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Part I: Methods in Proteomic research
Proteomics is the research area that collates studies into the proteome. The 

proteome consists of all proteins within a cellular organism. Proteins are the basis of 
cellular function and form the “work force” involved in nearly all cellular processes. 
Proteins are translated from mRNA after transcription of active genes into mRNA. 
Nonetheless, due to protein turnover rates, protein function and the ability of cells 
to use the same mRNA transcript for multiple rounds of translation, there is no direct 
correlation between mRNA and corresponding protein expression [1,2]. Since proteins 
ultimately define the phenotype of a cell, it is very important to gain a detailed 
understanding of cellular function at the protein level. Amongst others a change in 
protein function or regulation is the root cause of numerous diseases.

Proteomics complements the other -OMIC fields’ genomics, transcriptomics 
and metabolomics. Genomics refers to all studies of the genome, transcriptomics to 
the study of RNA transcripts and metabolomics covers the research into metabolites in 
a cell [3-5]. Proteomics does not only involve the analysis of the proteins themselves, 
but also covers studies into posttranslational modifications (PTMs) and interactions 
between proteins. These interactions and modifications relay and depict the function, 
localization, activation/deactivation and ultimately degradation of proteins. Thereby 
making the proteome highly dynamic depending on the specific task of certain 
proteins at a certain time and place. The proteome can be studied via multiple 
techniques, but the use of mass spectrometry (MS) is most common. In a proteomics 
workflow, several aspects in experimental design and MS instrumentation need to be 
considered [6,7], which are described in this first part of this chapter. 

Mass spectrometry based proteomics

With recent advances in MS instrumentation and techniques, MS can now 
be used to study proteins more extensively at various different levels. Proteins can be 
analyzed by MS instruments by three methods, proteins can be directly introduced 
as one intact protein (top-down), after digestion into multiple peptides (bottom-up) 
or after digestion into several larger peptides (middle-down). Different strategies are 
developed depending on the way of introduction to the MS. In top-down proteomics 
different proteoforms can be analyzed either directly or after liquid chromatography 
(LC) separation in the MS. The identification of the proteoforms in the sample is aided 
by the application of different fragmentation modes [8]. In the bottom-up or shotgun 
approach, proteins are first digested to small peptides, before they are subjected 
to LC-MS/MS analysis. This bottom-up approach makes it, as opposed to the direct 
MS analysis, possible to study large numbers of proteins at the same time [9,10]. 
The most recent strategy developed is middle-down proteomics, whereby favorable 
characteristics of both approaches are combined. Larger peptides are hereby analyzed, 
which makes it possible to investigate multiple properties of the peptide at once, such 
as multiple PTM. With this strategy, researchers maintain the ability to analyze multiple 
proteins at the same time [11]. However the protein digestion which need to produce 
these larger peptides is still difficult in middle-down proteomics [12]. As a result of the 
difficulties with the middle-down strategy and the limitation in the number of proteins 
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that can be analyzed with the top-down strategy, the bottom-up strategy is still most 
commonly applied in proteomics research. 

Every bottom-up proteomics experiment requires a tailored work flow aligned 
to the specific goals of the experiment and the specific sample type [6,7]. Figure 1 
reflects a general workflow for these types of proteomics experiments. Samples 
range from synthetic peptides, to cultured cells, or even (in vivo) tissues from various 
organisms. Samples derived from a uniform cell culture experiment are very different 
from that of a mixed cell type sample such as a heterogeneous tissue derived from 
in vivo material. The latter can contain various unwanted contaminants or cell types, 
which can interfere with the proteomics analysis and therefore need to be removed.

Methods in Proteomic research
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The first step in a proteomics workflow usually contains the lysis of cells 
in a specific lysis buffer and thereby the solubilization and denaturation of the 
proteins. When the proteins are solubilized, pre-fractionation or enrichment can 
take place at the protein level. Subsequently, the proteins are reduced, alkylated and 
finally digested. Digestion is achieved by the use of enzymes. The most frequently 
used enzymes are Lys C and Trypsin. Trypsin generates peptides by cleaving at the 
C-terminal end of arginine and lysine residues and thereby leaving a basic residue 
behind at the C-terminal. Trypsin produces peptides, which can be properly applied 
in most peptide separation techniques and subsequent identification by MS [12,13]. 
Since most of the generally used buffers applied in the previous steps contain 
contaminants that can interfere with the mass spectrometry analysis, a clean-up 
step using mostly C18 material can follow the enzymatic digestion. The resulting 
peptide mixture can contain thousands of peptides leading to high complexity that 
can hamper direct LC-MS/MS analysis. Whether the complexity leads to hampering 
of the LC-MS/MS analysis is related to certain properties of the MS. Most notably the 
MS can only sequence a certain amount of peptides within a certain time window, 
additionally the dynamic range of the measurement is not infinite. A solution to 
(partially) circumvent these issues is pre-fractionation at the protein or peptide level 
which reduces the complexity of the sample. In proteomics pre-fractionation is often 
done by employing another orthogonal mode of LC separation before the LC-reversed 
phase separation, for example by strong cation exchange or high pH fractionation 
[14,15]. Another way of decreasing the complexity of the sample is by enriching for 
specific PTM’s, such as phosphorylation. Enrichment for phosphorylated peptides 
can be achieved via different methods, which are discussed later in this chapter. The 
next step in the workflow is the reversed phase LC separation followed by MS/MS 
analysis. After the generation of the mass spectra, data-base searches are performed, 
identifying the peptides and subsequently proteins in the sample. 

Pre-fractionation at the protein level 

After cell lysis and solubilisation of the protein, different forms of 
fractionation at the protein level are available in the proteomics field. One of the first 
techniques described for separation of proteins is two-dimensional polyacrylamide 
gel electrophoresis (2D-PAGE). With this technique proteins are separated into 
thousands of gel spots, based on their isoelectric point and molecular weight (MW) 
[16]. However this techniques has several drawbacks, including the problems with 
identification of low abundant proteins and membrane proteins [15]. This led to the 
development of peptide based high performance LC separation (HPLC) techniques, 
which are now mainly used by researchers. However MW based 1D separation 
technique for protein fractionation are still applied in combination with in-gel 
digestion and LC coupled MS. Furthermore other LC based protein separation, such 
as size exclusion chromatography (SEC) are applied for specific applications. SEC 
fractionation can be used in a protein correlation profiling approach (PCP). PCP was 
first presented with the application of sucrose gradient centrifugation for subcellular 
component fractionation [17-19]. SEC is used to separate native protein complexes 
into different fractions. These fractions are then digested and analyzed with LC-MS/
MS, a PCP algorithm is then used to identify correlating proteins, indicating potential 
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interactions between them. Since SEC separation is improving in resolution over the 
last years, this LC technique is gaining increased attention in top-down proteomics as 
well. Hereby the digestion step is omitted and separated proteins are directly sprayed 
into the MS [20]. 

Identification of Protein-Protein interactions and specific protein groups

Next to the global separation of proteins for fractionation purposes, protein 
enrichment is also often applied to study specific proteins or interactions between 
proteins of interest. Proteins can be enriched with the use of epitope tags (examples 
are Flag and GFP tags). In this form of enrichment a small polypeptide is added to 
a protein of interest using recombinant DNA technologies and expressed in a cell-
line. Subsequently, the protein and its potential interactors can be enriched by using 
specific and commercially available high-quality enrichment reagents. It is important 
to note that the introduction of the epitope can interfere with subcellular localization 
and protein interactions [21,22]. A more straightforward approach to enrich for a 
specific protein without the need of recombinant expression of an epitope with the 
protein, is to make use of an antibody to pull down the protein of interested from 
the sample matrix [6]. This last approach has the advantage that it can be applied 
in almost every cellular matrix. A potential and sometimes crucial drawback of this 
method is the limited availability of specific antibodies [22]. Both the epitope and 
antibody-based approaches have several potential limitations. The pull down of non-
specific interactors (or background proteins) together with the specific interactors 
can be a major problem in the analysis. This can be (partially) solved by performing 
multiple negative control AP assays, for instance by using the same support resin 
without the bait [23-26]. A web-accessible resource CRAPome [25] was published 
as a way to potentially deal with these non-specific protein-protein interactions on 
a data-processing level. Another approach to partially circumvent this background 
problem is by applying pre-fractionation methods before the pulldown of the protein 
complex of interest. Different studies have applied this approach successfully, thereby 
minimizing the background protein interference and increasing the enrichment of 
the purification of the complex of interest and elucidating different, so far unknown, 
protein complexes [27-30]. Next to these affinity purification methods, an enrichment 
approach based on the high affinity of streptavidin for biotin was developed. 
Originally the protein of interest was tagged with a biotinylated peptide, which could 
then be enriched using streptavidin [31]. However, streptavidin does not selectively 
enrich for this tagged peptide, but also naturally biotinylated peptides are pulled 
down from the matrix in this approach [22]. More recently, a biotin labeling approach 
to specifically biotin label proteins in close proximity of the protein of interest is 
becoming more popular. A biotin protein ligase protein fusion is used, which labels 
only proteins in close proximity of the fused protein, thereby making it possible 
to study protein interactions in their native environment. This method was named 
BioID [32]. A faster labeling approach is ascorbate peroxidase labeling (APEX), which 
was developed in parallel and also labels proteins in close proximity of the protein 
of interest [33,34]. Both methods make more stringent enrichment and washing 
possible, largely reducing the background binding problem [22]. 

 To study specific proteins which are actively synthesized in a treatment or 
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cellular (for instance knockdown) condition, an azidohomoalanine (AHA) approach 
can be used in cell culture experiments. AHA is used as a methionine analogue. Cells 
are depleted of methionine and then supplemented with AHA and optionally treated 
with a stimulus. Proteins which are translated from this moment on have the AHA 
incorporated in their amino acid sequence. The newly synthesized proteins can be 
captured from the protein mixture through click chemistry due to the azide moiety of 
the AHA [35-37]. 

Phosphoproteomics

At this moment phosphorylation is the best characterized and well-
studied PTM. Phosphorylation is important in almost all biological processes and 
aberrant protein phosphorylation is often correlated with disease [38-43]. However 
phosphorylation is only limitedly present in cells and therefore a dedicated enrichment 
step is necessary to study this modification [44-46]. There are different strategies 
possible for such enrichment, one example is ion exchange chromatography. In this 
method chromatography is used to separate the phosphopeptides from the non-
phosphorylated peptides based on molecular properties. For instance, in Strong 
Cation Exchange (SCX) chromatography peptides are separated based on charge. In 
proteomics experiments the pH of the mobile phase is set around 3, at which most 
tryptic peptides have a positive net charge. This charge enables the binding to the 
anionic stationary phase of the SCX column. The mobile phase gradient consists of 
an increasing salt concentration. Displacing increasingly higher charged peptides form 
the column towards the end of the gradient [47,48]. At pH3, lysine, arginine and the 
peptide N-terminus carry a positive charge, as are basic residues. However, at this pH a 
phospho group still carries a negative charge, reducing the overall net-charge of most 
phosphorylated peptides, making them elute before the bulk of non-phosphorylated 
peptides from the SCX column [49]. The only exception is for phosphorylated 
peptides, containing multiple basic amino acids, which increase the charge of the 
peptide again. These phosphorylated peptides will elute with the rest of the peptides 
and need to be enriched in a separated step [50].  Other phosphopeptide enrichment 
strategies comprise metal oxide surfaces enrichment (TiO2), specific phospho 
(motif) antibodies or chelation [44,50-59]. This last strategy became increasingly 
popular in the last years, due to the development of IMAC (immobilized metal ion 
affinity chromatography) resins. The flexible linkers of this resin are terminated by a 
phosphate groups that chelate metal ions, such as Ga(II), Ti(V) and Fe(III) [40,50,58-
61]. The materials are resistant to harsh washing solvent conditions and are very 
robust, providing the desirable high percentage enrichment of phosphopeptides 
[50]. Unfortunately most methods have a bias toward serine a threonine phosphosite 
enrichment, when other types of phosphorylation are the focus of the study an 
antibody based approach is usually the best option. 

MS/MS analysis of peptides 

The mass spectrometers used for the research described in this thesis are 
designed for proteomic experiments and are hybrid instruments, which means 
multiple mass analyzers are combined into one instrument. These combinations 
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lead to an improvement in total performance, due to the focus on faster and more 
sensitive analyses, making use of the complementary features of different mass 
analyzers [6]. However before peptides can enter the MS for analysis, they have to be 
ionized first. 

Peptide ionization

Peptides enter the MS via the ion source, where they enter the gaseous phase 
and are ionized. There are two methods of so called “soft ionization” techniques 
which are used in the proteomics field: MALDI (matrix-assisted laser desorption 
ionization) and ESI (electrospray ionization). The first uses a laser to irradiate a sample 
from a crystallized matrix into singly charged ions [62,63]. MALDI irradiates in pulses, 
which compromises the optimal usage of analysis time. MALDI is not compatible with 
HPLC separation directly. This technique is mostly used and valuable for MS imaging 
experiments [64]. For the research in this thesis, ESI is exclusively used as ionization 
method, since it is compatible with the high throughput LC-MS/MS technique 
applied. ESI makes use of a high voltage emitter and a liquid flow introduced via a 
small capillary (usually the conductive end part of a chromatographic column). An 
electric field is produced between the emitter and capillary, at atmospheric pressure, 
by applying a potential difference of 3-6kV. Due to this electric field the liquid surface 
gets highly charged, producing highly charged droplets. Then the solvent in these 
droplets starts to evaporate due to the use of an inert gas flow coaxially placed on the 
droplet interface and the heated transfer capillary at the entrance of the ion source 
[65,66]. Eventually the liquid surface charge reaches a point, where the electrostatic 
force overcomes the surface tension and the droplets are disrupted. This point is called 
the Rayleigh limit [67]. After multiple cycles of disruption all liquid is evaporated and 
ions are formed. The final charge state of the ions depends on the peptide length and 
the amino acid characteristics. The formed ions then enter the MS for analysis.

Mass analyzers

In peptide based proteomics different types of mass analyzers are used. 
Both scanning and non-scanning analyzers are applied, either alone, but mostly 
in combination with hybrid instruments. Scanning analyzers send only small m/z 
windows to their detector (for example Quadrupole and Ion trap analyzers), while 
non-scanning send all the ions in the m/z range to the detector at once (for example 
the Orbitrap analyzers). Below the analyzers used in this thesis are described.

The quadrupole mass analyzer is made up of four identical hyperbolic 
sections, which need to be perfectly aligned in parallel. The analyzer make use of 
oscillating electric fields which influence the stability of ions in their trajectory through 
the quadrupole. The electric fields determine if the ions are drawn towards the rods or 
repelled towards the middle section and thus can follow a more stable trajectory. Both 
RF and DC voltages are applied over the quadrupole to create the electric fields and 
due to the placement of the rods the trajectory the ions can follow becomes circular 
in the x/y direction for a specific m/z range. If ions are repelled from this trajectory 
they collide with the rods or are simply expelled from the quadrupole. Ions with 
the m/z range matching the stable trajectory follow a three dimensional corkscrew 
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trajectory through the quadrupole and are transferred through the other end of the 
quadrupole and are able to reach the detector. By changing the DC and RF voltages 
different electrical fields can be applied, thereby allowing different sets of m/z ranges 
to have a stable trajectory [66]. Due to the ability of the quadrupole to transfer and 
select specific m/z ranges, this analyzer can also be used as a mass filter in a hybrid 
MS instrument. When transmission of a very broad m/z range is needed, for instance 
to guide ions through the MS, different multipoles are applied. Examples of these 
multipoles are hexapoles (six rods), octapoles (eight rods) and flatapoles (square 
formed rods), which have the characteristics to efficiently guide and transfer a broad 
m/z range of ions through the MS. Nowadays also quadrupoles are frequently used as 
mass-filter and most of the time not anymore as a direct output mass analyzer. 

The linear ion trap comprises three sections, whereby the front and back 
section function as “traps” to catch all the ions in the middle section. The middle 
section has a quadrupole based structure, holding the ions in the middle via an 
electrical field over the rods, while ejection from the ends is prevented by positive or 
negative potentials of the front and back section, which are either formed by lenses 
or a separate quadrupole section. Ions are repelled towards the center of the ion trap 
depending on the specific potentials applied, this also means that the can be expelled 
from the ion trap in two dimensions, through the rods of the middle section or via 
the front and mostly end section of the ion trap. When the ion trap is used as mass 
analyzer, different ascending m/z ranges are given an unstable trajectory in the trap, 
thereby ejecting them through slits in the rods, making detection possible via specific 
detectors. As all ions are initially stored in the center and are expelled m/z by m/z 
for their detection, space charge effects can occur when too many ions are stored. 
The ions thereby influence the stability of each other in the ion-trap, which can be 
prevented by cooling down the ions in the trap, reducing the kinetic energy of the 
ions and preventing collision between the ions. This cooling down is accomplished by 
maintaining a pressure of Helium gas within the ion trap. The design of the ion trap 
also greatly influences the space charge effects, therefore 2D base ion traps, such as 
the linear ion trap, are now preferred over the use of 3D ion traps [66]. Furthermore 
a second benefit of the 2D ion traps is the relative easy transfer of ions out of the 
linear ion trap after initial trapping. This last feature is desirable when ion traps are 
used for fragmentation. This can be accomplished by using the kinetic energy of the 
ions, which can be influenced by an oscillating electrical field in combination with a 
collision gas to fragment the ions.

The Orbitrap is the newest member of the mass analyzer family and is a non-
scanning analyzer. All ions are introduced at once to this analyzer and also the MS 
spectra are obtained at once for all ions. The Orbitrap comprises an outer electrode 
consisting of two pieces, which has the shape of a barrel and the spiral central 
electrode. There is a potential difference of around 3200V between the central and 
outer electrode. Ions are injected into the Orbitrap with a certain kinetic energy 
through the gap between the two halves of the outer electrode as small ion package. 
The ions then start to oscillate around the central electrode, due to the applied electric 
field and the shape of the Orbitrap. Due to the initial kinetic energy and this electric 
field, ions with different m/z follow their own trajectory around the central electrode. 
A Fourier transform is then applied to obtain the mass spectra of the ions [66]. 
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Fragmentation

After determination of the precursor mass of a peptide, fragmentation is 
necessary to obtain the amino-acid sequence composition of the peptide entering 
the MS. Together, precursor and fragmentation analysis are also called MS-MS or MS2 
analysis. Different fragmentation techniques are, alone or in combination, applied in 
MS based proteomics to obtain this information in a reliable manner.

 In collision induced dissociation (CID) the kinetic energy of ions in 
combination with a collision gas, such as nitrogen, xenon or helium, is used to transfer 
this energy to the backbone of the peptide. This energy transfer leads vibrational 
energy over the backbone and these vibrations result in the break of covalent bonds 
at the weakest point of the peptide backbone. With CID this breakage primarily 
leads to the formation of b (n-terminal) and y (c-terminal) ions (see Figure 2) [66,68]. 
However other fragments can also be formed during the process, examples are 
immonium ions and fragments, which represent water, ammonia or phosphate loss. 
CID is performed in a collision cell, which can be a linear ion trap or a quadrupole. 
In a quadrupole type collision cell beam-type CID is preformed, leading to tandem 
in space fragmentation. In this type of fragmentation ions are accelerated through 
the quadrupole and collide with the collision gas. Typically this happens in a limited 
timeframe and with a relative high energy input and can comprise multiple collisions. 
With the other option, in an ion trap, lower amounts of energy are applied and a 
longer time scale is involved (milliseconds) leading to slower activation of the ions and 
eventually the backbone fragmentation of the ions [66].  

 ETD is a fragmentation technique complementary to CID and stands for 
Electron Transfer Dissociation. ETD is mainly beneficial to produce richer spectra 
of higher charged peptides (>3+), whereby it, in contrast to CID, leaves the PTMs 
intact on the backbone [69]. With ETD an electron is transferred to a suitable 
molecule, usually fluoranthene, resulting in a radical anion. In the collision cell, the 
electron is transferred from the radical anion to the peptide ion, causing backbone 
fragmentation at the N-Cα bond, resulting in the formation of c- and z-ions [70], see 
Figure 2. 
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Nomenculture as proposed by Roepstorff and Fohlman. CID and HCD fragmentations generated 
predominantly b- and y- fragment ions. ETD generates typically c- and z-fragment ions.
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Combining multiple fragmentation techniques can increase the peptide 
sequencing success rate, leading to higher peptide identification numbers. These 
techniques can be applied in a decision tree based manner, whereby the choice for the 
applied fragmentation is based on precursor charge and m/z [71,72]. Another option 
is to apply the fragmentation techniques in tandem, current instruments allow for the 
combination of ETD and CID/HCD, which can also greatly benefit the identification of 
certain peptides, such as HLA peptides and phosphopeptides [73,74]. 

Hybrid instruments

In recent years multiple hybrid instruments were developed for the proteomics 
field. These instruments combine different mass analyzers and some also allow for 
the use of multiple fragmentation techniques in a single experiment. For the research 
described in this thesis two hybrid instruments were used for data collection: the 
Q-Exactive and the Orbitrap-Elite. 

The Q-Exactive series combines a quadrupole, several multipoles with a 
C-trap and an Orbitrap, see figure 3. The C-trap functions by trapping ions before 
sending them simultaneously into the Orbitrap. In this instrument the quadrupole is 
applied as high resolution mass filter. The instrument can combine ion selection and 
fragmentation almost instantaneous, leading to very high sequencing speed [75]. 
Improvements to the Quadrupole and the Orbitrap have led to the development and 
implementation of the newest generation of Q-Exactive instruments, the Q-Exactive 
Plus and HF, with even better transmission and faster cycle times leading to higher 
identification numbers [76]. 
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The Orbitrap Elite is based on the design of the Orbitrap-Velos, with three 
major improvement; implementation of a high field Orbitrap analyzer, which has almost 
two times the resolving power of the previous generation Orbitrap, implementation of 
improved ion optics and increased acquisition speed of the linear ion trap [77]. The Elite 
contains multipoles and quadrupoles, which function as ion guides and as collision cell.  
A dual pressure linear ion trap and Orbitrap are combined and function as mass analyzers 
in this instrument, see figure 4. In the dual linear ion trap, the first ion trap operates at 
elevated pressure and is used for efficient fragmentation and the second ion trap has a 
lower gas pressure, facilitating the ion detection. The instrument can multiplex by using 
the ion trap and Orbitrap in parallel and is capable of fragmenting with ETD and CID/
HCD. This makes it a very versatile instrument, which is capable to perform the earlier 
mentioned decision tree methods [77]. 

Data-analysis

The MS/MS spectra produced in the analysis are used for peptide 
identification. In a proteomics experiment, thousands of spectra are produced 
in a single LC-MS/MS run and different search engine algorithms were designed 
to correlate the spectra to peptides, examples are Mascot [78], Sequest [79] and 
Andromeda within the MaxQuant environment [80,81], they are based on roughly 
the same search principle. First an in silico digestion of an appropriated protein 
database is performed. The allowed modifications, miss-cleavages and enzyme 
specificity are hereby very important for the final size of the peptide database. This 
final size correlates to the so called search space and thereby influences the total 
search time and also the risk for false positive identifications immensely (see below). 
The theoretical masses of these peptides are compared to the precursor masses of the 
experimental data with a certain mass tolerance and a subset of potential peptides is 
determined. This subset is then further theoretically fragmented according to specific 
cleavage rules, depending on the applied fragmentation technique. In the last step 
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the theoretical spectra are compared to the experimental spectra, whereby the match 
between the spectra is scored. The precise scoring principle varies between the search 
engines, but the overall principle is fairly simple, the better the theoretical spectra 
matches the experimental, the higher the score. The spectra with scores above a 
certain threshold are then considered identified. However due to the large number of 
spectra, there is a chance that spectra are matched in a random fashion, rather than 
being a true match [82,83]. To correct for this chance of a false identification a False 
Discovery Rate (FDR) is applied to the peptide assignment. In this approach the spectra 
are also set against a randomized decoy sequence database, an often applied example 
is the use of a reversed sequence database [83]. By correlating the true matches versus 
the false matches from this database the FDR can be calculated. The FDR is usually set 
to 1%, allowing a maximum of 1% of the matches to be false. More sophisticated 
machine learning methods were developed, and are applied in this thesis, to increase 
the number of true positive matches. These methods use additional peptide features, 
such as hydrophobicity and charge, to calculate the weight of multiple discriminating 
parameters [84,85]. 

Quantification

Protein quantification in a proteomics experiment can be accomplished in a 
labeled or label-free manner. Both methods are mostly used for relative quantifications 
and are applied in that way in this thesis. Label free quantification can be based on 
spectral counting or signal intensities. With spectral counting the total number of 
spectra identified for a protein is determined, providing a semi-accurate measurement 
of protein abundance [86]. In this thesis, protein quantification based on signal 
intensities is used in chapter 2. Hereby the common chromatographic features of 
multiple LC-MS/MS runs are aligned. Signal intensities of individual peptide ions are 
extracted and integrated over the total LC-MS/MS timescale. Subsequently they are 
normalized and compared between the runs [87]. To make this method robust and 
reproducible, multiple measurements under stringent comparable sample preparation 
have to be completed. The other approach for relative quantification makes use of 
labeling strategies, whereby the peptides of a sample are labeled with heavy isotopes, 
which can be distinguished from each other due to their different mass in the MS 
spectra. There are multiple methods available, which are either applied at whole cell 
or at protein/peptide level [6,88]. 

SILAC stands for stable isotope labeling in cell culture and is used directly in 
cell culture. It makes use of metabolic labeling with stable isotopes of amino acids, 
which are added to the cell culture medium [88,89]. Although in recent years even 
whole animals were completely labeled with these isotopes [90], this method is mostly 
applied to cells which can grow stably in culture for a certain period of time, making it 
less suitable for human tissue samples. For this purpose super-SILAC was introduced, 
providing a labeled reference standard, which can be spiked into the samples [91]. 

Other techniques can be used to label after lysis at the protein level, but 
are mostly applied after digestion at the peptide level and are therefore applicable 
to almost all sample types. Dimethyl labeling makes use of all amines of a peptide 
and converts them into mostly dimethylamines. Heavy, medium and light labeled 
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peptides differ a minimum mass of 4Da due to the use of different combinations of 
formaldehyde and cyanoborohydride [92]. This method can also be applied at total 
protein level, but due to the labeling of lysine amines Trypsin and LysC leaving after 
the lysine residue is not possibly anymore [92-94]. Isobaric tags are another way to 
label at the peptide level. This method can be used when multiplexing for more than 
three samples is needed [88]. Isobaric tags do not differ in total mass, but due to the 
different isotopic labeling, the reagents have specific reporter ion signatures after 
fragmentation. These fragmentation signatures can be used to identify and quantify 
the different tags from a multiplex set [95]. TMT labeling for instance can now even 
be applied up to ten different labels within one MS run, by combining different 
isotopic labels, in combination with the MS3 abilities of the latest generation of 
hybrid MS instruments [96,97]. MS3 instead of MS2 capabilities are necessary for the 
identification and quantification of the TMT-10plex, because of the distortion effect 
known for isobaric tags in the MS2. This distortion of isobaric tags is caused by co-
isolation and co-fragmentation of interfering ions, which hampers the quantification 
of multiple reporter ions at the same time. By isolating multiple fragment ions from 
the CID-MS2 fragmentation and performing HCD-MS3 fragmentation for the release 
of the tag reporter ion, this distortion effect can be greatly reduced, allowing for a 
simultaneous analysis of a higher number of tags [96,98]. 

