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Abstract 

Kinase mediated protein phosphorylation on serine, threonine and tyrosine side chains is an important 

post-translational modification which affects and governs a large body of cellular signaling in health and 

disease. In recent years, mass spectrometry-based proteomics has emerged as the prime technology for 

the large scale, explorative and proteome-wide analysis of the kinome and associated phosphorylation 

events.  

Owing to their substoichiometric nature, phosphorylated peptides need to be enriched prior to 

measurement. In this regard, chapter 2 of this thesis describes the development of a comprehensive, 

unbiased, selective and reproducible means to isolate phosphopeptides out of complex proteome digests 

using a high performance liquid chromatography-based system including an iron immobilized metal 

affinity chromatography (IMAC) column. This chromatographic method enabled efficient phosphopeptide 

elution, scaled linearly with the amount of input material and outperformed all tested state of the art 

enrichment methods (titanium-IMAC and titanium dioxide). Together with an increased analytical depth 

provided by downstream hydrophilic strong anion exchange chromatography, the workflow can be flexibly 

applied to a wide range of experiments. Moreover, the study challenged the common notion that different 

enrichment materials are capable of purifying complementary phosphopeptide species. Instead, the data 

suggested that the observed complementarity mainly stemmed from a combination of format 

inadequacies, inefficient elution and insufficient data acquisition speed. 

Despite extensive efforts, the phosphorylation site coverage of proteomes is still incomplete and thus 

merits the exploration of alternative methods complementing existing workflows. In chapter 3, matrix-

assisted laser desorption/ionization (MALDI) and nano-electrospray ionization (nESI) tandem mass 

spectrometry (MS/MS) were evaluated for their ability to identify different phosphopeptide species. 

MALDI-MS/MS favored the detection of acidic and phosphotyrosine bearing phosphopeptides and was in 

its orthogonal nature comparable to the use of alternative proteases such as Asp-N, Arg-C, chymotrypsin, 

Glu-C or Lys-C when employing only nESI-MS/MS. Hence, MALDI-MS/MS can be an useful complement 

to nESI-MS/MS for phosphorylation site mapping. 

Since kinase activity can only be indirectly inferred from phosphoproteomic data, chapter 4 contains a 

detailed investigation of the question if immobilized kinase inhibitors are capable of capturing kinases in 

an activity dependent fashion, a concept that would enable the direct measurement of activity. Cellular 

kinase activity changes caused by pervanadate treatment were determined by quantitative 

phosphoproteomics and compared to differential kinase binding in a chemoproteomics setup. The 

obtained results suggested that activity-based kinase binding was a rare event which was dependent on 

(i) the individual kinase (ii) the applied inhibitor bead matrix and (iii) the kinase’s cellular activation status. 

Hence, rather than being of generic use as a direct read out of kinase activity, chemoproteomic methods 

should be confined to a limited number of well characterized cases.  

The last chapter of this thesis combines methodologies developed, implemented and examined in 

previous chapters and describes a proteomic, chemoproteomic and phosphoproteomic mode of action 

and resistance analysis of the kinase inhibitor lapatinib in an ERBB2 overexpressing breast cancer cell 

line. Obtained results showed that the acquisition of resistance was accompanied by changes in several 

different, therapeutically relevant targets (such as enhanced CDK1/2 activity) and phenotypes (such as 

increased invasive potential). A comparison of the data from this study to previously described 

mechanisms of resistance against ERBB2 targeted therapy revealed an extensive heterogeneity, but 

concomitantly suggested that glycolytic addiction might be a common trait. Mechanistically, 

phosphorylation mediated metabolic reprogramming of LDHA and PDHA1 activity led to an increased 

dependence on anaerobic glycolysis which rendered the resistant cells more sensitive to glycolysis 

inhibition. Collectively, this comprehensive multi proteomic approach enabled deep insight into signaling 

recovery and the molecular consequences of resistance development. 
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Zusammenfassung 

