an Applied Biosystems 4700 Proteomics Analyzer. 
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Peptide synthesis 
Tripeptides 5a and 5b were synthesized with standard tert-

butyloxycarbonyl protection strategy using BOP as coupling agent and Et3N as 
base in CH2Cl2 using N-Boc-O-benzylserine or –threonine.  

Octapeptides 6a and 6b were synthesized on an Applied Biosystems 433A 
peptide synthesizer with (p-[(R,S)-α-[1-(9H-fluoren-9-yl)-methoxyformamido]-
2,4-dimethoxy-benzyl]-phenoxyacetic acid)-crosslinked polystyrene as the 
starting resin. Phosphorylation was achieved by shaking the resin with reagent 
11a (for 6a) or reagent 11b (for 6b). The crude peptide was precipitated from 
cold tert-butyl methyl ether and hexane (50/50), redissolved in H2O/tert-butanol 
(50/50) and lyophilized. 

Synthesis of probe molecules 
The synthesis of probe molecules used in this study was as described 

elsewhere (32). 

Modification of phosphopeptides 
A mixture of peptides (10 µl, containing 0.1-1 nmol of phosphopeptide in 

10-50% aq. MeOH), MeOH (80 µl), and saturated aqueous Ba(OH)2 (3 µl, 0.15 N, 
450 nmol) in a was incubated in an Eppendorf Thermomixer apparatus (800 rpm) 
for 3 h at 45°C. Then, 0.30 N aq. H2SO4 was added (1.5 µl, 450 nmol), and the 
mixture was vortexed and centrifugated (4 min. at 12000 rpm) to precipitate 
BaSO4 and Ba3(PO4)2. The supernatant was transferred to a new reaction vial and 
EDT (15 µl) and Et3N (15 µl) were added. The resulting mixture was vortexed and 
shaken (800 rpm) for 48 h at 45°C. An aqueous solution of TCEP⋅HCl
(Tris(carboxyethyl)phosphine HCl salt, 10 µl, 1 mM, 10 nmol) was added and the 
vial was vortexed and briefly centrifugated again. All volatile components were 
evaporated at 45oC with gentle shaking (300 rpm) under a continuous argon 
stream. MeOH (100 µl) was added to the residue, and the vial was vortexed and 
centrifugated (3 min. at 12000 rpm). After evaporation of volatile components, 
an additional 100 µl of MeOH was added and evaporated again; this was repeated 
once. The residue was dissolved in MeOH (90 µl) and a 5 mM solution of 9 in 
MeOH (10 µl, 50 nmol) and Et3N (100 mM in MeOH, 10 µl) was added. The mixture 
was vortexed and shaken (800 rpm) for 3 h at 45°C. Unreacted maleimide groups 
were capped by addition of β-mercaptoethanol (1 µl). Again, volatile components 
were evaporated and the residue was redissolved in 100 mM phosphate buffer 
(pH 7.4) containing 200 mM NaCl (30 µl). Subsequently, 10 µl of a slurry of avidin 
immobilized on 6% agarose was added. The mixture was gently shaken for 2 h 
(1000 rpm) at 25oC. The supernatant was removed and the beads were washed 
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with 5 x 30 µl phosphate buffer. Subsequently the beads were incubated (1000 
rpm, 25oC) for 1 h with 95% TFA (30 µl) and the supernatant containing the 
modified peptide(s) was transferred to a reaction vial. After final evaporation of 
volatile components the residue was then analyzed by MALDI-TOF mass 
spectrometry. 

RESULTS AND DISCUSSION 
Our approach for studying phosphorylated serine and threonine residues 

in peptides and proteins exploits the well-described base-promoted β-elimination 
reaction of aliphatic phosphate esters (1) in basic media (24,25,29,33), as 
illustrated in  Figure 1A. In this step, a Michael acceptor moiety 2 is created 
which is susceptible to attack by nucleophiles, such as thiols. We therefore 
developed probe molecule 4, of which the structure is given in Figure 1B. The 
probe consists of four functional modules: a nucleophilic reactive site (thiol), a 
part in which heavy isotopes can be built in (ethylene chain), an acid-labile 
“Wang”-type linker, and a biotin moiety that allows affinity-based purification.  

Figure 1. (A) Base induced β-elimination followed by Michael addition of a SH-containing probe. (B) 
The thiol-containing probe. 
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For evaluation of our labeling protocol and analysis of phosphopeptides, 
the following test systems -with an increasing degree of complexity- were 
developed (see Figure 2): phosphorylated tripeptides 5a and 5b, phosphorylated 
octapeptides 6a and 6b, and a mixture of peptide 6a and a number of other, 
nonphosphorylated, peptides. This mixture was considered a model for protein 
tryptic digests, and served to assess affinity enrichment after probe attachment. 

Figure 2. Model tri- and octapeptides 

AcHN
N
H

N
H

O

O

O

NHMe

OPO3H2R

AcHN
N
H

N
H

N
H

N
H

N
H

O

O

O

O

O

O

OOH

OPO3H2R

N
H

N
H

NH2

O

O

NH2

5a: R = H, Ac-FpSG-NH
2

5b: R = Me, Ac-FpTG-NH
2

6a: R = H, Ac-GFEApSLFK-NH
2

6b: R = Me, Ac-GFEApTLFK-NH
2

P
N

OO

XX

11a = Cl
11b = OMe



Development of a chemical probe for the enrichment of phosphopeptides 

101

Incubation of 4 with β-eliminated peptides derived from e.g. 6a or 6b 
was expected to lead to the formation of a covalent adduct by Michael addition 
of the sulfhydryl moiety of 4 to the α, β-unsaturated amino acid residue in the 
peptide (as shown in Figure 1A). However, no covalent linkage of the probe to 
the peptide was observed, even upon addition of a tenfold excess of 4 to a 
solution of a β-eliminated peptide derived from 6a. The size of the nucleophile is 
probably detrimental for its reactivity and a smaller thiol nucleophile -to be used 
in high excess- might be more advantageous. This enticed us to consider 
alternative strategies. 

Figure 3. Dithiol modification of phosphopeptides and electrophilic addition of the probe. 
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A possible strategy, exemplified in Figure 3A, involves the addition of a 
dithiol to β-eliminated phosphopeptides 2. The formerly phosphorylated serine or 
threonine residue is thereby functionalized with a thiol group (7), which serves as 
a handle for linking the peptide to a probe molecule. A similar successful 
approach has been reported (25,27,29,34). However, the conditions described in 
the literature were not successful in our hands for modification of 
phosphopeptides 6a and 6b. Therefore, an optimized procedure for β-elimination 
and subsequent ethanedithiol (EDT) addition was developed. In addition to 
supplying a handle for probe attachment, the generation of a thiol-functionalized 
residue allows the application of available methods for cysteine labeling. So in 
comparison with 4, the new probe carried a maleimide functionality, which is an 
electrophilic reactive group that can be coupled to the sulfhydryl group on the 
formerly phosphorylated peptide 7. Compound 9 of which the structure is given 
in Figure 3B, again included a biotin affinity label, Wang-type linker, and a 
maleimide functionality.  

A similar, commercially available, probe that lacks the acid-sensitive 
part (10, shown in Figure 3B) has been used earlier by Oda et al for isolating a 
phosphorylated protein that was spiked into a complex mixture (27). Other 
methods derived from this strategy have also been described (34,35). However, 
the presence of the cleavable linker in our molecule offers means to circumvent 
several of the shortcomings of the technique, such as incomplete recovery from 
the (strept)avidin material used during the affinity-based isolation/enrichment. 
Next to that, incorporation of the acid-labile linker in 9 affords small, stable 
adducts - that no longer include the biotin moiety - on formerly phosphorylated 
serine and threonine residues, leading to more easy interpretable mass spectra. 

The validity of these assumptions was tested using well-defined model 
systems. For this, two model octapeptides, 6a and 6b, containing either a 
phosphorylated serine or a phosphorylated threonine residue, were used in 
experiments in which the protocol of β-elimination/Michael addition/probe 
addition and avidin affinity chromatography was applied to isolate and enrich 
both peptides from peptide mixtures with known compositions. In addition, since 
no systematic optimization studies of the β-elimination and Michael addition 
reactions could be found in literature and existing reports in general exclusively 
deal with the reactivity of serine-phosphorylated peptides, two phosphorylated 
model tripeptides, 5a and 5b, were prepared with the aim of studying 
experimental parameters affecting these transformations for both serine- and 
threonine-phosphorylated peptides. This was done on a preparative scale (10-100 
mg), allowing a thorough characterization of all products formed.  
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For the optimization of the β-elimination reaction, peptides were 
incubated at 45oC with different inorganic (NaOH, CsOH, Ba(OH)2) and organic 
bases (DBU, NaOCH3, Et3N) in MeCN/H2O mixtures (60:40 to 90:10 v/v). For every 
solvent mixture tested, experiments were run with two, five seven and ten molar 
equivalents of base. In all cases, nearly quantitative elimination of phosphate 
from the serine-phosphorylated peptide could be achieved within 3 hours. 
Formation of the dehydrobutyrine residue in the phosphothreonine containing 
peptide however turned out to be significantly slower, requiring up to 6 hours of 
incubation: hydrolysis of the phosphate ester could be detected for the alkali 
bases and was most pronounced in experiments with NaOH. The product of this 
competing side reaction, Ac-FTG-NHMe, could be isolated in yields up to 10%. 
Although none of the used bases was found to be a significantly superior 
promoter of the β-elimination reaction, we decided to use Ba(OH)2 in all further 
experiments. Due to the production of highly insoluble barium phosphate, the 
latter has been suggested to promote the β-elimination of phosphate esters with 
higher efficiency compared to the analogous elimination of O-linked sugar 
residues, thereby minimizing the risk of forming dehydro-amino acid residues in 
glycopeptides present in complex biological samples (36).  

Although several authors claim that the use of elimination mixtures 
containing the highly polar aprotic DMSO gave favorable results in terms of the 
kinetics and yields of the reaction (29,34), this observation could not be 
reproduced with our model tripeptides. Results obtained when the elimination 
reaction was run in MeCN/H2O or in an elimination mixture containing DMSO, 
EtOH and H2O (3:1:1) were comparable. Furthermore, due to the poor 
compatibility of DMSO with the process of matrix crystal formation (MALDI) and 
electrospray ionization, solvent systems based on MeCN/H2O mixtures were 
considered to be more suitable for this application. 

After isolation of the dephosphorylated peptides, optimization of the 
dithiol addition reaction was performed by incubating with two, four or six 
equivalents of 1,4-dithiothreitol (DTT) and a catalytic amount of base (Et3N, 
0.2 eq.). In all cases, DTT addition proceeded in a quantitative fashion within 3 
hours. Again, no additional advantages in terms of yields and kinetics were 
observed with the DMSO/EtOH/H2O mixture as compared to MeCN/H2O systems.  

Subsequently, experiments were carried out in order to verify if the 
phosphopeptide in amounts of 10 pmol to 10 nmol could be isolated from solution 
using the series of transformations described earlier. Conditions optimized for 
the β-elimination and dithiol addition of model tripeptides were applied: 
MeCN/H2O (90:10, v/v) was chosen as the solvent and Ba(OH)2 as the base. The 
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process of β-elimination was found to be similarly straightforward but invariantly 
accompanied by some hydrolysis of the phosphate ester, both for the serine- and 
threonine-phosphorylated peptide. Addition of DTT however, proved to become 
substantially more difficult on downscaling: even with 50 equivalents, only a 
minor fraction of the dehydropeptides could be transformed into the 
corresponding dithiol adducts. Since the introduction of even larger excess of 
DTT was expected to compromise the subsequent process of probe binding due to 
scavenging of maleimide by unreacted dithiol, we decided to use volatile 
ethanedithiol (EDT) in all further experiments. Prior to probe addition, unreacted 
portions of the latter could then be removed from the system by evaporation. 
However, a large excess (~104 eq.) of EDT (as well as of Et3N) was required to 
achieve near-quantitative dithiol addition. This required excess led to the 
formation of unexpected side products when MeCN was used as solvent: next to 
the expected peaks in the MS spectrum of the dehydropeptide and the EDT 
adduct, several other peaks were observed, which all displayed a mass increase 
of 41 Dalton with respect to the expected peaks. MS/MS analysis revealed that 
these peaks arose from addition of MeCN to the lysine residue. We suspect that 
high concentrations of EDT and base in MeCN lead to the formation of a 
thioacetimidate, which are susceptible to attack by nucleophiles such as the 
lysine residue epsilon amino group. 