Pulsed labeling

Pulsed labeling approaches are used in proteomics for both quantification and 
identification purposes. These approaches can only be applied in cell culture, where 
the amino acid content of the medium can be controlled. Cells are depleted for a 
short period of time from specific amino acids, usually arginine and lysine, to ensure 
for the usage of their internal amino acid storages. The medium is then supplemented 
with heavy or medium isotopically labeled (SILAC) forms of the depleted amino acids. 
Cells are thereby forced to implement these labeled amino acids in their proteins. This 
makes it possible to distinguish between the pre-existing unlabeled proteins and the 
newly synthesized proteins due to the mass shift caused by the label. By applying the 
pulse together with specific stimuli, the effect of the stimulus on protein synthesis 
can be analyzed [99,100]. A pitfall in this method can be the low number of labeled 
proteins in comparison to their unlabeled counterpart, making detection in the MS 
challenging. Therefore the pulsed SILAC labeling is now often combined with AHA 
labeling. In this approach the methionine is replaced by AHA, in the same way as the 
other amino acids are replaced by their labeled counterparts. As described before, 
AHA contains an azide moiety, which can be used in a click-chemistry approach to 
enrich for proteins with AHA incorporated [35,101,102]. Facilitating the MS detection 
of all labeled proteins over the unlabeled, pre-existing proteins. 
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Part II:  A short overview of the 
neuroproteomics history

In the neuroproteomics field proteins in the central nervous system (CNS) are 
studied via different proteomics techniques of which most are already explained in 
part I. However neuroproteomics has some extra challenges to overcome compared 
to standard proteomic workflows, for example sample amount and availability are 
usually limited due to the very nature of the cells which are studied. Another 
complicating factor is the heterogeneity of brain material. The brain comprises 
multiple different structures with specialized functions, which can complicate the 
study of specific neurological processes. The first neuroproteomics research relied 
mostly on staining and immunoblotting techniques to visualize and discover the 
presence of certain proteins in neurons [103,104]. Later on, amino acids based 
radioactivity screens were introduced and provided already more insight into 
protein synthesis during neuronal processes [105,106]. In the 1980’s the first 
articles with MS related techniques were published on neuronal proteins and at 
that time they mainly focused on single proteins and their amino acid structure 
during different conditions [107-109]. Since these first application of MS in 
the neuroproteomics field, MS based proteomics techniques have come a long 
way. Currently it is possible to study thousands of proteins and PTMs from CNS 
samples with LC-MS based proteomics approaches [110-113], making it possible 
to study CNS processes and diseases in more detail. A frequently used technique 
in the neuroproteomics field, even until recently, is the 2D-PAGE technique, 
whereby protein spots are extracted, digested and run on a LC-MS. In the first 
publications on neuroproteomics, this technique still needed to be combined with 
Edman degradation to determine full protein sequences, but already allowed the 
identification of around 80 proteins [114,115]. The introduction of the first easily 
accessible database search options, made the need for this extra identification 
step redundant and is now, as in the whole MS-based proteomics field, with 
neuroproteomics standard practice for protein identification. 

The neuroproteomics field focuses, among others, on biomarker discovery 
for easier diagnoses, since especially with CNS related diseases this can be 
challenging. Normal non-invasive biomarker sources as blood and urine are not 
always the most ideal option in the study of CNS related processes. For instance the 
blood can reflect some inflammatory processes in the brain, however due to the 
passage of the BBB and fast dilution and clearance from the bloodstream, not all 
potentially interesting proteins can be extracted and analyzed from blood. Finding 
CNS based proteins in urine comes with the same challenges, plus some extra 
complicating steps due to the kidney filtering function. Therefore cerebrospinal 
fluid (CSF) is the best relatively easy source for biomarker discovery for diagnostic 
purposes. CSF is in direct connection with the CNS and therefore probably 
reflects more the ongoing brain conditions [116]. Another very big interest in 
neuroproteomics is focused on the discovery of the underlying molecular pathology 
of these diseases, at present the knowledge about CNS related disease pathology 
is still limited. To further understand the underlying pathology, neuroproteomics is 
mainly relying on cell-lines, which either have a cancerous nature, or are primary 

 A short overview of the neuroproteomics history 



23

cell cultures from rats and mice or derived from post mortem material. The later 
can give insight into brain structure at the molecular level, but is hard to translate 
into useful and accurate information on neurodevelopment and neurodegenerative 
diseases [117]. Neurodevelopment and degeneration are therefore mostly studied 
with primary neuron cultures. Although these animal based models do provide a 
reliable source for protein function studies, it proved to be difficult to study human 
disease. The lack of knowledge on the genetic and molecular background of some 
diseases made it hard to create a relevant animal model. This changed with the 
introduction of human pluripotent stem cells. These stem cells are raised from 
human somatic cells with the use of specific growth factors [118,119]. The stem 
cells can then be stimulated to convert into different neuronal cell types. Induced 
pluripotent stem cells (iPSCs) can thus be directly raised from patient material 
and in the last few years, some proteomics experiment have been conducted on 
these stem cells to study neuronal diseases [120,121]. For example, two stable 
lines of iPSC of Huntington patients were analyzed by a 2D gel approach. Protein 
spots with more than 2 fold change in spot intensity compared to control iPSC 
were analyzed after digestion with LC-MS/MS. They could confirm the differential 
regulation of oxidative stress and cytoskeleton related proteins in patient derived 
iPSC. The involvement of oxidative stress in Huntington was shown before, 
supporting the relevancy of iPSC use in this disease [121]. However for more basic 
research questions on the function of neurons, animal models and primary cell 
cultures are still the preferred source. These cultures are more easy to maintain 
on a larger scale then iPSC cells and can be influenced more simply, for instance 
by transfection, and this makes them a reliable source of material for most 
fundamental research questions. The research for this thesis is therefore based on 
primary neuronal and astrocyte cultures. 

Recent effort in the (neuro)proteomics field make it possible to not only 
study proteins in neurons or the CNS in general, which already comprises low 
sample amounts, but even allow the detailed study of the post synaptic density 
(PSD, see also part III below) and synaptic processes. The PSD can be biochemically 
isolated from neurons and a recent study by Alexander et al [122] showed that 
with a proteomics approach it is possible to study the effect of epilepsy Vagal Nerve 
Stimulation treatment on PSD specific protein expression levels. Furthermore PSD 
enrichment in combination with SCX fractionation in an animal model of Down 
syndrome let to the identification of 922 unique proteins and the identification 
of 641 phosphopeptides. This data showed difference between in the PSD of 
wildtype and Down syndrome neurons for a few specific proteins, like PSD95 and 
the α1 subunit of the GABAA receptor [123]. Like the PSD, the synaptosome can 
also be isolated, making use of a sucrose gradient, although these preparation can 
still contain some PSD content as well. Using this isolation technique on rhesus 
macaques synaptosomes, 810 proteins were identified from only 100µg of starting 
material [124]. Even deeper proteome profiling revealed the identification of over 
1750 O-GlcNac (O-linked N-acetylglucosamine) and 16.500 phosphorylation sites 
of the murine synaptosome after PTM enrichment [125]. Showing the sensitivity of 
the latest proteomics approaches and instruments. Another example of specialized 
proteomics techniques to study neuronal processes can be found in a study 
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on homeostatic scaling at hippocampal synapses. By using the pulsed labeling 
technique with AHA, homeostatic plasticity in hippocampal synapses was studied. 
Here, almost 6000 newly synthesized proteins were identified after 24hours of 
labeling during plasticity related up- and down-scaling, revealing difference in 
regulation of around 300 proteins during either of these events [126]. Furthermore, 
recently a combination of this pulsed AHA and pulsed SILAC technique was used to 
study protein synthesis in acute brain slices. In this study, a 4 hour incubation with 
AHA/SILAC gave sufficient label incorporation and finally resulted in the identification 
of over 2500 newly synthesized proteins [127].
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Part III:  Neuronal function and the influence 
of two different protein mutations

Neurons and astrocytes: two types of cells in the brain

The brain of vertebrates contains two types of cells: neuronal and glia cells. In 
the human central nervous system around half of the cells are these glia-cells. There 
are three types of glia cells: astrocytes, oligodendrocytes and microglia cells. Both 
the astrocytes and oligodendrocytes can be found throughout the central nervous 
system, while microglia cells are derived from blood component stem cells [128]. 
The glia cells are the white matter of the brain that supports the nerve projections 
(myelinated axons) between the grey matter regions. The grey matter is made up from 
the neurons and their projections. Diseases affecting the white matter are implicated 
in damage of the neurons and neurological dysfunction. Multiple sclerosis and Lyme’s’ 
disease are examples of diseases which affect the white matter of the brain [129]. 

Astrocytes are a type of glia cells, which give both structural support to the 
surrounding neurons and are involved in maintaining the homeostatic balance of the 
extracellular fluid, thereby assuring good neurological function [128]. Both neurons 
and astrocytes are involved in the exchanges and the metabolism of glutamate. 
Glutamate itself is the main excitatory neurotransmitter in the brain, but it is also the 
precursor for the neurotransmitter GABA and in astrocytes for glutamine [130,131]. 
After excretion and subsequent neuronal stimulation excessive glutamate is taken 
up by the astrocytes, which convert the glutamate to glutamine. Glutamine is then 
excreted back to the extracellular space and can then in turn be taken up by neurons 
to serve as precursor for glutamate synthesis. This metabolism is influenced by many 
factors and the conversion is not 1:1, due to glutamate oxidation in astrocytes [131]. 

Synaptic plasticity and mGluR dependent Long Term Depression

Neurotransmission in the brain is mainly mediated by glutamate. Glutamate 
activates different glutamate receptors, which are localized in or around the PSD. 
The PSD is an organized structure in excitatory synapses of the dendritic spines. It 
contains multiple protein classes, such as receptors, cytoskeletal proteins and signaling 
proteins, which are connected to each other via scaffolding proteins, such as PSD-95, 
Shank and Homer [132,133]. The scaffolding proteins and their associated protein 
complexes are known to regulate synaptic plasticity, thereby directly influencing 
synaptic transmission. The exact PSD content can slightly differ between brain region, 
facilitating a diverse array of signaling pathways specific for certain brain areas. 
Interestingly, these signaling pathways can lead to local protein synthesis in the 
dendritic spine after receptor stimulation with different factors or neurotransmitters 
[130,134-138]. This process is facilitated by the local presence of ribosomes and 
mRNA at the postsynaptic site [139,140]. 

Synaptic transmission between neurons can thus be altered in the brain. 
This process is called synaptic plasticity and is essential for processes as learning 
and memory, but also for healthy neuronal development [141-143]. An increase 
in synaptic strength is seen in Long Term Potentiation (LTP), while in Long Term 
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Depression (LTD) a distinct decrease in synaptic strength is observed [143,144]. There 
are mostly two types of receptors involved in the brain in LTD, namely the N-methyl-
D-aspartate receptor (NMDAR) and the metabotropic glutamate receptors (mGluR), 
triggering two distinct forms of LTD. Both forms, NMDAR- and mGluR-LTD, are 
observed in multiple brain regions, although they are mostly studied within the cortex 
and the hippocampal brain region [143,145]. Both forms of LTD eventually lead to the 
internalization of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPAR), an ionotropic type of glutamate receptor, although they accomplish this via 
different mechanisms. NMDAR induced LTD is now thought to mainly involve protein 
phosphatase and tyrosine kinases activity, while mGLUR-LTD is more dependent on 
direct and local protein translation [130,143]. 

A group1 type mGluRs, (mGluR1 and mGluR5) can be found at the border 
of the PSD. Placement of the mGluR5 close to the PSD gives it the unique ability in 
the excitatory synapse for selective regulation of AMPA receptor trafficking [130,146-
148]. These group I mGluRs induce or facilitate different forms of synaptic plasticity 
by significantly contributing to synaptic function via modulation of synaptic excitability 
[149-153]. The mGluRs are GPCR type receptors, upon stimulation they activate 
phospholipase C (PLC) to form diacylglycerol (DAG) and inositol tris-phosphate (IP

3
). 

IP
3
 then activates the release of internal Ca2+, increasing Ca2+ levels in the neuron 

and thereby activating PKC. PKC activation in turn is proposed to activate the MAPK 
pathway and other proteins, among which are members of the Akt-mTOR pathway 
and proteins involved in endocytosis such as Map1B and Arc/Arg3.1, which are 
involved in mGluR-LTD [145,154-159]. Endocytosis proteins seem to be involved 
in AMPA receptor internalization. Due to the lower amount of available AMPAR at 
the surface of the PSD, synaptic transmission is reduced and this form of plasticity 
is referred to as mGluR-LTD [130,134]. Disturbed mGluR-dependent signaling and 
plasticity has been implicated in neurological disorders such as Fragile X Syndrome 
(FXS), mental retardation, schizophrenia, addiction and autism spectrum disorders 
(ASD). Furthermore, mGluR-signaling in general is known to be involved in cognitive 
processes such as attention, learning and memory [145,154,160,161].

SHANK proteins and autism

The Shank proteins are a family of scaffolding proteins consisting of three 
isoforms, mostly located in the PSD. They all have similar structures, involving the 
presence of seven Ankyrin repeats, SH3 domain, PDZ domain, a proline rich segment 
and a SAM domain, giving them almost interchangeable functions. Via the different 
domains they link different surface receptors to various other PSD proteins (including 
other scaffolding proteins Homer, GRIP and GKAP and glutamate receptors) and the 
cytoskeleton [162-164]. Knockdown of Shank isoforms has shown to reduce spine 
formation, synaptic remodeling of the synapse morphology [163,165,166], indicating 
a role for Shank in synapse stabilization and plasticity. 

Autism spectrum disorders (ASD) comprise a range of neuro-developmental 
problems, which result in delays and deficits of multiple brain functions, whereby 
differences in social behavior, perception and restricted and stereotyped patterns of 
interest are most well-known indications [167]. ASD is associated with mutations 
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in all the Shank genes and mutations are detected in the whole autism spectrum. 
Mutations in Shank3 are most common (>1 in 50 patients) in ASD and intellectual 
disability, while mutations in Shank 1 and 2 are rarely seen [168]. A specific form 
of Shank 3 related autism, the Phelan-McDermid syndrome, involves a deletion of 
22q13.3, causing a deletion breakpoint in the Shank 3 gene [169-171]. Mice with 
Shank3 mutations in the Ankyrin repeat and PDZ domain also display autistic-like 
behavior, such as excessive grooming and reduced social interaction [165,166]. 

A recent phosphoproteomics screen in Shank3 knockdown neurons revealed 
increased levels of activated PP2A, due to higher levels of CLK2 kinase in these 
neurons after BDNF stimulation. This led to a decrease in the Akt-mTORC signaling. 
When this pathway was pharmacologically activated, this relieved autism like 
symptoms in Shank3 knockdown mice [172], indicating strong involvement of the 
Akt-mTOR pathway in Shank related autism phenotype. Furthermore there seems to 
be an involvement of IGF-1 related signaling. Mouse and human neuronal studies 
have shown that IGF-1 treatment can reverse synaptic deficiencies related to Shank3 
mutations [173,174]. A pilot experiment showed even improved social and restricted 
behavior in children with the Phelan-McDermid syndrome after IGF-1 treatment [175]. 
However there is still a need for further deciphering of the molecular event underlying 
Shank related autism, but also for ASD in general, since much is still unknown. 

A disease affecting astrocytes: Vanishing White Matter

Vanishing white matter (VWM) is one of the most prevalent inherited 
childhood white matter disorders. Patients with VWM display a diverse range of 
symptoms, among which ataxia, motor dysfunction and spasticity, these can differ in 
severity [176,177]. The MRI pattern of the cerebral white matter is specific for VWM 
and therefore forms the basis of early diagnosis. The morphology of astrocytes and 
oligodendrocytes in the white matter structures is changed and eventually complete 
regions of the white matter literally vanishes from the brain. The oligodendrocytes 
of patients look foamy and the astrocytes have thicker processes than cells of non-
patients [177,178]. Furthermore the astrocytes of VWM patients seem to not properly 
mature, since they still express markers of immature astrocytes. Together this probably 
leads to impaired white matter function in the brain [178-180]. 

In 2001 Leegwater et al. [181] showed that all patients suffering from the 
disease have a mutation in the eukaryotic translation factor 2B (eIF2B) and these 
mutations are now seen as the cause of the disease. It is unrelated in which of the 
five subunits the mutation occurs, mutations in all subunits can lead to the disease 
phenotype. The disease has a recessive mode of inheritance for the mutations and 
patients are either homozygous or compound heterozygous for mutations in any of 
the subunits [177,182]. The eIF2B complex functions as a guanine exchange factor 
(GEF) and is one of the key regulators of protein synthesis in both physiological and 
cellular stress conditions. The complex catalyzes the GDP-GTP exchange on eIF2. 
This GEF activity is crucial for regenerating eIF2-GTP and thereby the reactivation 
of eIF2 for another round of translation initiation [177,183]. Although eIF2B is thus 
essential for protein synthesis, VWM patients do not show clinical signs of a defect in 
general protein synthesis. Moreover, residual eIF2B activity does not correlate with the 
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disease severity [184]. Other organs commonly affected in different disease severities 
are the female ovaries. Further, only severe cases, early onset of the disease shows 
some dysfunction of other internal organs, for example in the kidneys and pancreas 
[185,186]. It is still unknown why the white matter of the brain is selectively affected 
by the mutations in eIF2B and how these mutations lead to the development of the 
disease phenotype. In 2015, the group of Elroy-Stein published the first proteomics 
study on a VWM animal model, which had a R132H homozygotes mutation in the 
Eif2b5 subunit. They found indications for altered proteasomal activity, an impaired 
balance with protein synthesis and mitochondrial dysfunction [187]. 
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Thesis outline
Proteomics is a fast developing field with recent development of 

interesting labeling and pre-fractionation techniques and faster and more sensitive 
instrumentation. This now gives the opportunity to study processes in more 
detail, which could not be studied in the past. In this thesis the latest technique in 
proteomics are implemented and used to study different cell cycle phases, astrocyte 
function and synaptic plasticity. 

In chapter 2 different phosphopeptide enrichment techniques are compared. 
Whereby the automation of Fe(III)-IMAC is benchmarked with both HeLa and primary 
neurons. We show that the Fe(III)-IMAC cartridge allow for the reproducible and 
sensitive enrichment of thousands of phosphopeptides from low sample amounts 
(1-10µg). Moreover, we have identified relevant phosphorylation events in EGF 
stimulated neurons from single culture plates (200,000 cells equal to ~50µg of 
protein input material before enrichment). This study illustrates that phosphopeptide 
enrichment of low sample amounts, such as primary neuronal cultures, can now be 
performed in an automated fashion. 

Vanishing white matter is a childhood disease which affects the astrocytes 
in the brain and is caused by a mutation in the Eif2b protein subunit. This protein 
is directly involved in protein translation. In chapter 3 we apply pulsed AHA and 
SILAC to study the effect of this mutation on protein translation directly in a disease 
phenotype primary astrocyte culture. The effect of this mutation on the metabolic 
function of the astrocytes was evaluated.  

In the chapter 4 the automated phosphopeptide enrichment strategy from 
chapter 2 is used to study synaptic plasticity in primary hippocampal neurons. The 
phosphorylation events during DHPG induced mGluR-LTD are studied, whereby a 
global overview of pathways involved has been reflected. The function of certain 
proteins are confirmed by validating imaging and knockdown experiments. In the final 
research chapter we study DHPG-induced mGluR-LTD in primary Shank-knockdown 
neurons in more detail, which is used as an Autism model system. Here we show that 
not only protein synthesis is involved, but that the protein degradation by  
the proteasome also plays a crucial role in the proper function of DHPG induced 
mGluR-LTD.

In the final chapter a more extensive summary and an outlook to future 
research and applications is given.  
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Abstract
Due to the low stoichiometry of protein phosphorylation, targeted enrichment 

prior to LC-MS/MS analysis is still essential. The trend in phosphoproteome analysis 
is shifting towards an increasing number of biological replicates per experiment, 
ideally starting from very low sample amounts, placing new demands on enrichment 
protocols to make them less labor-intensive, more sensitive and less prone to 
variability. Here, we assessed an automated enrichment protocol using Fe(III)-IMAC 
cartridges on a AssayMAP Bravo platform to meet these demands. The automated 
Fe(III)-IMAC-based enrichment workflow proved to be more effective when compared 
to a TiO2-based enrichment using the same platform and a manual Ti(IV)-IMAC-
based enrichment workflow. As initial samples, a dilution series of both human HeLa 
cell and primary rat hippocampal neuron lysates was used, going down to 0.1 µg of 
peptide starting material. The optimized workflow proved to be efficient, sensitive 
and reproducible, identifying, localizing and quantifying thousands of phosphosites 
from just micrograms of starting material.  To further test the automated workflow in 
genuine biological applications we monitored EGF-induced signaling in hippocampal 
neurons, starting with only 200,000 primary cells resulting in approximately 50 µg 
of protein material. This revealed a comprehensive phosphoproteome, showing 
regulation of multiple members of the MAPK pathway and reduced phosphorylation 
status of two glutamate receptors involved in synaptic plasticity. 
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Introduction
Protein function within the cellular environment is in part defined by 

posttranslational modifications (PTMs). Phosphorylation is a key component of 
cellular signal transduction and it plays a critical role in many biological processes, 
where aberrant protein phosphorylation is often correlated with disease [1-6]. This 
makes phosphorylation one of the best-studied PTMs, most commonly achieved 
using high-resolution mass spectrometry (MS) because of its ability to localize 
phosphosites to specific amino acids [7,8]. Unfortunately, as phosphorylation is 
often of low stoichiometry and covers a high dynamic range, characterization by 
MS is not straightforward [2,9,10].

In the past decade, a multitude of technological developments have 
substantially advanced large-scale phosphoproteome profiling [11-13].  
Most methods employ a targeted enrichment of phosphorylated peptides 
(phosphopeptides) prior to LC-MS/MS analysis, using either ion exchange 
chromatography [2,14-16], phospho (motif) specific antibodies [17,18], metal 
oxide surfaces (TiO

2
) [19,20] or chelation [21,22].  Recently, a new generation 

of chelation materials has allowed excellent and robust enrichment of 
phosphopeptides. These monodisperse microspheres-based immobilized metal 
ion affinity chromatography (IMAC) resins incorporate flexible linkers that are 
terminated by phosphonate groups that chelate metal ions. These materials offer 
superior coordination of phosphopeptides in a robust fashion, tolerating the use of 
harsh solvent conditions. Various metal ions including Ga(II) [22,23], Ti(IV) [24,25] 
and Fe(III) [21] have been used in these IMAC-based phosphopeptide enrichment 
strategies. 

Due to the combination of low stoichiometry of phosphopeptides and the 
resulting need for enrichment, the amount of starting material required for the 
recovery of a comprehensive phosphoproteome has so far been relatively large, 
especially when compared to standard proteome analysis. This induces a problem 
in the analysis of primary cell cultures, micro-dissected cells, organoids or tissue 
samples where available sample quantities are typically low. With increasingly 
complex experiments (i.e. more time-points, more biological replicates) manually 
conducted experiments can become very labor intensive. Although we previously 
already showed that Ti(IV)-IMAC-based enrichment can be qualitatively and 
quantitatively reproducible [26], the many steps in the protocol make it sensitive 
to sample variability. To enhance reproducibility in large experimental setups and 
minimize sample losses, the total sample handling and variability should ideally 
be further reduced. One approach to achieve this is through miniaturization and 
automation, which allows for processing of multiple samples in parallel, resulting 
in increased efficiency and reduced variability. 

Last year EasyPhos was developed as a first approach to perform 
phosphoproteomics in an automated workflow [27]. While it revealed the 
potential of automated phosphopeptide enrichment, relatively large amounts 
of protein input material (1mg) were used. More recently Abelin et al. [28] 
demonstrated that a combination of Fe(III)-IMAC cartridges and an automated 
set-up, the Agilent AssayMap Bravo Platform, enables the identification of 

Introduction



44

over 10,000 unique phosphosites, combining three cell lines treated with 27 
compounds (including DMSO). However, also these experiments were conducted 
using relatively large amounts of protein material (0.5 mg). Taking the latter Fe(III)-
IMAC based automated workflow as starting point, we here explored whether this 
workflow could also be used when starting with up to 5000 times lower amounts 
of protein digest, and thus applied to challenging biological samples such as primary 
rat hippocampal neurons.
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Materials and Methods
Cell cultures

HeLa cells were grown in Dulbeco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum and 10mM glutamine (all from Lonza, 
Braine-l’Alleud, Belgium). Six hours before harvesting, the medium was replaced by 
fresh medium. Cells were harvested and the cell pellets were immediately washed 
two times with phosphate-buffered saline buffer (PBS) and stored at -80°C till further 
usage. 

Dissociated hippocampal neuron cultures were prepared from embryonic day 
18 rats of either sex. Cells were plated at a density of 200,000 per well and treated 
as described before [29].  The hippocampal cultures were grown in Neurobasal 
medium (Thermo Scientific) supplemented with B27, 0.5 µM glutamine and penicillin/
streptomycin. At day 14-15 after plating, the cells were stimulated with either vehicle 
or 10 ng/ml Epidermal Growth Factor (EGF, Sigma-Aldrich) for 20 minutes. Cells were 
not starved before addition of EGF. Cells were harvested and washed with PBS and 
stored at -80°C till further usage.  

Protein lysis and digestion

Cells were lysed, reduced and alkylated in lysis buffer (1% 
sodiumdeoxycholate (SDC), 10 mM tris(2-carboxyethyl)phosphinehydrochloride 
(TCEP)),  40 mM chloroacetamide (CAA) and 100 mM TRIS, pH 8.0 supplemented 
with phosphotase inhibitor (PhosSTOP, Roche) and protease inhibitor (cOmplete 
mini EDTA-free, Roche). A Bradford protein assay was performed in triplo to 
quantify protein amount. Cells were heated for 5 min at 95°C, sonicated with a 
Bioruptor Plus (Diagenode) for 15 cycles of 30 sec and diluted 1:10 with 50 mM 
ammoniumbicarbonate, pH 8.0. Proteins were digested overnight at 37°C with trypsin 
(Sigma-Aldrich) with an enzyme/substrate ratio of 1:50 and Lysyl Endopeptidase 
(Lys-C, Wako) with an enzyme/substrate ratio of 1:75. SDC was precipitated with 2% 
formic acid (FA) and samples were desalted using Sep-Pak C18 cartridges (Waters) 
and eluted with 80% acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA) and directly 
subjected to phosphopeptide enrichment or dried down and stored at -80°C till 
further use. 

Phosphorylated peptide enrichment

Manual Ti(IV)-IMAC-based workflow

Phosphopeptide enrichment was performed as described as before [25]. 
Briefly, 500 µg Ti(IV)-beads were packed into a GELoader microtip column and washed 
with methanol and loading buffer (80% (ACN)/6% TFA). Samples were dissolved 
in loading buffer and loaded onto the beads. Columns were washed with 50% 
ACN/0.5% TFA in 200 mM NaCl and 50% ACN/0.1% TFA and phosphopeptides were 
eluted with 10% ammonia and 80% ACN/2%FA directly a 10% FA. Samples were 
dried down and stored at -80°C till LC-MS/MS analysis.
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Automated TiO2 and Fe(III)-IMAC-based workflows

Phosphorylated peptides were enriched using either TiO2 or Fe(III)-NTA 5 µl 
(Agilent technologies) in an automated fashion using the AssayMAP Bravo Platform 
(Agilent technologies). TiO2 columns were primed with 250 µl 5% ammonia / 15% 
ACN and equilibrated with loading buffer (50% ACN/2% TFA). Samples were dissolved 
in 200 µl loading buffer and loaded onto the column. The cartridges were washed 
with 250 µl loading buffer and the phosphorylated peptides were eluted with 25 µl 
5% ammonia directly into 25µ 10% formic acid and dried down. Fe(III)-NTA cartridges 
were primed with 250 µl 0.1% TFA in ACN and equilibrated with loading buffer 250 
µl (80% ACN/0.1% TFA). Samples were dissolved in 200 µl loading buffer and loaded 
onto the cartridge. The columns were washed with 250 µl loading buffer and the 
phosphorylated peptides were eluted with 25 µl 1% ammonia directly into 25 µl 10% 
formic acid. Samples were dried down and stored in -80° C till subjected to LC-MS/MS.

Mass spectrometry: RP-nanoLC-MS/MS

The data were acquired using an UHPLC 1290 system (Agilent) coupled to 
an Orbitrap Q Exactive Plus mass spectrometer (Thermo Scientific). Peptides were first 
trapped (Dr Maisch Reprosil C18, 3 µm, 2 cm x 100 µm) before being separated on an 
analytical column (Agilent Poroshell EC-C18, 2.7 µm, 50 cm x 75 µm). Trapping was 
performed for 10 min in solvent A (0.1 M acetic acid in water) and the gradient was 
as follows; 4 - 8% solvent B (0.1 M acetic acid in 80% acetonitrile) in 2 min, 8 - 24% 
in 71 min, 24 - 35% in 16 min, 35 - 60% in 7 min, 60 - 100% in 2 min and finally 
100 % for 1 min. Flow was passively split to 300 nl min-1. The mass spectrometer 
was operated in data-dependent mode. Full scan MS spectra from m/z 375–1600 
were acquired at a resolution of 35,000 at m/z 400 after accumulation to a target 
value of 3E6. Up to ten most intense precursor ions were selected for fragmentation. 
HCD fragmentation was performed at normalised collision energy of 25% after the 
accumulation to a target value of 5E4. MS/MS was acquired at a resolution of 17,500.  