Die von Kinasen vermittelte Proteinphosphorylierung von Serin-, Threonin- und Tyrosin-Seitenketten ist 
eine essentielle, posttranslationale Modifikation, die einen Großteil der physiologischen und 
krankheitsassoziierten, zellulären Signalverarbeitung steuert. In den letzten Jahren hat sich die 
Massenspektrometrie-basierte Proteomik zur Kerntechnologie für die großangelegte, explorative und 
Proteom-weite Untersuchung des Kinoms und assoziierter Phosphorylierungsvorgänge entwickelt.  
Aufgrund der geringen Stöchiometrie müssen phosphorylierte Peptide vor der eigentlichen Messung 
angereichert werden. In diesem Zusammenhang beschreibt Kapitel 2 dieser Arbeit die Entwicklung einer 
Methode, die auf einer mit Eisenionen beladenen Metallchelat-Affinitätschromatographie (IMAC) Säule 
basiert. Dadurch war es möglich, die Gesamtheit an Phosphopeptiden chromatographisch, ohne 
Bevorzugung bestimmter physikochemischer Eigenschaften, in selektiver Art und mit hoher 
Reproduzierbarkeit aus komplexen, proteomischen Verdauen zu isolieren. Die Methode zeichnete sich 
durch eine effiziente Elution der gebundenen Phosphopeptide aus, skalierte linear mit der Menge an 
geladenem Ausgangsmaterial und übertraf alle anderen getesteten Anreicherungsmethoden (Titanium-
IMAC, Titaniumdioxid). In Verbindung mit der erhöhten analytischen Tiefe durch eine Fraktionierung 
angereicherter Phosphopeptide mithilfe der hydrophilen Anionenaustausch-Chromatographie ist die 
Methode flexibel auf viele experimentelle Fragestellungen anwendbar. Darüber hinaus stellte die Studie 
die verbreitete Meinung, dass unterschiedliche Anreicherungsmaterialien komplementäre 
Phosphopeptidspezies isolieren, in Frage. Stattdessen legten die Daten nahe, dass die beobachtete 
Komplementarität durch eine Kombination aus Formatunzulänglichkeiten, ineffizienter Elution und 
unzureichender massenspektrometrischer Datenaufnahmegeschwindigkeit hervorgerufen wurde. 
Trotz intensiver Bemühungen ist die Proteom-weite Kartierung von Phosphorylierungsstellen noch immer 
unvollständig. Daher lohnt es sich nach Alternativen zur Ergänzung bestehender Methoden zu suchen. In 
Kapitel 3 werden Matrix-unterstützte Laser-Desorption/Ionisierung (MALDI)- und Nano-
Elektrosprayionisation (nESI)-Tandem Massenspektrometrie (MS/MS) hinsichtlich ihrer Fähigkeit, 
unterschiedliche Phosphopeptidspezies zu identifizieren, verglichen. MALDI-MS/MS begünstigte die 
Detektion saurer und phosphotyrosin-haltiger Phosphopeptide und wies dabei eine Orthogonalität auf, die 
mit der Verwendung alternativer Proteasen wie Asp-N, Arg-C, Chymotrypsin, Glu-C oder Lys-C in 
Kombination mit nESI vergleichbar war. Im Hinblick auf Phosphoproteomstudien stellt MALDI-MS/MS 
daher eine nützliche Ergänzung zu nESI-MS/MS dar. 
Da die Kinaseaktivität in phosphoproteomischen Experimenten nur indirekt abgeleitet werden kann, 
beschäftigt sich Kaptiel 4 dieser Arbeit detailliert mit der Frage, ob immobilisierte Kinaseinhibitoren dazu 
geeignet sind, Kinasen aktivitätsabhängig zu binden. Dieses Konzept würde eine direkte 
Aktivitätsbestimmung ermöglichen. Dazu wurden durch Pervanadatbehandlung hervorrgerufene, zelluläre 
Aktivitätsänderungen von Kinasen zunächst mithilfe der quantitativen Phosphoproteomik bestimmt und 
dann mit der differentiellen Kinasebindung in einem chemoproteomischen Ansatz verglichen. Es hat sich 
gezeigt, dass eine aktivitätsabhängige Anreicherung von Kinasen nur sehr selten vorkam und dabei (i) 
von der individuellen Kinase, (ii) der eingesetzten immobilisierten Inhibitormatrix und (iii) dem zellulären 
Kinaseaktivitätsstatus abhing.  Daher sollte die Bestimmung der Kinaseaktivität über chemoproteomische 
Methoden auf gut charakterisierte Fälle beschränkt bleiben und kann nicht generisch auf das komplette 
Kinom angewendet werden. 
Das letzte Kapitel dieser Arbeit kombiniert Methoden, die in vorrangegangenen Kapiteln entwickelt, 
implementiert und untersucht wurden. Es beschreibt eine proteomische, chemoproteomische und 
phosphoproteomische Untersuchung der Wirkweise des Kinaseinhibitors Lapatinib und der Entwicklung 
von Resistenz gegen Lapatinib in einer ERBB2 überexprimierenden Brustkrebszelllinie. Die Ergebnisse 
deckten mehrere deregulierte, therapeutisch relevante Zielmoleküle (wie zum Beispiel eine verstärkte 
Aktivität von CDK1/2) und Phänotypen (wie zum Beispiel eine erhöhte Invasivität) auf. Ein Vergleich der 
Daten aus dieser Studie mit zuvor beschriebenen Resistenzmechanismen gegen ERBB2 gerichtete 
Therapien, legte eine große Heterogenität nahe, zeigte aber zugleich, dass die Abhängigkeit von der 
Glycolyse ein gemeinsames Resistenzmerkmal darstellt. Mechanistisch gesehen ging die Resistenz mit 
einer Veränderung der Phosphorylierung und in Folge dessen auch der Aktivität von LDHA und PDHA1 
einher. Dies führte zu einer Erhöhung der anaeroben Glycolyse und einer gesteigerten Sensitivität der 
resistenten Zellen gegenüber Glycolyseinhibitoren. Zusammenfassend lässt sich festhalten, dass dieser 
umfassende, multiproteomische Ansatz eine tiefgehende Analyse der Signalwiederherstellung und einen 
Einblick in die molekularen Konsequenzen der Lapatinib-Resistenzentstehung ermöglicht hat. 
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1 Cellular signaling in health and disease 

1.1 Protein phosphorylation and kinases 

The central dogma of molecular biology, first coined by Francis Crick in 1957 (1), describes the 

flow of information in any given cellular system. In very simple terms it means: “DNA makes 

RNA makes protein”. More elaborately put, it describes the directional flow of biological 

information which is originally encoded in DNA and contains the instructions for the synthesis of 

messenger RNA (a process called transcription), which in turn is translated into functional 

proteins. Over the course of this process, the molecular complexity and number of potential 

molecules originating from one protein coding gene vastly increases. As an example, alternative 

splicing of mRNA during transcription causes one gene to express multiple different proteins, so 

called isoforms. Yet, the biggest explosion in diversity occurs only after translation, when 

proteins are proteolytically processed and amino acid side chains are decorated by a diverse 

set of modifications (Figure 1). This causes the proteome to be almost three orders of 

magnitude more complex than the genome would suggest. The recently introduced term 

“proteoform” tries to capture this complexity and is defined as “all of the different molecular 

forms in which the protein product of a single gene can be found, including changes due to 

genetic variations, alternatively spliced RNA transcripts and post-translational modifications” (2).  

