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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 increasing numbers 

of biological replicates per experiment, ideally starting from very low sample amounts, placing new 

demands on enrichment protocols to make them less labor-intensive, sensitive and less prone to 

variability. Here, we assessed an automated enrichment protocol using Fe(III)-IMAC cartridges on a 

AssayMAP Bravo platform to tackle these issues. 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 we used dilution 

series of both HeLa and hippocampal neuron lysates, going down to 0.1 µg of starting material. The 

optimized workflow proved to be sensitive and reproducible, identifying. loaclizing and quantifying 

thousands of phosphopeptides from just micrograms of starting material.  To further test the automated 

workflow in genuine biological applications we monitored EGF-induced signaling in primary rat 

hippocampal neurons, starting with only 75,000 cells prior to phosphopeptide enrichment, revealing 

among others induced phosphorylation of two glutamate receptors regulating synaptic plasticity.  
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Introduction 

Protein function and dynamics within the cellular environment are 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 prior to LC-MS/MS analysis, using either ion exchange chromatography (2, 14-16), phospho 

(motif) specific antibodies (17, 18), metal oxide surfaces (TiO2) (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 phosphorylated peptides 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 

methods.  

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 
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analysis (26). This induces a problem in the analysis of primary cell cultures, laser 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 (27), the many steps in the 

protocol make it sensitive to sample variability. To enhance reproducibility in large experimental setups 

and samples losses, the total sample handling variability should ideally be further minimized. One 

approach to achieve this is through miniaturization and automation, which allows for processing of 

multiple samples in parallel, with resulting increased efficiency and reduced variability.  

Last year EasyPhos was developed as a first approach to perform phosphoproteomics in an automated 

workflow (28). While it revealed the potential of automated phosphopeptide enrichment, relatively 

large amounts of protein input material (1mg) were used. More recently Abelin et al. (29) demonstrated 

that a combination of Fe(III)-IMAC cartridges and an automated platform, the Agilent AssayMap Bravo 

Platform, enables the identification of over 10,000 unique phosphosites, combining three cell lines 

treated with 27 compounds (including DMSO). However, also these experiments were conducetd by 

using relatively large amounts of starting 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 1000 times lower sample amounts, and thus also applied to challenging biological 

samples, such as primary neurons. 

 

Materials and Methods 

 

Cell cultures 
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HeLa cells were grown in Dulbeco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum and 10mM glutamine (all from Lonza, Braine-lʹAlleud, 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 75,000 per well and treated as described before (30). At day 14-15 cells were 

stimulated with either vehicle or 10 ng/ml Epidermal Growth Factor (EGF, Sigma-Aldrich) for 20 minutes. 

Cells were harvested and washed with PBS and stored at -80°C till further usage.  

 

Protein lysis and digestion 

Cells were lysed in lysis buffer (1% sodiumdeoxycholate (SDC), 10mM tris(2-

carboxyethyl)phosphinehydrochloride (TCEP),  40mM chloroacetamide (CAA) and 100 mM TRIS, pH 8.0 

supplemented with phosphotase inhibitor (PhosSTOP, Roche) and protease inhibitor (cOmplete mini 

EDTA-free, Roche). Cells were heated for 5 min at 95°C, sonicated with the 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 in -80°C till further use.  
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Phosphorylated peptide enrichment 

Manual Ti(IV)-IMAC-based workflow 

Phosphopeptide enrichment was performed as described as before (25). Briefly, the 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 in 10% FA. Samples were dried down and stored in -80°C till LC-

MS/MS analysis. 

Automated TiO2 and Fe(III)-IMAC-based workflows 

Phosphorylated peptides were enriched using either TiO2 or Fe(III)-NTA cartridges (Agilent technologies) 

in an automated fashion using the AssayMAP Bravo Platform (Agilent technologies). TiO2 columns were 

primed with 5% ammonia / 15% ACN and equilibrated with loading buffer (50% ACN/2% TFA). Samples 

were dissolved in loading buffer and loaded onto the column. The cartridges were washed with loading 

buffer and the phosphorylated peptides were eluted with 5% ammonia directly into 10% formic acid and 

dried down. Fe(III)-NTA cartridges were primed with 0.1% TFA in ACN and equilibrated with loading 

buffer (80% ACN/0.1% TFA). Samples were dissolved in loading buffer and loaded onto the cartridge. 