Data analysis

Raw files were processed using MaxQuant (version 1.5.3.30). The database 
search was performed against the human Swissprot database (version 25th of June 
2015) or the Rattus Norvegicus Ensemble database (version 12th of March 2016) using 
Andromeda as search engine. Cysteine carbamidomethylation was set as a fixed 
modification and methionine oxidation, protein N-term acetylation and phosphorylation 
of serine, threonine and tyrosine were set as variable modifications. Trypsin was specified 
as enzyme and up to two miss cleavages were allowed. Filtering was done at 1% false 
discovery rate (FDR) at the protein and peptide level. Label free quantification (LFQ) was 
performed and ‘match between runs’ was enabled. Quantified data were processed and 
analysed using a custom Python package (PaDuA) to remove potential contaminants 
and reverse peptides, filtered for localization probability > 0.75, log2 transformed and 
normalized to column median as per standard methods. Statistical analysis, including 
Principal Component Analysis (PCA), correlation and clustering were performed on the 
processed data.
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Results and Discussion
Our aim was to test the performance of the AssayMAP Bravo Platform 

automated phosphopeptide enrichment workflow for high-throughput 
phosphoproteome analysis using small amounts of starting material. We first 
evaluated the performance of the manufacturer supplied TiO2 and Fe(III)-IMAC 
cartridges on the Agilent AssayMAP Bravo Platform against our own established 
manual Ti(IV)-IMAC-based phosphopeptide workflow as described previously [25,26] 
(Figure 1A). After lysis of HeLa cells using the SDC protocol [30], protein extracts were 
digested using Lys-C and trypsin and 200 µg of the resulting peptides were subjected 
to either TiO2 or Fe(III)-IMAC based automated phosphopeptide enrichment, or 
manual enrichment using the Ti(IV)-IMAC-based workflow. After enrichment, the 
samples were subjected to a single LC-MS/MS run with a 100-minute effective 
gradient, on a Q Exactive Plus (as where all phosphopeptide enrichments described 
below). As shown in Figure 2A, the Fe(III)-IMAC and Ti(IV)-IMAC-based workflows 
outperformed the TiO2 based workflow, with 22-34% more uniquely identified 
phosphosites in four consecutive enrichments. On average 7,672 unique phosphosites 
were identified in a single enrichment using Ti(IV)-IMAC, 8,110 phosphosites using 
Fe(III)-IMAC and 5,980 phosphosites in the TiO2 based enrichments. The enrichments 
using Fe(III)-IMAC and Ti(IV)-IMAC were highly specific (>90%) (Figure 2B), while 
TiO2 displayed an enrichment specificity of just 50%. The overall lower performance 
of the TiO2 automated workflow on the AssayMAP Bravo Platform was unexpected, 
as we recently demonstrated equal performance of TiO2 and Ti(IV)-IMAC in a 
manual approach [9] and can most likely be attributed to the use of non-ideal buffer 
conditions compared to our manual approach. The high concentration of TFA in 
the buffers used for the manual approach is not compatible with the cartridges in 
the AssayMAP Bravo Platform. The performance of the TiO2 cartridges can likely 
be further improved by applying different buffer conditions and with additives like 
glutamic acid [31].  To evaluate differences in enrichment properties between the 
methods, the percentages of mono-, di- and multiply phosphorylation and the 
percentage of S, T and Y enrichment are evaluated in Figure S1. As expected, the 
different methods enrich phosphopeptides with very similar characteristics. 

For our quantitative analysis we selected all Class I phosphosites (site 
localization probability ≥ 0.75) being detected in at least 2 replicates, cumulatively 
resulting in 6,408 phosphosites for Ti(IV)-IMAC, 6,973 for Fe(III)-IMAC and 4,756 
for TiO

2
 (see Supplementary Data T1). This stringent filtering was used for all below 

reported analyses. The overlap in enriched phosphopeptides between the different 
methods was high (Figure 2C) with 91% overlap between Ti(IV)-IMAC and Fe(III)-
IMAC, 84% between Fe(III)-IMAC and TiO

2
, 84% between Ti(IV)-IMAC and TiO

2
 and 

76% found for all three methods in at least 1 out of 4 replicates per method. 
 Previously we showed that the manual approach using Ti(IV)-IMAC is 

reproducible and can be used for quantitative phosphoproteome analysis using 
label-free quantification based on peptide ion intensities [26]. Here, we evaluated 
whether the automated workflows (using either Fe(III)-IMAC or TiO

2
) can also be 

used for quantitative phosphoproteome profiling, and whether this quantitation is 
enrichment workflow dependent. We thus compared, focusing on the overlapping 
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phosphopeptides detected in all enrichments, the phosphopeptide ion intensities. 
Although the overall correlation between experiments is very good, the data displayed 
in Figure 2D reveals that the correlation is best when a single enrichment method is 
used, and weaker when we for instance compare data from a TiO

2
 enrichment with 

a Fe(III)-IMAC-based enrichment. This behaviour is further exemplified by a principal 
component analysis (Figure 2E), which revealed that the replicate enrichments for 
each workflow cluster together indicating strong reproducibility, with Fe(III)-IMAC and 
Ti(IV)-IMAC being most similar. 

Based on these results, we were especially satisfied with the performance of 
the Fe(III)-IMAC-based automated platform and decided to further characterise and 
validate the performance of this approach and to not further optimize the use of TiO2 
cartridges. As shown above the Fe(III)-IMAC cartridges showed excellent performance 
using 200 µg of HeLa digest. However, in many biological experiments the amount 
of available protein material can be considerably smaller. Thus, next we assessed the 
performance of the Fe(III)-IMAC cartridges using decreasing amounts of HeLa digest 
(0.1 – 500 µg), making use of a dilution series. As expected and displayed in Figure 
3A, the number of identified phosphopeptides was lower when starting with very 
low amounts of input material. Remarkably though, starting with only 100 ng of 
HeLa digest we were still able to identify 215 unique phosphopeptides, with 1 µg this 
increased to 1,443 unique phosphopeptides, and with 10 µg of HeLa digest 4,541 
unique phosphopeptides were identified. Cumulatively, the replicate enrichments of 
100 ng resulted in 319 unique phosphopeptides bearing 415 class I phosphosites in 
at least 2 replicates, 1 µg in 1,903 unique phosphopeptides and 1,694 phosphosites, 
and 10 µg in 5,726 unique phosphopeptides and 4,324 phosphosites. Using 
200 µg of input material resulted in an optimal performance of the Fe(III)-IMAC 
cartridges with over 8,269 unique phosphopeptides being identified and 5,697 class 
I phosphosites quantified in at least 2 replicates using a single 100-minute LC MS/MS 
analysis per enrichment. The qualitative reproducibility was high for all enrichment 
amounts with an overlap of >65% between consecutive enrichments (see Figure S2). 
The reproducibility decreased once less than 1 µg of HeLa digest was used.

Next to the qualitative, the quantitative reproducibility was also very high 
between consecutive HeLa digest enrichments when using the same amount 
of starting material, with an average correlation of R = 0.87, comparable to the 
correlation observed in technical replicate LC-MS/MS runs [26,27]. Interestingly, the 
Pearson correlation remained high when, after normalisation, the different amounts 
of starting material were compared (Figure S2AB).  This high correlation remained 
when the “match between runs” function in Max Quant was disabled, ensuring 
reproducibility of the results. Two relative outliers were observed, namely the two 
extreme cases in the amount of starting material, 0.1 µg and 500 µg in the HeLa 
digest. It may not be surprising that the correlation decreased most for the 0.1 µg 
samples, where the MS signal to noise is poorest. The lower correlation observed 
when starting with 500 µg of Hela digest can most likely be explained by overloading 
of the cartridge, although identification rates were still high. Furthermore Figure 3A 
shows that the vast majority of phosphopeptides identified in the 200 µg HeLa sample 
could already be identified in the analysis using lower sample amounts. 

Evidently in the case of lab-cultured HeLa cell lines the sample quantity is not 
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likely a limiting factor. Therefore we also analysed the phosphoproteome of a more 
applicable biological system using rat primary hippocampal neurons. These primary 
neuronal cells are typically plated in 6-well format with a density of 200,000 cells per 
well, leading to approximately 50 µg of proteinaceous material per sample. Due to 
the specialized function of neuronal cells, we hypothesized a larger dynamic range 
in protein expression and relatively lower phosphorylation levels compared to the 
HeLa cell digests. We tested the Fe(III)-IMAC-based automated enrichment method 
on these primary neurons in triplicate using again a dilution series ranging from 1 to 
25 µg, prepared from a pooled neuronal protein extract. With only 25 µg of input 
material an average of 3,615 phosphopeptides could be identified and by starting 
with 1 µg of material we could still identify 1,963 unique phosphopeptides (Figure 
3B). Cumulatively, 2,926 class I phosphosites were quantified in at least 2 replicates 
for 25 µg starting material and 1,098 for 1 µg. Comparable to the HeLa cell digest, 
we observed a high overlap between the different protein digest amounts, with 98% 
of the phosphopeptides in the 25 µg sample identified in the samples using lower 
peptide amounts, as well as high correlations at the label-free quantitative level 
(Figure S2C). When comparing equal amounts of protein digest from either HeLa or 
neuronal cells we found a lower number of phosphorylated peptides in the neuron 
samples. 

To inspect the dynamic range of the enrichment method in combination with 
the LC-MS/MS analysis, we plotted the normalized MS signal intensities observed for 
the samples derived from different quantities of protein digest, for both the HeLa and 
neuron samples, as shown in Figure S3A-S3D. For both sample types the detectable 
dynamic range was substantially smaller for the lower sample amounts, suggesting 
that with less protein digest more high abundant phosphopeptides are being enriched 
and detected. As shown in Figure S3E and S3F indeed an overrepresentation of 
phosphopeptides with high ion intensities is observed. Together, these two datasets 
demonstrate that even with low quantities of material (down to 1 µg) one can already 
identify and quantify thousands of phosphorylated peptides in a reliable manner. 
Lastly, we evaluated the linearity of phosphopeptide enrichment using the HeLa 
samples[32]. As plotted in Figure S4, samples display good linearity up to 100 µg of 
protein used. This can probably be explained by the fact that by loading higher protein 
amounts the maximum capacity of the cartridges is reached, causing an increase in 
enrichment variation. 

To further assess the performance of the automated workflow in quantitative 
phosphoproteome profiling, we mapped the phosphorylation dynamics in primary 
rat hippocampal neurons upon stimulation with epidermal growth factor (EGF) 
(Figure 4). The EGF receptor is expressed in hippocampal neurons and found to 
modulate excitatory synaptic transmission [33,34]. We stimulated hippocampal 
neurons with 10 ng/ml EGF for 20 minutes and quantitatively monitored changes 
in the phosphorylation profiles compared to control, vehicle treated neurons. A 
six well plate format was used where we treated single wells in triplicate (Figure 
1C), resulting in a maximum of 50 µg of protein input material for the Fe(III)-IMAC 
phosphopeptide enrichment. From these phosphopeptide enrichments we subjected 
40% to single LC-MS/MS gradient of 100 minutes, resulting in the identification 
of 6,095 unique phosphopeptides from which 4,611 class I phosphosites could be 
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quantified in at least 2 replicates. We assessed the quality of this experiment by 
plotting Pearson correlations of the EGF and control samples (Figure 4a), showing 
high quantitative reproducibility, comparable to the first experiment with the non-
stimulated neuron samples. Notably, the Pearson correlations of the EGF treated 
neurons increased compared to the untreated samples, respectively >0.98 and 
>0.83, likely the consequence of synchronization of phosphorylation events in 
the stimulated neurons in response to EGF. A two-sample t-test revealed 603 
significantly regulated phosphosites at a FDR of 5% (Figure 4B). EGF is known to 
influence the phosphorylation status of proteins belonging to the MAPK pathway, 
of which multiple members could be quantified with this method. Indeed many 
of these proteins were found to be strongly regulated following EGF stimulation 
(Figure 4C). Moreover, it has been reported that EGF receptor (EGFR) stimulation in 
hippocampal neurons enhances NMDA receptor (NMDAR) surface expression and 
NMDAR-mediated calcium influx, facilitating long-term potentiation (LTP) of synaptic 
transmission [33,35]. Therefore, we also examined our data for phosphorylation 
dynamics related to these events. Strikingly, the enrichment method applied here was 
sensitive enough to detect changes in receptor phosphorylation status even though 
the experiment was performed with these low sample amounts. For instance, the 
known phosphosite S886 in the GluN2B subunit of NMDAR [36,37] was significantly 
elevated upon EGF treatment. On the other hand, phosphorylation of two sites in the 
metabotropic glutamate receptor mGluR5, S860 and S839, were significantly down 
regulated (Figure 4C, 5A and B). It is known that S839 phosphorylation is required 
for mGluR5-triggered calcium oscillations [38], suggesting that EGFR activation can 
modulate mGluR5-mediated calcium signalling. Furthermore, we observed decreased 
phosphorylation of S853 on the glutamate receptor mGluR1α. If the sequences of 
mGluR5 and mGluR1α are aligned both S839 and S853 show alike motifs [38] (Figure 
5C) and therefore similar behaviour of these phosphosites might be expected. It 
has previously been shown that regulation of mGluR5 by an agonist influences the 
phosphorylation status of the EGFR in rat cortical astrocytes and striatal neurons, 
although the link was so far mainly shown via tyrosine kinase signalling [39,40]. 
Here, we observed that EGFR stimulation also influences the phosphorylation status 
of mGluR5, suggesting that these receptors can influence each other’s activity 
reciprocally (Figure 4C). Of note, besides the hippocampal neurons, our samples also 
contain a small percentage of supporting glia cells, which are co-transferred during 
the plating of the neurons. Since EGFR expression in glia cells is considerably more 
abundant than in neurons, a potential direct or indirect role in the observed EGF 
response in our neuronal cultures cannot be excluded. Together, these results indicate 
that a detailed analysis of neuronal protein phosphorylation is feasible, even with 
limited amounts of input material, and it would be interesting to apply this technique 
to study the temporal regulation of protein phosphorylation of neuronal proteins 
involved in synaptic transmission and plasticity.  
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Figure 1. Overview of employed work�ows for sensitive phosphoproteome analysis

Figure 1.  Overview of employed workflows for sensitive phosphoproteome analysis.  
(A) Assessment of performance of three enrichment strategies; namely manually using Ti(IV)-
IMAC loaded tips, or automated using the Bravo Assay Map with either Fe(III)-IMAC or TiO2 
loaded cartridges. (B) Phosphoproteome analysis, using the automated Fe(III)-IMAC based 
workflow, of varying amounts of HeLa digest (0.1 µg – 500 µg) and Rat hippocampal neuron 
digests (1 – 25 µg). (C) Phosphopeptide enrichment, using the automated Fe(III)-IMAC based 
workflow, of rat hippocampal neurons digests stimulated with EGF or vehicle for 20 minutes. All 
samples resulting from the phosphopeptide enrichments were analyzed via a single LC-MS/MS 
run using a 100 min gradient on a Q-Exactive plus. Bravo AssayMap image courtesy of Agilent 
Technologies Inc. Permission for the use of the image of the Thermo Scientific™ Q Exactive™ Plus 
Hybrid Quadrupole-Orbitrap™ Mass Spectrometer has been granted by Thermo Fisher Scientific.
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Figure 2. Assessment of performance and characteristics of phosphopeptide enrichment strategies

Figure 2.  Assessment of performance and characteristics of phosphopeptide enrichment strategies.  
Three strategies were comparatively assessed, namely a manual approach using Ti(IV)-IMAC 
loaded tips, or automated using the Bravo Assay Map with either Fe(III)-IMAC or TiO2 loaded 
cartridges, using 200 µg of Hela digest as input. (A) Average number of identified phosphosites in 
a single LC-MS/MS run performed in quadruplicate for the 3 different enrichment strategies. The 
TiO2 loaded cartridges systematically underperform (for reasons highlighted in the text), while 
the automated Fe(III)-IMAC approach performs at least as well as the more labor intensive manual 
workflow using Ti(IV)-IMAC loaded tips. (B) Percentages of identified phosphopeptides compared 
to the total number of identified peptides for the applied enrichment strategies, revealing a 
highly specific phosphopeptide enrichment efficiency for Ti(IV)-IMAC and Fe(III)-IMAC. The lower 
efficiency of around 50% for TiO2 is further discussed in the text. (C) Venn diagrams displaying 
the overlap between the 3 phosphopeptide enrichment methods in identified phosphosites 
observed in 1 out of 4 replicates and in all 4 replicates, showing a good overlap in identifications 
between the different methods. (D) Comparison of label free quantification of phosphopeptides 
within one enrichment workflow and in between workflows. The heatmap shows the Pearson 
correlations and correlation plots for the different replicates. Overall the different phosphopeptide 
enrichment experiments reveal a good correlation, with the highest values observed for data 
gathered within one single workflow. (E) Different phosphopeptide enrichment workflows lead 
to distinctive phosphoproteomes. PCA analysis of the three different used enrichment methods, 
reveal strong clustering of replicate enrichments using the same workflow, which can be 
distinguished from measurements by alternative workflows. 
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Figure 3.  Sensitivity of the automated phosphoproteome analysis.  
Number of phosphopeptides identified, using the automated Fe(III)-IMAC workflow, from various 
amounts of starting material of HeLa digest (A) and primary rat (B) hippocampal neuron digest. 
The data shows an increasing number of identifications with higher amount of starting material 
up to 200 µg for the HeLa digest. Light grey regions indicate the number of phosphopeptides 
also identified at lower concentrations, showing gain in phosphopeptide identification numbers 
by using more protein digest as input for phosphopeptide enrichment.
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Figure 4.  Label-free phosphoproteome analysis of Rat hippocampal neurons stimulated with EGF. 
(A) Heatmap of Pearson correlations and correlation plots for the different replicates in the EGF 
stimulated and control samples showing high quantititave reproducibility between all measurements. 
(B) Volcanoplot displaying the differential phosphosites observed for control versus EGF stimulated 
hippocampal neurons with in dark grey the significantly regulated phosphosites using an FDR of 5%  
(C) Observed regulation of the MAPK pathway in EGF stimulated cells. The sites are colored according 
to their ratio between the EGF stimulated and control neurons. Two phosphosites of the mGluR5 
receptor are regulated, hinting at communication between EGFR and mGluR5. 
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Figure 5.  Specific phosphosites of the rat neuron mGluR5 and mGluR1α decreasing 
phosphorylation upon EGF stimulation.  
Representative HCD spectra of the mGlur5 peptide phosphorylated at S860 (A) and mGluR5 
peptide phosphorylated at S839 (B). The inserts show the representative extracted ion 
chromatogram (XIC) of the phosphorylated peptide in a control and EGF stimulated sample, 
displaying the decrease in phosphorylation upon EGF stimulation. (C) Sequence alignment of 
the mGlur5 and MGlur1α receptor. The sequences of both receptors around S839 and S853 
phosphosites are similar (difference is indicated by the blue box on the specific amino acids) 
and the same trend in phosphorylation was observed upon stimulation with EGF. The peptides 
identified in the LC-MS/MS experiment are underlined and highlighted in bold.
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Conclusion
So far in MS based phosphoproteomics, a good coverage of the 

phosphoproteome relied very much on sample availability. Moreover, current 
workflows in phosphoproteomics are limited in reproducibility.  As the tendency 
in phosphoproteomics is shifting towards the analysis of more clinically relevant 
samples, such as (patient-derived) primary cells, organoids and FACS sorted cells or 
micro-dissected from tissue, more sensitive and more robust methods are needed 
that enable high reproducibility. Here, we assessed an automated and miniaturized 
enrichment protocol using Fe(III)-IMAC cartridges on a AssayMAP Bravo platform 
and found it to provide an efficient, sensitive and reproducible approach for 
phosphoproteomic analysis. We demonstrate reproducible enrichment of thousands 
of phosphorylated peptides in a qualitative and quantitative manner from a limited 
amount of digest, even down to the sub-microgram level. The potential of this 
workflow was demonstrated by our quantitative analysis of the phosphorylation 
dynamics in EGF stimulated rat hippocampal neurons, using material from single wells 
containing approximately 200,000 neuron cells. Our highly sensitive and automated 
proteomics experiment highlighted, besides proteins in the MAP kinase pathway, 
EGF regulated functional phosphosites on several membrane incorporated glutamate 
receptors. 
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Abstract
Vanishing white matter (VWM) is a leukodystrophy with predominantly 

early-childhood onset. Affected children display various neurological signs, including 
ataxia and spasticity, and die early. VWM patients have bi-allelic mutations in any of 
the five genes encoding the subunits of the eukaryotic translation factor 2B (eIF2B). 
eIF2B regulates protein synthesis rates under basal and cellular stress conditions. 
The underlying molecular mechanism of how mutations in eIF2B result in VWM is 
unknown. Previous studies suggest that brain white matter astrocytes are primarily 
affected in VWM. We hypothesized that the translation rate of certain astrocytic 
mRNAs is affected by the mutations, resulting in astrocytic dysfunction.

Here we subjected primary astrocyte cultures of wild type (wt) and VWM 
(2b5ho) mice to pulsed labeling proteomics based on stable isotope labeling with 
amino acids in cell culture (SILAC) with an L-azidohomoalanine (AHA) pulse to select 
newly synthesized proteins. 

AHA was incorporated into newly synthesized proteins in wt and 2b5ho 
astrocytes with similar efficiency, without affecting cell viability. We quantified proteins 
synthesized in astrocytes of wt and 2b5ho mice. This proteomic profiling identified 
a total of 80 proteins that were regulated by the eIF2B mutation. We confirmed 
increased expression of PROS1 in 2b5ho astrocytes and brain. A DAVID enrichment 
analysis showed that approximately 50% of the eIF2B-regulated proteins used the 
secretory pathway. A small-scale metabolic screen further highlighted a significant 
change in the metabolite 6-phospho-gluconate, indicative of an altered flux through 
the pentose phosphate pathway (PPP). Some of the proteins migrating through the 
secretory pathway undergo oxidative folding reactions in the endoplasmic reticulum 
(ER), which produces reactive oxygen species (ROS). The PPP produces NADPH to 
remove ROS. The proteomic and metabolomics data together suggest a deregulation 
of ER function in 2b5ho mouse astrocytes.
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Introduction
Vanishing white matter (VWM) is one of the more prevalent leukodystrophies 

[1]. Patients with VWM display chronic neurological deterioration and additionally 
episodes of stress-provoked rapid and severe deterioration. Neuropathology of post-
mortem brain shows cystic degeneration of the cerebral white matter with lack of 
appropriate astrogliotic scar formation, profound lack of myelin, increased numbers 
of oligodendrocyte precursor cells and immature astrocytes. The morphology of 
especially astrocytes in cerebral white matter is abnormal. They look coarse and 
have fewer, thicker processes than normal [2,3]. A small proportion of the 
oligodendrocytes look foamy [4].

Recessive mutations in the eukaryotic translation factor 2B (eIF2B) cause 
VWM [5,6]. eIF2B is an enzyme composed of 5 different subunits (eIF2Bα-ε), 
encoded by 5 genes (EIF2B1-5). Mutations reduce the activity of eIF2B [7-9]. The 
eIF2B complex functions as a guanine nucleotide exchange factor (GEF), mediating 
the exchange GDP for GTP on eIF2. eIF2-GTP binds to methionine-charged initiator 
tRNA (Met-tRNAMet

i
), thereby forming the ternary complex eIF2.GTP.Met-tRNAMet

i
. 

The ternary complex together with the small ribosomal subunit binds the 5’-end of 
the mRNA and scans the 5’-untranslated region (5’-UTR) until it encounters a start 
codon in a suitable context, whereupon translation of the open reading frame 
(ORF) starts. Simultaneously, GTP on eIF2 is hydrolyzed to GDP which makes the 
complex inactive [10-12]. GEF activity is needed to recharge eIF2 with GTP.

Translation initiation is a complex process, involving multiple eukaryotic 
initiation factors (eIFs) [13,14]. Translation initiation efficiency is profoundly 
influenced by the nucleotides flanking the start codon (usually AUG), the Kozak 
consensus sequence [15]. Purines at the -3 and +4 position relative to the AUG 
start codon are most important in determining translation initiation efficiency 
[15,16]. The architecture of the 5’-UTR with regard to various sequences, structural 
motifs and length also determines the translation efficiency of an mRNA [17]. 
eIF2B mutations are expected to reduce ternary complex levels and thus overall 
mRNA translation. However, this reduced activity can actually enhance translation 
of certain mRNAs with 5’-upstream open reading frames (uORFs) in their 5’-UTR. 
uORFs can inhibit translation of the main ORF (mORF) and translation of these 
mORFs depends on translation reinitiation, which is regulated by ternary complex 
levels [17,18]. 

A VWM mouse model, homozygous for the Arg191His mutation in the 
eIF2Bε subunit has been developed, representative of the human disease (2b5ho 
mice) [19]. The Arg191His mutation corresponds to the Arg195His mutation 
in patients. This mutation reduces eIF2B activity in vitro and gives a severe 
VWM phenotype [20,21]. Astrocytes in brains of 2b5ho mice are positive for the 
immaturity marker nestin. In vitro experiments show that 2b5ho astrocytes inhibit 
maturation of wild type (wt) oligodendrocytes [19]. 

The mechanism by which mutations in eIF2B lead to astrocytic dysfunction 
and disease remains unclear. Here we aim to improve understanding of the 
molecular mechanism underlying VWM. We expected that mutant eIF2B would 
not have a general effect on mRNA translation but rather affects translation of 
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a small number of specific mRNAs, leading to disruption of cellular balances and 
dysfunction of astrocytes in particular. To identify these translational differences, 
we subjected adult mouse astrocytes to high-resolution quantitative proteomics 
after a pulse labeling with AHA (L-azidohomoalanine) combined with SILAC (stable 
isotope-labeling by amino acids in cell culture)  [22-24]. 
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Materials and Methods
Mice

All experiments were carried out under the Dutch and European law with 
approval of the local Institutional Animal Care and Use Committee (IACUC) of the VU 
University (Amsterdam, NL). wt and 2b5ho were used. All animals were weaned at P21 
and had ad libitum access to food and water. The mice were housed with a 12h light 
and dark cycle.

Astrocyte culture

Four-month-old mice were sacrificed by cervical dislocation. Brains were taken 
out and the olfactory bulbs, cerebella and forebrains were removed. Astrocytes from 
the remaining structures were isolated. Brain tissue was minced with a scalpel in 
Hank’s balanced salt solution (HBSS) without magnesium and calcium (Gibco) at 4 °C. 
The tissue was dissociated with a papain solution containing 20 mM PIPES (pH 7.4), 
120 mM NaCl, 5 mM KCl, 1.1 mM EDTA, 5.5 mM L-cysteine-HCl, 40 U/ml DNase 
and 20 U/ml papain for 30 min at 37 °C. Cells were plated in poly-L-ornithine (PLO)-
coated flasks and cultured in DMEM/F12 with 15% fetal bovine serum (FBS) (Hyclone), 
1% sodium pyruvate (Gibco), 100U penicillin, 100 µg/ml streptomycin (Gibco) and 
10 µg/ml gentamicin (Gibco). The cells were passaged twice before they were used 
for experiments. All chemicals were purchased from Sigma Aldrich unless otherwise 
stated. Every experiment was replicated in independent cultures derived from different 
mice (number of experiments is indicated in figure legends as e.g. n=3).