 

Figure 1. Genes are transcribed into mRNA which is subsequently translated into proteins. During this 
process, the molecular complexity vastly increases which is predominantly caused by posttranslational 
modification of amino acid side chains (©Thermo Fisher Scientific). 
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Figure 2. Phosphorylation and kinases. (A) The upper panel shows the transfer of the terminal, 
negatively charged phosphate group from ATP to the neutral hydroxyl side chain of serine. The lower 
panel depicts phosphorylated serine, threonine and tyrosine side chains (adapted from Walsh et al. (4)). 
(B) Genetic homology of the catalytic domain defines seven major protein kinase families which are 
arranged in a kinome tree (5) (© Cell Signaling Technology). (C) The crystal structure of the PKA kinase 
domain reveals a bilobal composition (C- and N-lobe) with several universal sequence motifs such as the 
“glycine-rich loop” and the “catalytic loop”. The phosphate donor ATP is located in the catalytic cleft 
between the N- and the C-lobe. (D) Reversible phosphorylation signaling follows a simple and modular 
“reader-writer-eraser” system which is the composing principle of higher order signaling cascades 
(adapted from (6)). 

The number and diversity of the more than 200 currently known PTMs, which are in aggregate 

capable of modifying 15 out of the 20 proteinogenic amino acid side chains, suggest widespread 

regulatory roles and underscore the importance to study their molecular function (3, 4). 
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With more than half of all proteins being phosphorylated at least once (7) and a recent study 

extrapolating this to be true for over 90% of all proteins (8), phosphorylation is one of the most 

prevalent and exhaustively studied PTMs in eukaryotes. The main reasons for this are its 

biological relevance, its stability, the availability of potent affinity reagents for enrichment and 

suited analytical methods for detection. Phosphorylation is the covalent addition of a charged γ-

phosphate group from the high energy donor ATP to the side chain of serine, threonine and 

tyrosine residues, which occurs in a proportion of roughly 86 : 12 : 2 (Figure 2A) (9). From a 

chemical perspective, the introduction of a phosphate group transforms a hydrophilic and, in 

case of serine and threonine, moderately-sized side chain into a negatively-charged and bulky 

one (4). This in turn affects protein conformation which is frequently accompanied by changes in 

protein activity, protein-protein interaction, proteolytic stability, protein half-life and localization 

(10). The phosphate transfer is catalyzed by 518 protein kinases which represent about 1.7 % of 

the human genome and are divided into 40 atypical and 478 typical kinases (5). Based on 

sequence comparisons of the catalytic domain, general sequence similarity and overlapping 

biological functions, the 478 typical protein kinases can be hierarchically arranged and grouped 

into seven major families which are classified as AGC-, CAMK-, CK1-, CMGC-, STE-, TK- and 

TKL-kinases (Figure 2B). Despite their diverse biological roles, the basic architecture of protein 

kinases is remarkably conserved: a catalytic cleft between the smaller amino-terminal lobe (N-

lobe) and the carboxy-terminal-lobe (C-lobe) serves as a docking station for the phosphate 

donor ATP. Both segments are connected by the hinge region which forms hydrogen bonds with 

ATP (11).  The N-lobe comprises a set of common structural kinase features such as the 

glycine-rich loop which is involved in ATP positioning, a lysine residue which is indispensable for 

catalytic activity and a flexible Cα-helix which connects to different structural parts of the kinase. 

The C-lobe contains the majority of catalytically important residues, such as the conserved 

DFG- and APE- motifs located in the activation loop. Usually, phosphorylation of activation loop 

residues induces a structural rearrangement of the loop which facilitates substrate binding and 

induces a catalytically active conformation (12).  

In contrast to the common capability of phosphate transfer which requires conserved structural 

features, substrate recognition by kinases necessitates the accurate detection of specific target 

residues in the background of 100,000s of potential phosphorylation sites. In addition to cellular 

localization, substrate residue accessibility and spatial proximity, this remarkable substrate 

specificity is structurally achieved through a variable binding region within the C-lobe (13). The 

amino acids surrounding the target phosphorylation site are often complementary to this region, 

which greatly enhances the affinity and thus confers direct specificity. For the serine/threonine 
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kinase PKA this substrate consensus sequence or motif reads R-R-X-S/T-θ (X denotes a 

random amino acid and θ a hydrophobic one). Both positively charged side chains at the -2 and 

-3 position (relative to the phosphorylation site) form ionic bonds with two negatively charged 

glutamate residues provided by PKA. Moreover, the PKA active site contains a hydrophobic 

cleft which interacts with the hydrophobic side chain located C-terminal of the substrate target 

site (13, 14, 15). The physicochemical nature of these motifs broadly classifies kinases into 

proline-directed, basophilic and acidophilic (16). 