This observation led us to change the solvent of EDT addition (and β-
elimination) to MeOH. Although this requires somewhat longer reaction times, β-
elimination and EDT addition proceeded smoothly, and no unexpected side 
products were observed.  

The phosphorylated peptides 6a and 6b were subjected to β-
elimination/EDT addition protocol and subsequently affinity purified using 
immobilized avidin. After cleavage of the Wang-type linker, the supernatant was 
analyzed using MALDI-TOF mass spectrometry. This showed that the former 
phosphorylated serine and threonine-containing peptides had been modified. The 
subsequent mass spectrometric fragmentation of the modified peptides is shown 
in Figure 4. The resulting MS/MS spectrum not only contains nearly complete 
series of b and y ions, that can be used for sequencing of the peptide and 
determination of the site of phosphorylation, but also shows the immonium ion of 
the modified residues at m/z 276.1 (in case of the serine-modified peptide) and 
m/z 290.1 (in case of the threonine-modified peptide) that show that indeed, the 
phosphorylated amino acid has been affected in the desired fashion, by the 
protocol used. These specific immonium ions may potentially be used as marker 
ions for the phosphorylated serine and threonine peptides in mass spectrometric 
analyses. 
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Figure 4. Mass spectrometric fragmentation (MS/MS) spectra of the modified phosphopeptides 6a
and 6b. Characteristic b and y type ions that were used for sequencing of the peptide are indicated. 
A) MS/MS spectrum of the modified serine-phosphorylated peptide (m/z 1155.5). The immonium ion 
of the modified serine residue at m/z 276.1, of which the structure is given in the inset, is marked 
S*. The ion at m/z 921.5 corresponds to the peptide that has lost the complete modification as a 
result of β-elimination during MS/MS. The ions at m/z 629.3 and 516.2 correspond to the b6 and b5

ions of the peptide that underwent β-elimination. B) MS/MS spectrum of the modified threonine-
phosphorylated peptide (m/z 1169.5). The immonium ion of the modified serine residue at m/z 
290.1, of which the structure is given in the inset, is marked T*. The ion at m/z 935.5 corresponds to 
the peptide that has lost the complete modification as a result of β-elimination during MS/MS. The 
ions at m/z 643.3 and 530.2 correspond to the b6 and b5 ions of the peptide that underwent β-
elimination.
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Compared to fragmentation of a phosphorylated peptide, that normally 
mainly results in loss of the labile phosphate group and requires further 
(MS/MS/MS) fragmentation to gain sequence information, the approach shown 
here has the advantage that the majority of the label stays on the amino acid 
residue, thereby allowing sequencing and phosphorylation site determination. In 
addition, the modification results in the introduction of an extra amine group, 
which increases the ionization efficiency of the peptide, especially when 
compared to the phosphorylated peptide. 
 

Finally, to confirm the applicability of our enrichment strategy, we 
composed a mixture of unpurified, synthetic non-phosphorylated peptides 
varying in amino acid composition and ranging in molecular weight from 900 to 
3300 Da, to which the serine phosphorylated octapeptide 6a was added (~1 nmol 
each, see Figure 5A).  

The peptide mixture was subjected to the optimized β-elimination/EDT 
addition protocol. After evaporation of the volatiles, the residue was dissolved in 
MeOH (90 µL) and incubated at 45oC for 2 hours with probe molecule 9 (5-50 eq). 
Subsequently, the mixture was incubated with immobilized avidin for 1 hour. 
Then the beads were washed with buffer and treated with TFA to cleave the 
Wang-type linker. After removal of TFA, the mixture was analyzed using MALDI-
TOF mass spectrometry. The mass spectrum of the enriched fraction is shown in 
Figure 5B. The most abundant peak at m/z 1155.5 corresponds to the modified 
phosphopeptide. The presence of other compounds (peptides) in the enriched 
fraction might be caused by aspecific binding of particular peptides to either 
avidin or agarose on which the avidin was immobilized. These peaks however, 
can be used to calculate a semi-quantitative amount of enrichment: the intensity 
ratio between the synthetic peptide with an m/z value of 1127.6 and the 
phosphopeptide (m/z 1019.4, marked with P in Figure 5A) before enrichment is 
10, while it is 0.11 after enrichment, yielding a semi-quantitative enrichment of 
approximately 100-fold.  

Together with the sequencing and identification of the former site of 
phosphorylation, as shown in Figure 4, these results confirm the validity of our 
methodology for modification, enrichment and analysis of serine- and threonine- 
phosphorylated peptides. 
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Figure 5. A) MALDI-TOF mass spectrum of the starting mixture of peptides that was used to mimic a 
tryptic digest to test the chemical modification procedure. The phosphopeptide (6a ) at m/z 1019.4 
is indicated by a dashed line and the letter P. B) MALDI-TOF mass spectrum of the supernatant 
obtained after affinity enrichment and cleavage of the Wang-type linker. The modified 
phosphopeptide is indicated by P* ([M+H]+, m/z 1155.5, [M+Na]+, m/z 1177.5). 
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CONCLUSIONS 
The analysis of post-translational modifications on proteins in complex 

mixtures, especially protein phosphorylation, requires methods that allow 
specific enrichment of peptides that carry this type of modification. This is on 
the one hand due to relatively low abundance and phosphorylation stochiometry 
and on the other due to the fact that mass spectrometry, routinely used for 
these purposes, has some disadvantages that hamper the investigation of this 
modification. The extra negative charge for example, lowers the ionization 
efficiency of phosphorylated peptides in the positive ion mode. In addition, 
MS/MS collision induced fragmentation of these ions mainly results in loss of the 
labile phosphate group, obstructing further sequence analysis. 

In order to improve the analysis of phosphorylated peptides we have 
developed a protocol for the selective β-elimination and subsequent EDT 
modification of serine- and threonine-phosphorylated peptides using three 
different test systems with different degrees of complexity. In our test systems, 
this newly developed protocol proved more effective than previously described 
methods. In addition, we have developed a multifunctional molecular probe 
featuring a biotin affinity label, an acid-labile linker, a site for the optional 
incorporation of stable isotopes, and an electrophilic reactive group. This probe 
molecule selectively allows further modification of previously phosphorylated 
serine and threonine residues, as well as affinity-based purification of modified 
phosphopeptides from a mixture of peptides. Modified peptides can be released 
from the affinity purification material by cleavage of the acid-labile linker, and 
the remaining, compact adduct allows identification of the peptide sequence, as 
well as of the phosphorylation site. Incorporation of an acid-labile linker ensures 
quantitative release of bound peptides from the affinity purification material in 
comparison with previously reported biotin-based molecular probes. In addition, 
MS/MS spectra of the modified peptides are more straightforward when the 
adducts do not contain biotin, and sequencing of the peptide and assignment of 
the phosphorylation site is simpler.  

The work described here offers an approach towards better analysis of 
phosphorylated peptides. It not only enables affinity enrichment of former 
phosphorylated peptides, but it also improves further analysis of these peptides 
by introduction of a stable group, that on top of that shows improved ionization 
due to an additional amino group.  

It is clear, however, that the application of this method in biological 
(proteomic) samples, such as complex cellular lysates containing low amounts of 
phosphorylated proteins within the total protein pool, is not yet possible. The 
limit of detection of the method presented here is in the order of 1 nanomole. 
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This is mainly due to the fact that downscaling of chemical modification methods 
comprising multiple reaction steps is not straightforward. One aspect at which 
improvement of the detection limits can be realized, apart from optimizing the 
down-scaling of reactions is, for example, the use of more efficient (bio)affinity 
couples.

The introduction of stable isotopes, already briefly discussed here, can 
open up the path towards quantitative phosphoproteomic studies that not only 
give insight into the pool of phosphorylated proteins, but also reveal some of the 
dynamics of this modification in time or between different cellular states.  

Taken together, gaining knowledge on down-scaling of chemical reactions 
and incorporation of stable isotopes for relative quantitation of phosphorylation 
levels provide sufficient challenges to further improve the field of chemistry-
based phosphoproteomics and thereby allow the analysis of phosphorylated 
peptides in complex biological samples. 
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ABSTRACT 
The cellular response to DNA double strand breaks is a multifaceted 

mechanism that involves detection of lesions in DNA and the subsequent repair to 
prevent genomic aberrations. Chromatin relaxation is required to provide access 
for DNA repair factors and to aid the reformation of chromatin structure 
following repair. For this, several proteins and protein complexes involved in 
chromatin remodelling events are recruited to core histone N-terminal tails. In 
an affinity-based proteomic approach, using a core histone consensus N-terminal 
tail (NTT) peptide as bait, we investigated the changes in interactions of nuclear 
proteins before and shortly after DNA double strand break induction. Over 700 
identified proteins were found to bind specifically to the NTT, which makes it the 
most comprehensive proteomic survey of the broad spectrum of nuclear proteins 
interacting with the NTT of core histones in nucleosomes. The abundance of the 
majority of these proteins was found to be unchanged following DNA damage 
induction. Therefore, we focused our analysis on potential post-translational 
activation by (de)phosphorylation. An in-depth analysis of protein 
phosphorylation (more than 90 unique sites in over 60 proteins) revealed that the 
phosphorylation status of several proteins involved in chromatin remodelling, 
such as chromodomain-helicase-DNA-binding protein 1 (CHD1), structure-specific 
recognition protein 1 (SSRP1) and nucleosome assembly protein 1-like 4 (NAP-2), 
changes upon DNA damage induction. The chaperones that were found to be 
differentially phosphorylated upon DNA damage have in common that they are 
part of closely interacting protein complexes involved in regulatory mechanisms 
at the crossroads of nucleosome assembly, DNA replication, transcription and 
DNA repair. 
 
 
INTRODUCTION 

In eukaryotic cells, DNA is organized in chromatin, which is a dynamic 
higher-order structure that can adopt markedly different conformations (1). Most 
of the time chromatin, consisting of nucleosomes around which DNA is wrapped, 
is densely packed. This dense macro structure, also referred to as ‘beads on a 
string’, is stabilized by linker histones and a variety of other factors. The 
nucleosomes, which can be considered as the basic unit of chromatin, are built 
up of four pairs of core histones (two histone H2A-H2B and two histone H3-H4 
pairs (2)), schematically shown in Figure 1C. The histone N-terminal tail (NTT) 
contains several basic (lysine and arginine) amino acids and protrudes from the 
nucleosome where it can interact both with negatively charged DNA and with 
proteins involved in DNA-related processes. A well-known feature of the amino 
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acid residues in the histone NTT is that they can undergo extensive post-
translational modifications (3,4). These modifications on the one hand diminish 
interactions between the tails and DNA, thereby loosening chromatin structure 
(5). On the other hand they regulate interactions with histone chaperones, which 
are proteins characterized by negatively charged domains that can disturb DNA-
histone contacts and thereby function in processes involving DNA.  A ‘compact’ 
chromatin structure, i.e. heterochromatin, generally inhibits the binding of 
transcriptional regulators.  

Figure 1. (A) Design of the core histone N-terminal consensus peptide used for the affinity pull-
downs. It contains various conserved sequence elements from the individual core histone N-terminal 
tails of H2A, H2B, H3 and H4, as indicated by the coloured residues. (B) The peptide was immobilized 
on iodoacetyl-functionalized agarose beads using the C-terminal cysteine. (C) Schematic overview of 
core histones in a nucleosome and examples of histone-interacting proteins involved in nucleosome 
assembly, transcription and DNA repair (left panel). The experimental set up (nucleosome mimic) 
used to enrich for a broad range of histone chaperones using the immobilized core histone consensus 
sequence is shown in the right panel. 
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More recently, it was stated that chromatin density acts as a barrier to 
the recruitment of DNA repair and DNA damage signalling proteins at sites of DNA 
damage (6). Therefore, specific histone modifications were previously suggested 
to induce recruitment of chromatin-interacting proteins involved in sensing DNA 
damage (7,8). A well-studied example is the phosphorylation of histone variant 
H2A.X by ATM kinase (9). Phosphorylated H2A.X acts as a beacon for proteins 
involved in the DNA damage response, like Tip60 (10) and MDC1 (11). The 
mechanism through which histone H2A.X is incorporated into nucleosomes and 
what triggers this process remains unclear.  