Rate of protein synthesis assay

Astrocytes were plated in 6 cm dishes (~250,000 cells/dish) and cultured until 
80-90% confluent. Cells were starved for methionine for 15 min in AHA medium 
(DMEM/F12 without methionine, lysine, arginine and phenol red (Thermo Fisher 
Scientific)) supplemented with 91.3 mg/L L-lysine, 147.5 mg/L L-arginine, dialysed 
FBS and phenol red, after which AHA (Bachem) was added to AHA medium for the 
indicated time in a final concentration of 2 mM. Cells were harvested in lysis buffer 
composed of 50 mM Tris pH7.5, 100 mM NaCl, 0.5 mM EDTA and 0.5% sodium 
dodecylsulfate (SDS). 

The newly-synthesized proteins were labeled using the Click-iT® Protein buffer 
kit according to the manufacturer’s protocol (Invitrogen). In short, the AHA molecules in 
the cell lysate were coupled to biotin. Proteins were precipitated by subsequent addition 
of 6 volumes of methanol, 1.5 volume of chloroform and 4 volumes of water. The 
protein pellet was dissolved in 50 mM Tris-HCl pH 7.5 with 1% SDS before subjection 
to Western blot analysis. Samples were loaded on a 12% Criterion™ TGX Stain-Free™ 
Protein Gels (Bio-Rad), allowing detection of total protein load. Biotinylated-AHA-
labeled proteins were stained with 400 ng/ml streptavidin (680 nm) and visualized at 
700 nm in an Odyssey system (Odyssey® Fc, LI-COR). The amount of AHA-staining was 
corrected for the total protein load determined by Gel Doc™ EZ System (Bio-Rad). 
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Cell viability assay

Astrocytes were plated in ½ area 96 well plates (~5000 cells/well) and cultured 
for 2 days in AHA-SILAC medium (Thermo Fisher Scientific, custom-made DMEM/F12 
without methionine, arginine, lysine and phenol red), with addition of 15% dialyzed 
serum, 0.005% phenol red, SILAC amino acids (94.2 mg/L [13C

6
]L-lysine 152 mg/L 

[13C
6
]L-arginine or 96 mg/L [13C

6 
, 15N

4
]L-lysine and 154.3 mg/L [13C

6 
, 15N

4
] L-arginine;) 

and 17.2 mg/L L-methionine. The cells were starved for methionine from 15 min and 
cultured with 2 mM AHA (Bachem) or methionine overnight in half well area plates. 
Cell viability (ATP levels, CellTiter-Glo) was measured according to manufacturer’s 
instructions (Promega). In short, cells were kept at room temperature for 30 min. 
CellTiter-Glo was added in the same volume as the culture medium. The plate was 
shaken for 2 min and left standing for 10 min before measuring luminescence with a 
Victor2 plate reader (Perkin Elmer Life Sciences). 

AHA enrichment and on-bead digestion

Astrocytes were plated in 10 cm dishes (~750,000 cells/dish) and cultured 
until 80% confluent. The culture medium was replaced with AHA-SILAC medium. 
Cells were grown for 4 days. SILAC labels were reversed in biological duplicates. 
Cells were subsequently starved for methionine for 15 min and AHA was added 
as described in the previous section. Astrocytes were further cultured for 2 h or 
otherwise indicated. The cells were subsequently washed with cold PBS and lysed in 
urea lysis buffer (supplied with the Click-IT Protein enrichment Kit, Invitrogen).

For the protein analysis of secreted proteins conditioned medium samples 
from wt and 2b5ho astrocytes (2 h) were concentrated using Amicon® Ultra-15 
centrifuge filter tubes (3 kDa, Merck). Samples were diluted with urea lysis buffer to a 
volume of 400 µl per sample.

The AHA-labelled proteins from cell lysates as well as from the conditioned 
medium were enriched using the Click-iT® Protein Enrichment Kit according to the 
manufacturer’s protocol (Invitrogen) with some minor modifications. In short, the 
AHA-labelled proteins were bound to the resin (16 h), following an iodoacetamide 
treatment and several washing steps. The AHA-labelled proteins bound to the resin 
were dissolved in 50 mM ammonium bicarbonate with 3 M urea. Digestion was 
performed at 37°C by adding 0.1 µg Lys-C for 4 h followed by addition of 1 µg trypsin 
overnight. The peptides were separated from the resin by briefly centrifuging them 
through a 0.8 ml spin columns (Thermo Fisher Scientific). The flow through contains 
the peptides. Peptide samples were stored at -80°C until further use. See also figure 1 
for an overview of the enrichment procedure. 

LC-MS/MS analysis

Peptides were analyzed using a Q Exactive™ Hybrid Quadrupole-Orbitrap™ 
Mass Spectrometer (Thermo Fisher Scientific), which was connected to a 1290 Infinity 
II LC System (Agilent). The trap column was made of C18 (dr Maisch Reprosil) material 
and the analytical column was a 50 cm, 50 µm inner diameter Poroshell C18 (Agilent) 
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column. Both the trap and analytical columns were packed in-house. Solvent A 
consisted of 0.1% formic acid (Merck) in deionized water (Merck) and Solvent B of 
0.1% formic acid in 80% acetonitrile (Biosolve). Peptides were first trapped at 50 µl/
min with solvent A and then eluted with solvent B in a 120 min gradient at 100 nl/
min: 0–10 min, 100% solvent A; 10.1–105 min, 13%–40% solvent B; 105–108 min, 
40%–100% solvent B; 108–109 min, 100% solvent B; 109-110 min, 0%–100% 
solvent A; 110–120 min, 100% solvent A. The Orbitrap was operated in a data-
dependent manner, with the following settings: ESI voltage, 1700 V; inlet capillary 
temperature 320˚C; full-scan automatic gain control (AGC) target, 3 × 106 ions at 
35000 resolution; scan range, 350–1500 m/z; Orbitrap full-scan maximum injection 
time, 250 ms; MS2 scan AGC target, 5 × 104 ions at 17500 resolution; maximum 
injection, 120 ms; normalized collision energy, 25; dynamic exclusion time, 30; 
isolation window 1.5 m/z; 10 MS2 scans per full scan.

Data processing

The LC-MS/MS data were processed with MaxQuant (v1.5.2.8) and MS2 
spectra were searched with the Andromeda search engine against the mouse 
proteome in UniProt (17155 entries, downloaded on 2015-10-27). Enzyme 
specificity was set to Trypsin/P and two missed cleavages were allowed. SILAC labels 
(K6/8, R6/10), methionine for AHA substitution and methionine oxidation were 
set as variable modifications and cysteine carbamidomethylation was set as fixed 
modification. Minimum peptide length was 7 amino acids. Mass tolerance was 
set to 20 ppm for peptide masses and 0.6 Da for fragmentation masses. The false 
discovery rate (FDR) threshold was set to 1% for identifications. Minimal ratio count 
was set to 2 for protein quantification and the functions “match between runs” and 
“requantify” were enabled. Data were further analyzed in Perseus (v1.5.0.0). Protein 
groups were kept for further analysis if they were detected in at least three of the 
biological replicates. A t-test was performed and protein groups were considered 
significant if the p-value was <0.05. 

Signal peptide analysis

To assess the presence of an N-terminal signal peptide in the proteins, we 
subjected the proteins from the proteomic screen to the SignalP 4.1 server  [25,26]. 
For all UniProt IDs the FASTA files were downloaded from the UniProt website and 
all Fasta files are automatically subjected to the SignalP 4.1 sever. The presence or 
absence of a signal peptide for each UniProt ID was predicted with the SignalP4.1 
algorithms and the results were saved to Excel. The UniProt IDs linked back to the list 
of all identified protein names. Biomart was used to identify proteins containing a 
transmembrane domain. The number of proteins with a signal peptide was calculated 
for the proteins, the synthesis of which was affected by eIF2BεArg191His as well as for 
the other proteins that are not regulated by the same mutation. Next the number 
of regulated proteins with a signal peptide were subdivided in ‘upregulated’ and 
‘downregulated’. 
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In silico analysis of mRNA features of eIF2BεArg191His-regulated 
proteins

The sequences of the mRNA variants encoding the proteins identified in the 
AHA-SILAC proteomes were downloaded from the NCBI database including the start 
and stop codon location. The 5’-UTR features “uORFs, %GC and thermodynamic 
stability (ΔG in kcal/mol)” were determined for all mRNAs (Babendure, Babendure et 
al. 2006). We compared each mRNA characteristic for all proteins found in the AHA-
SILAC proteomic screen and compared the characteristics for the proteins regulated 
by eIF2BεArg191His and non-regulated proteins. The 5’-UTR length, %GC and ΔG from 
mRNAs encoding the proteins found in the AHA-SILAC proteomes were analyzed 
per protein. When a protein is potentially translated from more than 1 mRNA variant 
(taken from the NCBI database), we counted and analyzed all features of all mRNA 
variants per protein and plotted all as a proportional representation per protein so 
that the analysis was not skewed by proteins with multiple variants. 5’-UTR lengths 
of less than 13 nucleotides were omitted from analyses as AUG codons less than 13 
nt from the cap are inefficient to initiate translation (Hinnebusch 2011). The % of 
GC in the 5’-UTRs was calculated. To calculate the thermodynamic stability, the free 
energy (ΔG) of 5’-UTRs was determined using UNAFold (http://unafold.rna.albany.
edu//?q=DINAMelt/Quickfold), which predicts thermodynamic stability. The uORF was 
defined as upstream AUG/CUG/GUG/UUG/ACG with a purine (A/G) at the -3 position 
and a guanine at the +4 position [16,27,28]. Scripts used for the analyses are found 
at: https://github.com/LisanneWisse/UORF or https://github.com/LisanneWisse/RefSeq. 

DAVID analysis

Overrepresentation of specific pathways was analyzed with DAVID (based on 
gene ontology (GO)-terms) between the proteins that are affected by the eIF2BεArg191His 
mutation and all the proteins found in the AHA-SILAC proteome  [29,30].

Cell lysates for validation experiments

Astrocytes were plated in 10 cm dishes (~750,000 cells/dish) and cultured 
until 80% confluent. Cells were washed with cold PBS, collected by scraping in PBS 
and pelleted by centrifugation (5 min, 1000 xg, 4°C). The method is based on the 
protocol described [31]. Cells were lysed in harvesting buffer containing 10 mM 
HEPES pH7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton, 1 mM DTT, 
phosphatase inhibitors (0.5 mM activated NaVO

3
, 25 mM β-glycerophosphate, 50 mM 

NaF) and protease inhibitors (Roche). Lysates were centrifuged (10 min 500 xg, 4 °C) 
and the supernatant was used for Western blot analyses. 

Whole brain lysates for validation experiments

Mice were sacrificed by cervical dislocation at 4 months of age. Brains were 
removed, snap-frozen in liquid nitrogen and stored at -80°C until further use. Lysates 
were prepared by grinding the brain samples with a pestle and mortar under liquid 
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nitrogen. The powder was lysed in cytoplasmic lysis buffer (20 mM Tris pH 7.4, 100 
mM KAc, 3 mM MgAc2, 2 mM DTT, 1.5% IGEPAL, 1.5% sodium deoxycholate 
(SODC), 1x HALT (protease and phosphatase inhibitory cocktail, Thermo Fisher 
Scientific). The samples were homogenized with a pestle followed by trituration 
through a 23G needle. The samples were centrifuged (10 min, 10.000 xg, 4 °C) and 
the supernatant was aliquoted into pre-chilled microfuge tube. Protein concentrations 
were determined using a Quick Start™ Bradford Protein Assay (Bio-Rad). For RNA 
isolation, TRIzol™ Reagent (Invitrogen) was added to 50 µl of the supernatant and 
total RNA was isolated as described under RNA isolation and cDNA synthesis. 

Western blot 

For cell lysates approximately 10 µg protein was and for brain lysates 50-60 
µg was loaded on a 12% SDS-polyacrylamide gel with 2,2,2-trichloroethanol (TCE) 
which allow detection of total protein load (Ladner, Yang et al. 2004). Proteins were 
transferred onto a PVDF membrane (Bio-Rad). Membranes were blocked in 5% (w/v) 
milk powder and stained with the antibody against PROS1 (16910-1-AP, Proteintech) 
or SLC3A2 (LS-C334231, LSBio) overnight (16 h) at 4 °C. Membranes were washed 
with TBS-Tween20 (0.1%) and incubated with an HRP-conjugated secondary goat 
anti-rabbit IgG antibody (Dako, P0448) for 2 h at room temperature. The membranes 
were washed three times with TBS-Tween (0.1%) and once with TBS, incubated with 
SuperSignal™ West Femto (Thermo Fisher Scientific) and imaged (Odyssey® Fc, LI-
COR). Protein expression was corrected for total amount of protein determined by Gel 
Doc™ EZ System (Bio-Rad).

RNA isolation, cDNA synthesis and qPCR

Astrocytes were washed twice with PBS and collected in TRIzol™ Reagent 
(Invitrogen). RNA was isolated according to the manufacturer’s protocol. In short, 1/5 
volume chloroform was added to the TRIzol™ Reagent. The samples were centrifuged 
(10min, 12000 xg, 4 °C) and the water layer was transferred to a fresh tube. Half a 
volume of isopropanol and 1/250 volume of linear acrylamide (Ambion) was added 
and the samples were centrifuged for 20 min at 4 °C and 12000 xg. The pellet 
was washed twice with 70% ethanol and resuspended in non-DEPC treated water 
(Ambion). RNA was precipitated with 175 mM sodium acetate (pH 5.2) and 70% 
ethanol and incubated for 30 min at -20 °C. The samples were centrifuged (30 min, 4 
°C, 12000 xg) and the pellets were washed twice with 70% ethanol and resuspended 
in non-DEPC-treated water.

RNA quality and quantity were determined by measuring the A260 and A280 
(NanoDrop 2000, Thermo Fisher Scientific). cDNA was synthesized in a 20 µl reverse 
transcription reaction: 1x first strand buffer (Invitrogen), random hexamers (0.02 µg/
µl; Qiagen), oligoDT (0.02 µg/µl; Qiagen), dNTPs (1 mM each; Roche), DTT (1 mM; 
Invitrogen), RNaseOUT (0.25 U/µl; Invitrogen), Superscript III (5 U/µl; Invitrogen) and 
1.5 µg total RNA were incubated for 2h at 50 °C. RNAseH (62.5 U/µl; Invitrogen) was 
added and incubated for 30 min at 37 °C followed by 15 min at 70 °C.

mRNA levels were determined with qPCR using a LightCycler® 480 II 
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Instrument (Roche). For each 10 µl sample a mixture of LightCycler® 480 SYBR Green 
I Master (Roche), primers (1 pmol/µl) and cDNA (0.1 µl) was used. Used primers are 
listed in Table 1. Gapdh mRNA was used as reference.

Gene name Forward (5’->3’) Reverse (5’->3’)

Gapdh GTGCTGAGTATGTCGTGGAG TCGTGGTTCACACCCATCAC

Akt AAGAAGGAGGTCATCGTCGC GGTCGTGGGTCTGGAATGAG

Gas6 CTAAAACTATCCCCAGACAT GGTACAAGGACTTCACGCTCT

Nrxn1 CCCCACAAAGGAACCCATCA GTTGGCTAACCCACCTGAGC

Sorcs1 GGGACATCAGCCGAGTCATC AACACCGCCACCAGGATATG

Fndc3c1 AGAGCGAGGCTTTTGGAGAA TGGCACTGTTGGAGGTATTTCA

Pros1 TCCCTGGAGGCTACTCTTGTT AGGTCCAAGGAAAGGCACAC

Scrn1 TGTCTGTCTTGCCTCAGAACA TTTTGGCTGGGTCATCGTCA

Fgfr1 GCCAGACAACTTGCCGTATG TCCGATAGAGTTACCCGCCA

Txnip GTCTCAGCAGTGCAAACAGAC CCTTCACCCAGTAGTCTACGC

Ddr1 CTGCTGCTTCTCATCATCGC GTCAGCTCCTCCTCCAACAC

Table 1. qPCR forward and reverse sequences

Construct to determine secretion

The pNL1.3 plasmid (Promega) expresses the nanoluciferase protein with 
an N-terminal signal peptide from interleukin-6 (IL-6; Secluc). The signal peptide 
promotes secretion of the nanoluciferase into the culture medium. The pNL1.3-Gapdh 
construct contains the promoter including 5’-UTR of Gapdh, which was inserted in the 
pNL1.3 vector using an infusion reaction, according to the manufacturer’s protocol (In-
Fusion® HD Cloning Kit, Clontech). The PCR-amplified sequence of the constructs was 
confirmed by sequence analysis. 

Constructs to determine translation

The pNL1.1 plasmids express the nanoluciferase protein (Nluc). Promoter and 
5’-UTR sequences of candidate genes were taken from NCBI and Ensembl databases 
(Table 2). Infusion primers were designed to amplify promoter (approximately 2000 
bps upstream of the transcription start site) and 5’-UTR-encoding sequences using the 
primer design tool on the Clontech website. Internal primers were designed to merge 
the Gapdh promoter region and the 5’-UTR of the candidate.  

The promoter and 5’-UTR sequences were amplified using the infusion 
primers and the overlapping internal primers on gDNA from mouse liver or cDNA 
from cultured mouse astrocytes (Table 2) according to the manufacturer’s protocol 
(ClonAmp, In-Fusion HD, Clontech). For the chimeric constructs comprising the 
murine Gapdh core promoter and 5’-UTR of the candidate mRNA a triple infusion 
reaction was performed with the pNL1.1 vector, the amplified promoter product and 
the amplified 5’-UTR product (Table 2). All promoter and 5’-UTR sequences were 
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inserted into the pNL1.1 vector (Promega) using an infusion reaction according to the 
manufacturer’s protocol (In-Fusion® HD Cloning Kit, Clontech). The resulting plasmids 
are listed in Table 2. PCR-amplified sequences of all constructs were confirmed by 
sequence analysis. 

Gene number Construct name Primer Sequence

NM_008084 pNL1.3-Gapdh Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer GGCTAGCGAGCTCAGGTACCTTTGTCTACGGGACGAGGCTGGCACTGCACAAGAAG

NM_008084 pNL1.1-Gapdh Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGGTTTGTCTACGGGACGAGGCTGGCACTGCACAAGAAG

NM_011173 pNL1.1-Pros1 Infusion FW primer TGGCCTAACTGGCCGGTACCAACTGGCTTCTTTGTGGTG

Infusion RV primer AGTGTGAAGACCATGGCTGAGAGGATGGCCGGG

NM_019521 pNL1.1-Gas6 Infusion FW primer TGGCCTAACTGGCCGGTACCGGACAGGCACTCTTTGGA

Infusion RV primer AGTGTGAAGACCATGGCGAGGCCGGTGCCGGG

NM_027268 pNL1.1-Scrn1 Infusion FW primer TGGCCTAACTGGCCGGTACCCTTTTTTGATTCTGGAAA

Infusion RV primer AGTGTGAAGACCATGCTGCCAAGCAGCCGGCT

NM_010206.3 pNL1.1-Fgfr1 Infusion FW primer TGGCCTAACTGGCCGGTACCCAGGGCAAGGATATTGCTA

Infusion RV primer AGTGTGAAGACCATGCCAGTTCTGCGGTTAGAG

Internal primer FW ACCGCAGCGCCAAGTGAG

Internal primer RV CTCACTTGGCGCTGCGGT

NM_011173 pNL1.1-Pros1 5’UTR Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGGCTGAGAGGATGGCCGG

Internal primer FW GGGTCCAAAGAGAGGGAGGAGCTCGGGCTGGGCCGCGGCAG

Internal primer RV TCCTCCCTCTCTTTGGACCCGCCTCATTTT

NM_019521 pNL1.1-Gas6 5’UTR Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGGCGAGGCCGGTGCCGGGG

Internal primer FW GGGTCCAAAGAGAGGGAGGAACCCGCTGCCTCCTTCACGGC

Internal primer RV TCCTCCCTCTCTTTGGACCCGCCTCATTTT

NM_010206.3 pNL1.1-Fgfr1 5’UTR Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGCCAGTTCTGCGGTTAGA

Internal primer FW GGGTCCAAAGAGAGGGAGGAGCACAGCGCTCGGAGCGCTCC

Internal primer RV GGAGCGCTCCGAGCGCTGTGCTCCTCCCTCTCTTTGGACCC

NM_020252.3 pNL1.1-Nrxn1 5’UTR Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGCTCGGGGCTGGGGTGCG

Internal primer FW GGGTCCAAAGAGAGGGAGGACCTTTTTCCCTCTCCTCCTCC

Internal primer RV GGAGGAGGAGAGGGAAAAAGGTCCTCCCTCTCTTTGGACCC

NM_021377 pNL1.1-Sorcs1 5’UTR Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGTCTGGAGCGTAGAGAAG

Internal primer FW GGGTCCAAAGAGAGGGAGGAAGCCTGGGCGAGCGGCAGGCA

Internal primer RV TCCTCCCTCTCTTTGGACCCGCCTCATTTT

NM_001198833 pNL1.1-Ddr1 5’UTR Infusion FW primer TGGCCTAACTGGCCGGTACCTGCTGTGTCACTACCGAAGAACAACGAGGAGAAGAT

Infusion RV primer AGTGTGAAGACCATGGCTCTCCGGGGCGGACC

Internal primer FW GGGTCCAAAGAGAGGGAGGATGGCTCCTCTCCCCGGAACAG

Internal primer RV TCCTCCCTCTCTTTGGACCCGCCTCATTTT

NM_011173 pNL1.1-Pros1 promoter Infusion FW primer TGGCCTAACTGGCCGGTACCAACTGGCTTCTTTGTGGTG

Infusion RV primer AGTGTGAAGACCATGGTTTGTCTACGGGACGAGGCTGGCACTGCACAAGAAG

Internal primer FW TGGCTGCTCCGCCCGCCCGCGGGGAAATGAGAGAGGCCCA

Internal primer RV GCGGGCGGGCGGAGCAGCCA

Table 2. Primer sequences used for cloning
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Construct used as internal control

The pGL3 plasmid expresses the firefly luciferase protein (Fluc). The murine 
Gapdh promoter and 5’-UTR were digested from the pNL1.1 vector with KpnI and 
NcoI, purified from agarose gel (High Pure PCR Cleanup, Roche) and inserted into 
an empty pGL3 vector digested with the same restriction enzyme using a T4 DNA 
ligase (Promega). The resulting plasmid pGL3-Gapdh was used as internal standard 
in transfection studies. PCR-amplified sequence of the constructs was confirmed by 
sequence analysis. 

Measurement of secretion and secretory pathway flux

Astrocytes were plated in half-area 96 well plates (~3000 cells/dish, 
CELLSTRAR) to 80% confluency. pNL1.3-Gapdh (80 ng) was transfected into the 
cells using 0.24 µl FuGENE® 6 according to the manufacturer’s protocol (Promega). 
Luciferase activity in cells and culture medium was measured using the protocol of 
Promega and a Wallac 1420 Victor2 Microplate Reader (Perkin Elmer). The ratio of 
extracellular / intracellular luciferase activity determines the relative secretion.

Transfections

Astrocytes were plated in half-area 96 well plates (~3000 cells/dish, 
CELLSTAR). Each pNL1.1 promoter/5’-UTR construct (40 ng) was co-transfected with 
internal control pGL3-Gapdh (20 ng) using FuGENE® 6 Transfection Reagent (0.24 µl) 
according to the manufacturer’s protocol. Luciferase activity was measured using the 
protocol of Promega and a GloMax® Discover System (Promega). The ratio Nluc:Fluc 
determines the expression of Nluc corrected for well-by-well differences. 

Metabolomics 

Astrocytes were cultured in 6 cm dishes (~250,000 cells/ dish) until 70% 
confluent. Medium was replaced 72 and 24 h before harvesting. At the time of 
harvesting culture medium was removed from the cells and stored at -80 °C until 
analysis. Cells were washed with ice-cold PBS and metabolites were extracted from 
cells in 0.5 ml lysis buffer containing methanol/acetonitrile/dH2O (2:2:1). Samples 
were spun at 16.000 xg for 15 min at 4 °C. Supernatants were collected for LC-MS 
analysis. 10 µl of conditioned medium was added to 1 mL of lysis buffer containing 
methanol/acetonitrile/H2O (2:2:1) and prepared as above. 

LC-MS analysis was performed on an Exactive mass spectrometer (Thermo 
Fisher Scientific) coupled to a Dionex Ultimate 3000 autosampler and pump (Thermo 
Fisher Scientific). The MS operated in polarity-switching mode with spray voltages of 
4.5 kV and -3.5 kV. Metabolites were separated using a SeQuant® ZIC®-pHILIC HPLC 
Columns (2.1 x 150 mm, 5 µm, guard column 2.1 x 20 mm, 5 µm; Merck) using 
a linear gradient of acetonitrile and eluent A (20 mM (NH4)2CO3, 0.1% NH4OH 
in ULC/MS grade water (Biosolve)). Flow rate was set at 150 µl/min. Metabolites 
were identified and quantified using LCQUAN™ Quantitative Software (Thermo 
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Fisher Scientific) on the basis of exact mass within 5 ppm and further validated by 
concordance with retention times of standards. Metabolites were quantified using 
LCQUAN™ Quantitative Software (Thermo Fisher Scientific). Peak intensities were 
normalized based on median peak intensity. 

Statistical Analyses

The program Factor was used to correct for differences between experiments 
(qPCR, Western blot, cell viability) but not between other conditions (genotype, 
treatments) (Ruijter, Thygesen et al. 2006). Statistical analysis of qPCR, Western blot 
and cell viability experiments were performed with a two way ANOVA followed by a 
Sidaks multiple comparison test, using GraphPad Prism software. Statistical analysis of 
the transfection data was performed using a T-test per construct.

A Chi-square analysis was used to measure significant differences in the 
presence of signal peptides, transmembrane regions and SP-targeting proteins as well 
as for the analysis on the 5’-UTR features using GraphPad Prism software. 

The secretion assay was statistically tested with a multilevel analysis in SPSS. 
Differences were significant when p<0.05.
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Results
AHA-SILAC incorporation is not affected by mutations in eIF2B 
and does not affect astrocyte viability

AHA incorporation was measured in wt and 2b5ho astrocytes to investigate if 
the general protein synthesis rate is affected by the homozygous Arg191His mutation 
in eIF2Bε (Fig. 1). Label incorporation increased linearly for a period of 4 h. (Fig. 1B). 
The incorporation occurred with similar kinetics in 2b5ho and wt astrocytes (Fig. 1B), 
indicating that the eIF2Bε Arg191His mutation did not significantly affect protein 
synthesis rate. The viability of both wt and 2b5ho astrocytes was not influenced by 
AHA or SILAC treatment (Fig. 1C). These results allow further proteomic analyses with 
an AHA incorporation pulse of 2 h.
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Figure 1.   AHA incorporation rates are similar between wt and 2b5ho astrocytes and assay 
conditions do not affect wt and 2b5ho cell viability.  
A. Overview of the enrichment protocol. Heavy refers to labeling with [13C

6
, 15N

4
] L-lysine and 

[13C
6 
, 15N

4
]  L-arginine, while medium refers to labeling with [13C

6
] L-lysine and [13C

6
] L-arginine. 