In 1992, Edmond Fischer and Edwin Krebs were jointly awarded the Nobel Prize in Physiology 

or Medicine “for their discoveries concerning reversible protein phosphorylation as a biological 

regulatory mechanism” (18, 19). This reversibility is a prerequisite for signal modulation and 

highly dynamic integration and transformation of external and internal stimuli (19). In concert 

with recognition domains, such as Src Homology2 (SH2) domains, which bind phosphorylated 

tyrosine residues, the regulation of dynamic phosphorylation processes follows a modular 

reader-writer-eraser system (21, 22): while kinase “writers” mark residues, binding domains 

recognize them as “readers”, and phosphatases are the “erasers”, capable of hydrolytically 

removing those marks (Figure 2D) (21, 17). In humans, 100 tyrosine-, 40 serine/threonine- and 

50 dual specificity phosphatases are known (23, 24, 25). Via the complementary interplay of 

protein kinases and phosphatases - more precisely of their catalytic activity, specificity, affinity 

for different substrates, their cellular abundance and their spatiotemporal occurrence - the 

protein phosphorylation status in a cell is tightly controlled ( 8, 24). An additional level of 

regulation is indirectly introduced by “reader” domains. They not only recognize the absence or 

presence of phosphorylated sites, but they are also capable of preventing de-phosphorylation 

by masking target residues (8, 16, 20). As such, they are also capable of contributing to 

substrate specificity: a promiscuous kinase might phosphorylate many substrates, but only 

those that are bound by readers are protected from de-phosphorylation and survive (10). 

Although the “reader-writer-eraser” principle is conceptually simple, the diverse nature and 

complex interplay of those three modules creates the basis for higher order signaling circuits 

(Figure 2D) (20). As a simple example, a protein which is composed of both a “reader” and 

“writer” domain is capable of recognition, transfer and amplification of the phosphorylation signal 

which often leads to positive feedback. Similarly, proteins carrying a “reader” and an “eraser” 

domain are able to confer negative feedback, which restores the physiological state after signal 

transmission (6).  
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1.2 Aberrant signaling in cancer 

As discussed above, the basic building blocks of the “reader-writer-eraser” system are pivotal 

for kinase mediated signaling and their combination enables the construction of complex 

signaling pathways. Such kinase pathways and the inherent propagation of external stimuli 

shares several, very fundamental principles: receptor tyrosine kinases which are localized at the 

cell membrane dimerize and phosphorylate each other upon binding of extracellular ligands. 

Consequently, adaptor proteins which are recruited via their reader domains are able to trigger 

kinase signaling cascades that propagate the signal via consecutive phosphorylation. Signals 

frequently converge on transcription factors leading to modified gene expression, or varied 

activity of proteins involved in protein synthesis, or cell cycle progression which entails direct 

biological effects such as altered cellular proliferation or cell division (25, 26). Owing to the 

fundamental impact on a diverse set of biological processes, kinase signaling has to be tightly 

controlled and orchestrated. Non-physiological activation at the wrong time or at the wrong 

place frequently entails proliferative diseases such as cancer. Hence, it is not surprising that 

many of the postulated hallmarks of cancer, such as sustained proliferation, activated invasion 

or resistance towards cell death are direct phenotypic consequences of derailed kinase 

signaling (27). Despite the accumulation of many malignant molecular features during cancer 

development, the activation of one critical oncogene (which is defined as a gene that has the 

potential to cause cancer, if overexpressed or activated) can be sufficient to sustain the 

malignant phenotype in certain cancer types, a concept which is known as “oncogene addiction” 

(28, 29). Kinases constitute are a large part of the roughly 100 known oncogenes and clinically 

relevant receptor tyrosine kinases include c-KIT, BCR/ABL, VEGFR, EGFR and ERBB2 (29). 

The transforming capability of mutationally activated ERBB2 (at that time called neu) was 

initially discovered by Schechter and coworkers in 1986 using rat cells (30). Soon after, 

Di Fiore et al. showed that ERBB2 needs to be overexpressed rather than mutated in order to 

act as a potent oncogene in human cells (31). The translation into the clinic was promoted by 

analysis of 189 primary human breast cancers which identified ERBB2 amplification in roughly 

30 % of the patients and additionally identified its prognostic value for reduced overall survival 

time and time to relapse (32). These initial observations have subsequently been confirmed and 

extended in many independent studies and “ERBB2-positive” is now considered a distinct and 

clinically relevant molecular subtype of breast cancer (33, 34). Mechanistically, the 

overexpression of ERBB2 triggers dimerization and autophosphorylation even in the absence of 

a stimulating agent. Next, several adaptor proteins are recruited and propagate the signal to 
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downstream pathways including PIK3/AKT/mTOR and MEK/ERK. Oncogenic activation is, 

however, not confined to the receptor level, but also frequently affects cytosolic kinases. As an 

example, mutations in the catalytic subunit of the lipid kinase Phosphatidylinositol 3-kinase 

(PIK3CA) were found in up to 40 % of all breast cancers and some of them are known to 

activate PIK3 independent of upstream stimulation (35, 36, 37). Consequences of uncontrolled 

signaling activation caused by oncogenic transformations include cell growth, cell survival, 

acquisition of invasive capabilities and rewired energy metabolism, all of which are essential 

traits of tumor development and maintenance (27).  