Even though it is known that the histone NTTs provide a binding platform 
for a large number of proteins, the important mechanisms that regulate these 
interactions, and thereby coordinate chromatin remodelling events, are largely 
unknown. To address these issues we affinity-purified proteins interacting with 
core histone NTTs from cellular nuclear extracts. We studied the range of 
interactions between nuclear proteins and a core histone consensus NTT peptide, 
lacking any post-translational modifications. By using this model peptide that 
contains conserved amino acid motifs from core histone NTTs (H2A, H2B, H3 and 
H4, see Figure 1A and 1B), we anticipated to pull-down a broad set of histone 
NTT-interacting proteins. To investigate the dynamics of interactions, proteins 
were enriched by affinity pull-downs from nuclear lysates both of control cells 
and cells in which DNA double strand breaks were induced during 30 minutes. 
DNA DSBs were induced using bleomycin (12). Over 700 proteins were found to 
specifically bind to the immobilized peptide before and shortly after DNA damage 
induction. Next to the possible recruitment of specific proteins, the 
phosphorylation status of the histone NTT-interacting proteins was analysed using 
a two-fold strategy to enrich for phosphorylated peptides. This revealed that a 
number of proteins known to be involved in chromatin remodelling become 
either phosphorylated or dephosphorylated upon DNA damage induction. The 
identification of several new DNA damage-induced phosphorylation sites on 
histone chaperones suggests that DNA-related processes, such as nucleosome 
assembly, DNA replication, transcription and repair can be integrated (13) 
through the formation of chromatin remodelling protein complexes in the early 
onset of the DNA damage response, which is triggered by phosphorylation.  
 
 
EXPERIMENTAL PROCEDURES 
Cell cultures, DSB induction and preparation of nuclear extracts 

Human lymphoblastoid cell culturing, methods for DNA damage induction 
and the purification of nuclei from human lymphoblastoid cells as well as the 
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subsequent extraction of proteins from nuclei were performed as described 
before (14). In brief, human lymphoblastoid cells were either not challenged or 
challenged using bleomycin for 30 minutes. After harvesting and washing, nuclei 
were purified using two sequential sucrose washes (2.4 M and 1 M, respectively). 
Nuclei were hypertonically lysed during 1 hour at 4oC and after centrifugation the 
supernatants were used for further study.  
 
Peptide immobilization, enrichment and in solution digestion of histone-binding 
proteins 

The core histone N-terminal tail consensus peptide 
SGRGKAGKKGRKGAKTRQC was immobilized via its C-terminal cysteine residue as 
described previously (14) (see Figure 1B). Beads were washed and stored in PBS 
containing 0.05% sodium azide. One milligram of nuclear protein lysate was 
buffer exchanged to IPH-E buffer containing 50 mM Tris.HCl, pH 8, 325 mM NaCl, 
0,5% Triton X-100 and incubated with 25 µL of immobilized peptide-agarose 
slurry. After incubation on a rotating device for 1 hour at 4oC, the supernatant 
was removed and the beads were washed three times with IPH-E buffer. Bound 
proteins were subsequently dissolved in a solution of 8 M urea in 25 mM 
ammonium bicarbonate pH 8 and incubated with 750 ng endoproteinase LysC 
(Roche Diagnostics) for 4 hours at 37oC. Following reduction and alkylation using 
2mM DTT and 4mM iodoacetamide respectively, the sample was diluted to 2 M 
urea with 50 mM ammonium bicarbonate pH 8 and incubated o/n with 750 ng 
trypsin at 37oC. In parallel, bound proteins were visualized using standard 1D 
SDS-PAGE. 
 
Strong Cation Exchange Chromatography. 

Strong cation exchange was performed using two Zorbax BioSCX-Series II 
columns (0.8 mm ID x 50 mm L, 3.5 µm), a Famos autosampler (LCpackings, 
Amsterdam, The Netherlands), a Shimadzu LC-9A binary pump and a SPD-6A UV-
detector (Shimadzu, Tokyo, Japan). Prior to SCX chromatography protein digests 
were desalted using a small plug of C18 material (3M Empore C18 extraction disk) 
packed into a GELoader Tip similar to as previously described (15). The eluate 
was dried completely by vacuum centrifugation and subsequently reconstituted 
in 20% acetonitrile, 0.05% formic acid. After injection, the first 10 minutes were 
ran isocratically at 100% solvent A (20% acetonitrile, 0.05% formic acid, pH 3.0), 
followed by a linear gradient of 1.3% min-1 solvent B (500 mM KCl in 20% 
acetonitrile and 0.05% formic acid, pH 3.0). A total number of 25 SCX fractions (1 
min each, i.e. 50 µL elution volume) were manually collected and dried in a 
vacuum centrifuge.  
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TiO2 purification of phosphorylated peptides 
The early eluting fractions from the SCX separation were reconstituted in 

50% acetonitrile, 5% formic acid and subjected to phosphopeptide purification 
using TiO2 (21). After loading the sample onto the TiO2 microcolumn, the column 
was washed with 20 µL 50% acetonitrile and 5% formic acid.  Phosphopeptides 
were eluted using 10 µL of 1.25% ammonia in water (pH 10.5) and directly mixed 
with 10 µL 2% formic acid in water. The flow-through of the TiO2 microcolumns 
was dried to completeness, reconstituted in 0.1 M acetic acid in water and 
subjected to nanoLC-MS analysis. 
 
On-line nanoflow liquid chromatography FT-ICR-MS. 

Residues were reconstituted in 10 µL 0.1 M acetic acid and were analyzed 
by nanoflow liquid chromatography using an Agilent 1100 HPLC system (Agilent 
Technologies, Waldbronn, Germany) comprising of a solvent degasser, a binary 
pump, and a thermostated wellplate autosampler, coupled on-line to a 7-Tesla 
LTQ-FT mass spectrometer (Thermo Electron, Bremen, Germany). The liquid 

chromatography part of the system was operated in a set-up essentially as 
described previously (16). AquaTM C18, 5 µm, (Phenomenex, Torrance, CA, USA) 
resin was used for the trap column and ReproSil-Pur C18-AQ, 3 µm, (Dr. Maisch 
GmbH, Ammerbuch, Germany) resin was used for the analytical column. Peptides 
were trapped at 5 µL /min in 100% solvent A (0.1 M acetic acid in water) on a 2 
cm trap column (100 µm internal diameter, packed in-house) and eluted to a 25 
cm analytical column (50 µm internal diameter, packed in-house) at ~150 nl/min 
in a 50-min gradient from 0 to 40% solvent B (80% acetonitrile, 0.1 M acetic acid). 
The eluent was sprayed via emitter tips (made in-house), butt-connected to the 
analytical column. The mass spectrometer was operated in data dependent 
mode, automatically switching between MS and MS/MS and neutral loss driven 
MS3 acquisition. Full scan MS spectra (from m/z 300-1500) were acquired in the 
FT-ICR with a resolution of 100,000 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 
15,000. The data dependent neutral loss settings were chosen to trigger a MS3 
event after a neutral loss of either 24.5, 32.6 of 49  ± 0.5 m/z units was detected 
amongst the 5 most intense fragment ions. 
 
Data analysis   

All MS2 and MS3 spectra from each LC run were merged to a single file 
which was searched using the Mascot search engine (Matrix Science) against the 
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SwissProt database (version 48.3) with carbamidomethyl cysteine as fixed 
modification, protein N-acetylation, oxidized methionines,  and phosphorylation 
of serine, threonine or tyrosine as variable 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 10 ppm and that of fragment ions 
was set to 0.5 Da. All phosphorylated peptides identified during Mascot searches 
were confirmed by manual interpretation of the spectra. Characteristics of all 
proteins in the set that have a minimal protein score (Mascot) of 60 and an 
individual peptide score of 20 (both scores are calculated by the database 
interface program and are based on the probability of a protein/peptide 
sequence identification, p<0.05) within an accuracy of 10 ppm. After exclusion of 
cytoskeletal, ribosomal and spliceosomal proteins, the analysis set was further 
focused by applying a semi quantitative ranking based on protein sequence 
coverage, for which the following criteria were used: at least 1 unique confident 
peptide identification per 100 amino acids in a protein (for proteins smaller than 
100 kDa) or at least 5 confident peptide identifications (for proteins larger than 
100 kDa) had to be detected. These criteria correct for the fact that larger 
proteins in general get higher protein scores.  
 
 
RESULTS 
Pull-down of core histone N-terminal tail binding proteins using affinity 
proteomics 

Numerous proteins that bind to core histone N-terminal tails have been 
identified and their specific roles in for example nucleosome assembly and/or 
transcriptional regulation have been characterized (for a review see: (17)). To 
gain insight into dynamic chromatin-protein interactions at a more 
comprehensive scale, the entire subset of proteins interacting with core histone 
N-terminal tails (NTT) was studied simultaneously using an affinity proteomics 
approach. Therefore, a peptide was designed that resembled a consensus core 
histone N-terminal tail sequence (Figure 1A). The peptide is built up from the 5 
H2A/H4 N-terminal residues (SGRGK), two dibasic (KK and RK) motifs, which 
occur in H2B and H3, the AK motif from H2A and H4 and finally the RQ motif, as 
present in the H3 NTT. Following peptide immobilization according to the 
method shown in Figure 1B, proteins that were affinity-purified from nuclear 
lysates of human lymphoblastoid cells were analysed using in solution two-step 
digestion (endoproteinase LysC and trypsin), multidimensional nanoLC and FT 
(tandem) mass spectrometry. We focused on the nuclear proteome because the 
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initial response to DNA damage is expected to occur in the nucleus and in this 
way contamination of aspecifically binding cytosolic proteins was reduced. 

Analysis of proteins that bind to the immobilized N-terminal tail peptide. 
To get an idea of the composition of the subproteome enriched via  the 

histone N-terminal tail affinity purification, a 1D SDS-PAGE separation of the 
fractions obtained throughout the enrichment procedure was run, which is shown 
in Figure 2.

Figure 2. 1D SDS-PAGE separation of proteins enriched from a nuclear lysate of human 
lymphoblastoid cells (M, molecular weight marker; FT, flow through; W, wash fraction; E0/E30,
eluate fractions enriched from control cells and cells in which DNA damage was induced during 30 
minutes).

From this image we conclude that our affinity purification enriches for 
specific proteins, as compared to the flow through fraction (marked FT). Even 
though LC-MS/MS analysis of the in gel digested proteins yielded a good overview 
of the subset of pulled down proteins (data not shown), a subsequent conducted 
(gel-free) two-step digestion analysis provided a better coverage of proteins 
binding to the NTT compared to the 1D-PAGE-MS analysis, especially with respect 
to high molecular weight proteins. The gel-free approach enabled identification 
of over 700 (compared to 530 in the gel-based analysis) proteins binding to the 
immobilized peptide. All identifications from the gel-free analysis are given in 
Supplementary Table 1. To further focus on proteins of interest, we implemented 
a semi-quantitative ranking, as described in the Experimental Section, which was 
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based on the requirement for a protein to be identified by at least one unique 
peptide per  100 amino acids (≈ 10 kDa). Cytoskeletal, ribosomal and spliceosomal 
proteins covered approximately 40% of the proteins enriched. Even though some 
of these proteins have been reported to associate with chromosomes (18) they 
will be excluded from the following discussion, as we were primarily interested 
in proteins more directly involved in chromatin remodelling. An overview of the 
composition of the final analysis set is given in Figure 3.  

Figure 3. Classification of the subset of proteins discussed in the text that was obtained after the 
semi-quantitative ranking and subsequent exclusion of cytoskeletal, ribosomal and spliceosomal 
proteins, as described in the Experimental Section. 

The qualitative differential binding of proteins to the histone NTT 
peptide was evaluated by comparing the set of binding proteins enriched from a 
nuclear lysate of control cells to that of a nuclear lysate of cells in which DNA 
DSBs were induced during 30 minutes. The subset enriched from the cells in 
which DNA DSBs were induced, consisted of 264 proteins while 260 proteins were 
detected in the sample enriched from the control cells. The two datasets shared 
220 proteins; so 44 proteins were uniquely detected after DNA DSB induction, 
whereas 40 were only detected before DNA damage induction. An overview of 
the protein scores for the proteins identified in both runs is given in Figure 4. The 
plot shows that the majority of proteins is found in both samples with the same 
score (y = 1.05x, R2 0.87, see Figure 4). It illustrates that the two individual 
analyses are highly similar and reproducible. The protein score was used as a 
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semi-quantitative indication of protein abundance, although we realize that this 
is only an assumption.  

Figure 4. Comparative proteome analysis of control cells (t=0’) and cells in which DNA DSBs were 
induced using bleomycin during 30 minutes (t=30’). The plot of the scores of all proteins identified 
in the t=0’ sample versus the t=30’ sample reveals that some proteins are only found at one of the 
timepoints (represented by the dots that lie on the x- and y-axis, respectively). The majority of the 
proteins however is found in both sets (for examples see Table 1). Moreover, it illustrates the 
excellent reproducibility of the two individual analyses: the protein scores correlate well. 