B. Astrocytes were treated with AHA for 1-6 h to determine a suitable AHA labeling time to 
measure newly-synthesized proteins as well as confirm a similar AHA incorporation between 
wt and 2b5ho astrocytes. The graph shows the mean + SD (n=3) and the 1-hour-incorporation 
in wt cells was set to 1. C. Astrocytes were grown in normal (light) or SILAC culture medium 
(medium or heavy) for 2 days with or without a 16-h AHA pulse. Cell viability was determined 
by measuring intracellular ATP levels (CellTitre-glo, Promega). As a positive control for the assay, 
cells were grown in the presence of G418. The graph shows the mean ± SD (n=3).
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Pulsed labeling proteomics of astrocytes reveals 80 proteins 
regulated by the eIF2Bε Arg191His mutation

The AHA proteomic labelling approach was performed to identify and 
quantify proteins that are differentially translated in 2b5ho astrocytes. SILAC-labeled wt 
and 2b5ho astrocytes were subjected to AHA labeling for 2 h. After AHA labeling cells 
were harvested and subjected to bead-based enrichment using a Click-iT chemistry 
approach. Bound proteins were digested and resulting peptides were analyzed by 
LC-MS/MS. In four biological replicates, we identified a total of 2888 proteins across 
both wt and 2b5ho astrocytes. 1240 proteins were detected in at least 3 out of 4 
biological replicates for both wt and 2b5ho astrocytes and used for further analysis. 
Accumulation of 72 proteins was increased and of 8 proteins decreased in the 2b5ho 
AHA-proteome (p<0.05, student’s T-test) (Fig. 2A and Supplementary File 1). 
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Figure 2.  Volcano plot of all 1240 proteins from the proteomic screen and DAVID analysis of the 
80 proteins regulated by eIF2BεArg191His identifies a difference in proteins that migrate 
through the secretory pathway. A.  
In the volcano plot the proteins in darker grey have a p-value <0.05 and are considered significantly 
differently synthesized between wt and 2b5ho astrocyte cultures. The p values are plotted as 
Log(10) and p<0.05 corresponds to -Log10> 1.12. The fold change between wt and 2b5ho is 
plotted as Log(2) and a fold change of >2 corresponds to Log(2) >1. 80 proteins are significantly 
different between wt and 2b5ho astrocytes of which 72 are increased an 8 are decreased in 2b5ho 
astrocytes. The proteins SLC3A2, PROS1 and GAS6 are highlighted in black. B. The figure shows 
the overrepresentation analysis (p-value<0.05) between the significantly different proteins with the 
proteins found in the proteome as a background. The pathway analysis reveals an overrepresentation 
of proteins with a signal peptide, transmembrane domain, N-linked glycosylation site(s) and/or 
disulfide bond(s). These terms together pinpoint targeting of proteins to the secretory pathway, some 
of which are post-translationally modified, as being affected by this mutation.
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eIF2BεArg191His-regulated proteins localize predominantly to the 
plasma membrane or extracellular space

We performed a DAVID pathway analysis to investigate if the eIF2BεArg191His-
regulated proteins share common functions, localizations or other features. This 
analysis showed enrichment for N-terminally glycosylated proteins, membrane 
proteins, proteins with disulfide bonds as well as proteins that contain a signal peptide 
among the set of eIF2BεArg191His-regulated proteins (Fig. 2B). This outcome suggests 
that many regulated proteins follow the secretory pathway. Since signal peptides 
and transmembrane domains are associated with targeting to the secretory pathway 
(von Heijne 1990, Petersen, Brunak et al. 2011, Borgese 2016), we tested all 1240 
identified proteins for signal peptides or transmembrane domains. Signal peptides 
were found in 237 proteins and transmembrane domains in 177. The number of 
proteins predicted to pass through the secretory pathway was significantly enriched 
in the 2b5ho proteome (Table 3). 27 out of the 80 regulated proteins harbor a signal 
peptide and 24 have at least one transmembrane domain; 13 of the proteins harbor 
both a signal peptide and a transmembrane domain (in total 38 proteins out of 80). 
Intriguingly, the proteins annotated as migrating through the secretory pathway were 
all upregulated in 2b5ho astrocytes. It is possible that these proteins accumulate more 
in 2b5ho astrocytes during the 2-h labeling pulse due to a the secretory pathway flux 
difference and not to an actual increase in translation rate. To investigate this, we 
analyzed the AHA-enriched secretome from wt and 2b5ho cultures after a 2-h AHA 
labeling. We detected 22 labeled proteins in the secretome, of which three (APOE, 
CST3 and POSTN) were significantly reduced in the 2b5ho astrocyte-conditioned 
medium. Intracellularly, APOE and POSTN were not changed by eIF2BεArg191His. Cst3 
was significantly increased intracellularly in 2b5ho astrocytes. No other protein from 
the original 27 eIF2BεArg191His-regulated proteins with a signal peptide was detected 
in the secretomes of wt and 2b5ho astrocytes. To further address the hypothesis that 
2b5ho astrocytes have an altered secretory pathway flux, we evaluated the flux of 
proteins migrating through the secretory pathway with a reporter assay. The assay 
showed robust secretion of the Secluc reporter (Supplementary Fig. 1) and secretion 
differences between wt and 2b5ho astrocytes were not detected (Fig. 3). 

AHA-SILAC data set*)
% of proteins with 
a signal peptide 
(absolute #)

% of proteins with 
a transmembrane 
domain (absolute #)

%  of SP-targeting 
proteins (absolute #)

all proteins (1240) 19.1% (237) 14.3% (177) 25.6% (317)

significant  (80) 33.8% (27) 30.0% (24) 47.5% (38)

significant  (72) 37.5% (27) 33.3% (24) 52.7% (38)

significant  (8) 0% (0) 0% (0) 0% (0)

Table 3.  Analysis of the proteins that are synthesized and migrate in the secretory pathway (SP) 

*) All proteins, proteins measured in wt and 2b5ho astrocytes; significant, proteins that differ significantly in 
intracellular accumulation between wt and 2b5ho astrocytes; significant , upregulated proteins; significant 
, downregulated in 2b5ho astrocyte cultures.
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Validation of eIF2BεArg191His-regulated proteins

To validate if the proteins that were found in the screen are indeed 
differentially expressed, we selected eleven candidates that are either increased 
or decreased in wt versus 2b5ho cultures. First we quantified their mRNA levels 
to discriminate whether differences in protein amounts are regulated at the 
transcriptional or the translational level. Only one of the selected candidates differed 
in mRNA expression between wt and 2b5ho astrocytes (Fig. 4A), suggesting that 
the increased accumulation of the other ten proteins was not due to increased 
transcription or mRNA stability. Of the eleven candidates validated at the mRNA level 
two were further validated at the protein level by western blot. We found that PROS1 
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Figure 3.   The secretion of Secluc nanoluciferase via the secretory pathway is not affected in 2b5ho 
astrocyte cultures.  
Astrocytes were transfected with a luciferase reporter construct that expresses nanoluciferase 
fused to the IL-6 signal peptide. Luciferase activity was measured 2 and 3 days post transfection 
in cell lysates and cell culture medium. The ratio of extracellular:intracellular luciferase activity 
was determined as a measure for secretion through the secretory pathway. In the absence of the 
signal peptide, the extracellular luciferase activity was similar to the background signal (Suppl. 
Fig. 2). The graph shows the mean ± SD (3 independent cultures, 6 wells per culture) 
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Figure 4.  Validation of the candidate proteins.  
A) mRNA levels of the investigated candidate were investigated with qPCR. The mRNA levels 
were similar between wt and 2b5ho astrocytes (n≥5), with the exception of the Fndc3c1 mRNA, 
which was increased in 2b5ho astrocytes. B) The total protein levels of PROS1 and SLC3A2 were 
determined by Western blot. The graph shows the mean ± SD. The protein levels were increased 
in 2b5ho cultures compared to wt cultures (n≥3). ** p<0.01. Posttranslational modifications were 
overall not affected in 2b5ho astrocytes. Western blot analyses did not show whether PROS1 in 
astrocytes was posttranslationally modified or not. Staining of all proteins (loading control) is 
shown in supplementary figure 3.
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and SLC3A2 were indeed significantly increased at the total protein level (Fig. 4B). This 
result validates the data from the proteomic screen and also confirms the increased 
accumulation of these candidate proteins. 

We next validated several targets in mouse brain. At the mRNA level seven 
out of nine targets were similar between wt and 2b5ho brains (Supplementary Fig. 
2A). Two proteins were further validated using Western blot (Supplementary Fig. 
2B). SLC3A2 protein abundance was also increased in brain lysates; however, this 
correlated with increased Slc3a2 mRNA levels, suggesting transcriptional regulation in 
brain. PROS1 protein abundance was also increased in brain lysates, but Pros1 mRNA 
abundance was not. This suggests translational upregulation of PROS1 both in cell 
culture and brain. 

In silico analysis of mRNAs

eIF2B plays an essential role in the regulation of protein synthesis. For 
this reason, we investigated if the mRNAs of the eIF2BεArg191His-regulated proteins 
share specific features that could explain the translational regulation by eIF2B. We 
investigated the 5’-UTRs for length, structural stability (%GC and ΔG) and number 
of uORFs with a Kozak sequence. The 5’-UTR length was significantly increased for 
mRNAs encoding eIF2BεArg191His-regulated proteins (Fig. 5). Of note, the mRNAs for 
the 8 proteins decreased in the eIF2BεArg191His-regulated proteome have relatively short 
5’-UTRs (29-343 bases, median 133). This analysis showed that the eIF2BεArg191His 

mutation differentially influences expression of proteins translated from mRNAs with 
short 5’-UTRs (<150 bases), which were underrepresented, compared to those with 
lengthy 5’-UTRs (>550 nucleotides), which were overrepresented; those translated 
from mRNAs with short 5’-UTRs, if regulated, tend to go down in expression in 
the mutant cells. The %GC in the 5’-UTRs did not significantly differ between 
eIF2BεArg191His-regulated proteins and other proteins (Fig. 5). The thermodynamic 
stability (ΔG in kcal/mole) of the 5’-UTR seemed to be higher for mRNAs encoding 
the eIF2BεArg191His-regulated proteins, although not significantly (Fig. 5). The overall 
number of uORFs did not significantly differ for mRNA encoding the eIF2BεArg191His-
regulated proteins compared to the non-regulated proteins (Fig. 5). However, mRNAs 
with high numbers of uORFs (8 or more) were clearly overrepresented in the group of 
significantly altered proteins. 

Translation efficiency was assessed in reporter assays 

We investigated the potential translational regulation of some eIF2BεArg191His-
regulated proteins using reporter constructs encoding nanoluciferase driven by 
promoter sequences (including the 5’-UTR) of the candidates GAS6, PROS1, SCRN1 
and FGFR1. A Gapdh promoter construct was included as non-regulated control. 
Transfection of each construct yielded similar luciferase expression in wt and 2b5ho 
cultures (Fig. 6). Transfection of the pNL1.1-Fgfr1 promoter construct did not yield 
a reliable level of nanoluciferase (approximately 2-3 fold over the background 
signal in non-transfected cells) and was therefore omitted from analysis. The levels 
of nanoluciferase activity expressed with the other constructs were still low in 
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Figure 5.  In silico 5’UTR analysis of the eIF2BArg191His-regulated proteins.  
The 5’UTRs of the mRNAs encoding the  proteins regulated by eIF2BεArg191His mRNAs are 
significantly longer than of those encoding non-regluated proteins. They have an overall similar 
percentage GC content to the non regulated proteins. However, they seem to tend to higher 
ΔG’s. These findings combined are indicative of relatively  structured 5´-UTRs in the mRNAs of 
eIF2BεArg191His-regulated proteins. The number of uORFs is similar between the significant and not 
significant proteins, though mRNAs with very high numbers (8 or more) of predicted uORFs are 
overrepresented in the group of significantly altered proteins.
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comparison to the Gapdh-promoter-driven expression. Because expression could 
be increased by replacing the candidate promoter with the Gapdh promoter, we 
therefore constructed Gapdh-candidate chimeras. With these chimeras we tested the 
5’-UTR efficiency of candidates GAS6, SORCS1, PROS1, FGFR1, NRXN1 and DDR1 
in wt and 2b5ho cultures. Neither the pNL1.1-Fgfr1-5’-UTR nor the pNL1.1-Nrxn1-5’-
UTR constructs yielded quantifiable nanoluciferase expression. These constructs were 
omitted from further analyses. The expression from the chimeric promoter-5’-UTR 
constructs of Gas6 and Pros1 was increased by the Gapdh core promoter in both wt 
and 2b5ho cells. Still, none of these constructs yielded an increased nanoluciferase 
expression in 2b5ho compared to wt astrocytes (Fig. 6). 

Metabolic screen of astrocytes conditioned medium and lysates

Because the proteomic data only gave small differences, the VWM phenotype 
remained difficult to explain. Tiny differences in protein levels and posttranslational 
modifications occasionally lead to metabolic shifts. Thus we checked whether they 
affect cellular metabolism, using a mass spectrometry-based metabolic screen. We 
measured intra- and extracellular metabolites 24 h and 72 h after replacing the 
culture medium. We looked at general energy consumption by measuring the uptake 
and secretion of metabolites from the culture medium (Fig. 7A). As expected, both 
cultures had taken up glutamate [32] and aspartate (which use the same transporters) 
[33], reflecting specific astrocyte function. The uptake of glutamate and aspartate did 
not influence their intracellular levels (Supplementary File 2). Also, both wt and 2b5ho 

cultures showed uptake of pyruvate. Astrocytes convert pyruvate into lactate and 
glutamate/aspartate into glutamine, cis-aconitate and α-ketoglutarate [32]. Indeed, 
the wt as well as the 2b5ho cultures secreted lactate, glutamine, cis-aconitate and 
α-ketoglutarate (Fig. 7A). In addition, we investigated intracellular metabolites (Fig. 
7B). 6P-gluconate, an intermediate of the pentose phosphate pathway, was detected 
in 2b5ho but not in wt cells at both time points (Fig. 7B). The remaining metabolites 
tested did not show consistent differences over time between wt and 2b5ho astrocytes 
(Fig. 7B and Supplementary File 2).
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Figure 6.  In vitro analyses of candidate gene expression regulation do not reveal difference in 
promoter or 5’-UTR efficiency in wt and 2b5ho astrocytes.  
pNL1.1- Scrn1, -Gas6 and -Pros1 constructs and pNL1.1-Sorcs1, -Ddr1, -Gas6 and -Pros1 5’UTR 
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Gapdh internal standard. Every culture is shown as a single dot and bars represent the mean ± SD 
(n=5-9). Replacement of the authentic Pros1 or Gas6 promoter by the Gapdh promoter increased 
the nanoluciferase expression by approximately two fold. pNL1.1-Gapdh was used as reference 
non-regulated promoter. 
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Figure 7.  Intracellular and extracellular metabolic analysis after 24 and 72 h of culture showed 
increased levels of intracellular levels of a pentose phosphate pathway intermediate 
(6P-gluconate).  
The astrocytes were cultured until 70% confluent. Media of the cultures were replaced with fresh 
medium. The cells as well as the media were collected after 24 h and 72 h. The graphs show the 
mean ± SD. A. The metabolite concentrations in the culture media of wt and 2b5ho astrocytes 
were compared to unconditioned media (n=2). Glucose levels and pyruvate levels in conditioned 
medium of wt and 2b5ho astrocytes were decreased as well as glutamate and aspartate levels. 
Lactate, glutamine, cis-aconitate and α-ketoglutarate were increased in the conditioned medium 
of both cultures. B. 6P-gluconate levels were consistently detected in 2b5ho cultures but not 
in wt cultures (24 h and 72 h after replacing the culture medium). Four other metabolites of 
the pentose phosphate pathway were detected in the metabolic screen (erythrose-4P and 
sedoheptulose-7P, NADPH and NADP+ ), but these were not consistently altered between wt and 
2b5ho cultures.
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Discussion
Here we aimed to identify whether specific proteins are translationally 

regulated by eIF2BεArg191His in astrocytes. We used primary astrocyte cultures of the 
2b5ho mouse model. We first established that cultures of primary astrocytes are 
suitable for sensitive labeling of newly synthesized proteins. Consistent with previous 
studies [34,35], we found that labeling did not affect murine astrocyte viability for at 
least 16 h. No differences in AHA-labeling efficiency were observed between wt and 
2b5ho astrocytes. These results confirm that the pulsed AHA-SILAC labeling protocol 
is suitable to study differences in proteins synthesized in wt and 2b5ho astrocytes, 
enabling us to investigate whether the Arg191His mutation in eIF2Bε affects 
translation of specific mRNAs.

We identified 80 proteins that accumulate differentially in wt vs. 2b5ho 
astrocyte cultures upon a 2h AHA pulse. The majority (72 out of 80) is upregulated 
in 2b5ho astrocytes. We validated the proteomic results by qPCR (11 candidates) and 
Western blot (4 candidates) (Fig. 4). The tested antibodies detecting PROS1 and 
SLC3A2 showed consistent differences between wt and 2b5ho while TXNIP gave 
variable results and SCRN1 was not detected. Changes observed at the proteomic 
level were not due to altered mRNA levels, indicating that differences arose at the 
translational level. PROS1 and SLC3A2 protein levels were also increased in 2b5ho 
mouse brain lysates, supporting the findings in astrocyte cultures. Of these, Pros1 was 
not increased at the mRNA level. 

Our analyses indicate significant enrichment for proteins containing a signal 
peptide in 2b5ho astrocytes (Fig. 2B). Approximately 50% of the eIF2BεArg191His-regulated 
proteins were predicted to use the secretory pathway, suggesting an increased 
flux. The analysis of the secretome after 2 h AHA labeling as well as a standardized 
secretion assay did not indicate a difference in general secretion between wt and 2b5ho 

astrocytes. However, the increased amount of proteins using the secretory pathway 
may indicate a deregulation of endoplasmic reticulum (ER) function. 

Next we investigated if the mRNAs for eIF2BεArg191His-regulated proteins 
contain uORFs as reduced eIF2B activity increases translation of mRNAs with one 
or more uORFs in the 5’-UTR [18]. In silico analyses of the 5’-UTR sequences of the 
candidates did not reveal obvious overall differences in uORF numbers. However, 
mRNAs with high numbers of uORFs (8 or more) were clearly overrepresented in the 
group of significantly altered proteins (Fig. 5). Thus, when eIF2B activity is reduced, 
protein synthesis of those mRNAs may be enhanced due to inefficient initiation on 
inhibitory uORFs, stimulating initiation on the “normal” start codon of the mORF 
[18]. Moreover, these analyses highlighted some overrepresentation for mRNAs 
with (especially) long 5’-UTRs and probably higher ΔG in 2b5ho astrocytes (Fig. 5). 
These length and ΔG observations suggest greater dependence on RNA helicase 
activity during translation initiation of eIF2BεArg191His-regulated proteins [36]. To further 
characterize the 5’-UTR efficiency in wt and 2b5ho astrocytes, we performed transient 
transfection assays for several candidates, some of which were longer than 700 
nucleotides (Fgfr1 and Nrxn1). Unfortunately, transfection of the Fgfr1 and Nrxn1 
constructs did not yield reliable expression, which precluded testing whether they are 
translated more efficiently in 2b5ho than in wt astrocytes. 
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PROS1 was shown to be upregulated in both 2b5ho astrocytes and brain 
without increased mRNA level. In brain, PROS1 is expressed by astrocytes and microglia 
[37]. Interestingly, PROS1 and GAS6 (which was also found to be upregulated) bind 
the same class of receptors [38]. PROS1 and GAS6 enhance myelination and support 
oligodendrocyte survival in mice in vitro and in vivo [39-42]. Recently, PROS1 was 
described to function in neural stem cells (NSCs) as a regulator for NSC quiescence, 
proliferation and NSC development into neurons or astrocytes [43].

Other proteins enriched in the eIF2BεArg191His-regulated proteome are implicated 
in astrocyte development. For example NRXN1 [44] and SORCS1, that transports NRXN1, 
can induce differentiation towards astrocytes [45]. Moreover TGFβ2 [46] and its binding 
partners, ERBIN and latent TGFβ-binding protein 3 (LTBP3) are increased during astrocyte 
differentiation [47]. All these results suggest that 2b5ho astrocytes have a slightly altered 
differentiation state as shown before in 2b5ho mice and VWM patients [3,19].  

To investigate other functional changes, we compared the metabolomes 
of wt and 2b5ho cells. We detected glutamate uptake in both cultures, which is a 
typical function of astrocytes, [32]. This observation confirms the astrocytic identity 
of the cultured cells. The most consistent difference observed was an increase in 
6P-gluconate, an intermediate of the PPP. The PPP shunt is an alternative route for 
the metabolism of glucose which can supply ribose for nucleotide production in the 
non-oxidative part and NADPH in the oxidative part of the pathway. The reducing 
equivalents provided by NADPH are used both for biosynthesis and repair of oxidative 
damage [48]. The non-oxidative intermediates sedoheptulose 7-phosphate and 
erythrose 4-phosphate were not consistent between the time points. These results 
suggest an increased activity of the PPP, especially at earlier time points. Interestingly, 
the observed PPP signature has been found in lung cancer cells in response to reduced 
6P-gluconate dehydrogenase (6PGDH) activity leading to ROS production [49].

Could there be a link between the two main observations, i.e., the deregulated 
transport of some proteins in the ER and the increased 6P-gluconate concentrations? 
We think this is likely; although PPP is cytosolic, there are links to the ER. Part of the 
pathway appears to be associated with the ER [50] and NADPH produced by the PPP 
might be needed to combat ROS formation, which can be produced in the ER by 
processes related to oxidative protein folding. On the basis of the combined proteomic 
and metabolomic findings, we hypothesize that 2b5ho astrocytes may accumulate 
ROS as a result of an increased flux of proteins (e.g. requiring correct disulfide bond 
formation) through the secretory pathway (Fig. 2 and 8). Correct disulfide bond 
formation is dependent on protein disulfide isomerases (PDIs) and Ero1 in the ER [51]. 
This process can result in H

2
O

2
 as by-product and increased PPP flux might compensate 

by producing NADPH [52]. There are indications that G6PDH is the only NADPH-
producing enzyme activated upon oxidative stress and therefore it has been called 
“guardian of the cell redox potential” [53]. Lack of consistent changes over time in 
NADPH in 2b5ho astrocytes suggest that the balance between H

2
O

2
 and NADPH in 

steady state is “successfully” compensated (Fig. 8). On the basis of our results we 
cannot discriminate between a compensated system or a deregulated system, the latter 
leading to pathology [51]. 
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Conclusion
The 80 proteins differentially detected in the AHA-SILAC proteome are most 

likely translationally regulated as their mRNA levels are similar. Regulation thus must 
occur via increased synthesis or accumulation in 2b5ho astrocytes. We observed that 
the function of some of these differentially affected proteins is linked to astrocyte 
differentiation, which is known to be disturbed in VWM. As we would expect from 
deregulated protein synthesis in 2b5ho cells, the regulated proteins differ from their 
non-regulated counterparts in aspects of their 5’-UTRs. Altered synthesis may lead to 
an increase of proteins in the ER and secretory pathway without an overt effect on 
overall secretion. Possibly, increased demands of protein folding in the ER may result 
in generation of H

2
O

2
 or other ROS by-products [52]. Thus, the increased synthesis of 

proteins that undergo disulfide formation and elevated 6P-gluconate might point to 
increased ROS in astrocytes, which may affect their function (Fig. 8).

Conclusion
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Abstract
At neuronal synapses, activation of metabotropic glutamate receptors 

(mGluR1/5) triggers a form of long-term depression (mGluR-LTD) that relies on 
new protein synthesis and the internalization of AMPA-type glutamate receptors. 
Dysregulation of these processes has been implicated in the development of 
mental disorders such as autism spectrum disorders and therefore merit a better 
understanding on a molecular level. Here, to study mGluR-LTD, we applied 
quantitative high-resolution phosphoproteomics in cultured hippocampal neurons 
stimulated with DHPG. We identified several kinases with important roles in DHPG-
mGluR-LTD, which we confirmed using small molecule kinase inhibitors. Furthermore, 
changes in the AMPA receptor endocytosis pathway in protein phosphorylation 
upon LTD were identified, whereby Intersectin-1 was validated as a vital player in this 
pathway. This study revealed several novel insights into the molecular mechanisms 
underlying mGluR-LTD and provides a broad view on its molecular basis, which serves 
as a rich resource for further analyses.
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Introduction
Activation of metabotropic glutamate receptors (mGluRs) initiates a broad 

array of signaling pathways that collectively modulate the efficiency of neuronal 
communication. mGluR-dependent signaling has been linked to cognitive functions 
such as attention, learning and memory, and disrupted mGluR signaling has been 
implicated in neurological disorders such as Fragile X Syndrome, mental retardation, 
schizophrenia, addiction and autism spectrum disorders [1-3]. In particular, group I 
mGluRs (mGluR1 and mGluR5), generally localized at the postsynaptic membrane, 
significantly contribute to synaptic function by modulating synaptic excitability, 
and inducing or facilitating different forms of synaptic plasticity [4-8]. Probably the 
best characterized form of plasticity mediated by group I mGluRs is the long-term 
depression of synaptic strength referred to as mGluR-LTD [9]. In contrast to NMDA 
receptor-dependent forms of LTD, the major mechanism of mGluR-LTD expression 
relies on the rapid and local synthesis of new proteins in dendrites [10]. Thus, defining 
the signaling pathways downstream of mGluR that control translational regulation, 
and identifying the proteins that are newly synthesized in response to mGluR 
activation, are important goals in an effort to better understand mGluR-dependent 
plasticity mechanisms.

Postsynaptic mGluRs canonically link to Gα
q/11 

G-proteins which activate 
phospholipase C (PLC) to form diacylglycerol (DAG) and inositol tris-phosphate (IP3). 
IP3 in turn triggers the release of Ca2+ from internal stores, resulting in an increase 
in the Ca2+ concentration and activation of protein kinase C (PKC) [3]. Apart from 
these pathways, mGluR stimulation has been found to activate a wide range of other 
downstream effectors, including c-Jun N-terminal kinase JNK1 [11], casein kinase 1, 
cyclin-dependent kinase 5 (CDK5) [12], and components of the ERK-MAPK [13-15], 
and PI3K-Akt-mTOR [16-18] signaling pathways. In particular, induction of these latter 
two pathways are essential for the expression of mGluR-LTD, mainly because these 
converge on the regulation of translation initiation factors such as Mnk1, eIF4E and 
4EBPs [16,19].

mGluR-LTD induces an acute wave of new protein synthesis that is 
required for the long-term reduction in surface α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPAR) underlying the depression of synaptic 
responses [10,20]. The generation of these “LTD proteins” is directly related to the 
rate of AMPAR endocytosis, and the rapid synthesis of proteins is required for the 
internalization of AMPARs and mGluR-LTD [21-24]. However, it is unclear what 
other molecular processes are working in parallel to sustain mGluR-LTD. Thus, even 
though some of the key mechanisms underlying mGluR-LTD have been identified, 
characterizing the full repertoire of molecular events that are initiated by mGluR 
activation would greatly enhance our understanding of mGluR-LTD.

Here, to identify the phosphorylation dynamics initiated by mGluR activation 
in hippocampal neurons, we applied a phosphoproteomics approach using high-
resolution LC-MS/MS. The sensitivity of our approach allowed us to profile multiple 
time-points over the course of mGluR-LTD. Based on the observed phosphorylation 
dynamics we identified several kinases important in the regulation of DHPG-mGluR-
LTD, which we confirmed using specific kinase inhibitors. Furthermore, we uncovered 
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a broad spectrum of phosphorylation dynamics in the AMPA receptor endocytosis 
pathway upon LTD. We thereby highlight several novel insights into the mechanism 
of mGluR-LTD, and validated Intersectin-1 (Itsn1) to play an important role in AMPAR 
trafficking during mGluR-LTD.
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Materials and methods
Ethics statement

All animal experiments were performed in compliance with the guidelines for 
the welfare of experimental animals issued by the Government of The Netherlands. All 
animal experiments were approved by the Animal Ethical Review Committee (DEC) of 
Utrecht University.

Neuronal cultures

Hippocampal cultures were prepared from embryonic day 18 (E18) rat brains 
as described in (Esteves da Silva et al., 2015). Dissociated neurons were plated on 
poly-L-lysine (30 µg/ml) and laminin (2 µg/ml) at a density of 200,000 neurons per 
well. Cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 
mM glutamine, 12.5 µM glutamate, and penicillin / streptomycin at 37°C/5% CO2. 
Neurons were transfected at DIV10-14 with indicated constructs using Lipofectamine 
2000 (Invitrogen) and experiments were performed 5 – 7 days later.

Phosphopeptide analysis

DHPG stimulation and protein digestion

At DIV14-17 neurons were stimulated with 100 µM DHPG for 0, 5, 10, or 
20 minutes. Neurons were washed two times with PBS and harvested directly in 8M 
Urea lysis buffer supplemented with phosphatase inhibitor (PhosSTOP, Roche) and 
protease inhibitor (cOmplete mini EDTA-free, Roche). Neurons were lysed at 4°C with 
the Bioruptor Plus (Diagenode) by sonicating for 15 cycles of 30 sec. Protein content 
was determined with the BCA kit (Thermo Scientific). Equal amounts of protein 
were heated at 95°C for 5 minutes and the reduced (4mM DTT) for 20 minutes at 
56°C and alkylated (8 mM IAA) for 25 minutes in the dark at room temperature. 
The proteins were the digested with Lys-C (1:75, Wako) for 4h at 37°C, after which 
trypsin (1:50, Sigma Aldrich) was added overnight. The peptides were acidified to a 
total concentration of 1% Formic Acid (Merck). Samples were cleaned up using OASIS 
sample cleanup cartridges (Waters) and dried in vacuo.