1.3 Kinase inhibitors  

Owing to their structurally conserved features (see 1.1.), their fundamental role in cancer 

biology (see 1.2.), and their oncogenic gain-of-function potential, kinases are prime targets for 

the design of small molecule inhibitors. Initially, antagonistic antibodies, such as cetuximab 

(Erbitux®) or trastuzumab (Herceptin®), which recognize the extracellular domain of EGFR or 

ERBB2, were used to prevent receptor tyrosine kinase (RTK) dimerization and concomitant 

oncogenic signaling (38). An alternative strategy is the direct inhibition of catalytic activity by 

intracellular inhibition of the kinase`s active site with small molecule kinase inhibitors. As the 

intracellular, catalytic domains of all active kinases catalyze phosphate transfer, they share 

several structural features which enable effective ATP binding. Those include two hydrophobic 

pockets, a purine binding site and several amino acid side chains which form hydrogen bonds 

with ATP. These interaction sites can be exploited for the design of competitive inhibitors which 

mimic ATP and block the active site. Common to most type 1 inhibitors is a heterocyclic core 

which fits into the purine binding site and forms hydrogen bonds with the hinge region, a 

structural kinase motif that connects the C- to the N-lobe (Figure 2C and 3A). Attached to the 

heterocyclic core are additional chemical groups which reach into two distinct hydrophobic 

pockets (39, 11). This inhibitor class is often referred to as “DFG-in” because it targets an active 

conformation where the DFG-motif within the activation loop needs to be orientated inwards to 

enable aspartate side chain interaction with one of the ATP bound Mg2+ ions (Figure 3A). 

Displacement of the activation loop is primarily achieved via autophosphorylation or 

phosphorylation by another kinase which in turn induces a conformational change and renders 

the active site fully accessible (12). In contrast, “DFG-out” inhibitors bind and stabilize the 

inactive kinase conformation, containing an unphosphorylated activation loop which sterically 

blocks ATP binding. The inactive state is structurally less conserved and features a unique set  
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Figure 3. Kinase inhibitors. (A) Reversible kinase inhibitors are classified based on their mode of binding. 
Type 1 inhibitors bind to a catalytically competent, active kinase conformation where the aspartate side 
chain of the DFG motif within the activation loop (grey) is oriented inwards (“DFG-in”). In contrast, type 2 
inhibitors bind to and stabilize an inactive kinase conformation with a flipped activation loop that sterically 
blocks accessibility to the active site (“DFG-out”). A type 3 mode of binding is defined as the occupancy of 
a cleft in close proximity to the active site. If the inhibitor binds to a distant site which influences kinase 
activity in an allosteric manner, it is classified as type 4. Both insets on the left show unique structural 
features of the inactive and active kinase conformation which can be exploited for inhibitor design. The 
chemical structure on the upper left depicts the kinase ABL1 in complex with a type 1 inhibitor 
(PD166326) that interacts with the hinge region and two different hydrophobic pockets. The 
conformational change of the activation loop in the inactive kinase state exposes an additional allosteric 
site (depicted in blue on the lower left of panel A, where the chemical structure shows imatinib binding to 
ABL1) which can be bound by type 2 inhibitors. In addition, the orientation of the activation loop enables 
hydrogen bonding with the glycine side chain of the DFG motif (adapted from Zhang et al. (39) and 
Wu et al. (42)) (B) In April 2015, 28 kinase inhibitors were FDA approved for clinical use. The majority is 
directed towards tyrosine kinases, one is a lipid kinase inhibitor (idealisib), one is type 3 (trametinib) and 
two are irreversible (afatinib and ibrutinib). Remarkably, half of those inhibitors have been approved in the 
last three years (adapted from (42)). 
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of hydrogen bonding options and an additional hydrophobic pocket which can be utilized for 

inhibitor design (Figure 3A) (39). Although type 1 inhibitors target a common structure and 

type 2 inhibitors a flexible one, recent studies suggest that type 2 inhibitors are not per se more 

selective than type 1 inhibitors (40, 41). Type 3 inhibitors bind to a hydrophobic pocket close to 

the active site and inhibitors of the fourth class target structural features unique to the respective 

kinases which modulates activity in an allosteric manner (Figure 3A) (42). In contrast to the 

reversible nature of inhibitor classes 1 to 4, irreversible inhibitors contain a Michael acceptor 

system and covalently attach to a nucleophilic cysteine side chain within the active site (43). 

Irreversible and allosteric inhibitors are, once discovered, remarkably selective for the intended 

target (44, 39). Given the high degree of structural target similarity, this is different for type 1 

and 2 inhibitors which are naturally more prone to inhibit additional kinases. Hence, several 

methods for kinase selectivity profiling have been developed (41). Recombinant kinase panels 

featuring only the active site of kinases have, for example, been used to screen 72 inhibitors 

against 442 catalytic kinase domains (45) and 178 kinase inhibitors against 300 catalytic kinase 

domains (46). A similar approach was used to screen the Published Kinase Inhibitor Set (PKIS) 

set containing 367 ATP competitive compounds against 224 recombinant kinases (47). 

Alternatively, mass spectrometry-based chemical proteomics can be used to immobilize the 

inhibitor of interest on sepharose beads and enrich targets directly out of native cell lysates (see 

2.1.) (48). A recent addition to the chemical proteomics arsenal is the cellular thermal shift 

assay (CETSA) which monitors the melting behavior of proteins and measures the shift in 

melting temperature which is induced by the stabilizing effect of drug target engagement 

(49, 50). Using the promiscuous kinase inhibitor staurosporine, CETSA identified and confirmed 

more than 50 targets in an unbiased way such that neither the inhibitor nor the target needed to 

be chemically modified (50). 