The columns were washed with loading buffer and the phosphorylated peptides were eluted with 1% 

ammonia directly into 10% formic acid. Samples were dried down and stored in -80° C till subjected to 

LC-MS. 

 

Mass spectrometry: RP-nanoLC-MS/MS 

The data were acquired using an Agilent 1290 system 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 
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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 explore 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 described previously (25, 27) (Figure 1A). After lysis of HeLa cells using the SDC protocol, 

protein extracts were digested using subsequently 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. 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 in Fe(III)-IMAC and 5,980 phosphosites in the 

TiO2 based enrichments. The relative low performance of the TiO2 was unexpected, as we recently 

demonstrated equal performance of TiO2 and Ti(IV)-IMAC in a manual approach (9). The relative low 

performance of the TiO2 automated workflow on the AssayMAP Bravo Platform can most likely be 

explained by 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 Bravo Platform. 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%, much lower than the 85-95% we 

demonstrated earlier in our manual TiO2 workflow. For quantitative analysis we filtered out the (Class I; 

>=0.75) phosphosites being detection 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 TiO2 (see Supplementary Data T1). 

This stringent filtering was used for all below reported analyses. Previously we showed that the manual 

approach using Ti(IV)-IMAC is quite reproducible and can be used for quantitative phosphoproteome 
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analysis using label-free quantification based on peptide ion intensities. Here, we evaluated whether the 

automated workflows (using either  Fe(III)-IMAC or TiO2) can also be used for quantitative 

phosphoproteome profiling, and whether this quantitation is possible enrichment workflow dependent. 

We thus compared, focusing on the unique phosphopeptides detected in all enrichments, the 

phosphopeptde ion intensities. Although, the overall correlation between experiments is very good, the 

data displayed in Figure 2E, reveals that the correlation is best when a single enrichment is used, and 

weaker when we for instance compare data from a TiO2 enrichment with a Fe(III)-IMAC-based 

enrichment. This behaviour was further extracted from a principal component analysis (Figure 2C) that 

revealed that the replicate enrichments for each workflow cluster together indicating strong 

reproducibility, with Fe(III)-IMAC and Ti(IV)-IMAC being most similar. The overlap in enriched 

phosphopeptides between the different methods was high (Figure 2D) with 91% overlap between Ti(IV)-

IMAC and Fe(III)-IMAC and 84% between Fe(III)-IMAC and TiO2 and 76% found for all three methods in at 

least 1 out of 4 replicates per method.  

Based on these results, we were especially satisfied with the performance of the Fe(III)-IMAC-based 

automated platform in comparison with the manual Ti(IV)-IMAC approach and decided to further 

characterise and validate the performance of this approach. 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 material can be much smaller. Thus next we assessed the performance of the Fe(III)-IMAC 

cartridges using variable amounts of HeLa digest (0.1 – 500 µg). 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 1443  unique phosphopeptides, and with 10 µg of 

Hela digest 4541 unique phosphopeptides were identified. Cumulatively, the replicate enrichments of 

100 ng resulted in 319 unique phosphopeptides and 415 class I phosphosites in at least 2 replicates, 1 µg 
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in 1903 unique phosphopeptides and 1694 phosphosites, and 10 µg in 5726 unique phosphopeptides 

and 4324 phosphosites.  Using 200 µg of input material resulted in an optimal performance of the Fe(III)-

IMAC cartridges with over 8269 unique phosphopeptides being identified and 5697 class I phosphosites 

quantified in at least 2 replicates using a single 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 S1). 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 the technical replicate LC-MS runs (27, 28). 

Interestingly, the Pearson correlation remained high when, after normalisation, the different amounts of 

starting material were compared (Figure S1A). 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 signal to noise in the 

LC MS/MS is poorest. The lower correlation observed when starting with 500 µg of Hela digest can most 

likely be explained by an 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 much lower sample amounts.  

Evidently in the case of lab-cultured Hela cells the sample quantity is not likely a limiting factor. We net 

analysed the phosphoproteome of rat primary hippocampal neurons. These primary neuronal cells are 

typically plated in 6-well format with a density of 75,000 cells per well, leading to approximately 50 µg of 

proteineous 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 
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neuronal protein extract. With only 25 µg of input material an average of 3,615 phosphopeptides could 

be identified and by starting with1 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. The overlap between the different starting amounts was high with 

98% of the phosphopeptides in the 25 µg sample identified in the samples using lower starting amounts. 