Phosphorylated peptide enrichment

Phosphorylated peptides were enriched using Fe(III)-NTA cartridges (Agilent 
technologies) in an automated fashion using the AssayMAP Bravo Platform (Agilent 
technologies). The cartridges were primed with 0.1% TFA in ACN and equilibrated 
with loading buffer (80% ACN/0.1% TFA). Samples were suspended in loading buffer 
and loaded onto the cartridge. The peptides bound to the cartridges were washed 
with loading buffer and the phosphorylated peptides were eluted with 1% ammonia 
directly into 10% formic acid. Samples were dried in vacuo and stored at -80° C until 
LC-MS/MS analysis.
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Mass spectrometry and data-acquisition

The phosphorylated peptide enriched samples were analyzed with an UHPLC 
1290 system (Agilent) coupled to an Orbitrap Q Exactive Plus mass spectrometer 
(Thermo Scientific). Before separation peptides were first trapped (Dr Maisch Reprosil 
C18, 3 µm, 2 cm x 100 µm) and then separated on an analytical column (Agilent 
Poroshell EC-C18, 2.7 µm, 50 cm x 75 µm). Trapping was performed for 10 min in 
solvent A (0.1% FA) and the gradient was as follows; 4 - 8% solvent B (0.1% FA in 
acetonitrile) in 2 min, 8 - 24% in 71 min, 24 - 35% in 16 min, 35 - 60% in 7 min, 
60 - 100% in 2 min and finally 100 % for 1 min. Flow was passively split to 300 nl/
min. The mass spectrometer was operated in data-dependent mode. At a resolution 
of 35.000 m/z at 400 m/z, MS full scan spectra were acquired from m/z 375–1600 
after accumulation to a target value of 3x106. Up to ten most intense precursor ions 
were selected for fragmentation. HCD fragmentation was performed at normalised 
collision energy of 25% after the accumulation to a target value of 5x104. MS/MS was 
acquired at a resolution of 17,500.  Dynamic exclusion was enabled with an exclusion 
list of 500 and a duration of 18s.

Data-analysis

RAW data files were processed with Max Quant (v1.5.1.1[25]) and MS2 spectra 
were searched with the Andromeda search engine against the Rat proteome in UniProt 
(27864 entries, downloaded on 16-03-12 from the uniprot.org website, TrEMBL 
database). Enzyme specificity was set to Trypsin/P and two missed cleavages were 
allowed. Minimal peptide length was 7 amino acids. Mass tolerance was set to 20 ppm 
for peptide masses and 0.6 Da for fragmentation masses. FDR threshold was set to 1% 
for identifications. Minimal ratio count was set to 2 for protein quantification and the 
functions “match between runs” and “requantify” were enabled. Data was further 
processed using Perseus 1.5.0.0 [26], WebLogo [27,28], and MotifX [29,30].

Antibodies and Western Blotting 

Cell lysates were denatured and reduced with sample buffer containing SDS 
and DTT at 95°C for 5 minutes. Proteins were separated on a 4-12% Bis-Tris gel and 
transferred to nitrocellulose membranes. Primary monoclonal antibodies consisted 
of rabbit anti-p44/42 MAPK (ERK1/2) antibody (Cell Signaling 9102S), rabbit anti-
phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) antibody (Cell Signaling, 9101S), 
rabbit anti-Tuberin/TSC2 antibody (Cell Signaling 3612), rabbit anti-phospho-tuberin/
TSC2 (Ser939) antibody (Cell Signaling 3615), rabbit anti-Intersectin 1 antibody (Abcam 
ab118262), polyclonal goat anti-MAP-1B (N-19) antibody (Santa Cruz sc-8970) and 
mouse anti-GAPDH antibody (Genetex GT239). Secondary polyclonal antibodies used 
were goat anti-rabbit IgG (Dako P0448) and rabbit anti-mouse IgG (Dako P0447), 
and rabbit anti-goat IgG (Dako P0449). When multiple antibodies of the same origin 
were used, membranes were stripped using Restore PLUS Western Blot stripping 
buffer (Pierce) to avoid cross-contamination of the secondary antibody. Detection was 
performed by enhanced chemiluminescent substrate (Pierce). Densitometric analysis 
was performed using the Quantity-One software (Biorad).
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DNA constructs

The Itsn1 miRNA knockdown construct was generated by annealing oligos 
containing the 21-nucleotide targeting sequences described in [31]and ligating in 
the miRNA expression plasmids pSM155-GFP (provided by G. Du; University of Texas, 
Houston, TX) (Du et al., 2006) digested with BsmBI.

Kinase inhibitor assay

For the kinase inhibitor assays, neurons were pre-incubated with KN-93 (10 
µM), staurosporine (1 µM), or roscovitine (20 µM) for 30 minutes before induction of 
mGluR-LTD. Neurons were stimulated with DHPG (100 µM) for 5 minutes, returned to 
original medium and fixed 30 minutes later. Blockers were present during the entire 
experiment.

Immunofluorescence and confocal microscopy

To induce mGluR-LTD, hippocampal neurons were stimulated with DHPG for 5 
minutes and then returned to the original culture medium. After 30 minutes, neurons 
were fixed with 4% paraformaldehyde / 4% sucrose in phosphate-buffered saline 
(PBS) for 8 – 10 minutes. Fixed neurons were blocked with 10% normal goat serum in 
PBS for 30 – 60 minutes at room temperature, stained with rabbit anti-GluA1 (1:100; 
Calbiochem), or anti-ITSN1 and labeled with fluorescent goat anti-rabbit secondary 
antibodies. Confocal images were taken with a Zeiss LSM 710 with 63x 1.40 oil 
objective. Images consist of a z-stack of 7-9 planes at 0.39 µm interval, and maximum 
intensity projections were generated for analysis and display. GluA1 cluster intensity 
was measured using the ParticleAnalyzer function in ImageJ and analyzed per region 
of interest.
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Results
Phosphoproteomics of mGluR-LTD activation in primary neurons 
reveals defined clusters of phosphosite regulation with a strong 
synaptic signature

To induce mGluR-LTD in primary hippocampal cultures, neurons were stimulated 
with DHPG, a specific agonist of group I mGluRs. We confirmed that this induced a 
reduction in surface GluA1 expression (Figure S1A) as has been established before 
[9,26], as well as the activation of Erk and synthesis of Map1b, using Western blot 
analysis (Figure S1BC). Due to the low stoichiometry of phosphorylation events in the 
proteome, phosphoproteomics analysis involves dedicated enrichment strategies. These 
strategies typically require milligrams of protein input material [32-34], hampering 
analysis of phosphorylation dynamics in primary neurons. Recently, we have shown 
that automated phosphopeptide enrichment using Fe(III)-IMAC cartridges on a Bravo 
AssayMap platform allows sensitive and reproducible enrichment of several thousands of 
unique phosphopeptides starting with only 1-10 µg of protein input material. Moreover, 
we showed that from a single neuronal culture plate, 200,000 cells delivering ~50 µg 
of protein, we could identify biological relevant phosphorylation events among the 
~7,000 observed phosphosites [35]. This now allows us to study phosphorylation events 
on multiple time-points during mGluR-LTD in primary hippocampal neurons, without 
the need for combining extensive amounts of input material. The proteomics analysis 
of Fe(III)-IMAC enriched phosphorylated peptides was performed after stimulating rat 
hippocampal neurons for 0, 5, 10 or 20 minutes with DHPG. The applied workflow is 
outlined in Figure 1A. This phosphoproteomics screen resulted in the identification of 
15,000 phosphosites with a localization probability >0.75, of which 4,723 could be 
quantified in at least two out of three biological replicates and were used for subsequent 
analysis (Table S1). Phosphopeptide abundance showed a normal distribution (Figure 
S2A) and a high degree of overlap between the identified phosphosites from the 
5, 10 and 20-minutes DHPG-stimulated neurons (Figure S2B). The serine, threonine 
and tyrosine phosphosite distribution is in line with previous publications [32,35,36] 
(Figure S2C). The reproducibility of the experimental procedure was assessed at the 
different time points, showing a high degree of correlation between the biological 
replicates (Figure S2D). Furthermore, tissue enrichment analysis resulted in a significant 
enrichment for brain tissue (Figure S2E) and GO-term CC analysis amongst others for 
synapse, microtubule, cytoplasm and the PSD (Figure S2F). To identify phosphosites 
regulated over time a multiple-samples ANOVA was performed, resulting in a total of 
460 phosphosites significantly regulated in response to DHPG (p<0.05). Unsupervised 
fuzzy clustering of these regulated phosphosites revealed five distinct clusters (Figure 
1B) [37]. The phosphosites grouped in cluster 1 are characterized by a decreasing trend 
in phosphorylation and is enriched for multiple GO terms, such as cytoskeletal protein 
binding, cytoskeleton organization and nervous system development (Figure 1C). In 
cluster 2, showing a distinct pattern starting with immediate de-phosphorylation upon 
mGluR-LTD induction followed by re-phosphorylation at later time points, cytoskeletal 
protein binding is enriched. Cluster 3, containing proteins involved in cytoskeleton 
organization (e.g. Mapt and Ssh2), shows a steady increase in phosphorylation over time. 

Results



101

Both clusters 4 and 5 show a remarkable increase in phosphorylation at the 5-minute 
time point, after which the phosphosites are either dephosphorylated over time (cluster 
4), or remain phosphorylated over the following time points (cluster 5). These clusters are 
both enriched for proteins associated with microtubule binding (e.g. Map2, Map4 and 
Macf1) and small GTPase regulator activity.

Phosphorylation dynamics in relation to DHPG-activated mGluR-
LTD

Regulation of major signaling pathways by kinases and phosphatases underlies 
various dynamic processes in cellular functioning, including mGluR-LTD [14,16,38-
40]. A selection of several kinases can influence important nodes of these signaling 
pathways. One kinase shown before to be important in mGluR-LTD is Ca2+/calmodulin-
dependent protein kinase II (CaMKII) [41,42]. We found the phosphorylation of several 
subunits of CaMKII were also found phosphorylated in our dataset. Next to CaMKII, 
the kinase eEF2K becomes phosphorylated at the S73 position after DHPG stimulation. 
eEF2K is known to phosphorylate eEF2, an important regulator of protein translation. 
Furthermore, a direct interaction between eEf2k and mGluR5 is known, resulting in 
mGluR-LTD related protein translation [43]. Some members of the major signaling 
pathways, such as mTOR, CaMKII and Erk, were identified in the phosphorylation 
data set. For instance, the mTOR phosphorylation inhibition site S939 of Tuberin 2 
(Tsc2) is downregulated in our data set after 10 minutes, which we could confirm on 
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Figure 1: Quantitative phosphoproteomics of mGluR-LTD 
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Figure 1.  Quantitative phosphoproteomics of mGluR-LTD in hippocampal neurons stimulated with DHPG.  
(A) Quantitative phosphoproteomics workflow: samples were taken at 0, 5, 10 and 20 minutes 
after the addition of DHPG. (B) Unsupervised clustering reveals five distinct clusters for the 
regulated phosphosites (ANOVA p<0.05). (C) GO-term enrichment analysis for Molecular Function 
(MF) and Biological Processes (BP). P-values are indicated with *. 
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Western Blot (Figure S3). Next to protein translation related phosphorylation events, 
several proteins involved in protein degradation showed regulation by phosphorylation 
upon DHPG stimulation. Among these is the T273 phosphosite on the Psmd1 regulatory 
subunit of the 26S proteasome.

A central hub of proteins that have been implicated in receptor recycling and 
endocytosis are found in the PSD. Not surprisingly, multiple of these integral proteins 
of the PSD showed regulation at the phosphorylation level. For instance, the protein 
SynGAP1, an important negative regulator of AMPAR insertion at the membrane of the 
PSD [44], was significantly dephosphorylated over time at S733. Phosphorylation of the 
S733 site alone has been shown to inhibit GAP activity, while concurrent phosphorylation 
of both S733 and S802 increased GAP activity [45]. GAP activity is necessary for the 
inactivation of Ras and Rap, which are involved in AMPAR trafficking [45]. Our data thus 
suggest that dephosphorylation of SynGAP1 at S733 in response to DHPG promotes 
AMPAR endocytosis by changing the Ras/Rap activation balance.

Multiple proteins involved in the endocytosis pathway show significant 
regulation at the phosphorylation level, including Syndapin-1 (Pacsin1), N-WASP (Wasl) 
and β-Pix (Arhgef7). Syndapin-1 becomes phosphorylated at the T181 site after mGluR-
LTD induction. This phosphosite of Syndapin-1 is located in the F-Bar domain of the 
protein and is important in neuronal membrane tubulation. The F-bar domain is involved 
in lipid binding and cytoskeleton reorganization [46]. However, this specific phosphosite 
was not shown to be involved in the regulation of activity-dependent bulk endocytosis. 
More recently, it was shown that Syndapin-1 also interacts directly with Pick1 via its 
F-bar domain and that this interaction is important for AMPAR endocytosis in NMDAR-
related cerebellar LTD [47]. This might suggest a potential role for this T181 phosphosite 
in the Syndapin-1 and Pick1 binding during mGluR-LTD, potentially influencing AMPAR 
endocytosis. The second protein, N-WASP shows mostly dephosphorylation of its Y253 
site, which is located at the C-terminus of the GTPase binding domain. N-WASP interacts 
with Cdc42 to activate the Arp2/3 complex and thereby regulates actin cytoskeleton 
organization [48-50]. The Y253 site of N-WASP is commonly phosphorylated by Abl2 
or Fyn kinase, which then enhances actin polymerization by activation of the Arp2/3 
complex [48,49,51]. However, here we see dephosphorylation of the Y253 site, which 
leads to auto-inhibition of N-WASP [51]. This inhibition prevents its capability to activate 
the Arp2/3 complex. During mGluR-LTD the inhibition of the Arp2/3 (via Pick1) is 
necessary to induce actin depolymerization and thereby spine size reduction [52], which 
is in agreement with auto-inhibition of N-WASP. Thus, N-WASP dephosphorylation seems 
to not play a direct role via endocytosis in mGluR-LTD, but is probably necessary to induce 
Arp2/3 inhibition. Furthermore, two phosphosites (S623 and S1134) of Itsn1, a protein 
linked to receptor internalization as described above, were significantly regulated upon 
DHPG stimulation. The last protein related to endocytosis that was identified here is 
β-Pix. β-Pix is a guanine nucleotide exchange factor and binds the p21–activated kinase 
Pak1. The site S71 of β-Pix is strongly conserved and has a possible role in the guanine 
exchange function of β-Pix [53]. In our experiment, the phosphorylation pattern of S71 
belongs to cluster 2, where after an initial rapid dephosphorylation, the phosphorylation 
state after 20 minutes of DHPG stimulation returns close to its initial level. The exact 
role of this phosphosite is still unknown, also in mGluR-LTD, and might be an interesting 
target for further study.
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Activated kinases upon mGluR-LTD

To assess if certain kinases are specifically involved in the phosphorylation 
events underlying mGluR-LTD, we next performed a phosphorylation site 
consensus motif analysis of the regulated phosphosites. We could extract multiple 
phosphorylation motifs from this (Figure S4) resulting in four distinct typical kinase 
motif sequences linked to regulated proteins in our dataset (Figure 2A). The first 
and most pronounced motif is the proline directed motif at the +1 position, which 
is a known recognition motif of the cyclin-dependent kinases (CDKs). Moreover, we 
identified the threonine directed TPxK motif, which is a known substrate binding 
site of Cdk5 [54]. The third motif is the RxxS motif, which is part of the known 
targeting sequence for the MAPK-activated protein Kinases (MKs) [55,56]. A double 
MK2/3 knockout mouse model showed impaired mGluR-LTD and GluA1 endocytosis, 
indicating a regulatory role for these kinases in the process. This RxxS motif is also 
described as a consensus motif for CaMKII kinases, as is the KxxS motif, which is also 
visible as the fourth most dominant motif. To experimentally validate the identification 
of these motifs we used well-characterized pharmacological inhibitors to specifically 
block the activity of CDKs (roscovitine), or CaMKII (KN-93) before the induction of 
mGluR-LTD with DHPG in hippocampal cultures. Confirming the predictions, we 
found that pre-incubation with roscovitine or KN-93 blocked the DHPG-induced 
reduction in surface GluA1 levels (Figure 3BC). On the other hand, pre-incubation 
with staurosporine, blocking PKC activity, did not prevent mGluR-induced GluA1 
internalization. These experiments thus confirmed our prediction that the activity of 
CDKs and CaMKII underlie the expression of mGluR-LTD.
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Figure 2.  Kinases involved in DHPG-activated mGluR-LTD.  
(A) MotifX sequence motifs of regulated phosphosites (p=0.01) implicated in mGluR-LTD. (B). Identification 
of GluA1 subunits at the cell surface after control or DHPG treatment, pre-incubateed with 3 different 
kinase inhibitors (Roscovitine (CDKs), staurosporine (PKC) and KN-93 (CaMKII)). (C) Relative quantification 
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in surface GluA1 levels in contrary to staurosporine pre-incubation which did not prevent mGluR-induced 
GluA1 internalization. Data are represented as mean±SEM. *** p<0.001, n.s. not significant.
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Itsn1 is essential for DHPG-induced AMPAR internalization

As described above, Intersectin1 (Itsn1) was phosphorylated upon mGluR-LTD 
induction at two phosphosites (S623 and S1134), which were significantly regulated 
upon DHPG stimulation. S623 was transiently phosphorylated (cluster 4) and S1134 
was transiently dephosphorylated (cluster 2) (Figure 2D). We could further show an 
upregulation of the total protein after DHPG stimulation by Western Blot analysis 
(Figure 3A). Together, these findings strongly indicated a functional role for Itsn1 in 
mGluR-LTD. To test this experimentally, we transfected neurons with a miRNA-based 
knockdown construct targeting both the long and short forms of Itsn1 (mirItsn1) 
[31]. Immunostaining of endogenous Itsn1 in control neurons showed a punctate 
pattern, as described before [31], and confirmed significant depletion of Itsn1 in 
mirItsn1-transfected neurons (Figure 3BC). Interestingly, surface GluA1 expression was 
significantly reduced in Itsn1 knockdown neurons under basal conditions, indicating 
that Itsn1 is involved in the regulation of AMPAR surface expression. Furthermore, we 
found that the reduction in GluA1 surface levels in response to DHPG was severely 
affected in Itsn1 knockdown neurons (Figure 3D), indicating that Itsn1 contributes to 
AMPAR trafficking underlying mGluR-LTD. The presented experimental confirmation 
of candidate regulators in mGluR-LTD furthermore underlines the strength of this 
quantitative and high-resolution proteomics approach.
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Discussion
Here we used an automated phospho-enrichment strategy AHA/SILAC 

approach to study protein phosphorylation during mGluR-LTD. The known mGluR-LTD 
marker Map1b was identified as synthesized after DHPG stimulation by Western Blot 
analysis. This is in agreement with the literature where Map1b translation is described 
to be essential for DHPG-induced mGluR-LTD [21]. Moreover, we found that Map1b 
phosphorylation was significantly regulated at multiple sites, pointing towards the 
active role for Map1b in mGluR-LTD [57]. 

We identified several  phosphorylation events that potentially drive the 
signaling pathways that regulate mGluR-LTD. These events are usually very fast, to 
allow the cell to rapidly respond to external signals, and precede protein translation. 
This makes phosphorylation likely the first step in the induction of mGluR-LTD and 
could therefore yield valuable information on the underlying molecular events, 
including receptor dynamics. For instance, the AMPAR subunit GluA1 is stabilized 
by the protein 4.1N when palmitoylated. Disruption of the GluA1-4.1N complex 
results in a decrease in GluA1 surface expression and LTP [58]. Interestingly, the 
activity of the 4.1N protein is regulated by CaMKII. While CaMKII was initially 
identified as an important activator of AMPA receptor exocytosis, and thus as one of 
the most crucial potentiators of LTP, recent studies have shown that CaMKII plays a 
role in DHPG-induced LTD as well. Mocket et al showed that DHPG induces CaMKII 
phosphorylation, and that inhibition of CaMKII resulted in blockage of DHPG induced 
protein synthesis [42]. The mechanism by which CaMKII inhibits protein synthesis 
remains unclear, but a strong inverse correlation between CaMKII and serine/
threonine-protein phosphatase 2 (PP2A) phosphorylation patterns was observed. Here, 
we confirmed the role of CaMKII in mGluR-LTD in both our sequence motif analysis 
and kinase inhibitor assay on GluA1 internalization. Multiple studies have shown the 
importance of kinase and phosphatase activity in the induction and maintenance of 
mGluR-LTD in general [14,16,59], emphasizing the importance of phosphorylation in 
this dynamic process. Involvement of serine/threonine kinase activity has been studied 
intensively, and have been shown to be prominently involved in the activation of 
protein translation via the PI3K/Akt and subsequently Tsc and mTOR pathways, while 
tyrosine phosphatases and kinases are believed to be responsible for AMPAR tagging 
for internalization, and subsequent degradation [60,61]. Contrary to the intracellular 
signaling pathways that generally follow Ga

q/11
 protein stimulation, DHPG-LTD has 

repeatedly been shown to activate G-protein independent signaling [62,63]. In line 
with these findings, we find little phosphorylation and translation of proteins of the 
PLC, DAG, and PKC pathways leading to intracellular calcium release. Furthermore, 
the kinase inhibitor assay confirmed, that inhibition of PKC activity does not influence 
DHPG-induced GluA1 internalization. This is in line with previous research, which 
also showed that DHPG induced mGluR-LTD is not dependent on PKC activity [62]. 
Alternatively, we found significant regulation of CDK-type kinases. Cdk5 is a known 
regulator of mGluR5 activation, as it controls phosphorylation of the binding site 
of the adaptor protein Homer to the proline-rich C terminus of group I mGluRs. 
Via this mechanism, Cdk5 activation is negatively correlated to mGluR5 activation 
[64]. Moreover, hippocampal slices treated with a Cdk4 inhibitor showed impaired 

Discussion



106

DHPG-induced LTD [65], suggesting that at least two prominent members of the CDK 
family have functions in synaptic plasticity processes in hippocampal neurons. Our 
motif analysis indeed confirmed a role for CDK-type kinases in mGluR-LTD, as further 
demonstrated using the Cdk1, 2 and 5 specific inhibitor Roscovitine, which inhibited 
GluA1 internalization after DHPG stimulation.  However, due to the use of the 
combinatory inhibitor here, we cannot fully distinguish the individual roles of Cdk1, 2 
and 5 in DHPG induced mGluR-LTD. 

Next to kinase-specific signaling functions clear regulation of cytoskeleton 
elements by phosphorylation was observed, suggesting cytoskeleton reorganization 
during mGluR-LTD. Most prominently, alterations in microtubule organization and 
actin reorganization were detected, some of which were described before [52,66]. 
Next to cytoskeleton related processes, GO term analysis on molecular functions of 
the identified phosphorylated proteins yielded enrichment of regulatory activity of 
small GTPases. Several members of the Ras GTPase superfamily were found to be 
newly synthesized upon chemical mGluR-LTD induction, including members of the Rab 
and Ran subfamilies, Cdc42, and several of their interacting proteins. Recently, studies 
have been performed on some small GTPases in relation to several types of synaptic 
plasticity, shedding light on the possible importance of these types of molecules in 
mGluR-LTD as well. Arf1-GTP for instance, was shown to impair Arp2/3-mediated 
actin polymerization inhibition via Pick1, by preventing Pick1 binding to Arp2/3, 
thereby reducing NMDR-LTD [67]. Additionally, mutations in the gene encoding for the 
guanine nucleotide exchange factor for the Rho GTPases Cdc42 and Rac1 significantly 
increase long term-depression in the CA1 area of the hippocampus [68]. Moreover, 
Rac1 activation via Map1b was shown to be essential for AMPAR endocytosis during 
long-term depression, and an addition of Rac1 in Map1b deficient neurons resulted in 
recovery of long-term depression initiation [57]. Overall, these and other data provide 
evidence for the possible importance of small GTPases in mGluR-LTD, and should be 
followed up further [69,70].

Below we highlight a few potential interesting phosphorylated proteins 
in the light of mGluR-LTD induction. Microtubule-associated protein 2 (Map2) 
phosphorylation was regulated at multiple sites, but a role in mGluR-LTD so far has 
not been described. We found for both Map2 and Map4 evidence for phosphorylation 
at a site with the KxGS motif, which, as described earlier, is part of the recognition 
motif for CaMKII kinases. However, MAP/microtubule affinity-regulating kinase 
(MARKs) were also described to phosphorylate Map2, Map4 and Mapt at their 
KxGS motif specific [71]. The KxGS phosphorylation by MARKS was described to 
cause destabilization of the microtubules, which could potentially be part or the 
rearrangement of the microtubule network frequently observed during mGluR-LTD. 
Peptidyl-prolyl cis-trans isomerase G (Ppig) is associated with protein folding and 
pre-mRNA splicing [72], it also binds to RNA polymerase II [73]. Ephrin-B3 (Efnb3) 
was recently shown to stabilize and anchor PSD-95 to the synapse, whereby the 
regulated phosphosite S332 was identified as activity regulating site of the protein. 
PSD-95 is a well-known player in LTD and has been studied extensively in the context 
of AMPAR trafficking during plasticity [74]. Interestingly, Itsn1 has not been subjected 
to extensive analysis in the same context before, although it was shown to influence 
the AMPAR subunit GluA1-trafficking in C.Elegans [75]. Here, we have shown a role 
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for Itsn1 in GluA1 trafficking at dendritic spines in mammals as well. Interestingly, 
constitutive knockdown of Itsn1 reduced the expression of GluA1 at the dendritic 
spines, even in the absence of DHPG. Importantly, the induction of mGluR-LTD upon 
DHPG stimulation was omitted in the knockdown neurons, emphasizing the central 
role of Itsn1 in GluA1 internalization. Together this displays a role for Itsn1 in GluA1 
localization in general and more specific in mGluR-LTD induced GluA1 internalization. 
The exact mechanism by which Itsn1 influences receptor stability remains to be 
studied further. Possibilities include the stabilization of GluA1 AMPAR subunits in the 
membrane, or the control of clathrin-coated vesicle formation. An interesting question 
is whether Itsn1 exerts its functionality mostly via posttranslational modifications 
such as the here identified phosphorylation sites, or via one of its interacting domains 
with other proteins. Previous research showed that its DH domain was critical for 
Cdc42 activation, and its SH3 domain for N-WASP interaction [76]. Although one of 
our identified phosphorylation site falls outside of these regions (S623 is located in 
the coiled coil part of the protein), the second one, S1134, falls within the N-WASP 
interacting SH3 domain.
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Integration of this phosphoproteomics data with an analysis of protein 
synthesis and degradation can be used in the future to construct a global view 
of molecular events underlying mGluR-LTD, an proposal based on the current 
phosphoproteomics data can be found in Figure 4. Our data reveals an important 
role for CaMKII and the MAPK/ERK pathway to induce protein synthesis in DHPG-
induced mGluR-LTD, while the mTOR pathway is regulated but seems less important 
in our dataset (Figure 4A and S3). Figure 4B proposes that many members of 
the endocytic pathway potentially play a role in AMPAR endocytosis after DHPG 
stimulation. Members of the Arp2/3 complex are most likely synthesized, which can 
lead to recruitment of clathrin to the receptor site. The interplay between the different 
members, such as Syndapin-1, Itsn1 and Cdc42 then eventually ensures for AMPAR 
internalization and cytoskeleton reorganization. In conclusion, we were able to 
construct a comprehensive map of phosphorylation signaling events upon mGluR-LTD 
induction. Over time, we could monitor activation of signaling pathways, as well as 
upregulation of protein signaling complexes involved in clathrin-mediated endocytosis. 
This analysis revealed several the involvement of different kinases and Itsn1, which we 
could validate. We anticipate that our quantitative dataset on protein phosphorylation 
during mGluR-LTD can be used as a rich resource for further analyses.
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Abstract
mGluR-LTD is a form of long term depression triggered by the activation of 

metabotropic glutamate receptors (mGluR1/5) at neuronal synapses. mGluR-LTD 
activates the synthesis of new proteins and leads to internalization of AMPA-type 
glutamate receptors. Shank scaffolding proteins reside in the postsynaptic density and 
are known to play a role in mGluR-LTD. These scaffolding proteins are directly linked 
to specific forms of autism. To decipher the role of Shank proteins in mGluR-LTD, we 
analyzed Shank based immunopurification samples of rat brain samples. This strategy 
together with earlier results of phosphorylation events during mGluR-LTD pointed 
towards a role for Shank in the modulation of proteasome activity. We were able to 
confirm the direct interaction of several Shank protein isoforms and the proteasome 
by immunopurification assays and could prove a decrease in proteasome activity in 
Shank knockdown neurons using a fluorescence-based activity assay.  
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Introduction
The SH3 and multiple Ankyrin repeat domains (Shank or ProSAP) proteins 

are a family of scaffolding proteins mostly located in the postsynaptic density (PSD). 
The Shank protein family consists of three isoforms with similar structure. The 
structure consists of seven Ankyrin repeats, a SH3 domain, a PDZ domain, a proline 
rich segment and a SAM domain. These domains provide for the interaction of the 
Shank proteins with other PSD proteins such as Homer, Grip, several components 
of the cytoskeleton and glutamate receptors [1-3]. Knockdown of different Shank 
isoforms has been shown to lead to reduced spine formation, reduced synaptic 
remodeling and to changes in synapse morphology [2,4,5]. Taken together, this 
points towards a role for Shank proteins in synapse stabilization and plasticity. 
Defects in synapse stabilization and plasticity underlie a variety of neuropsychiatric 
and neurodevelopmental disorders, and it is therefore not surprising that mutations 
in one of the SHANK genes are associated with disorders like schizophrenia, 
intellectual disability and Autism Spectrum Disorders (ASD) [6,7]. Over 1 in 50 ASD 
and intellectual disability patients have some mutation in the Shank3 gene, which 
is the most commonly mutated isoform [7]. A specific form of autism, the Phelan-
McDermid syndrome, involves a deletion in the 22q13.3 locus of the SHANK3 gene. 
This mutation causes a deletion breakpoint in the SHANK3 gene [8-10]. Interestingly, 
isoforms 1 and 2 rarely display a mutation in ASD [7].