At the time of writing, 28 small molecule kinase inhibitors were FDA approved and more than 

200 inhibitors with diverse chemical scaffolds, pharmacological profiles and primary kinase 

targets were in clinical trials (Figure 3B) (51, 52). Yet, not even one fifth of the kinases are part 

of the “targeted kinome” which conversely means that the vast majority of inhibitors is directed 

towards redundant targets (52, 53). Given their biological role and the frequent deregulation in 

cancer (which is discussed in 1.2.), EGFR and ERBB2 are amongst the most extensively 

targeted kinases (52, 54). Two EGFR inhibitors, gefitinib and erlotinib, are FDA approved for the 

treatment of non-small cell lung cancer, whereas the dual EGFR/ERBB2 inhibitor lapatinib is 

used to treat metastatic, ERBB2 overexpressing breast cancer. Many more single and dual 

target agents, such as the irreversible afatinib (directed against EGFR/ERBB2) or the 
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pan-ERBB family inhibitor poziotinib (directed against EGFR/ERBB2/ERBB4), are evaluated in 

clinical trials for the treatment of various types of cancer (38). Interestingly, ERBB family 

inhibitors, such as lapatinib which has no other kinase off-targets, are usually remarkably 

selective. This might either be related to a structurally distinct kinase domain or could simply 

mean that the ERBB family got more pharmacological attention compared to other kinases (46). 

In addition to small molecules which inhibit intracellular kinase activity, many monoclonal 

antibodies which selectively target the extracellular domain of a single ERBB family member or 

heterodimers thereof have been developed. Clinically approved ones are trastuzumab (blocks 

ERBB2 homodimerization), pertuzumab (blocks ERBB2 homo- and heterodimerization), 

cetuximab and panitumumab (both block EGFR dimerization and ligand binding) (38, 55). 

Targeting pathway nodes downstream of ERBB receptor tyrosine kinases drives additional drug 

research efforts. Often such nodes acquire independent oncogenic potential due to activating 

mutations or overexpression, which renders upstream signaling dispensable. As previously 

mentioned, PIK3 mutations are frequently observed in breast cancer and several PIK3 kinase 

inhibitors and inhibitors targeting PIK3 downstream nodes such as AKT and mTOR are in 

clinical development for the treatment of breast cancer (56, 57). Other cancer types are 

addicted to the RAS/RAF/MEK/ERK pathway which is a second prominent signaling branch 

located downstream of the ERBB receptor family (38).  

1.4 Drug resistance  

An important step in fighting cancer with small molecule kinase inhibitors is the identification of 

targetable and subtype specific oncogenic patterns emerging from the molecular heterogeneity 

of different tumors (see 1.2). In a personalized medicine setting, patients are screened for those 

abnormalities and specific inhibitors are used to block the identified, oncogenic signaling nodes 

in order to stop tumor cell proliferation (see 1.3). Despite an initially high response rate, tumor 

plasticity and signaling redundancy frequently cause acquisition of resistance against the 

inhibitor, which in turn leads to tumor relapse (61, 62). Hence, the identification of resistance 

mechanism, which might prioritize beneficial combination therapies, constitutes another 

important challenge. In addition to more general mechanisms based on increased drug efflux, 

decreased drug influx or enhanced drug decomposition, mechanisms of acquired kinase 

inhibitor resistance can be divided into four major categories, which are hereafter introduced, 

primarily in the context of resistance to ERBB family targeted therapies (Figure 4) (63, 61, 64). 

The first mechanism involves mutation or amplification of the primary target. A typical example  
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Figure 4. ERBB kinase inhibitor resistance. Despite initial tumor cell response, resistance to kinase 
targeted therapies frequently occurs. The scheme depicts the four major mechanisms which mediate drug 
resistance. 

is the discovery of a T790M mutation at the “gatekeeper” position of EGFR which confers 

resistance to gefitinib by increasing the affinity for ATP (65, 66, 67). Since the mutation does not 

significantly impair primary target signaling, inhibitors with alternative binding modes are often 

able to break resistance and thus provide an efficient means to overcome primary resistance 

(68). Other studies have shown that EGFR amplification, ERBB2 T798I mutation and mutation 

within the EGFR ectodomain (S492R) or alternative splicing of ERBB2 (truncated p95ERBB2), 

are other possible, albeit less frequently occurring alterations of the primary target (70, 71, 72, 

73). The second major cause of resistance is the reactivation of upstream or downstream 

effectors within the initially targeted pathway. As an example, the mutation of PIK3 or the loss of 

PTEN causes resistance to ERBB2 targeting agents by activation of the downstream 

PIK3/AKT/mTOR pathway which is able to fuel cellular proliferation independently of 

extracellular stimuli (74, 75). Other ERBB2 related examples include the downregulation of 

cyclin-dependent kinase inhibitor CDKN1B, upregulation of SRC or activation of mTOR, all of 

which are important downstream mediators of initial response (76, 77, 78). The compensatory 

upregulation of alternative signaling pathways is the third and probably the most heterogeneous 

way of resistance acquisition. Receptor tyrosine kinases can be activated and drive parallel 

pathways leading to sustained proliferation independent of the initial target, a process known as 
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“oncogenic drift”. The activation of AXL, c-MET and EPHA2 in ERBB2 and EGFR driven tumors 

are just a few of the known examples (79, 80, 81, 82, 83, 84). In addition to homodimerization, 

resistance mediating RTKs such as IGFR or other structurally related ERBB family members 

are also frequently transactivated by heterodimerization with EGFR or ERBB2 (85, 86). Further 

downstream of RTKs, resistance can be mediated by the compensatory activation of a parallel 

pathway. Indeed, extensive cross talk between the PIK3/AKT/mTOR and the MEK/ERK 

pathway often allows the tumor cells to switch their proliferative dependency in case one of the 

two braches is inhibited (87, 88). Moreover, the activation of bypass signaling is not confined to 

kinases: a common feature of resistance in ERBB2 driven breast cancer is the activation of 

estrogen receptor (ER) signaling (89, 90). Upon ligand induced activation, the ER mediates 

transcription of genes involved in proliferation which establishes a ERBB2/ER codependence 