Many known histone-/nucleosome-interacting proteins were found to be 
enriched, exemplified by the list of identified proteins given in Table 1, including 
all three subunits of a histone deacetylase complex (SAP18, HDAC1 and SIN3a) 
that enhances transcriptional repression, histone acetyltransferase type B 
catalytic subunit and subunit 2, nucleosome assembly proteins and chromatin 
assembly factor 1. Proteins that were apparently more abundant before DNA 
damage induction include Msx2-interacting protein, ubiquitin-protein ligase EDD1 
and the ATP-dependent RNA helicase DDX3X. The PITSLRE serine/threonine 
protein kinase CDC2L2, Matrin-3 and hnRNP H’ were only identified after DNA 
damage induction. However so far, none of these proteins have been linked to 
specific DNA damage-related processes.  
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Table 1. Examples of proteins that were identified after enrichment from nuclear lysates of human 
lymphoblastoid cells using the immobilized histone N-terminal tail peptide. The code in parentheses 
is the SwissProt/TrEMBL accession number, followed by the corresponding protein name. The full set 
of identified proteins is given in Supplementary Table 1. 

 

 
Supplementary Table 1. Overview of all proteins identified in the analysis run of the sample 
enriched from the lysate of control cells (t=0’) and that of cells in which DNA damage was induced 
for 30 minutes (t=30’). ‘Access’= accession number of the protein in the SwissProt database, ‘Mw’= 
theoretical molecular weight of the protein, ‘Score’= Mascot score of the protein, ‘Pept’= number of 
peptides used for identification of the protein, ‘Protein name’= protein name(s) and identifier from 
the SwissProt database. This table can be found on the supplementary CD-rom 

 
Post-translational modification of histone chaperones upon DNA DSB induction 

As chromatin remodelling in the onset of the DNA damage response has 
to occur fast and transcription and translation are time-consuming processes, 
other activation mechanisms may regulate protein activity in the early response 
to DNA DSBs. Protein phosphorylation has been described as an activation 
mechanism for proteins in large numbers of pathways, including DNA repair (19). 
Therefore, the role of protein phosphorylation in remodelling events in the early 
response to DNA damage was studied. We enriched for phosphorylated peptides 
through SCX at low pH (20) followed by TiO2 chromatography (21). 

Identified proteins enriched from cellular nuclear lysates using the 
immobilized consensus histone N-terminal tail peptide  

(Q9UKV3) Apoptotic chromatin condensation inducer in the nucleus 
(P39687) Acidic leucine-rich nuclear  phosphoprotein 32  A 
(P21127) PITSLRE serine/threonine-protein kinase CDC2L1 
(O14646) Chromodomain-helicase-DNA-binding protein 1 

(O14929) Histone acetyltransferase type B catalytic subunit 
 (O00422) Histone deacetylase complex subunit SAP18 

(Q13547) Histone deacetylase 1 
(Q96ST3) Paired amphipathic helix protein Sin3a 

(P12956) ATP-dependent DNA helicase II, 70 kDa subunit 
(P13010) ATP-dependent DNA helicase II, 80 kDa subunit 

(P55209) Nucleosome assembly protein 1-like 1 
(O75607) Nucleoplasmin-3 

(P78527) DNA-dependent protein kinase catalytic subunit 
(Q9NS91) Postreplication repair protein RAD18 

(Q09028) Chromatin assembly factor 1 subunit C 
(O60264) SWI/SNF related matrix associated actin dependent regulator of 

chromatin 
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Table 2. Phosphopeptides uniquely identified prior to, and after DNA damage induction. Entries 
marked with ‘MA’ reflect identifications that were manually annotated from MS/MS/MS spectra. 
Since not all of the identified phosphorylation sites are known, a kinase prediction was performed 
using the NetPhosK algorithm (http://www.cbs.dtu.dk/services/NetPhosK/). ‘No pred’ indicates that 
NetPhos gave no prediction for a particular phosphorylation site. CK1/2 = casein kinase 1/2 , PLK1 = 
Polo-like kinase, p38MAPK = p38 mitogen-activated protein kinase, PKG = cGMP dependent protein 
kinase, GSK3 = Glycogen synthase kinase-3. 

 
Phosphopeptides uniquely identified in the untreated cells (t=0’) 
Protein ID 
Mass (Da) 

Score Peptide Consensus site 
prediction 

NUCL_HUMAN (P19338) Nucleolin 
1640.63948 57 K.GFGFVDFNS618EEDAK.E S618: CK1 / CK2 
YBOX1_HUMAN (P67809) Nuclease sensitive element binding protein 1 
1767.67366 39 R.NYQQNYQNS165ESGEK.N  S165: CK2 
NPM_HUMAN (P06748) Nucleophosmin (NPM) 
2306.17447 44 K.MSVQPTVS88LGGFEITPPVVLR.L S88:No pred. 
3044.21350 52 -.MEDS4MDMDMSPLRPQNYLFGCELK.A + MOx ; AcN-t S4: CK2, PLK1 
3028.21860 45 -.MEDSMDMDMS10PLRPQNYLFGCELK.A + AcN-t  S10: p38MAPK 
NP1L4_HUMAN (Q99733) Nucleosome assembly  protein 1-like 4  (NAP2) 
1939.78360 56 M.ADHS4FSDGVPSDSVEAAK.N + AcN-t S4: No pred. 
 
Phosphopeptides uniquely identified in cells in which DNA DSBs were induced (t=30’) 
SSRP_HUMAN (Q08945) Structure-specific recognition protein 1 
2928.07050 64 K.EGMNPSYDEYADS444DEDQHDAYLER.M S444: CK2 
CHD1_HUMAN (O14646) Chromodomain-helicase-DNA-binding protein 1 
1566.61984 106 R.RYS1096GSDSDSISEGK.R  S1096: PKG, GSK3 
1646.58617 22 R.RYS1096GS1098DSDSISEGK.R  S1098: No pred. 

1549.16 MA R.RYSGSDSDSISEGK.R   
SAFB1_HUMAN (Q15424) Scaffold attachment factor B 
1092.59433 23 K.SKGVPVIS576VK.T  S576: CK1 
 
Supplementary Table 2. Overview of phosphorylated peptides identified from nuclear lysates of 
control cells (t=0’) and that of cells in which DNA damage was induced for 30 minutes (t=30’). 
Phosphopeptides were identified both from MS/MS and MS/MS/MS fragmentation spectra. 
‘Observed’= peptide mass observed in the MS spectrum, ‘Mr(expt)’= expected molecular weight 
based on peptide charge, ‘Mr(calc)’= theoretical peptide mass, ‘Delta’= difference between 
expected and calculated peptide mass, ‘Score’= peptide score from Mascot, ‘Expect’= expectance 
value assigned by Mascot, ‘Peptide’= peptide sequence including the previous and next amino acid, 
to determine cleavage site. Proteins are represented as protein_ID, (accession number) protein name  
based on the SwissProt database. This table can be found on the supplementary CD-rom 
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The use of a phosphorylation-specific mass spectrometric method (20) 
further aided the analysis of phosphorylated peptides. Prior to, and 30 minutes 
after DNA damage induction over 100 phosphopeptides were found, covering 
about 90 unique sites from 60 proteins (see Supplementary Table 2). The 
majority of the phosphorylated peptides was found in both nuclear extracts 
indicating that these sites are not significantly regulated in response to DNA DSB 
induction. More interesting, several ‘unique’ (induced after DNA damage 
induction) phosphopeptides were identified that may provide insight into the 
regulatory mechanisms of particular histone chaperones in the onset of the DNA 
damage response. A summary of ‘unique’ phosphopeptides is given in Table 2. As 
not all of phosphorylation sites given in Table 2 have been described before, a 
kinase consensus site prediction was performed to find possible kinase(s) for 
these sites, which are given in Table 2.  
 

An example of DNA damage-induced phosphorylation is shown in Figure 5. 
This figure illustrates the relative change of a phosphorylated peptide from the 
structure-specific recognition protein 1 (SSRP1) compared to a co-eluting peptide 
of the Treacle protein (TCOF1) that did not change in abundance upon DNA DSB 
induction and this may be used as an internal standard. The fragmentation 
spectrum revealed that SSRP1 was phosphorylated on serine-444. This serine lies 
within a consensus sequence for casein kinase 2 (CK2, DpSD) embedded in the 
aspartate/glutamate-rich acidic domain of the protein.  
 

In addition to serine-444 of SSRP1, two phosphorylation sites on CHD1 in 
a single tryptic peptide (serine-1096 and –1098), as well as serine-576 of scaffold 
attachment factor B1 (SAFB1) were found to be phosphorylated upon DNA DSB 
induction. Apparent DSB-induced phosphatase activity was detected as well: sites 
in the abundant nuclear phosphoproteins nucleolin and nucleophosmin, in 
addition to the acetylated N-terminal part of nucleosome assembly protein 1-like 
4 (NAP-2) were dephosphorylated upon DNA DSB induction.  
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DISCUSSION 
Pull-down of core histone N-terminal tail binding proteins using affinity 
proteomics 
 Our study represents the first proteomic survey of the broad spectrum of 
interactions between proteins from a human nuclear lysate and the N-terminal 
tails (NTT) of core histones in nucleosomes. As can be seen both in Table 1 and 
Supplementary Table 1, many proteins that are known to interact with core 
histones were enriched through this approach thereby validating the set-up of 
our model system. Generally, domains in proteins that bind to histones within 
chromatin contain stretches of acidic amino acids (aspartic and glutamic acid) 
and those are present in many of the identified proteins. We also observed 
proteins that were most likely enriched via indirect association with the histone 
NTT peptide, since they are part of functional protein complexes of which only 
one constituent is known to interact with histone NTTs. This is illustrated by the 
identification of Ku80 that lacks an acidic histone-binding domain and was 
probably enriched indirectly through a physical interaction with Ku70. The dimer 
with Ku70, which contains two aspartate/glutamate-rich regions, is involved in 
the recognition of DNA lesions (22).  
 As illustrated by the 1D-PAGE image (shown in Figure 2) and the more 
comprehensive gel-free analysis, few qualitative differences were found in the 
protein sets enriched from control cells and cells in which DNA DSBs were 
induced. It is unlikely that these differences are a result of changes in protein 
expression within the time frame of the experiment (30 minutes), since 
transcription and translation are believed to take longer in higher eukaryotes. 
Therefore we expected that proteins uniquely identified either before or after 
DNA damage induction shuttle from, or are recruited to, the nucleus upon DNA 
damage induction. The marginal, though possibly interesting, contribution of 
shuttling to chromatin remodelling processes is not further discussed here.  
 
Several proteins involved in chromatin remodelling are phosphorylated upon 
DNA damage induction 

To enable a fast cellular response, the subset of proteins that binds to 
core histone NTTs on nucleosomes can be post-translationally modified, e.g. 
phosphorylated, in the early onset of the DNA damage response. This was found 
for several histone chaperones, such as the structure-specific recognition protein 
1 on serine-444 (see Figure 5). The role of this identified phosphorylation site on 
SSRP1, which lies within a consensus sequence for casein kinase 2 (CK2, DpSD), is 
still unknown. Interestingly, other CK2-phosphorylation sites on SSRP1 have been 
related to UV-induced DNA damage induction, resulting in phosphorylation of 
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serine-510, -675 and -688 (23,24). The latter sites were stated not to be 
phosphorylated upon irradiation with γ-radiation, suggesting different regulatory 
mechanisms upon induction of different types of DNA damage (base oxidation and 
double strand DNA breaks resulting from UV- and γ-radiation, respectively). This 
is in line with our results, as these phosphorylation sites were indeed not 
detected here, which suggests that serine-444 phosphorylation is specific for the 
response to DNA DSBs.  

In addition, two phosphorylation sites on the chromodomain-helicase-
DNA-binding protein 1 (CHD1) were uniquely identified upon DNA DSB induction. 
Systematic mass spectrometric analysis, using MS2 and MS3, revealed that serine-
1096 and serine-1098 within the same tryptic peptide, were the sites of 
phosphorylation. The peptide was found both singly and double phosphorylated. 
Not much has been reported about the effect of phosphorylation on the 
functioning of CHD1; therefore the potentially interesting role of phosphorylation 
on two sites upon DSB induction remains to be established. Scaffold attachment 
factor B1 (SAFB1) was found to become phosphorylated upon DNA damage 
induction on serine residue 576. This protein is responsible for the formation of a 
transcriptome complex by binding to S/MAR (scaffold/matrix attachment region) 
DNA.  