 Although the exact mechanism remains unknown, IGF-1 treatment has 
been shown to reverse synaptic deficiencies caused by Shank mutations in both mice 
and human neuronal studies. This indicates a role for IGF-1, which regulates protein 
turnover, in Shank related forms of ASD [11-13]. Next to IGF-1 related signaling, 
there are indications for involvement of the Akt-mTOR signaling pathway in Shank 
related ASD. A phosphoproteomics screen in Shank3 knockdown neurons revealed 
increased levels of activated PP2A after brain-derived neurotrophic factor (BDNF) or 
neurotrophin treatment. This higher level of phosphatase activity was caused by an 
increased level of CLK2 and this finally led to a decrease in the Akt-mTORC signaling. 
When this signaling pathway was pharmacologically activated in Shank3 knockdown 
mice, the autism-like symptoms were relieved [14]. The role of Shank mutations 
in ASD, the function of this family of proteins in synaptic functioning and their 
importance in neurodevelopmental processes make Shank proteins interesting for 
further in depth study.

As a key brain signaling regulatory mechanism, synaptic plasticity underlies 
essential brain functions, including learning, emotion, and other essential cognitive 
functions. Previously, ASD and other neurological disorders have been linked to a 
specific form of synaptic plasticity, which is called metabotropic glutamate receptor 
induced long-term depression (mGLuR-LTD) [15-17]. mGluR-LTD relies mostly on rapid 
and local protein synthesis in dendrites [18]. In this study our goal was to increase our 
understanding of the role of the Shank proteins in mGluR-LTD. Therefore, we made 
use of a primary hippocampal neuron culture system and a previously published Shank 
knockdown construct [2]. We first applied an immunopurification based proteomics 
experiment in mature rat brain, to identify the binding partners of the Shank proteins. 
The results of this analysis together with the results of chapter 4 pointed towards a 
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role for Shank in proteasome activity modulation. We have been able to confirm the 
direct interaction of several Shank protein isoforms and the proteasome by reversed 
immunopurification (IP) assays and could prove a decrease in proteasome activity in 
Shank knockdown neurons using a fluorescence-based activity assay.  
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Materials and methods
Ethics statement

All animal experiments were performed in compliance with the guidelines for 
the welfare of experimental animals issued by the Government of The Netherlands. All 
animal experiments were approved by the Animal Ethical Review Committee (DEC) of 
Utrecht University.

Neuronal cultures

Hippocampal cultures were prepared from embryonic day 18 (E18) rat brains 
as described in [19]. Dissociated neurons were plated on poly-L-lysine (30 µg/ml) 
and laminin (2 µg/ml) at a density of 75,000 neurons per well. Cultures were grown 
in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 µM 
glutamate, and penicillin / streptomycin at 37°C/5% CO

2
. Neurons were transfected 

at DIV10-14 with indicated constructs using Lipofectamine 2000 (Invitrogen) and 
experiments were performed 5 – 10 days later.

miRNA constructs

The Shank triple knockdown construct is described in [2]. To make a lentiviral 
construct, the entire triple miRNA cassette including the synthetic intron was cloned in 
the lentiviral expression vector FUGW. To produce lentiviral particles human embryonic 
kidney (HEK) cells were transfected with the lentiviral expression vector and helper 
plasmids (pMD2.G and psPAX2) using PEI. Four hours after transfection the culture 
medium was replaced with OptiMEM supplemented with antibiotics, but without FCS. 
After 48 hours, the supernatant containing virus was harvested and concentrated and 
desalted using an Amicon Ultra-15 centrifugal filter unit (Millipore) with a molecular 
weight cutoff of 100 kDa. Virus stocks were aliquoted and stored at –80C. Neurons 
were infected with control virus (FUGW-GFP) or Shank knockdown virus (FUGW-
mirShank-GFP) 10 days before the start of the experiment.

Immunoprecipitation assays

Brains of mature female rats were lysed in lysis buffer consisting of 50mM 
Tris HCl, 150mM NaCl, 0.1%SDS, 0.2% NP-40 and protease inhibitors. Lysates were 
centrifuged and protein content of the supernatant was determined with a Bradford 
assay. Equal amounts of protein were used for subsequent IPs and control IPs. The 
IP assays were performed with antibodies against all three Shank isoforms (Anti-
pan-Shank, clone N23B/49 from Neuromab), anti- Proteasome 19S ATPase subunit 
Rpt6/S8 (Enzo life sciences: polyclonal antibody) and anti-IgG1 isotype control (Cell 
signaling, CST5415S). Antibodies were coupled to beads with a Crosslink IP kit from 
Pierce (26147), following the manufacturer’s protocol, with slight modifications. In 
short, the antibodies were coupled to the beads by rotating them together end over 
end for 1h at 4°C. The beads were then washed with wash buffer, to remove excess 
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antibody. Crosslinking was performed for 20 minutes at RT. After washing the elution 
was tested with elution buffer. The antibody covered beads were primed with lysis 
buffer. Protein samples were incubated for 1.5h at 4°C with the beads and thereafter 
three stringent wash steps were performed. IP samples were then eluted from the 
beads with the provided elution buffer into 1M Tris pH9.5 and further diluted with 
AMBIC. Protein content was estimated with a Bradford assay. In solution digestion 
was performed as described above.

Protein digestion

Protein IP eluates were heated at 95°C for 5 minutes and the reduced (4mM 
DTT) for 20 minutes at 56°C and alkylated (8 mM IAA) for 25 minutes in the dark at 
room temperature. The proteins were then digested with Lys-C (1:75, Wako) for 4h 
at 37°C, after which trypsin (1:50, Sigma Aldrich) was added overnight. The peptides 
were acidified to a total concentration of 1% Formic Acid (Merck). Samples were 
cleaned up using OASIS sample cleanup cartridges (Waters) and dried in vacuo.

Mass spectrometry and data-acquisition

The peptides from the IP enriched samples were analyzed with an UHPLC 
1290 system (Agilent) coupled to an Orbitrap Q Exactive HF mass spectrometer 
(Thermo Scientific). Before separation peptides were first trapped (Dr Maisch Reprosil 
C18, 3 µm, 2 cm x 100 µm) and then separated on an analytical column (Agilent 
Poroshell EC-C18, 2.7 µm, 50 cm x 75 µm). Trapping was performed for 5 min in 
solvent A (0.1 M Formic Acid in water) and the gradient was as follows; 0 - 10% 
solvent B (0.1 M Formic Acid in 80% acetonitrile) in 0.1 min, 10 - 36% in 95 min, 36 
– 100% in 3 min, and finally 100 % for 1 min. Flow was passively split to 300 nl/min. 
The mass spectrometer was operated in data-dependent mode. At a resolution of 
60.000 m/z at 400 m/z, MS full scan spectra were acquired from m/z 375–1600 after 
accumulation to a target value of 3x106. Up to twelve most intense precursor ions 
were selected for fragmentation. HCD fragmentation was performed at normalized 
collision energy of 27% after the accumulation to a target value of 1x105. MS/MS was 
acquired at a resolution of 15,000.  Dynamic exclusion was enabled with an exclusion 
list of 500 and a duration of 12s.

Data-analysis

RAW data files were processed with Max Quant (v1.5.1.1) and MS2 spectra 
were searched with the Andromeda search engine against the Rat proteome in 
UniProt (27864 entries, downloaded on 12-03-2016 from the uniprot.org website, 
TrEMBL database). Enzyme specificity was set to Trypsin/P and two missed cleavages 
were allowed. Methionine oxidation was set as variable modifications and cysteine 
carbamidomethylation was set as a fixed modification. Minimal peptide length was 
7 amino acids. Mass tolerance was set to 20 ppm for peptide masses and 0.6 Da for 
fragmentation masses. FDR threshold was set to 1% for identifications. Minimal ratio 
count was set to 2 for protein quantification and the functions “match between runs” 
and “requantify” were enabled. Data was further processed using Perseus 1.5.0.0.
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Antibodies and Western Blotting

Cell lysates were denatured and reduced with sample buffer containing 
SDS and DTT at 95°C for 5 minutes. Proteins were separated on a 4-12% Bis-Tris 
gel and transferred to nitrocellulose membranes. Primary monoclonal antibodies 
consisted rabbit anti-Hdac6 (Cell Signaling 7612S), mouse anti-pan-Shank scaffolding 
protein (clone N23B/49 from Neuromab), and mouse anti-GAPDH antibody (Genetex 
GT239). Secondary polyclonal antibodies used were goat anti-rabbit IgG (Dako 
P0448) and rabbit anti-mouse IgG (Dako P0447), and rabbit anti-goat IgG (Dako 
P0449). Detection was performed by enhanced chemiluminescent substrate (Pierce). 
Densitometric analysis was performed using the Quantity-One software (Biorad).

Measuring proteasome activity with SDS-PAGE

Cultured neurons were transfected on DIV 7 with either control or Shank 
KD constructs for ten days. After ten days neurons were stimulated with control, 
DHPG (45min) alone or DHPG (45min) and PD169316 (120min) together. After 
stimulation, cells were harvested and resuspended in HR buffer (50 mM Tris, 5 mM 
MgCl2, 250 mM sucrose, 1 mM DTT and 2 mM ATP, pH=7.4). Cell lysis was achieved 
by 30 minutes high speed shaking at 4°C. After a centrifugation step (15 minutes, 
14.000rpm) to remove cell debris, protein concentration of the supernatant was 
determined with a Bradford assay. Equal amounts of protein lysate were combined 
with 50µM of fluorescent proteasome activity reporter Me4BodipyFLAhx3L3VS 
[20] for 1h at 37°C. Samples were denatured and reduced by boiling in RBS buffer 
(consisting of 75% 4x sample buffer (Invitrogen) and 0.075% β-mercaptoethanol) 
for 5 minutes.  Proteins were separated on a 12% Bis-Tris gel using XT-MOPS running 
buffer (Invitrogen). Wet gel slabs were imaged with a Typhoon scanner (λ(ex/em) 
=480/530 nm). To verify equal protein loading, gels were stained with Coomassie 
brilliant blue (CBB). 
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Results and discussion
To study the role of Shank proteins in the PSD, we performed an 

immunopurification (IP) to identify potential interactors of the proteins. The IPs 
were performed in triplicate on mature rat brain lysates with a pan Shank antibody, 
thereby targeting all three isoforms of the protein. Proteins in the IP eluates were 
digested and subsequently identified with nanoLC-MS/MS. The results of this Shank 
IP were compared to control IgG isotype matched IPs. Proteins identified in the Shank 
IP and not in the control IP or with at least 2 fold higher mean intensities in the IP 
were considered as potential interactors. This resulted in the identification of 66 
proteins as potential interactors, including all 3 Shank isoforms and known interactors 
such as Homer3 and Wiskott-Aldrich syndrome protein family member 1 (Wasf1) 
[21,22] (Figure 1A and Supplementary table 1). Analysis were performed for tissue 
enrichment and GO- Cellular Compartment, to confirm that the potential Shank 
interactions identified here, where relevant for the hippocampus and the synapse, 
since we are ultimately interested in this brain region. The tissue analysis indeed 
revealed the largest significant enrichment for the hippocampus, while the GO-CC 
analysis showed enrichment for the synapse, the postsynaptic density and dendrites 
(see supplementary figure1). Together this indicates that we indeed look at potential 
interactors of Shank in the hippocampal synapse area, where processes of mGluR-LTD 
are taking place. One group of proteins standing out in the list of potential interactors 
are 3 subunits of the complement C1q protein, these proteins normally play a role in 
the innate immune response, however a role for these proteins in synapse formation 
in the CNS is also described, including a role in the hippocampal and the cerebellum 
areas of the brain [23]. The C1q family protein (Cbln1) is known to bind glutamate 
and kainite receptors at postsynaptic sites and thereby uses various C1q proteins to 
recruit these receptors post synaptically [23,24]. Therefore a potential interaction 
between C1q proteins and Shank proteins, might play a role in glutamate receptor 
trafficking during synaptic plasticity. Another protein, which is identified as potential 
interactor is the protein Bassoon (Bsn). Interestingly, Bsn is mainly known as a pre-
synaptic scaffolding protein in contrast to Shank proteins. However colocalization 
of all three Shank isoforms and Bsn was shown before [25].  Even though Bsn is 
presynaptic, a role in synaptic plasticity was proposed [26,27], indicating that tight 
regulation of both the pre- and postsynaptic zone is important for this processes. 
What the presynaptic role of Shank is in this process is still unknown and will be an 
interesting avenue of future research. 

Overlap between phosphorylation events and 
immunopurification assay

We next compared the results of this IP with the dataset from chapter 
4, where we examined the phosphorylation dynamics in hippocampal neurons 
upon induction of mGluR-LTD by (S)-3,5-Dihydroxyphenylglycine (DHPG), a potent 
mGluR1/5 agonist.  The total dataset of quantified phosphoproteins had an overlap 
of 19 proteins with the list of potential Shank interactors (including Shank2 and 3). 
A total of 4 of these 19 proteins (including Shank3 itself) were earlier identified as 
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Figure 1.  PanShank immunopurification pulldown  
(A) Network displaying all identified potential interactors of Shank isoforms (minimum 2 fold 
intensity increase compared to IgG control IP). The network displays all previously observed, 
descibed or imputated interactions between the identified interactors as indicated by the STRING 
protein-protein interaction database [56,57].  (B) Venn diagram displaying overlap between 
identified phosphoproteins, regulated phopshorylation events upon mGluR-LTD and potential 
Shank interactors identified in the IP experiment. (C) Western Blot of Hdac6 at 0, 20 and 90 
minutes after DHPG stimulation in both Shank KD and control neurons. The Blot confirms LC-MS/
MS results and shows a higher Hdac6 protein expression in Shank KD neurons. (D) Western Blot 
result of reversed IP with Psmc5 proteasomal subunit. This reversed IP confirmed the potential 
direct interaction between a Shank protein isoform and the proteasome. 
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being significantly regulated by phosphorylation in the DHPG induced mGluR-LTD 
experiment (Figure 1B). These interactors include Disk-large-associated protein 4 
(Dlgap4) as well as PSD95, a key scaffolding protein strongly associated with the 
post-synaptic density. Although so far there is limited information on the Dlgap4 
protein function, it is known that it can interact with both scaffolding proteins 
PSD95 and Shank in the PSD. Therefore it can potentially play an interesting role in 
PSD reorganization after mGluR-LTD induction [28].  Microtubule-actin cross-linking 
factor 1 (Macf1) was also significantly regulated in the phosphoproteome dataset 
and identified as potential interactor. It is an F-actin and microtubule-binding protein, 
which is involved in many cellular processes, such as intercellular transport, neuron 
polarity and outgrowth. The protein is linked to both Schizophrenia and Parkinson’s 
disease, but also to ASD. In ASD it is thought to play a role in the intracellular 
trafficking and cytoskeleton stability [29-31]. Both Dlgap4 and Macf1 are thus 
potential interesting proteins to study further in the light of Shank related ASD. 

Shank immunopurification reveals a potential interaction with 
HDAC6

Of the 17 protein overlapping between the total phosphoproteome dataset 
and the potential interactors, a few are known interactors, such as PSD95 and an 
ionotropic glutamate receptor ionotropic NMDA 2B (Grin2b). However one protein 
caught our attention specifically in this list: histone deacetylase 6 (Hdac6). A protective 
role for this protein is proposed in neurodegenerative diseases such as Parkinson 
[32,33] and Alzheimer’s disease [34,35]. Furthermore, HDAC’s have been shown 
to not only function in the nucleus as lysine deacetylases for histones, but distinct 
members, like Hdac6, target other proteins in the cytoplasm of cells, such as tubulin 
[36] and cortactin [37]. In a recent study the role of Hdac6 was explored in the 
learning and memory function of Drosophila melanogaster. Here, a role for the protein 
was confirmed in learning and memory in both larvae and adult flies by the use of an 
Hdac6 knockdown approach [38]. Interestingly, a rise in Hdac6 expression can also be 
an indication of problems of the Ubiquitin Proteasome system (UPS). An impaired UPS 
system leads to Hdac6 recruitment and provides a mechanistic link to a compensatory 
autophagy based degradation system [39,40]. The UPS itself is responsible for the 
degradation of proteins and ensures protein homeostasis in all cell types of the body. 
It is thereby a key regulator of cellular processes including transcriptional regulation 
and cell cycle control [41-43]. In neurons, the tight regulation of protein translation 
and proteasome function was shown before to be vital for correct and full induction 
of mGluR-LTD [44]. The degradation of Activity-regulated cytoskeleton-associated 
protein (Arc) [45,46], PSD-95 [47] and Synaptic functional regulator FMR1 (FMRP) [48] 
are described in light of the regulation of AMPAR endocytosis and spine morphology 
changes. AMPAR endocytosis itself is a hallmark of mGluR-LTD [18,49,50] and these 
proteins are all known to play a role in activity related plasticity. More in general, a 
central role for protein degradation as a complementary mechanism next to protein 
translation in mGluR-LTD [44] and ASD [51] has been described. 

To investigate this further in our system we performed Western Blot analysis 
of Hdac6 protein expression during mGluR-LTD (Figure 1C), showing elevated levels 
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in the Shank KD condition. We compared total protein levels between wild type 
and Shank knockdown hippocampal neurons (see below) after DHPG stimulation at 
different time points. Higher levels of Hdac6 in response to DHPG stimulation were 
observed in the Shank knockdown neurons, potentially indicating an effect on the 
UPS response in Shank knockdown neurons. Next to Hdac6, two proteasome subunits 
where identified as Shank interactors in the IP experiment (Psmd2 and Psmd11), 
further suggesting a role for the UPS in Shank related mGluR-LTD processes. We were 
able to confirm this interaction between proteasome subunits and Shank isoforms 
with a reversed IP experiment of the Psmc5 proteasomal subunit (Figure 1D). 

Next to the associations of Shank with proteasome subunits and the 
elevated levels of Hdac6 we observed phosphorylation changes of Psmd1 T237 in 
our phosphoproteome after DHPG stimulation, which serves as an indication of UPS 
activation [52]. Moreover, a study by Bidinosti et al showed a significant difference in 
phosphorylation status of the Psmd1 protein between specific Shank3 knockdown 
and control neurons during synaptic plasticity, although this was achieved after 
BDNF stimulation [14]. Together this suggests that the function of the UPS might be 
impaired in hippocampal Shank knockdown neurons during mGluR-LTD, interfering 
with the delicate balance between protein translation and degradation and potentially 
causing functional impairment as seen in these neurons [2]. Previously, it was shown 
that Shank proteins themselves are ubiquinated by the UPS system during activity 
related plasticity [53], however a direct role for these proteins in the control of 
proteasome activity is so far unknown.

Shank knockdown strategy

Here, we applied a Shank knockdown strategy [2], to determine the effect of 
Shank knockdown on proteasome function during mGluR-LTD. There is a potential 
risk for compensatory behavior from Shank isoforms in case of a single knockdown 
strategy, since all Shank isoforms have a high sequence and domain homology. To 
circumvent this potential behavior, we used a previously developed miRNA based 
knockdown strategy in our study approach. In this strategy all Shank isoforms are 
simultaneously reduced in the synapses of rat hippocampal neurons [2]. After 10 days 
of miRNA treatment, neurons of both control miRNA (control) and Shank miRNA 
(Shank KD) treated with DHPG at different time points. 

Shank proteins control proteasome activity during mGluR-LTD

To further evaluate the activity of the proteasome during DHPG induced 
mGluR-LTD, we applied a fluorescent proteasome activity reporter probe 
Me4BodipyFLAhx3L3VS [20]. This probe covalently binds to the active catalytic 
β1/5 and β2 subunits of the intact proteasome [20] and thereby can be used 
in combination with SDS-PAGE and a fluorescence measurement to determine 
proteasome activity in living cells, as well as in cell lysates. To evaluate the proteasome 
activity, Shank knockdown and control neurons were cultured for 10 days with 
miRNA virus, after which the neurons were stimulated for 30 or 90 minutes with 
DHPG. Subsequently, neurons were lysed and protein content was determined with 
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a Bradford assay. Equal amounts of protein were incubated with the reporter probe, 
separated on a SDS-PAGE gel and fluorescence was measured (see Figure 2A). A clear 
downregulation of proteasome activity after DHPG treatment was measured in Shank 
KD neurons compared to control neurons, which was significant after 30 minutes, 
confirming that proteasome activity is indeed impaired in the Shank KD neurons. 

Since shank KD impairs mGluR-LTD and we observed a decreased proteasome 
activity, we hypothesized that restoring proteasome activity could potential be 
beneficial to restore mGluR-LTD. The molecule PD169316 is known to be an active-
site inhibitor of p38MAPK, but recently it was also shown that this molecule can 
cause significant activation of the proteasome in different cell types [54]. Therefore, 
we tested to which extent PD169316 could restore proteasome activity in Shank KD 
neurons. A two-hour incubation with the molecule restored proteasome activity to 
nearly control levels, suggesting a potential mechanism to restore protein imbalances 
caused by Shank depletion in mGluR- LTD (Figure 2B). 

Results and discussion

Figure 2: Proteasome activity assay 
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Figure 2.  Proteasome activity reporter assay  
(A) Top: Bars represent the quantified probe signal in control and Shank KD neurons 0, 30 and 90 
min after DHPG stimulation. Bottom: Representive in-gel fluorescence scan showing proteasome 
activity profiles. Proteasome activity is decreased in Shank KD neurons after DHPG stimulation. (B) 
Top: Bars represent the quantified probe signal in control and Shank KD neurons after 0 and 30 
min DHPG stimulation and after combined 2h PD169316 and 30 min DHPG stimulation. Bottom: 
Representive in-gel fluorescence scan showing proteasome activity profiles.



127

Conclusion      
In summary, based on previously described phosphorylation data and the 

overlap with potential Shank interacting proteins identified, we confirmed a rise in 
HDAC6 protein expression during mGluR-LTD in Shank KD neurons. This can be an 
indication for proteasome dysfunction. Furthermore we identified an interaction 
between subunits of the proteasome and Shank proteins and reduced activity of 
the proteasome in Shank KD neurons was noted. The results and changes observed 
provided, amongst others, an indication for functional UPS impairment in Shank KD 
neurons during mGluR-LTD, pointing to a direct role of Shank proteins in regulating 
the activity of the proteasome after mGluR-LTD induction. Proteasome regulation and 
thus protein degradation can, in concordance with literature [44], play a critical role 
in mGluR-LTD induction and long term sustaining of this process. A disturbance in the 
tight balance between both protein translation and degradation in Shank knockdown 
neurons can most likely explain the functional problems observed in neurons with 
this phenotype. Further research into protein translation and degradation, with for 
instance a proteomics based pulse chase experiment [55], can give broader insight 
into the underlying molecular changes in Shank knockdown neurons. 

For future research, to further confirm the potential of proteasome activators, 
such as PD169316 to restore mGluR-LTD, functional experiments, measuring AMPAR 
endocytosis in Shank KD neurons in the presence of a proteasome agonist have 
to be conducted. In addition to a direct effect on proteasome activity directly, it is 
also possible that Shank proteins are involved in the recruitment of the UPS to the 
PSD, since the IP results suggest an interaction between the proteasome and Shank 
proteins. To distinguish between a direct activation mechanism and a recruitment 
defect, imaging studies following proteasome subunits are required. Concluding, 
Shank proteins seem to play a role not only in protein translation, but are also playing 
a role in the coordination of protein degradation during DHPG induced mGluR-
LTD. This opens a new research avenue into the role of these and potentially other 
chaperones in the PSD during plasticity related events. 

Conclusion
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Outlook
Proteomics is a fast evolving field with ongoing developments in isotope 

labeling, sample preparation, protein and peptide enrichment and pre-fractionation 
techniques as well as faster and more sensitive instrumentation. These ongoing 
developments are necessary to increase the coverage of the proteome, to study low-
abundant and relatively rare post-translational modifications (PTMs) and investigate 
protein-protein interactions. Such developments make it possible to better study 
the highly dynamic proteome in primary cells and unravel new insights in complex 
biological processes even with only small  (but crucial) changes on the protein level.

Phosphoproteomics

 In line with the recent developments in the proteomics field, this thesis 
describes the development and implementation of a sensitive phosphopeptide 
enrichment platform. Even though phosphorylation is at the moment the most 
studied PTM, it is very low abundant and therefore dedicated enrichment strategies 
are necessary. So far these enrichments required milligrams of input material 
hampering the study of this PTM, especially in samples were only limited sample 
amounts are available, such as with primary cells or tissues.  For this study, we 
applied Fe(III)-IMAC cartridges on an automated Bravo AssayMap, which allowed 
for sensitive and reproducible enrichment of several thousand phosphopeptides. 
Remarkably, we did not need the normal high amounts of input material in this 
strategy to identify biological relevant changes. Chapter 2 shows that we were able 
to follow the phosphorylation events after EGF stimulation in primary hippocampal 
neurons, starting with only single neuronal culture plates with 200,000 neurons 
delivering ~50µg of protein input material. In chapter 4 we further apply this 
technique in the study of mGluR-LTD. The improvement in sensitivity by applying the 
automated enrichment technique will help with the study on the phosphoproteome, 
since now samples can be used, which before did not deliver enough material to 
enrich for the phosphoproteome on a large scale. Unfortunately, like with most 
enrichment techniques this application also enriches mostly for serine and threonine 
phosphorylation. The detailed study of other phosphorylation forms still requires 
larger amount of input materials, due to the use of antibodies for enrichment. It 
is therefore vital for a complete understanding of the role of phosphorylation in 
biological processes, to also further develop enrichment strategies for these other type 
of phosphorylation events. 