(88). Similarly, the transmembrane protein integrin-b1 is a non-kinase which has been shown to 

cause resistance by stimulation of FAK and SRC (90). The fourth and last way of kinase 

inhibitor resistance is mediated by the tumor microenvironment. Two recent studies outline how 

paracrine or autocrine secretion of certain growth factors can immediately rescue tumor cells 

from kinase inhibitor induced cell death (92, 93). One such mechanism is the activation of 

c-MET-RTK signaling by HGF, which causes resistance to BRAF inhibitors (91).  

Together these findings also highlight the inherent redundancy of RTK signaling which provides 

a flavor of how widespread the means of resistance acquisition might be. Once the underlying 

resistance mechanism is identified, the therapeutic strategy is to target the aberrantly activated 

signaling node in order to restore sensitivity towards the initial target or kill the cells in case they 

are solely addicted to the bypass pathway.  
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2 Mass spectrometry-based proteomics 

 

Figure 5. Typical bottom-up proteomics workflow (inspired by (93) and (94)). 

The proteome is defined as the full complement of proteins which is present in a biological 

system at any given point in time. As such, the proteome is not static but the protein abundance, 

their post-translational modifications, their structure and interactions are dynamically regulated 

in response to a variety of external and internal stimuli. Proteomics, the large-scale study of the 

proteome, complements genomic and transcriptomic approaches, but is unique in the sense 

that it enables the direct analysis of the executing molecules within a cell and is in turn capable 

of providing a different level of biological insight and understanding (95). Since its inception in 

the 1990s, staggering technological advances have established mass spectrometry as the 

central tool for the qualitative and quantitative study of proteomes and have recently cumulated 

in first draft maps of the entire proteome, cataloguing the origin and abundance of more than 

17,000 proteins (5, 94, 95). Strenghts of mass spectrometry include automatization possibilities 

(online peptide separation and measurement), exquisite sensitivity (< femtomol) and rapid 

sequencing speeds (> 10,000 sequences per hour), which in combination enable accurate 

measurements of a large part of the proteome within only a few hours (96, 97, 98). In bottom-up 

(or shotgun) proteomics, mass spectrometers measure the mass-to-charge ratio of intact 

peptides which are subsequently isolated, fragmented and identified by matching the 

experimentally observed to theoretically calculated fragment masses. A typical workflow covers 

protein extraction from cells or tissue, proteolytic digestion into peptides (typically using trypsin), 

high-resolution peptide separation (one or two dimensional), peptide ionization (by electrospray 

ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI)), tandem mass 

spectrometry and bioinformatic data analysis (Figure 5). As the complexity of whole proteome 

digests is still too high for the analytical capabilities of current mass spectrometers, the standard 
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workflow can be modified such that an orthogonal, second dimension of peptide separation is 

introduced, or such that sub-proteomes are isolated either prior to (e.g. by protein affinity 

enrichments; e.g. chemoproteomics) or after digestion (e.g. by the selective enrichment of 

different PTMs; e.g. phosphoproteomics). The following paragraphs provide a more detailed 

introduction into the techniques employed in the respective workflow steps and put special 

emphasis on methods which are particularly relevant for this thesis.  

2.1 Peptide separation 

Peptide separation 

The bottom-up proteomic analysis of cell line and tissue samples to a depth greater than 10,000 

proteins still represents an analytical challenge because of the sheer number of peptides 

generated by proteolytic digestions and the high dynamic range of protein expression. High 

resolution, two dimensional peptide separation/fractionation is an efficient means to boost 

proteome coverage, sequence coverage, peak capacity and quantification performance. The 

fundamental chromatographic principle involves reciprocal interactions of an analyte, a 

stationary phase and a mobile phase. Peptide analytes are dissolved in a mobile phase and 

passed through a column which contains a stationary phase, usually in the form of polymerized 

monoliths or small particles which carry functional groups. If the analyte does have no attraction 

to the stationary phase, it will pass the column essentially at the speed of the mobile phase. 

However, if the analyte-stationary phase interaction is stronger than the analyte-mobile phase 

interaction, the analyte will be attracted to the stationary phase which causes retention. In 

practical terms, the stationary phase is kept constant, whereas the mobile phase composition is 

varied in a gradient over time. Hence, physicochemically distinct peptide species can be 

separated in timely manner by sequential elution off the column.  

Given the high resolving power and volatile solvent components compatible with online coupling 

to the mass spectrometer, the stationary phase used in nanoflow-LC-MS/MS setups is almost 

exclusively comprised of reversed-phase (RP) material which separates peptides mainly based 

on hydrophobicity. In the typical nanoflow ion-pairing reversed-phase chromatography setup, 

µm-columns (I.D. of 50-100 µm) are packed with silica beads (1-5 µm) which are functionalized 

with hydrophobic C18 alkyl chains. The mobile phase (usually a mixture of water and 

acetonitrile) is supplemented with an amphiphilic acid (usually formic acid or trifluoroacetic acid) 

that attaches to the hydrocarbon chains of the stationary phase with its hydrophobic part. The 

hydrophilic group confers interactions with polar side chains of the peptide analytes causing 
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additional retention and increased resolution. Finally, elution based on hydrophobicity is 

achieved by increasing the concentrations of the organic solvent acetonitrile in the mobile 

phase.  