The identified phosphorylation site lies within the part of the protein 
that both contains the nuclear localization signal and interacts with RNA 
polymerase II, indicating that this modification either regulates the cellular 
localization and/or the interaction with RNA polymerase II, thereby possibly 
repressing transcription in response to DNA damage induction. It is known that 
phosphorylation can greatly influence the activity of proteins and/or is a trigger 
for (the disruption of) specific protein-protein interactions. An example of such 
activation reported previously is the recruitment of phosphorylated chromatin 
assembly factor 1 (CAF1) to chromatin after UV irradiation of human cells, 
thereby linking chromatin assembly and DNA repair (25). 
 
DNA damage-induced phosphatase activity detected on histone-interacting 
proteins  

In addition to the DNA-damage-induced increase in phosphorylation, DNA 
damage specific decreases in phosphorylation were also detected: a number of 
phosphorylated peptides were only found in their phosphorylated forms in the 
lysates from control cells. An example of such a peptide is the acetylated N-
terminal tryptic peptide (phosphorylated on serine-4) from NAP-2 that was found 
to be dephosphoryled upon DNA damage induction. Phosphorylation of this 
protein throughout the cell cycle was studied (26) and this showed that 
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dephosphorylation of NAP-2 triggers its transport into the nucleus. This however 
did not influence the binding of NAP-2 to histones, as was also found in this 
study. The protein was shown to be part of several multi-protein complexes 
together with for example histone H1 and CK2 or with DNA topoisomerase I (27), 
suggesting it is involved in several processes other than nucleosome assembly. 
NAP-2 is phosphorylated by CK2, but the phosphatase responsible for the 
dephosphorylation of this protein is not known.  
 
Histone chaperones take part in multiple remodelling complexes enabling 
interplay between DNA-related processes. 

In the affinity purification described here, primary interactions are 
expected to take place between stretches of acidic amino acids that occur in 
proteins and the basic amino acids present in the immobilized NTT peptide. This 
largely explains the binding of for instance SSRP1, SAFB1, NAP-2 and the β-
subunit of CK2. 

Other subunits of CK2 identified here, α and α’, are probably enriched 
indirectly (whilst they are bound to subunit β). CK2 has not only been described 
to associate with nucleosomes during transcription (28) but was also reported to 
be involved in the DNA damage response by phosphorylating Mdm2 (29)  

In our study, SSRP1 was found to be phosphorylated upon DNA damage 
induction on a serine that lies within a CK2 consensus sequence. SSRP1 has been 
reported to be a constituent of a multi-protein complex as is illustrated in Figure 
6, containing CK2 that specifically phosphorylates serine-392 of p53 in response 
to DNA damage (30,31). Moreover as can be seen in Figure 6, SSRP1 has been 
described to be part of another complex, named FACT (facilitates chromatin 
transcription) that is involved in transcriptional regulation (32). This implicates a 
link between transcription and DNA repair via chromatin remodelling activities 
and is concomitant with previous reports on the involvement of histone 
chaperones in a variety of processes involving DNA, especially transcriptional 
regulation and DNA repair (33-35). 
 

The enrichment of CHD1 through interaction with the NTT peptide is 
unexpected, since this protein does not contain acidic stretches. It does contain 
two chromodomains, which have been described to recognize methylated 
residues in histone NTTs (36). The fact that CHD1 was detected in both pull-down 
experiments indicates that the interaction is not influenced by the 
phosphorylation of serines 1096 and 1098. Nevertheless, this modification might 
recruit other proteins to this large histone chaperone and/or possibly triggers the 
formation of multi-protein complexes. The protein has not been related to the 
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DNA damage response, but it is clear that in transcriptional regulation CHD1 is 
preferentially located at active, decompacted regions in chromatin (37), which 
suggest that this protein helps to maintain chromatin in an open state. This is, of 
course, also highly favourable for the efficiency of DNA repair. Intriguingly, 
SSRP1 as well as SAFB1 have been described to interact with CHD1 (see Figure 6) 
and it is tempting to assume that these interactions are regulated by 
phosphorylation of CHD1. The interaction of CHD1 with SSRP1 occurs via an N-
terminal segment of CHD1 that lies outside its chromodomain, but its exact 
function remains unknown (38). Yeast two-hybrid experiments conducted to 
reveal RNA polymerase II elongation factors yielded an interaction between CK2, 
SSRP1, hSPT16 and CHD1 (39). Finally, the interplay between SAFB1 and CHD1 
was described to affect RNA splicing (40). 

Figure 6. Schematic representation of the interplay between histone chaperones that were 
differentially phosphorylated upon DNA damage induction. Several of the histone-binding proteins 
identified here, are known to be part of several protein complexes that act at several levels of 
chromatin remodelling and in various pathways, thereby coordinating DNA-related processes. This 
enables the integration of transcription, RNA splicing and DNA repair. Lines between proteins 
indicate that these are part of the same protein complex, and different types of lines resemble 
different protein complexes. CK2: casein kinase 2; CHD1: chromodomain-helicase-DNA-binding 
protein 1; SSRP1: structure-specific recognition protein 1; SAFB1: scaffold attachment factor B1, 
SPT16 (resembled by a circle with a dotted line because this protein was not found in our study): 
human ortholog of yeast suppressor of Ty insertion mutations. 
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CONCLUSIONS 
Taken together, the results of our affinity proteomics approach show 

that most histone chaperones involved in chromatin remodelling are 
constitutively present in the nucleus both prior to and after DNA damage 
induction. When remodelling is required, for example to allow DNA replication or 
transcription, specific histone chaperones are recruited to chromatin, which is 
triggered by post-translational modifications, such as phosphorylation. This was 
also shown for chaperones in the response to DNA damage: phosphorylation sites 
on SSRP1, CHD1 and SAFB1 were specifically found upon induction of DNA DSBs. 
These proteins have previously been described to be part of several protein 
complexes involved in multiple DNA-related processes of which an overview is 
given in Figure 6. Additionally, dephosphorylated sites were identified in histone 
chaperones, such as the nuclear phosphoproteins nucleolin and nucleophosmin as 
well as in NAP-2. The exact function of these modifications remains to be 
elucidated. We postulate that these post-translational modifications fulfil a role 
in the response to DNA DSBs at the level of chromatin remodelling preceding DNA 
repair, for example by disrupting or inducing protein-protein interactions on the 
core histone N-terminal tail platform. 

Our approach provides an overview of histone N-terminal tail interacting 
proteins. Even though we find our approach to be highly sensitive in enrichment, 
it compromises specificity induced by specific histone sequences and/or post-
translational modifications. Our data provides new insights into events that occur 
immediately upon DNA DSB induction featuring protein networks at the cross 
roads of nucleosome assembly, DNA replication, transcription and repair. 
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The genome, which holds all genetic information necessary for cellular 
functioning, is constantly challenged by exogenous and endogenous factors that 
can induce DNA damage. Multiple types of damage, such as strand cross-links and 
single strand DNA breaks, can threaten the viability of the cell and need to be 
detected and taken care of properly. Therefore, the cell is equipped with a 
number of mechanisms to detect and repair DNA damage and thereby prevent 
cell death. Even though the most severe type of damage, the DNA double strand 
break (DSB), also occurs during ‘normal’ cellular processes, like V(D)J 
recombination, it can have dramatic effects when remaining unrepaired. 
Although much is known about the role of proteins and protein complexes in the 
response to DNA DSBs, a comprehensive overview of all events occurring at the 
protein level upon DSB induction has never been reported. Proteomics, which is 
the analysis of the protein complement of the genome that is present in a cell at 
a certain moment in time, is ideally suited to bring this about. The aim of the 
work described in this thesis was to study the response of human lymphoblastoid 
cell lines to DNA DSB induction using different proteomics techniques. DSBs were 
induced using bleomycin, which is a radiomimetic compound that acts similarly 
to ionizing radiation and induces DNA double strand breaks. 

Mapping of cellular events at the proteome level, such as the response to 
DNA double strand breaks, requires methods that allow accurate and 
reproducible quantitation of protein expression levels in complex biological 
systems. These should not only enable the study of large changes in expression 
levels, but also permit the precise determination of small changes both for high 
abundant proteins and proteins at low concentration that can be responsible for 
subtle, but potentially important, changes in protein activity. Currently, one of 
the most accurate methods to accomplish this in quantitative proteomics is 
through the incorporation of stable isotopes (such as 13C or 15N) into proteins 
during cell growth. This however, is not applicable to all types of cells and 
organisms and therefore alternative methods for protein quantitation have been 
developed. We compared such a relatively new, alternative 2D gel-based 
quantitation method: two-dimensional difference in-gel electrophoresis (2D-
DiGE), to metabolic stable isotope labeling. For this direct comparison, discussed 
in Chapter 2, yeast (Saccharomyces cerevisiae) was grown in chemostat cultures 
under two nutrient limiting conditions, i.e. nitrogen- and carbon-limited, with 
either 14N or 15N as sole nitrogen source. This resulted in the incorporation of 14N 
or 15N nitrogen in all proteins, allowing mass spectrometry-based quantitation of 
protein expression levels. After extraction, proteins from the individual samples 
were labelled with fluorescent CyDyes, Cy3 or Cy5. The third dye available, Cy2, 
was used to label an internal standard consisting of equal amounts of both 
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samples. Following mixing of the doubly labeled samples, proteins were 
separated using 2D gel electrophoresis and protein expression levels were 
determined, using both a fluorescence scanner in combination with image 
analysis software and tryptic digestion combined with MALDI peptide mass 
fingerprinting. In-depth analysis of a characteristic set of proteins covering low 
and high molecular weight, acidic and basic pI’s as well as protein isoforms, 
showed that both methods provide comparable results with excellent correlation 
when expression ratios are between -3.0 and 3.0. Outside this range, differences 
in background correction/signal-to-noise determination of the detection methods 
cause a deviation in quantitation of expression levels.  

Subsequently as pointed out in Chapter 3, fluorescent labeling of 
proteins and 2D-DiGE was applied to the investigation of both the fast and more 
prolonged effects of bleomycin-induced DNA DSBs on the nuclear proteome of 
human lymphoblastoid cell lines. Firstly, this large-scale proteomic study 
emphasized the importance of accounting for genetic variation when working 
with human cell lines: inclusion of at least 9 human cell lines showed to provide 
consistent results in which experimental and biological variation could be 
distinguished. Secondly, it confirmed that labeling of protein samples with 
fluorescent CyDyes allows accurate quantitation of events in the response to DNA 
DSBs, as was illustrated by the regulation found for proteins known to be 
involved in the DNA damage response. Examples of the latter are Ku70 and HMG1 
that are involved in the detection of DNA lesions and DNA repair, respectively. 
Interestingly, the nuclear levels of three proteins, which are known to form the 
inhibitor of acetyltransferase (INHAT) complex involved in transcriptional 
regulation through coordination of chromatin remodelling by binding to core 
histone N-terminal tails, were found to decrease rapidly upon DNA DSB induction. 
The interactions of these proteins with core histone N-terminal tails were further 
studied using an immobilized consensus peptide. This not only showed that INHAT 
proteins could be enriched using this approach, but also that binding of the 
proteins was strongly reduced upon acetylation of lysines in the consensus 
peptide. As it is known that acetylation of lysines (together with post-
translational modifications on other amino acid residues) in core histone N-
terminal tails opens up chromatin structure, allowing DNA repair enzymes access 
to the damaged DNA, our results suggest a role for the INHAT complex in 
chromatin remodelling events that precede DNA repair very similar to its role in 
transcriptional regulation that has been described by Seo, et al (1).  

Of the lymphoblastoid cell lines derived from 14 individuals used in the 
study described, seven show a so-called hypersensitive phenotype. This means 
they are hypersensitive towards DNA damage induction, which is reflected by a 
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relatively high number of DNA double strand breaks per cell upon treatment with 
bleomycin. Since the underlying mechanisms for this decreased genome stability 
are unknown, we attempted to gain insight into the way these cells cope with 
DNA damage, which is described in Chapter 4. This revealed differences in 
nuclear protein levels between the normal and the hypersensitive cell lines 
before and after induction of DNA DSBs with bleomycin. Proteins of interest could 
be categorized either as significantly higher in the normal cell lines, significantly 
higher in the hypersensitive cell lines or showing a significant interaction 
between time (after DNA damage induction) and phenotype. Among these were 
high mobility group protein 2 (HMG2), of which homologues in yeast were 
recently described to be involved in genome protection (2), as well as the DNA 
damage sensor protein Ku80, the acidic leucine-rich nuclear phosphoprotein 32A, 
a constituent of the INHAT complex and Ras-family protein Rap1B. The latter was 
reported to be involved in squamous carcinomas, which, together with the 
regulation differences of other proteins, provides an interesting starting point for 
additional research on the mechanisms underlying the increased cellular 
sensitivity towards bleomycin-induced DNA damage in cells with a hypersensitive 
phenotype. Interestingly, some of the proteins that were found to be specific for 
the phenotypes are also involved in the DNA damage response in general, as 
reported in Chapter 3. A member of the INHAT complex, pp32A, for example, 
showed significant higher expression levels in cells with a hypersensitive 
phenotype. This suggests that differences in regulation of chromatin structure 
can influence cellular sensitivity towards DNA damage induction.  