When comparing equal amounts of HeLa cells and neurons, we found a lower number of 

phosphorylated peptides in the neuron samples, although nicely in the neuron samples the correlations 

at the label-free quantitative level were high (Figure S1B).  

To inspect the detectable 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 starting material, for both the HeLa and neuron samples, as shown in Figure S2A-

S2D. For both sample types the detectable dynamic range was substantially smaller for the lower sample 

amounts, suggesting that with less starting material only the more high abundant phosphopeptides are 

being enriched and detected. As shown in Figure S2E and S2F indeed a overrepresentation of 

phosphopeptides with a high ions intensities is observed.  Together, these two datasets demonstrate 

that even with low quantities of material (down to 1 µg) one can already not only identify but also 

quantify thousands of phosphorylated peptides in a reliable manner.  

To further test the performance of the automated workflow in quantitative phosphoproteome profiling, 

we investigated the phosphorylation dynamics in primary rat hippocampal neurons upon stimulation 

with EGF (Figure 4). The EGF receptor is highly expressed in hippocampal neurons (31). We stimulated 

hippocampal neurons with 10 ng/ml EGF for 20 minutes and quantitatively monitored changes in the 

phosphorylation profiles, compared to neurons treated only with the vehicle as control. A six well plate 

format was used with only one well per condition, both conditions in triplicate, resulting in a maximum 

of 50 µg of protein input material for the Fe(III)-IMAC phosphopeptide enrichment. From these 
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phosphopeptide enrichments we subjected 40% to single run LC-MS/MS, resulting in the identification 

of 6,095 unique phosphopeptides from which 4,611 class I phosphosites could be 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 789 significantly regulated phosphosites at a false discovery rate 

(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 our method. Indeed many of 

these proteins were found to be strongly regulated following EGF stimulation (Figure 4C). Moreover, it 

has been reported that EGF stimulation can influence the NMDA receptor mediated response in 

hippocampal neurons, altering the calcium influx and potentially plasticity and long term potentiation 

(LTP) of synapses (31, 32). Therefore, we also examined our data for phosphorylation dynamics related 

to LTP. Strikingly, the enrichment method applied here was sensitive enough to detect changes in 

receptor phosphorylation status even when starting the experiments with these low sample amounts. 

For instance, the known phosphosite S886 for the NMDAR receptor Grin2B of the glutamate-gated ion 

channel (33, 34) was significantly elevated after EGF treatment, while phosphorylation of two sites on 

the mGlur5 receptor, S860 and S839 (see Figure 5A/B), were significantly down-regulated. It is known 

that S839 phosphorylation is required for the unique calcium oscillations triggered by mGluR5 activation 

(35). Furthermore, we observed decreased phosphorylation of S853 on the glutamate receptor 

mGlur1α. When the sequences of mGlur5 and mGlur1α were aligned both S839 and S853 show alike 

motifs (35) (Figure 5C) and therefore similar behaviour of these phosphosites could be expected. It has 

been shown previously that regulation of mGlur5 by an agonist influences the phosphorylation status of 
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the EGF receptor in rat cortical astrocytes and striatal neurons, although the link was so far mainly 

shown via tyrosine kinase signalling (36, 37). Here we observe that the reverse behaviour is also 

occurring and that EGF receptor stimulation in turn influences the phosphorylation status of the mGlur5 

receptor (Figure 4C). Together, these results indicate that a more detailed analysis of the here observed 

receptor behaviour, involved in among others LTP, would be interesting for future research.   

 

Conclusion 

So far is mass spectrometry based phosphoproteomics a good coverage of the phosphoproteome 

related very much on total amount of sample available. Moreover, many current workflows in 

phosphoproteomics are seriously hampered by a lack of reproducibility.  As the tendency in 

phosphoproteomics is shifting towards the analysis of samples increasingly more related to human 

patients, such as patient primary cells, organoids and cells FACS sorted or micro-dissected from tissue, 

more sensitive and more robust methods are needed, enabling high reproducibility in at least technical 

replicates. Here, we assessed an automated and miniaturize enrichment protocol using Fe(III)-IMAC 

cartridges on a AssayMAP Bravo platform and found it to provide an efficicient, 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 starting material, 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 75,000 neuron cells, 

revealing the regulation of functional phosphosites on many proteins in the activated MAP kinase 

pathway and even several membrane incorporated glutamate receptors.  
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Figure 1. Overview of used 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 a 

HeLa digest (0.1 µg – 500 µg) and Rat hippocampal neuron digests (1 – 25 µg). C. Phosphoproteome 

analysis, using the automated Fe(III)-IMAC based workflow, of Rat hippocampal neurons digests 

stimulated with EGF or vehicle for 20 minutes. In all these workflows the samples resulting from the 

phosphopeptide enrichment were analyzed by using a single run LC-MS/MS using a 100 min gradient on 

a Q-Exactive plus.  
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Figure 2. Assessment of performance and characteristics of phosphopeptide enrichment strategies.  