 

Protein translation in vanishing white matter disease 

In the third chapter we applied a pulsed labeling strategy to study protein 
translation in different primary neurological cell types. In this strategy, SILAC metabolic 
labeling is combining azidohomoalanine (AHA), a methionine analogue, to label newly 
or actively synthesized proteins. Subsequently the azide moiety of the AHA can be 
used to enrich these proteins from the background proteome [1,2]. This technique 
turned out to be very promising in the analysis of both primary astrocytes and 
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hippocampal neurons. Astrocytes with a Vanishing White Matter (VWM) genotype 
could be studied with this approach, giving for the first time the opportunity to study 
the effects of an eIF2B mutation on active protein translation. This analysis showed 
that eIF2Bε (Arg191His) mutation does not influence protein translation rate, but 
seems to have an effect on the synthesis of specific proteins. The VWM genotype 
astrocytes showed a slight preference for the translation of proteins with long 5’ UTRs 
in the mRNA. Additionally some differences in the protein secretion and metabolome 
of the astrocytes were observed. However none of the observed differences could 
explain the disease phenotype directly. Previously it was shown that acute vanishing 
white matter neurological degeneration can be triggered by cellular stress, such as 
fever or minor head injuries [3]. However the control and VWM astrocytes used in 
this experiment did not responded to cellular stressors such as heat or the stimulation 
with thapsigargin, an ER stressor. Therefore it would be interesting to study the effect 
of eIF2B mutations directly on total protein content from brain tissue, whereby for 
instance Laser Capture Microdissection or Needle microdissection [4,5] can be used 
to select the white matter tissue from the brain, since only these areas are affected 
by the disease. Furthermore the data analyzed in chapter 3 indicates, in combination 
with previously published co-culture studies [6] that the secretome of VWM astrocytes 
is changed (possibly via oxidative stress in the ER) and is potentially causing a harmful 
effect on the neighboring oligodendrocytes. It would therefore be interesting to 
study the effects of known stressors on the astrocyte protein translation and the 
secretome in a full pulsed AHA- pulsed SILAC experiment (possibly after longer 
time points). By also analyzing the secretome more extensively information on the 
factors responsible for the observed negative effects on other neuronal cells could be 
identified. Moreover more detailed studies into the effects of the preferred translation 
of mRNA’s with long 5’UTRS on oxidative stress should be conducted, to link the 
translational effects to oxidative stress and the potentially changed secretome. Recent 
developments in proteomic instrumentation, make it now possible to measure the low 
abundant secretome proteins in a more sensitive way, than what has been applied in 
chapter 3. Lastly, improvements to enrichment of the AHA-incorporated proteins can 
be made, by introducing different higher binding affinity compounds and chemistry. 
Together these improvements make it possible to study the secretome proteins in a 
more detailed manner and to potentially identify the protein factors responsible for 
neurodegeneration in VWM. 

Phosphorylation signaling towards protein translation and 
synaptic plasticity

Long term depression (LTD) is a process implicated in normal cognitive 
behavior, learning and memory and is impaired in Autism Spectrum disorders [7,8]. 
In this theses we were interested in the signaling events leading towards local protein 
translation and LTD. We used primary hippocampal cells to induce a specific form of 
LTD, namely Glutamate Receptor induced LTD (mGluR-LTD). We hereby made use of 
the in chapter 2 developed phosphopeptide enrichment method. For future studies 
improvement can be made by applying higher affinity enrichment techniques and the 
use of more recent sensitive MS-instrumentation. Nonetheless, we were already able 
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to present a global overview of protein pathways involved in this form of plasticity and 
were able to confirm the function of Intersectin-1 and several kinases by imaging and 
knockdown validation experiments. Furthermore multiple studies on normal function 
of synaptic plasticity have already been performed (although mostly on a single protein 
basis, examples can be found in [9-12]). The Shank proteins are implicated in Autism 
Spectrum disorders [13,14] and their role in the regulation of protein translation during 
neuronal plasticity is so far not fully understood. In chapter 5 it was show that these 
proteins are not only involved in the regulation of protein translation, but that Shank 
proteins might also play a (direct or indirect) role in regulating proteasome activity. 
Future efforts should therefore investigate the exact role of Shank in both protein 
translation and proteasome function and thereby protein degradation. It would also 
be interesting to specifically study the effect of proteasome dysfunction in an in-
vivo model of Shank related autism. A recent publication showed the possibility of 
activating the proteasome by small molecules [15]. If autism like behavior of rodents 
can be reversed by applying this type of proteasome activators, this would open 
up a whole new avenue of potential options to relief autism symptoms in patients. 
In vitro, the role of Shank in protein degradation can potentially be elucidated by 
studying the effects on the proteasome itself, but also to study the degradation of 
proteins known to be involved in long-term depression in more detail. A recent study 
used a pulse-chase approach in combination with SILAC and AHA to follow protein 
degradation. The use of AHA labeling circumvented the long labeling times, previously 
necessary to study protein degradation [16]. This approach can be easily adapted to 
study differences in protein degradation during mGluR-LTD in wild type versus Shank 
knockdown neurons, to search for proteins of which the abundance (and potentially 
their function) is altered due to the proteasome dysfunction. This would allow to not 
only study protein signaling, but also protein translation and degradation on a large 
scale in primary neurons. Another way to quantify protein translation and degradation 
is by pulse labelling the proteins only with an AHA pulse during the time course and 
to apply isobaric peptide labelling during further sample preparation. This prevents 
the need for triple amino acid depletion and the AHA tag itself can be used to filter 
newly synthesized protein from the background during data analysis. By combing the 
AHA with isobaric labeling the total LC-MS/MS analysis time would be greatly reduced, 
since samples of multiple time points can be combined. An experiment like this would 
greatly enhance the current understanding of the mGluR-LTD process in both healthy 
and ASD phenotype neurons, since so far this was mostly studied on a single protein 
level. Furthermore, synapse enrichment could be considered during sample preparation 
to improve the analysis. Enrichment with different gradients, such as sucrose, are 
already applied successfully [17].  Recently a method was published to even selectively 
separate the pre- and post-synaptic compartments of the neuron [18]. By separating 
these compartments local protein translation can be separated from the general cell 
body translation events. However, for now this will not be feasible yet, since these kind 
of sample preparations need a large amount of material (up to milligrams of material), 
which in light of the rest of the sample preparation steps would be very challenging 
in the pulsed labeling approach. Although the more sensitive MS instrumentation 
in combination with higher affinity techniques are probably making this approach 
possible in the relative near future. 
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Protein-Protein interactions

Another fast developing field is in the analysis of protein-protein interactions. 
This area has rapidly gained more attention, since most proteins function as part 
of a protein complex. Proteins can be part of different complexes and, depending 
on complex association, can haeve a different biological function. So far the main 
approach to study protein-protein interactions is affinity purification coupled to LC-
MS/MS (AP-MS). We used this approach in chapter 5 to identify potential interactors 
of the Shank proteins. However, this approach has several potential limitations.  One 
of the limitations lies in the pull down of non-specific interactors (or background 
proteins) together with the specific interactors. This can be (partially) solved by 
performing multiple negative control AP assays, for instance by using the same 
support resin without the bait [19-22], as was done in chapter 5. Other limitations are 
related to the limited amount of structural information acquired with this approach, 
the loss of very transient interactors during the washing steps and the small number 
of (bait) proteins that can be studied at the same time. Furthermore, a good antibody 
or tag is not (yet) available/can be applied for every potential interesting bait protein, 
making AP-MS not widely applicable. Recently, several other techniques were 
developed to study protein complexes and interactions, which overcome some of 
these limitations. One strategy is to apply gel-based fractionation or size exclusion 
chromatography (SEC) to look at the interactome on a larger scale. The latter was 
used to study the interactions of HeLA cells after EGF stimulation, with a SILAC 
based approach [23], to study the interactome of U2OS cells in a label free manner 
[24] and to study the light-dark dynamics of protein complexes in cyanobacteria 
[25]. These techniques use molecular weight separation to distinguish between sub 
complexes and thereby are able to deliver some information on protein complex 
stoichiometry and thereby circumvent the need for the use of bait-specific antibodies 
or protein tags. Another technique, which can provide valuable structural information 
on protein-protein interactions and stoichiometry, is the application of crosslinking 
mass spectrometry. This field has made significant progress in the past few years and 
can add even more information on interaction changes in different cell conditions. 
Improvements in cross-linkers and data-analysis make it possible to now study protein-
protein interactions in cells and lysates on a relatively large scale [26,27]. Although 
the SEC technique is currently more easily applicable to different cell types and 
conditions and can be easier multiplexed with different labeling techniques, it is likely 
that studies on protein complexes will increasingly implement crosslinking techniques, 
whether or not in combination with SEC separation techniques. To make this possible 
crosslinking studies still need to evolve further, before they can be very widely 
applicable. Problems with database complexity, due to among other the n2 problem, 
need to be resolved further, as the need for better enrichment techniques, since for 
now mostly very high abundant complexes are identified with reasonable coverage. 
Next to crosslinking studies, the use of proximity labeling approaches is gaining more 
and more attention. In this approach only proteins in close proximity to the protein of 
interest are tagged, making use of direct biotin labeling (BioID) [28] or in-direct biotin 
labeling via ascorbate peroxidase labeling (APEX) [29,30]. Both methods make more 
stringent enrichment and washing possible, largely reducing the background binding 
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problem [31]. However the risk of binding proteins in close proximity, which are not 
truly part of the complex, could be a problem and therefore proper control conditions 
are still necessary. However, the capture of more transient interactions is simply 
more likely than with an antibody approach, making the techniques interesting also 
in this respect. The APEX approach would be valuable to study protein interactions 
with Shank further. This approach benefits over the crosslinking strategies in the 
ability to apply it in a “natural” cell culture environment, so before lysis. Therefore 
it can also be used to study protein interaction during specific cellular stimulation 
processes and thus could give valuable information on the interaction partners of 
Shank proteins during mGluR-LTD induction at different time points. APEX is hereby 
favored over the BioID approach due to the shorter labeling times (minutes vs hours), 
which is necessary to follow the very fast processes of mGluR-LTD. The study of Shank 
interaction partners at different timepoints, was so far not feasible, due to the need 
for large sample amounts in AP-MS, often an issue in neuroproteomics. Although this 
approach would already help enormously to study the interaction partners of Shank 
proteins in hippocampal neurons, ultimately the technique needs to be adopted to 
such an extent that it can be applied in vivo at short time scales. The brain is such a 
complex network with many projections throughout the different areas, that for a full 
understanding of the Shank interactions relevant for Shank related forms of autism, it 
is vital to study this also in the context of the full functioning brain. 

General trends in proteomics analysis

The large scale studies as performed and proposed in this thesis would not 
be possible without the fast development of the proteomics field. Protein function is 
determined by the combination of its expression, presence of PTM’s and interaction 
with other proteins. Even though proteomics is a fast developing field, the demands 
on the techniques are continuously increasing due to the dynamic nature of the 
proteome. As described in chapter 2 it is now possible to study phosphorylation 
events in small sample amounts, such as available from biopsies or primary neurons. 
However, next to phosphorylation events, the study of other PTMs would be very 
interesting to fully understand protein dynamics. Recent efforts already make it 
possible to enrich for modifications such as acetylation and methylation. Furthermore, 
the introduction of different strategies such as crosslinking helps the study on protein-
protein interactions to move forward [26]. Increasing efforts are also made in the 
field of protein enrichments, for instance the introduction of the pulsed AHA/SILAC 
approach now makes it possible to study active protein translation [1,2]. 

All these new strategies will potentially require different approaches in 
protein digestion, fractionation and fragmentation. The application of different 
proteases, next to trypsin, might aid in the identification of combined or different 
PTM identifications [32]. Enzymes such as Asp-N, chemotrypsin and GluC, generate 
distinctly different peptides, potentially helping to uncover a different part of 
the proteome [33]. In contrast these differently cleaved peptides potentially also 
require different fragmentation techniques due to their distinct physicochemical 
properties [32]. On the mass spectrometry end of the workflow new approaches 
in fragmentation can therefore help with the identification of differently cleaved 
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peptides, specific protein classes or modifications. For instance the introduction of 
Electron Transfer/ Higher Energy Dissociation (EThCD) helped with the identification 
of protein O-GlcNac modifications and crosslinks [26,34]. Developments in peptide 
separation techniques (either acquired by more sensitivity of the current separation 
methods, by applying smaller or newer material or by applying different combinations 
of orthogonal techniques) and MS sensitivity can further aid the increase in proteome 
coverage even in cell types, which were previously less well studied due to their low 
availability. Lastly, these new developments generate different types of MS data, 
which asks for different reliable bio-informatics approaches. Therefore, new and 
sophisticated tools emerge to handle these new search challenges. Together, all these 
developments help to significantly increase our understanding of protein biology and 
potentially will play a pivotal role in the development of new treatment avenues for a 
large number of disorders, such as VWM and Autism. 
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Summary
The aim of this thesis was to develop and apply the latest proteomics 

techniques to study protein translation events in disease models of primary astrocytes and 
neuronal cells. 

The first part of chapter one is an introduction to mass spectrometry based 
proteomics and a general workflow of an LC-MS based proteomics is described. It is 
however relevant to note that that this is a simplification as every experiment requires 
a tailored work flow aligned to the specific goals of the experiment and the specific 
sample type. The second part of this chapter provides a short historical perspective of the 
neuroproteomics field specifically. In the third and last part of this chapter an introduction 
to two neurological disorders (vanishing white matter disease and Shank mutation based 
autism) is given. 

In chapter two an automated phosphopeptide enrichment technique is 
described. In this research an automated Fe(III)-IMAC enrichment method is first 
compared with an automated TiO

2
 and a manual Ti(IV)-IMAC method. Subsequently the 

automated Fe(III)-IMAC approach is further benchmarked with both HeLa and primary 
neurons. In this chapter it is clearly shown that this automated approach allows for 
sensitive and reproducible enrichment of thousands of peptides. This has not only been 
accomplished in standardly used protein starting amounts (>100µg of input material 
before phosphopeptide enrichment), but also in sample amounts between 1 and 10µg. 
Moreover, relevant phosphorylation events in EGF stimulated neurons from single culture 
plates (200,000 cells equal to ~50µg of protein input material before enrichment) could 
be identified. This study illustrates that phosphopeptide enrichment of low sample 
amounts, such as primary neuronal cultures, can now be performed in an automated 
fashion. 

Chapter three describes the study of translational events underlying Vanishing 
White Matter disease (VWM). VWM is a severe inherited childhood white matter disorder, 
which is shown to primarily affect the astrocytes in the brain. All VWM patients have 
recessive mutations in any of the five genes encoding the subunits of the eukaryotic 
translation factor 2B (eIF2B). Primary astrocyte cultures of wild type (wt) and VWM 
(2b5ho) mice were subjected to a pulsed labeling proteomics approach. A combination 
of SILAC labeling and an L-azidohomoalanine (AHA) pulse was used to select for actively 
synthesized proteins. The proteomic profiling identified a total of 80 proteins that are 
regulated by the eIF2B mutation. Increased expression of Pros1 was confirmed in 2b5ho 
astrocytes culture and brain tissue. Furthermore it was identified that alternately translated 
proteins differ from their “normal” counterparts in aspects of their 5’ UTRs, indicative 
for a deregulated protein synthesis in 2b5ho cells. This altered synthesis seems to lead to 
an increase of proteins in the Endoplasmic Reticulum (ER) and the secretory pathway. 
Possibly, increased disulfide bridge formation in the ER results in oxidative stress. A small-
scale metabolic screen highlighted changes in the metabolites 6-phospho-gluconate, 
NAD+ and NADPH between wt and 2b5ho astrocytes, which together with the increased 
Pros1 expression support the hypothesis of increased oxidative stress in 2b5ho astrocytes. 
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In the chapter four, the automated phosphopeptide enrichment strategy 
described in chapter two, was applied to study synaptic plasticity in primary 
hippocampal neurons. At synapses, DHPG can trigger metabotropic glutamate 
receptors (mGluR1/5) to induce a form of long-term depression (mGluR-LTD), which 
relies on protein synthesis and the internalization of AMPA-type glutamate receptors. 
Several kinases with important roles in mGluR-LTD could be predicted from the 
acquired data on protein phosphorylation events. The role of these kinase could be 
confirmed by a small molecule kinase inhibitor assay. Furthermore, changes in the 
AMPA receptor endocytosis pathway in protein phosphorylation upon mGluR-LTD 
were identified, whereby Intersectin-1 was validated as being of vital importance to 
this pathway. This chapter reveals several novel insights into the molecular signaling 
mechanisms underlying mGluR-LTD. 

Chapter five continues with the research on mGluR-LTD signaling. Here, the 
effect of Shank protein knockdown was studied in more detail. Shank scaffolding 
proteins are directly linked to specific forms of autism and are known to play a role 
in mGluR-LTD. To decipher the role of Shank protein in mGluR-LTD in more detail 
an immunopruification assay of Shank proteins was performed. Next to known 
interactors, such as Homer, several new potentially interesting interactors could 
be identified. Together with the data from chapter 4 the data from the potential 
interactors pointed towards a role for Shank in proteasome activity modulation. We 
were able to confirm a direct interaction of the Shank proteins with the proteasome. 
Lastly, a gel-based proteasome activity assay confirmed reduced proteasome activity 
in Shank knockdown compared to control neurons, confirming the role of Shank 
proteins in proteasome regulation.  
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Samenvatting
Het doel van dit proefschrift was om de laatste proteomics technieken 

verder te ontwikkelen en toe te passen in verschillende onderzoek applicaties. In 
dit proefschrift zijn deze technieken toegepast om eiwit translatie in astrocyten en 
neuronen te bestuderen. 

In het eerste deel van hoofdstuk één wordt een inleiding in massa 
spectrometrie gebaseerde proteomics gegeven, waarbij de algemene werkwijze wordt 
beschrijven. Hierbij dient wel opgemerkt te worden dat er eigenlijk niet één standaard 
werkwijze is, maar dat deze steeds specifiek gemaakt wordt, afhankelijk van de 
onderzoeksvraag en het monster type. Het tweede deel van dit hoofdstuk beschrijft 
het neuroproteomics veld vanuit een historisch perspectief. In het derde en laatste 
deel van het hoofdstuk worden twee hersenaandoeningen (Vanishing White Matter 
disease en Shank eiwit gerelateerd autisme) geïntroduceerd. 

In hoofdstuk twee wordt een geautomatiseerde fosfo-peptide verrijkings 
techniek omschreven. Eerst worden drie verschillende verrijkings technieken 
vergeleken: een geautomatiseerde Fe(III)-IMAC, een geautomatiseerde TiO

2
 en een 

handmatige Ti(IV)-IMAC techniek. Tevens wordt de Fe(III)-IMAC techniek verder 
gekarakteriseerd wordt in zowel HeLa cellen als primaire neuronen. In dit hoofdstuk 
tonen we aan dat deze geautomatiseerde techniek leidt tot de sensitieve en 
reproduceerbare verrijking van duizenden fosfo-peptiden. Waarbij de techniek niet 
alleen bruikbaar is voor de tot nu toe standaard gebruikt grote monster hoeveelheden 
(>100µg eiwit), maar juist ook voor lage monster hoeveelheden met slechts tussen 
de 1 en 10µg eiwit als start materiaal. Daarnaast konden we relevante eiwit 
fosforyleringen identificeren in EGF gestimuleerde neuronen vanuit een enkele wel 
van een cel cultuur plaat (de 200.000 cellen uit een wel geven ongeveer 50µg input 
materiaal voorafgaand aan de fosfo-peptiden verrijking). Dit werk illustreert dat fosfo-
peptiden verrijking vanuit lage monster hoeveelheden, zoals van primaire neuronale 
cel culturen, nu toegepast kan worden in verder onderzoek.

In hoofdstuk drie wordt een onderzoek naar eiwit translatie in Vanishing 
White Matter Disease (VWM) beschreven. VWM is een ernstige, erfelijke witte stof 
aandoening bij (voornamelijk) kinderen, waarbij de astrocyten in de hersenen zijn 
aangedaan. Alle patiënten hebben een mutatie in één van de vijf sub units van 
het eIF2b eiwit. Om de actieve eiwit translatie te bestuderen is een pulserende 
eiwit labelings techniek gebruikt in primaire astrocyten van wild-type en VWM 
(2b5ho) muizen. Hierbij is gebruik gemaakt van een combinatie van SILAC en 
L-azidohomoalanine (AHA) labeling. Het proteomics profiel liet hierbij verschillen in de 
regulatie van 80 eiwitten zien tussen de wildtype en 2b5ho astrocyten. Een verhoogde 
Pros1 expressie kon worden aangetoond in zowel de astrocyten cel cultuur als in 
brein weefsel. Daarnaast bleek dat deze verschillend gereguleerde eiwitten specifieke 
kenmerken in hun 5’UTR regio hadden, wat indicatief kan zijn voor disregulatie van 
eiwit synthese in de 2b5ho astrocyten. Deze veranderde eiwit synthese lijkt te leiden 
tot een ophoping van eiwitten in het endoplasmatisch reticulumen (ER) en de eiwit 
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secretie route. Verhoogde zwavelbrugvorming in het ER leidt hierbij mogelijk tot 
oxidatieve stress. Een kleine metabole screening in de astrocyten liet veranderingen in 
de metabolieten 6-phospho-gluconate, NAD+ en NADPH zien. Deze resultaten samen 
met de verhoogde Pros1 expressie duiden inderdaad op de aanwezigheid van een 
verhoogd oxidatieve stress niveau in 2b5ho astrocyten. 

De in hoofdstuk twee beschreven fosfo-peptiden verrijkingstechniek techniek, 
wordt in hoofdstuk vier, om synaptische plasticiteit in primaire hippocampale 
neuronen te bestuderen. DHPG kan in de synaps metabotrope glutamaat receptoren 
(mGluR1/5) activeren om een vorm van lange termijn depressie (mGluR-LTD) te 
induceren. mGluR-LTD inductie is afhankelijk van eiwit synthese en de internalisatie 
van AMPA-type glutamaat receptoren. Vanuit het fosfoproteomics experiment 
konden we de betrokkenheid van een aantal kinasen bij dit proces voorspellen. 
Deze voorspelling is vervolgens bevestigd met experiment, waarbij deze kinasen 
geblokkeerd zijn met kleine moleculen. Hiernaast zijn veranderingen in eiwit 
fosforylatie tijdens mGluR-LTD geïdentificeerd, welke allen betrokken zijn bij de AMPA 
receptor endocytose. In dit hoofdstuk bevestigen we verder dat Intersectin-1 een 
belangrijke rol speelt bij dit endocytose proces. Dit hoofdstuk laat dus enkele nieuwe 
inzichten in signalerings routen betrokken bij mGluR-LTD zien en geeft daarnaast een 
algemeen breed beeld van de moleculaire basis van dit proces.  

Hoofdstuk vijf gaat verder met het onderzoek naar mGluR-LTD. In dit 
hoofdstuk wordt het effect van Shank eiwit knockdown in meer detail bestudeerd. 
Shank scaffolding eiwitten zijn direct gerelateerd aan bepaalde vormen van autisme 
en het is bekend dat ze een rol spelen in mGluR-LTD. Om de rol van Shank eiwitten in 
mGluR-LTD verder te bestuderen is een Shank immunopurificatie uitgevoerd, waarbij 
zowel bekende interactoren, zoals Homer, als ook nieuwe potentiele interactoren 
zijn geïdentificeerd. De geïdentificeerde interactoren in combinatie met resultaten 
uit hoofdstuk vier leken op een rol voor Shank eiwitten in proteasoom regulatie te 
wijzen. We konden hierbij ook een directe interactie tussen Shank en het proteasoom 
bevestigen. Hierna is een op gel gebaseerde proteasoom activiteits assay gebruikt om 
de daadwerkelijk proteasoom activiteit in Shank knockdown en wild-type neuronen te 
meten, hieruit bleek dat Shank eiwitten inderdaad een rol spelen in de regulatie van 
de proteasoom activiteit in neuronen. 
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Supporting Information Chapter 2 

Figure S1: Percentage of S, T and Y phosphorylation and phosphosite multiplicity of the three 

different enrichment methods. (A) All three methods give comparable enrichment patterns for 

phosphorylated sites: S (87.4±0.2%), T (12.1±0.2%) and Y (0.4±0.1%).  (B) All three methods give 

comparable enrichment patterns for mono (86.8±1.0%), di (11.7±0.9%) and tri (1.3±0.1%) 

phosphorylated peptides.   
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Figure S2. Label free quantitative phosphoproteome analysis of HeLa/neuron digests, using 

variable amounts of starting material. Heatmaps of Pearson correlation and correlation plots of 

Fe(III)-IMAC phosphopeptide enrichment with different amounts of starting material from HeLa 

searched (A) with and (B) without the ‘match between runs’ function enabled and (C) Heatmap of 

Pearson correlation and correlation plots of Fe(III)-IMAC phosphopeptide enrichment with different 

amounts of starting material from rat hippocampal neurons. For both HeLa and neuron samples a 

high quantitative reproducibility between phosphosite intensities within consecutive enrichments 

from the same amount of protein digest and between the different amounts is observed. 
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Figure S3. Dynamic range in the phosphoproteome can be extended by using more starting 

material. Intensity distributions of phosphopeptides enriched from HeLa (A) and rat hippocampal 

neurons (B) showing an increase in intensity and intensity distribution with increasing amount of 

material. Boxplots of the log2 intensities for the different starting amounts of peptides from HeLa (C) 

and rat primary hippocampal neurons (D). Distribution of the summed intensities of the different 

protein starting amounts for HeLa (E) and rat primary hippocampal neurons (F) showing a relative 

overrepresentation of the high sum intensities for the small amounts of material.  
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Figure S4  

 

Figure S4. Average linearity of the quantitative phosphopeptide enrichment by automated Fe(III)-

IMAC enrichment. Illustration of the linearity of the average intensity ratios of the quantified 

phosphosites.  Only phosphosites identified in all replicates were taken for this analysis,  500µg 

protein starting amount was set to phosphosite intensity 1. The cartridges display a lineair 

quantitative performce up to 100 µg (Insert, phosphosite intensity 1) of starting material, as is 

further shown in the insert by the R2 of 0.9753.  
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Supplementary Figure 1.  Extracellular nanoluciferase accumula on a er transfec on of pNL1.3-
Gapdh or pNL1.1-Gapdh in wt and 2b5ho astrocytes. Transfec on of pNL1.3-Gapdh yields 
nanoluciferase with an N-terminal signal pep de (Secluc), which accumulates extracellularly. 
Transfec on of pNL1.1-Gapdh yields nanoluciferase without this signal pep de (Nluc), which did not 
significantly accumulate extracellularly. Brefeldin A (BFA) inhibits the secre on of Secluc but not Nluc 
indica ng that Secluc and not Nluc is secreted via the secretory pathway. These findings indicate that 
the luminescence signal measured a er pNL1.3-Gapdh transfec on corresponds to ac vely secreted 
nanoluciferase and is not caused by nonspecific release of nanoluciferase. 
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Figure S1. DHPG induces mGluR-LTD. (A) DHPG stimulation induces significant GluA1 

internalization. (B) Western Blot analysis of pErk and Erk. The ratio of pErk/Erk rises after 

prolonged DHPG stimulation. (C) Western Blot analysis of phosphorylated Map1b. Data are 

represented as mean±SEM ** p<0.01. 
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Figure S2. Evaluation of the phosphoproteomics dataset. (A) Distribution of protein 

abundance, displaying normal distribution. Light grey bars indicate the top 25% most abundant 

phosphopeptides. (B) Venn-diagram of the overlap between proteins identified in the 5, 10 

and 20 minutes LTD experiment. Biological replicates were combined. (C) Percentages of 

enriched Serine, Threonine and Tyrosine phosphosites. (D) Heatmap of Pearson correlations 

and correlation plots for the different biological replicates in the DHPG stimulated and control 

samples showing high quantititave reproducibility between all measurements. (E) Tissue 

enrichment analyis of all identified phosphorylated proteins in DAVID. (F) GO cellular 

compartment analyis of the 25% most abundant phosphorylated proteins. 
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Figure S3
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nanoLC-MS/MS results of the phosphoproteomics experiment. Data are represented as 
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Figure S4

Figure S4. Phosphorylation sequence motifs. (A) Significantly enriched serine-directed 

phosphorylation motifs as generated with MotifX. (B) Significantly enriched threonine-directed 

phosphorylation motifs. 
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Supplementary Figure 1. Enrichment analysis. (A) Tissue enrichment analysis of all potential Shank 

protein interactors in DAVID. (B) GO cellular compartment analysis of Shank protein interactors in 

DAVID. 
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