In the tight regulation of the fast response to DNA DSBs mentioned 
before, protein phosphorylation plays a crucial role. A number of kinases and 
phosphatases that take part in complex signal transduction pathways of the DNA 
damage response can put on, or take off, phosphate groups from proteins 
thereby greatly influencing protein activity. To study this, a method was 
developed for the specific enrichment of serine- and threonine-phosphorylated 
peptides from tryptic digests, which is described in Chapter 5. This method is 
based on the base-catalysed β-elimination of phosphate from a serine- or 
threonine-phosphorylated peptide, which results in the formation of a reactive α, 
β-unsaturated amino acid that is susceptible to nucleophilic attack. After 
optimisation of the elimination reaction using single amino acids and tripeptides, 
this reaction was exploited for the subsequent addition of a dithiol 
(ethanedithiol) and a custom made probe molecule consisting of four modules, to 
a synthetic phosphorylated octapeptide. The use of functionally different 
modules first of all allowed coupling of the probe molecule to the previously 
phosphorylated peptide. Secondly, it enabled specific enrichment of the labeled 
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peptide using the biotin-avidin affinity couple. Thirdly, to circumvent the 
negative influences of a biotin moiety on mass spectrometric analysis, an acid-
labile linker was built into the probe that allowed recovery of the labelled 
peptide from the avidin. Finally, a linker in which stable isotopes, such as 2H and 
13C could be inserted was included in the probe. We were able to enrich a 
phosphopeptide from a mixture of synthetic peptides that resembled a tryptic 
protein digest and on top of that, the site of phosphorylation could be retrieved 
from the fragmentation spectrum of the labelled peptide. Even though our 
method provided chemical specificity, it also uncovered some weaknesses of the 
approach, such as a rather low reaction efficiency leading to low sensitivity. 
Since the chemical approach chosen here requires multiple steps, optimisation of 
the individual reactions is of utmost importance. Therefore, alternatives are 
being developed for the individual constituents of the multi-component probe. A 
solid-phase purification strategy, for example, could be implemented (instead of 
a biotin moiety) by synthesizing the probe on a functionalised resin. In this way, 
problems associated with biotin-avidin based purification methods are 
circumvented. To meet requirements for accurate quantitation of 
phosphorylation evens, the linker part within the probe molecule described in 
Chapter 5 could be replaced by a leucine analogue. This allows labeling of the 
probe molecule with stable isotopes by incorporation of either a ‘light’ or a 
‘heavy’ (6*13C) leucine building block, which is more convenient compared to the 
reduction of certain structures with deuterated reagents to introduce 2H atoms, 
as suggested previously. In addition to the larger, more suitable, mass 
difference, stable isotopes such as 13C and 15N also have advantages over 2H, 
especially when considering liquid chromatography based analyses, since 
deuterated compounds tend to show different chromatographic behaviour, which 
is a problem in quantitative proteomics. Even though some of the alternatives 
suggested here have been partially implemented in phosphoproteomics studies 
(3,4), follow-ups on such studies have proven to be very rare, indicating that this 
apparently is no guarantee for success. 

Finally in Chapter 6 the study of DNA DSB-induced changes in the sub-
proteome of histone-binding proteins is described that uses the immobilized core 
histone N-terminal tail consensus peptide introduced in Chapter 3. The 
importance of chromatin remodelling in the onset of DNA repair was already 
pointed out in Chapter 3. Despite the rapid increase in interest in the role of 
chromatin remodelling in the DNA damage response, not much is known about 
the exact mechanisms through which for example histone variants are deposited 
into nucleosomes near damage sites or how interaction between proteins and 
core histone N-terminal tails regulate chromatin dynamics. Our study of the 
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differential interactions between proteins and an unmodified core histone N-
terminal tail consensus peptide showed that many of the histone chaperones 
(proteins that interact with histone N-terminal tails and thereby regulate 
chromatin remodelling) are mostly constitutively present in the nucleus and are 
only post-translationally modified, e.g. phosphorylated or dephosphorylated, 
when remodelling activities are required, like in response to DNA DSBs. This was 
shown for a number of proteins, such as structure-specific recogntion protein 1, 
chromodomain-helicase-DNA-binding protein 1 and scaffold attachment factor B1 
that were found to be phosphorylated after DNA damage induction. 
Nucleophosmin and nucleosome assembly protein 1-like 4 are examples of 
proteins that were dephosphorylated after DNA damage induction. This gel-free 
multidimensional chromatography FT-ICR-MSn approach yields reproducible 
quantitation results when using the Mascot score as a semi-quantitative measure. 
Our affinity proteomics approach was shown to be highly sensitive and to enrich 
for a clear subset of proteins. Still it compromises specificity when concerning 
the vast amount of post-translational modifications that has been reported to 
occur on histone N-terminal (and C-terminal) tails. Specific (combinations) of 
modifications also referred to as the ‘histone code’ can be a trigger for the 
formation or disruption of specific histone-protein interactions. It will be 
interesting to establish a library of specifically modified core histone N-terminal 
tail sequences could provide insight into the effects of certain modifications on 
the regulation of DNA-related events. 

Some of the histone chaperones identified in our study have been 
described to take part in multiple remodelling complexes and the results of our 
affinity-based proteomics experiment focuses on some complex features of 
numeral protein networks at the cross roads of nucleosome assembly, DNA 
replication, transcription and repair.  

Taken together, the work described in this thesis highlights the strength 
of (quantitative) proteomics when analysing complex cellular mechanisms in 
which numerous proteins take part in multiple pathways, such as the response to 
DNA double strand breaks. It shows that proper experimental design allows the 
study of complex phenomena to in human cell lines that are known to exhibit 
considerable intrinsic variation.  It is known that cells respond to DNA damage by 
arresting the cell cycle and starting up DNA repair. We found that even earlier 
events are required to open up the condensed structure of chromatin in which 
DNA is stored in the nucleus. These chromatin remodelling events that are 
regulated by post-translational modifications, such as protein phosphorylation, 
enable damaged DNA to be repaired in chromatin that is condensed when stored 
in the nucleus. The proteomics studies conducted here emphasize the 
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importance of protein post-translational modifications and relocalization in the 
regulation of cellular events. 
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Het menselijk lichaam is opgebouwd uit vele miljarden cellen. Deze 
cellen bevatten onder andere DNA waarop informatie staat opgeslagen die nodig 
is voor het correct functioneren van een cel. Al het DNA in een cel wordt ook wel 
het genoom genoemd en is in feite een aaneenschakeling van blauwdrukken voor 
duizenden eiwitten. Eiwitten zijn moleculen die alle processen in de cel, zoals 
bijvoorbeeld energieproductie en afbraak van afvalstoffen, uitvoeren. 
Afhankelijk van de informatie die van het DNA wordt afgelezen -en dus van de 
eiwitten die aangemaakt worden-, specialiseert een cel zich tot bijvoorbeeld een 
spier-, zenuw- of huidcel. De meeste cellen delen voortdurend om zo het weefsel 
waar ze deel vanuit maken te laten groeien en/of gezond te houden. Tijdens het 
delingsproces is het van vitaal belang dat de informatie die op het DNA 
opgeslagen ligt in zijn geheel en op de juiste manier wordt overgedragen op de 
dochtercel. De structuur van DNA wordt echter voortdurend aangetast door 
moleculen in cellen die beschadigingen kunnen veroorzaken. Deze moleculen 
kunnen enerzijds afkomstig zijn van de chemische reacties die tijdens allerhande 
processen in de cel plaatsvinden en anderzijds van buiten de cel binnendringen. 
Voorbeelden van de laatste categorie zijn: componenten uit tabaksrook of uit 
voeding, zoals acrylamide (in chips en friet) en alcohol. Deze stoffen kunnen een 
scala aan DNA-beschadigingen veroorzaken, zoals cross-links in DNA-ketens en 
enkelstrengs DNA-breuken, die het correct aflezen van DNA belemmeren en 
daarbij het voortbestaan van een cel kunnen bedreigen. Daarom moeten ze op 
tijd opgemerkt, en vervolgens op adequate wijze verholpen worden. Hiertoe is 
de cel uitgerust met een arsenaal aan mechanismen die in staat zijn DNA- schade 
te detecteren en te repareren, en zo celdood te voorkomen. Hoewel de meest 
ernstige vorm van DNA-schade, de dubbelstrengs breuk, ook noodzakelijk is voor 
bepaalde normale cellulaire processen zoals productie van antilichamen, kan het 
dramatische gevolgen hebben wanneer de controle erover verloren gaat. 
Ofschoon er veel bekend is over hoe cellen reageren op DNA dubbelstrengs 
breuken, is een totaaloverzicht van alle gevolgen die dit type schade op cellulair 
niveau kan veroorzaken nog nooit beschreven.  

Eiwitten spelen ook een bepalende rol bij het detecteren en repareren 
van DNA-schade. Daarom kan de analyse van het complement van alle door het 
genoom geproduceerde eiwitten, ook wel het proteoom (proteïne + genoom) 
genoemd, inzicht verschaffen in deze gebeurtenissen. Het doel van het hier 
beschreven werk is dan ook om de respons van humane cellijnen op inductie van 
DNA dubbelstrengs breuken te bestuderen met behulp van verscheidene 
technieken binnen proteomics onderzoeken. Om DNA-schade te induceren is 
bleomycine, een chemische stof die dubbelstrengs breuken veroorzaakt, 
gebruikt.  
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Een belangrijke analytische techniek in proteomics onderzoek is 
massaspectrometrie. Hiermee kan het molecuulgewicht van allerhande 
moleculen, waaronder eiwitten, bepaald worden. Met behulp van deze massa-
informatie kan de identiteit van een eiwit vastgesteld worden, wat een sleutel 
kan zijn tot een biologisch proces. Het in kaart brengen van cellulaire 
gebeurtenissen, zoals de reactie op dubbelstrengs breuken, vereist methoden die 
de nauwkeurig en reproduceerbaar de hoeveelheid aangemaakte eiwitten, het 
zogeheten eiwit expressieniveau, in een complex biologisch mengsel kunnen 
bepalen. Zo kan vastgesteld worden welke eiwitten meer, of juist minder, 
aanwezig zijn in cellen als gevolg van bepaalde biologische verandering, zoals 
DNA-schade-inductie. De methoden moeten niet alleen in staat zijn grote 
(‘aan/uit’) verschillen te meten, maar juist ook nauwkeurig kleine veranderingen 
in eiwitniveaus kunnen bepalen die vaak, hoe subtiel ook, belangrijke 
veranderingen in activiteit van eiwitnetwerken kunnen bewerkstelligen. 

Eén van de meest nauwkeurige methoden om eiwit expressieniveaus te 
meten is het labelen van eiwitten met stabiele isotopen tijdens het groeien van 
cellen of organismen. Dit zijn ‘zware’ varianten van de atomen waaruit eiwitten 
normaal gesproken zijn opgebouwd. Zo kunnen 13-koolstof (13C) en 15-stikstof 
(15N) gebruikt worden in plaats van 12-koolstof en 14-stikstof. De isotopen 
beïnvloeden de structuur en de functie van het eiwit niet, maar kunnen wel 
gebruikt worden voor de kwantificering van eiwit expressieniveaus met behulp 
van massaspectrometrische technieken omdat door incorporatie van stabiele 
isotopen deze eiwitten zwaarder (1 massa eenheid per ingebouwd koolstof- of 
stikstofatoom) wegen dan de gewone eiwitten. Omdat het gebruik van ‘zware 
atomen’ zich niet leent voor gebruik in alle typen cellen en organismen zijn er 
alternatieve methodes voor de kwantificering van eiwit expressieniveaus 
ontwikkeld. Hoofdstuk 2 beschrijft de resultaten van het experiment waarin we 
de kwaliteiten van de gevestigde (stabiele isotoop-)methode vergeleken hebben 
met die van een relatief nieuwe, meer algemene methode die gebaseerd is op 
labeling van eiwitten met een (fluorescente) kleurstof: difference in-gel 
electrophoresis (2D-DiGE). Hiervoor is bakkersgist (Saccharomyces cerevisiae) 
gegroeid in chemostat culturen onder twee verschillende nutriënt-limiterende 
condities: zowel stikstof- als koolstoflimitering. Daarbij werd ofwel 14N of 15N als 
enige stikstofbron gebruikt, wat volledige incorporatie van deze isotopen in alle 
gist-eiwitten tot gevolg had en dus een direct vergelijk van beide condities 
mogelijk maakte. Na extractie van eiwitten uit de gistcellen werden ze ook nog 
gelabeld met de fluorescente labels (CyDyes), Cy3 of Cy5. Het derde fluorescente 
label, Cy2, is gebruikt om een interne standaard te labelen. Deze standaard 
bestaat uit gelijke hoeveelheden van beide monsters en kan gebruikt worden om 
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te corrigeren voor kleine experimentele verschillen waardoor de resultaten 
betrouwbaarder worden.  