Three workflows were comparatively assessed, namely a more 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 X mg 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 protocols. 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. 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 that can be distinguished from measurements by alternative 

workflows C. Ratio of identified phosphopeptides versus non-phosphorylated peptides for the here 

applied enrichment workflows, revealing a very good phosphopeptide enrichment efficiency for Ti(IV)-

IMAC and Fe(III)-IMAC. The lower efficiency of around 50% for TiO2 is attributed to the incompatibility of 

this material with the buffers used in the automated workflow. D. 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. E. Comparison of label free quantification of phosphopeptides within one enrichment 

workflow and in between workflows. The heatmap shows the Pearson correlations 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.    
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Figure 3. Sensitivity in automated phosphoproteome analysis. Number of phosphopeptides identified, 

using the automated Fe(III)-IMAC workflow, from various amounts of starting material of A) HeLa digests 

and B) primary hippocampal neuron digests The data shows an increasing number of identifications with 

higher amount of starting material up to 200 µg for the Hela digest. Shaded regions indicate the 

percentage of phosphopeptides also identified at lower concentrations.  
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Figure 4. Label-free phosphoproteome analysis of Rat hippocampal neurons stimulated with EGF. A. 

Heatmap of Pearson correlations for the different replicates in the EGF stimulated and control samples 

showing high quantititave reproducibility between all measurements. B. Volcanoplot displaying the 

differential phosporylation observed for control versus EGF stimulated hippocampal neurons with in red 

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 clearly regulated, hinting 

at communication between EGFR and mGluR5.    
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Figure 5. The rat neuron mGlur5 and MGlur1α receptors become phosphorylated upon EGF 

stimulation. A. Representative HCD spectra of the mGlur5 peptide phosphorylated at S860. B. 

Representative HCD spectra of the mGlur5 peptide phosphorylated at S839. C. Sequence alignment of 

the mGlur5 and MGlur1α receptor. The sequences of both receptors around the S839 and S853 

phosphosites are very much alike and a similar trend in phosphorylation was observed upon stimulation 

with EGF. 
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Supplementary figures: 

 

Figure S1. Label free quantitative phosphoproteome analysis of Hela/neuron digests, using variable 

amounts of starting material. Pearson correlation plots of Fe(III)-IMAC phosphopeptide enrichment 

with different amounts of protein starting material from HeLa and rat hippocampal neurons A. Pearson 

correlation plot of the different replicates and different starting amounts for HeLa samples. High 

quantitative reproducibility between phosphosite intensities within consecutive enrichments per sample 

amount and between the different starting amounts is observed. B. Pearson correlation plot of the 

different replicates and different starting amounts for the rat hippocampal neuron samples with high 

quantitative reproducibility between consecutive enrichments for a single amount and between 

different amounts of material.  
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Figure S2. Dynamic range in the phosphoproteome can be extended by using more starting material. 

Intensity distributions of phosphopeptides enriched from HeLa and rat hippocampal neurons.  A. 

Boxplot of the log2 intensities for the different starting amounts of protein from HeLa showing an 

increase in intensity and intensity distribution with increasing amount of material B. Boxplot of the 

normalised log2 intensities for the different starting amounts of protein from HeLa showing a decreased 

dynamic range for the lower amounts of material. C. Boxplot of the log2 intensities for the different 

starting amounts of protein from rat primary hippocampal neurons. D. Boxplot of the normalised log2 

intensities for the different starting amounts of protein from rat primary hippocampal neurons. E. 

Distribution of the summed intensities of the different protein starting amounts for HeLa showing a 

relative overrepresentation of the high sum intensities for the small amounts of material. F. Distribution 

of the summed intensities of the different protein starting amounts for rat primary hippocampal 

neurons showing a relative overrepresentation of the high sum intensities for the small amounts of 

material.  
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