Na het mengen van de dubbel-gelabelde monsters, zijn de eiwitten in dit 
mengsel gescheiden met behulp van 2D gel electroforese zodat ze individueel 
bestudeerd kunnen worden. Vervolgens zijn de eiwitexpressieniveaus in beide 
monsters bepaald: enerzijds met behulp van een fluorescentie scanner en image 
analyse software (voor de fluorescente labels) en anderzijds met behulp van 
tryptische digestie en MALDI massaspectrometrie (voor de stabiele isotopen). 
Analyse van een karakteristieke set eiwitten met uiteenlopende eigenschappen 
toonde aan dat beide kwantificeringsmethoden vergelijkbare resultaten 
opleverden die prachtig correleren zo lang de expressie ratio’s 3 keer toe- of 
afnamen. Daarbuiten liepen de resultaten van beide methoden uiteen omdat hier 
verschillen in het bepalen van de ruis, en dus ook de signaal/ruis-verhouding, 
optraden.  

In Hoofdstuk 3 worden de resultaten beschreven van de toepassing van 
de fluorescente labeling van eiwitten en 2D-DiGE om zowel korte- als 
langeretermijn effecten te bestuderen van bleomycine-geïnduceerde DNA 
dubbelstrengs breuken op het proteoom in de kern van humane cellijnen. Deze, 
voor proteomics begrippen grootschalige, studie benadrukte enerzijds hoe 
belangrijk het is om rekening te houden met de genetische variatie die bestaat in 
humane cellijnen. Omdat mensen intrinsiek verschillen, verschillen hun cellen 
qua typen en hoeveelheden eiwit ook, onafhankelijk van DNA-schade-inductie. 
Het bleek dat wanneer minstens 9 cellijnen in de analyse werden betrokken, de 
resultaten consistent waren en dat experimentele en genetische variatie 
onderscheiden konden worden. Anderzijds bevestigden de gevonden reguleringen 
(=veranderingen in hoeveelheden eiwit) voor eiwitten waarvan bekend is dat ze 
een rol spelen in de DNA-schaderespons, zoals Ku70 en HMG1, dat fluorescente 
eiwit-labeling nauwkeurige kwantificering van veranderingen in 
eiwitexpressieniveaus als gevolg van dubbelstrengs DNA-breuken mogelijk 
maakte. Erg interessant is de gevonden regulering voor drie eiwitten die samen 
het INHAT complex vormen. Dit eiwitcomplex is betrokken bij het aflezen van 
DNA doordat het de DNA-structuur kan beïnvloeden via binding aan het N-
terminale deel van histonen. Histonen zijn speciale eiwitten die een soort 
spoelen vormen waaromheen DNA gewonden zit, zodat het makkelijk kan worden 
opgeslagen in de cel. De hoeveelheid van de INHAT eiwitten nam na inductie van 
dubbelstrengs DNA-breuken snel af, wat een rol voor dit eiwit in de DNA-
schaderespons suggereert. Om de interacties van deze eiwitten met het N-
terminale deel van histonen verder te bestuderen werd een stuk van een histon 
N-terminus nagemaakt en op een vaste drager geïmmobiliseerd zodat hier 
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vervolgens mee gekeken kon worden welke eiwitten specifiek aan dit stuk eiwit 
binden. Dit experiment toonde niet alleen binding van de INHAT eiwitten aan dit 
peptide aan, maar liet ook zien dat deze interactie volledig verstoord wordt door 
post-translationele (chemische) modificaties op het peptide, zoals acetylering 
van lysine residuen. Het is bekend dat zo’n chemische verandering de structuur 
van het DNA kan openen. Dit verschaft enzymen die betrokken zijn bij het 
repareren van DNA-schade vervolgens toegang tot het beschadigde DNA. Onze 
resultaten suggereren dat het INHAT complex hierbij een rol speelt, zoals het dat 
ook doet bij het openen van de DNA-structuur voorafgaand aan transcriptie. 

Van de 14 door ons in bovenstaande studie gebruikte cellijnen zijn er 
zeven afkomstig van mensen met een zogenoemd ‘hypergevoelig’ fenotype. Dat 
betekent dat de cellen van deze mensen veel gevoeliger zijn voor DNA-schade 
inductie dan normale cellen. Dit komt tot uiting in een relatief hoog aantal 
dubbelstrengs breuken in het DNA per cel na behandeling met bleomycine. In de 
praktijk betekent dit dat de personen van wie deze cellen afkomstig zijn een 
hogere kans hebben op het ontwikkelen van kanker in het algemeen. Dit neemt 
bovendien verder toe wanneer zij roken en/of alcohol drinken. Omdat de 
oorzaak voor deze hypergevoeligheid niet bekend is, hebben wij geprobeerd 
inzicht te krijgen in de mechanismen die ten grondslag liggen aan de reactie van 
beide typen cellen op DNA-schade. Hiervoor is de dataset, beschreven in 
Hoofdstuk 3, met behulp van andere statistische methoden, verder geanalyseerd. 
Dit zou verschillen in expressieniveaus van bepaalde eiwitten aan kunnen tonen 
tussen de hypergevoelige en de normale cellijnen voor en na inductie van 
dubbelstrengs DNA-breuken. Potentieel interessante eiwitten konden in drie 
categorieën ingedeeld worden: 1) eiwitten die significant hoger tot expressie 
komen in normale cellijnen, 2) eiwitten die significant hoger tot expressie komen 
in de hypergevoelige cellijnen of 3) eiwitten die een significante interactie 
vertonen tussen tijd (na bleomycine inductie) en fenotype. Een voorbeeld uit de 
eerste categorie is Ku80, een eiwit betrokken bij DNA-schadeherkenning. Acidic 
leucine-rich nuclear phosphoprotein 32A, dat deel uitmaakt van het INHAT 
complex en een eiwit uit de Ras-familie: Rap1B. zijn voorbeelden uit de tweede 
categorie. Van Rap1B is bekend dat het een rol speelt bij het ontstaan van 
plaveiselcel-carcinoom. High mobility group protein 2 (HMG2), waarvan voor 
homologen in gist onlangs werd gevonden dat ze betrokken zijn bij bescherming 
van het genoom laat een interactie tussen tijd en celtype zien en valt daarom in 
categorie 3. Samen met informatie over de andere significant verschillende 
eiwitten, vormen deze data een startpunt voor verder onderzoek naar de 
onderliggende mechanismen die hypergevoeligheid in de gebruikte cellijnen 
veroorzaken. Een interessant gegeven ligt in het feit dat enkele van de in 
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Hoofdstuk 4 beschreven eiwitten die in expressieniveau verschillen tussen 
normale en hypergevoelige cellijnen, ook gereguleerd werden na DNA-schade 
inductie met bleomycine, zoals beschreven in Hoofdstuk 3. Een eiwit uit het 
eerder genoemde INHAT complex, pp32A bijvoorbeeld, vertoonde significant 
hogere expressieniveaus in cellen met een hypergevoelig fenotype. Dit impliceert 
dat verschillen in de regulering van chromatine structuur een bijdrage zouden 
kunnen leveren aan de gevoeligheid voor DNA-schade van bepaalde individuen.  

De eerder beschreven snelle veranderingen, onafhankelijk van verschillen 
in eiwitexpressieniveaus, die optreden in respons op dubbelstrengs DNA-breuken 
worden onder andere gereguleerd door kinases en fosfatases. Deze enzymen 
maken deel uit van complexe signaaltransductieroutes en zijn in staat 
aminozuren in eiwitten te voorzien, of te ontdoen, van een fosfaatgroep wat een 
groot effect op de activiteit van het betreffende eiwit kan hebben. Doordat 
meestal slechts een klein deel van de eiwitten een fosfaatgroep krijgt, is de 
analyse van deze eiwitten tussen alle andere eiwitten die geen fosfaatgroep 
dragen, meestal lastig. Daarom hebben we een methode ontwikkeld voor de 
specifieke verrijking van gefosforyleerde peptiden uit een complex mengsel. 
Deze methode, die gebruik maakt van de
fosfaat (fosforzuur) uit gefosforyleerde peptiden, is beschreven in Hoofdstuk 5. 

dat gemodificeerd kan via worden een zogeheten nucleofiele additiereactie. Na 
optimalisatie van de eliminatiereactieparameters met behulp van 
gefosforyleerde aminozuren en tripeptiden werd de reactie gebruikt om 
achtereenvolgens een dithiol (ethaandithiol) en een speciaal ontworpen probe 
molecuul aan een gefosforyleerd synthetisch octapeptide te koppelen. Dit probe 
molecuul dient als een vishaak waarmee voormalig gefosforyleerde peptiden 
specifiek opgezuiverd kunnen worden. Het biedt tevens de mogelijkheid tot het 
inbouwen van eerdergenoemde stabiele isotopen, zoals 2H en 13C, waarmee 
relatieve kwantificering van fosforylering mogelijk wordt. Met onze methode 
konden hoeveelheden van 1 nanomol synthetisch gefosforyleerd peptide specifiek 
verrijkt worden uit een mengsel van synthetische peptiden. Daarnaast kon met 
behulp van massaspectrometrische fragmentatie van het gelabelde peptide de 
precieze positie van de fosfaatgroep bepaald worden. Ondanks de chemische 
specificiteit van de ontwikkelde methode, werden enkele zwakke punten van een 
dergelijke benadering blootgelegd. Het lage rendement in de individuele reacties 
bijvoorbeeld beïnvloedt de gevoeligheid negatief waardoor een echte proteomics 
toepassing van de methode (nog) niet mogelijk is. Mogelijkerwijs is er met de 
implementatie van een aantal aanpassingen verbetering te halen. Hierbij kan 
bijvoorbeeld gedacht worden aan vervanging van de biotinegroep voor de 

base-gekatalyseerde β-eliminatie van

Uit de eliminatie-reactie wordt een reactief α, β-onverzadigd aminozuur gevormd
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affiniteitszuivering van het gelabelde peptide door een vaste drager die 
eenvoudiger uit het reactiemengsel gewonnen kan worden. Dit verkleint mogelijk 
de kans op aspecifieke binding van peptiden aan biotine en beperkt het aantal 
stappen dat nodig is voor de verrijking. Daarnaast zou voor koppeling aan de 
sulfhydrylgroep op het voormalig gefosforyleerd peptide gekozen kunnen worden 
voor een iodoacetyl-gefunctionaliseerde leucine analoog. De inbouw van zowel 
de ‘lichte’ als de ‘zware’ (13C/15N-gelabeld) leucine bouwstenen maakt relatieve 
kwantificering van fosforyleringen mogelijk. Het hiermee geïntroduceerde 
massaverschil is niet alleen groter dan dat in de eerdergenoemde probe, maar 
levert waarschijnlijk minder problemen op tijdens de analyse met behulp van 
vloeistofchromatografie, wat een belangrijke basis is voor een goede 
kwantitatieve vergelijking. Enkele van deze aanpassingen zijn reeds toegepast in 
gelijksoortige chemische proteomics toepassingen, maar het feit dat 
vervolgstudies op dit onderwerp vrij zeldzaam zijn, geeft aan dat ze niet 
automatisch een sleutel zijn tot succes. 

Tenslotte beschrijft Hoofdstuk 6 de analyse van door dubbelstrengs DNA-
breuken-geïnduceerde veranderingen in het subproteoom van eiwitten die binden 
aan het N-terminale deel van histonen en daardoor de toegankelijkheid van DNA 
kunnen bepalen. Deze groep van eiwitten is bestudeerd met behulp van het in 
Hoofdstuk 3 beschreven peptide. In Hoofdstuk 3 werd reeds melding gemaakt van 
het belang van structuurveranderingen in chromatine na inductie van 
dubbelstrengs DNA-breuken. Hoewel hier toenemende interesse voor is, is er nog 
maar weinig bekend over de meer precieze mechanismen die deze 
hermodelleringsactiviteiten reguleren. Zo is er steeds meer interesse in hoe 
interacties tussen specifieke eiwitten en het N-terminale deel van histonen in 
nucleosomen de structuur van chromatine kunnen coördineren. Met het 
experiment beschreven in Hoofdstuk 6 hebben we getracht hier een verbeterd 
inzicht in te krijgen. De analyse van differentiële interacties tussen eiwitten en 
het geïmmobiliseerde peptide (als gevolg van DNA-schade) toont aan dat veel van 
de bij chromatine hermodellering betrokken histon chaperones (dat zijn eiwitten 
die interacties aangaan met het N-terminale deel van histonen en zo de structuur 
van chromatine kunnen beïnvloeden) altijd in de kern aanwezig zijn en dat deze, 
indien nodig, post-translationeel gemodificeerd (bijvoorbeeld gefosforyleeerd of 
gedefosforyleerd) worden. Dit is het geval wanneer hermodellering van 
chromatine om reparatie van DNA mogelijk te maken, vereist is, zoals werd 
aangetoond voor structure-specific recognition protein 1, chromodomain-
helicase-DNA-binding protein 1 en scaffold attachment factor B1. Deze eiwitten 
werden specifiek gefosforyleerd na inductie van dubbelstrengs DNA-breuken. 
Nucleophosmin en nucleosome assembly protein 1-like 4 zijn twee voorbeelden 
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van eiwitten die gedefosforyleerd werden na DNA-schade-inductie. Van enkele 
van de gevonden histon chaperones is beschreven dat ze deel uitmaken van 
verschillende eiwitcomplexen en daarbij interacties aangaan met andere 
eiwitten. De resultaten van dit experiment stellen ons in staat de complexe 
eigenschappen van meerdere eiwitnetwerken die verschillende DNA-gerelateerde 
processen, zoals DNA-replicatie, transcriptie en reparatie met elkaar in verband 
brengen, te bestuderen. 

Kortom, het in dit proefschrift beschreven werk laat de toegevoegde 
waarde van proteomics onderzoek zien in de analyse van complexe cellulaire 
mechanismen waarin grote hoeveelheden verschillende eiwitten functioneren. De 
cellulaire respons op DNA-schade is een voorbeeld van een dergelijk mechanisme 
en we hebben laten zien dat dit soort studies met behulp van de juiste 
experimentele setup zelfs in humane cellijnen, waarvan bekend is dat ze 
intrinsiek al veel verschillen vertonen, uitgevoerd kunnen worden. Daaruit is 
gebleken dat vóór aanvang van  processen als cel cyclus regulatie en herstel van 
DNA-schade, nog eerdere acties vereist zijn, die ervoor zorgen dat beschadigd 
DNA gerepareerd kan worden zonder dat de gecondenseerde structuur van 
chromatine, waarin DNA wordt opgeslagen, daarbij tot last is. Tenslotte 
benadrukken de hier uitgevoerde proteomics experimenten nogmaals de invloed 
van post-translationele modificaties en relocalisatie van eiwitten in de regulering 
van cellulaire processen. 
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Omdat proteomics onderzoek zich afspeelt op het grensvlak van onder 
andere biochemie, biologie en analytische chemie kan het alleen goed uitgevoerd 
worden als ‘vraag en aanbod’ van de verschillende disciplines op elkaar aansluiten en 
als de juiste mensen bij elkaar gebracht worden. Dit is om mij heen gebeurd en 
daarom heb ik de afgelopen vier jaar met veel plezier aan mijn onderzoek kunnen 
werken. Hiervoor wil ik graag een aantal mensen bedanken. 
 

Allereerst mijn promotor Albert die, stevig aan het roer van de groep én het 
NPC, alles prima coördineert. Albert, de combinatie van het feit dat jij iets verder 
van mijn onderzoek afstond en je onuitputtelijke stroom ideeën leverde vaak nuttige 
en inspirerende discussies op. Bedankt voor je snelle correctiewerk en alle geboden 
mogelijkheden, inclusief die in mijn huidige post-doc baan binnen het NPC. 

Monique, als mijn co-promotor en dagelijkse begeleidster zette jij de 
samenwerking met het VU Medisch Centrum op die een belangrijke basis voor dit 
onderzoek is geweest. Bedankt daarvoor en voor de vakkundige manier waarop je me 
in het begin van het project bekend maakte met proteomics: ik vergeet nooit meer 
hoe je een 2D gel moet runnen! 

Zoals ik al zei is de samenwerking met het VUmc erg belangrijk geweest. 
Jacqueline, bedankt voor je enorme bleo-ervaring en de goede zorg voor de cellen. 
Ruud en Boudewijn: bedankt voor jullie input, onder andere tijdens de inspirerende 
discussies die mij niet alleen celbiologische, maar ook veel nieuwe statistische 
inzichten hebben opgeleverd. 
 

In Utrecht heb ik met veel plezier samengewerkt met een aantal chemisch 
Legoërs van Medicinal Chemistry die met heel basale bouwstenen de mooiste dingen 
kunnen maken. Achtereenvolgens hebben Ronald, Pieter, en de Chemical Brothers 
Eelco en Alex geprobeerd de labeling van fosfopeptiden te realiseren. Bedankt voor 
jullie aanhoudende inzet, helaas is gebleken dat van de wegen die leiden naar 
ontrafeling van het fosfoproteoom, de chemische niet de gemakkelijkste is… Dirk, 
met wie ik gedurende mijn hele project heb samengewerkt: bedankt voor ál je 
chemische bijdragen en voor de discussies in de trein terug waarin niet alleen 
chemie, maar ook bijvoorbeeld de laatst gelezen boeken de revue passeerden. 
 

Veel dank gaat uit naar de mensen die je dagelijks op de werkvloer omringen 
en waarmee je de welbekende ups en downs van een AIO-onderzoek deelt. Vanwege 
de overlappende tijdspanne van vier jaar en het verloop, ontmoet je, en werk je 
samen met, een boel mensen. Ik wil iedereen daarvoor hartelijk bedanken, een 
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aantal mensen in het bijzonder. Om te beginnen mijn paranimfen Annemieke en 
Martijn. Kolk, ik vond het erg leuk om jouw paranimf te zijn en heb van die dag erg 
genoten. Hopelijk kan jij straks hetzelfde zeggen! Bedankt voor de altijd gezellige 
samenwerking die onder meer leidde tot de oprichting van de bierclub, ontginning 
van het geheime plekje en natuurlijk het meten-met-twee-maten-verhaal (ik baal nog 
steeds dat het muntje op het moment suprème jouw kant op viel!). Martijn, bedankt 
voor de erg leerzame, maar zeker ook gezellige, samenwerking. Ik heb dankbaar 
gebruik gemaakt van je kennis van allerhande zaken en ben nog altijd onder de 
indruk van je doorzettingsvermogen en je muiskliksnelheid. Als voetballiefhebbers 
(AZ en PSV gaan prima samen) hadden we gelukkig wat afleiding als de resultaten 
even nét niet zo waren als gedacht. Ik hoop dat we ook na je ‘transfer’ contact 
houden, succes in Delft! 

Michael en Esther, AIO-collega’s en kamergenoten van het eerste uur: 
bedankt voor de gezelligheid op Z301. Es, jij bent ook bijna klaar: wat zal ik 
ontspannen toekijken de 18e… Michael, de laatste tijd heb ik je nauwelijks meer 
gezien omdat je bij Biologie bent gaan wonen (waar is de tijd dat we nog in één bed 
sliepen ;)?). Ik hoop dat de afronding van je onderzoek voorspoedig verloopt én dat 
de derde Eman-telg gezond ter wereld komt! Juud, ex-kamergenote: bedankt voor je 
gezelschap, óf wel in de trein óf in de auto als je me weer eens bijna tot aan de 
voordeur thuisbracht vanuit Utrecht.  

Simone, fosfoproteomics-collega: bedankt voor de gezelligheid, onder andere 
tijdens de dooie uurtjes in het Employment Center van ASMS, waar voor ons al 
nauwelijks iets te werken viel. Ik weet zeker dat je WB-, IP- en chip-data  binnenkort 
als een prachtige Danio-puzzel in elkaar gaan vallen, hou vol! Arjen, bedankt voor de 
zuivering van die enorme hoeveelheid PKG, wie weet komt ie binnenkort nog van 
pas… Ken je trouwens die mop van die collega’s die een midweekje gingen skiën? 
Marco, bedankt voor je fotografische handigheid en je bereidheid om zo vroeg naar 
Utrecht CS te komen! 

Mijn studenten, Sjoerd en Michiel, wil ik bedanken voor hun bijdrage aan 
mijn onderzoek. Ik vind het leuk dat jullie allebei je plek hebben gevonden! 
 

Verder zeg ik tegen Anca, Andreas, Arijan, Bas, Bas, Cees, Clive, Corine, 
Dennis, Edwin, Harm-Jan, Hortense, Hugo, Jantien, Jeffrey, Jeroen, Jeroen, Jeroen, 
Johan, Joost, Kristina, Linda, (tjesus) Leon, Manuel, Martina, Mirjam, Nasrin, 
Natasja, Onno, Paul (Seal), Poupak, Renske (van de Blue Lagoon), Robert, Ron, 
Ronald, Shabaz, Sharon, Sylvia, Sylvie, Thin-Thin, Tieneke, Werner (Uh, weet jij waar 
Eef Dirksen zit?) en Wilma: bedankt, thanks, merci, Danke! 
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Uiteraard zijn er ook naast het werk een heleboel mensen die door hun 
interesse of medeleven, of beiden, belangrijk zijn geweest tijdens mijn vier AIO-
jaren. De Eindhovense groep vrienden, die al vanaf de brugklas dateert en sinds die 
tijd alleen maar verder is uitgedijd, wil ik graag bedanken voor al hun afleiding in de 
vorm van, bijvoorbeeld, vrijdagavond muntjes drinken in de Thomas, weekendjes 
Ardennen (waar ik al weken vantevoren naar uit kijk), zomervakanties (Argelès zal ik 
niet snel vergeten!), voetbal kijken en zo kan ik nog wel even doorgaan. Hopelijk 
gaat dit nog heel lang zo verder!  

Studiegenoten Miriam, Arjon  en René: ik vind het leuk dat ons contact, 
ondanks de drukke agenda’s, blijft bestaan. Arjon (en Myrthe), bedankt voor de 
gastvrijheid tijdens de keren dat ik in Utrecht bleef slapen. Ik hoop dat er 
aankomend seizoen in vak GG van het Philips Stadion weer flink te genieten valt! Ook 
de traditie van gastronomische topavonden moet zeker in stand gehouden worden. 
Gideon, hoewel je meer Amsterdammer (of Londonner) bent, val je ook onder het 
kopje Wageningen. Grappig dat mijn eerste MS-ervaringen op de LCQ tijdens mijn 
afstudeervak bij jou werden geboren uit problemen met de NMR. Ik heb veel van je 
geleerd, prettig met je samengewerkt (kijk maar naar de sleeping beauty) en ik 
waardeer de tijd die we samen doorbrengen altijd zeer. Leuk dat je voor mijn 
promotie overkomt! 

De mannen van het zaterdagochtendvoetbal: bedankt voor de 
voetbaltechnische (en fysieke) weerstand die jullie bieden, het is altijd weer heerlijk 
om anderhalf uur in de wei te draven.  

Janny, Toon, Pieter en Anne: bedankt voor de interesse en gezelligheid! 

Lieve papa en mama, Alexia en Rob, Paul en Anja. Jullie zijn natuurlijk al 
veel langer dan de afgelopen vier jaar heel belangrijk voor me. Ontzettend bedankt 
voor jullie steun, interesse, het eindeloze vertrouwen in mijn (wetenschappelijke) 
kunnen en (waar nodig) opbeurende woorden gedurende mijn AIO-tijd. Het is een 
prettig gevoel te weten dat jullie er altijd voor mij zijn! 

Lieve Quirine en Philine, dankzij jullie schattigheid en totale onbekendheid 
met de fenomenen ‘AIO’ of ‘promoveren’ vormden jullie altijd de perfecte afleiding!  

Liefste Marchien, volgens mijn belofte moet dan nu ons echte leven weer 
beginnen! Ontzettend bedankt voor al je steun en begrip tijdens de momenten dat ik 
even minder prettig in de omgang was (wat je altijd perfect aanvoelt) en voor al je 
andere heerlijke eigenschappen, zoals je zorgzaamheid en sociaal gevoel. Ik ben erg 
trots op je en ik hoop dat je recente carrière-move zo uit gaat pakken als je je 
voorstelt want je verdient het. Luv joe!
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