The first separation dimension should ideally be orthogonal to ion-pairing reversed-phase and 

offer high chromatographic resolution. Widely applied methods include peptide separation by 

charge, as in strong cation exchange (SCX) (98) or strong anion exchange (SAX) (99), or 

peptide separation by hydrophilicity/hydrophobicity such as in hydrophilic interaction liquid 

chromatography (HILIC (100)) or high-pH reversed-phase separation (101). But also 

electrostatic repulsion hydrophilic interaction chromatography (ERLIC) (102), zwitterionic HILIC 

(ZIC-HILIC) (103), weak anion exchange (WAX) (104) and hydrophilic strong anion exchange 

(hSAX) (105) have proven their merit for the separation of complex digests.  

2.2 Sub-proteome enrichment 

Protein enrichment 

In addition to multidimensional separation, the selective enrichment of sub-proteomes is another 

facile means to reduce complexity and to study a subset of proteins or peptides which might 

otherwise perish in the background of a complete proteome. In immuno-affinity purification, 

antibodies, either directed against a specific bait protein or against an epitope artificially 

attached to the bait, are immobilized on beads and used to enrich proteins out of native lysates. 

Coupled to LC-MS/MS, this methodology enables the identification, quantification and 

stoichiometry determination of high affinity protein complex members which are co-purified 

alongside the protein of interest (107, 108, 109). Two recent studies applied this principle in a 

large scale setup in order to systematically map and explore a large part of the human protein 

interaction landscape within a single cell line (110, 111).  

Chemical compounds which are conjugated to biochemical handles (e.g. biotin) or directly 

immobilized on sepharose beads can also be used as affinity tools in combination with protein 

identification by mass spectrometry. Since such chemical proteomics approaches often require 

the synthesis of linkable compound analogues, proper information about structure activity 

relationship (SAR) is important to ensure retained biological activity and a target engagement 

which is comparable to the original compound (111). However, once accomplished, native 

targets of a variety of immobilized probes can be enriched out of lysate which provides 

invaluable information for inhibitor target and mode-of-action analysis (48, 112, 113). Moreover, 

the application of unselective compounds or a mixture thereof enables the application of the 
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chemoproteomic principle to the enrichment of whole protein families including histone 

deacetylases (HDACs) (113), ADP/ATP binders (114) and kinases (116, 117). If the latter is 

configured as a competition binding assay, the kinome is enriched by broad specific inhibitor 

beads and targets are dose dependently outcompeted by the free compound which is spiked 

into the lysate (117, 118). This generic approach enables screening of inhibitors against the full 

length, cofactor bound, posttranslationally modified kinases and other ATP binding molecules 

(116, 117, 119, 120, 121).  

Phosphopeptide enrichment 

 

Figure 6. Scheme of phosphopeptide interaction with different, generic enrichment materials (adapted 
from (121), (122) and (123)).  

With the rationale of increased selectivity, the enrichment of posttranslational modifications is 

almost exclusively conducted on the peptide level. Enrichment is required due to the low 

abundance and sub-stoichiometric levels of most posttranslational modification events. A viable 

strategy, which is in principle applicable to a wide variety of stable PTMs and only limited by the 

availability of suitable reagents, is the use of antibody-based affinity enrichments. These have, 

for instance, been successfully applied to the large scale enrichment of ubiquitin, acetyl and 

tyrosine phosphorylation modifications (124, 125, 126). Also, peptide-centric antibody 

approaches targeting a specific kinase motif have recently been employed (122, 123, 124) and 

led to the identification of kinase substrates that were not identified in conventional, large scale 

studies (129). Although immunoaffinity reagents are also available for phosphoserine and -

threonine modifications, more efficient methods, which make use of the coordination/chelation 

capabilities of immobilized metal ions like Fe3+ or Ga3+ towards phosphate groups, exist. 

Notably, these methods also enrich phosphotyrosine containing peptides, but the proportionally 

low occurrence (~1-2 %) occludes efficient detection in the presence of serine/threonine 

phosphorylation.  
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In immobilized metal affinity chromatography (IMAC), metal ions are chelated either via 

iminodiacetic acid (IDA) or nitrilotriacetic acid (NTA) and phosphopeptides are retained by the 

formation of a coordinative bond with the free orbitals of the bound metal ion (125, 126) (Figure 

6). The use of low pH solvents causes protonation of negatively charged carboxyl side chains 

which reduces unspecific binding to the metal ions. Still, the co-purification of acidic peptides 

cannot be prevented entirely which leads to decreased selectivity of IMAC enrichments. 

Subsequent elution of the phosphate group is typically achieved by competitive displacement 

with hydroxide ions. Metal oxide affinity chromatography (MOAC), which uses titaniumdioxide 

(TiO2 (132)) or zirconiumdioxide (ZrO2 (133)) is the other widely applied method for the generic 

enrichment of phosphopeptides (Figure 6). High selectivity towards phosphopeptides can be 

achieved by adding organic acids such as 2,5-dihydroxy-benzoic acid (DHB) or lactic acid (129, 

130). Finally, a new generation of IMAC material, where metal (IV) ions (Zr4+, Ti4+) are 

coordinated by phosphate or phosphonate groups has been developed over the last years 

(131, 132) (Figure 6). It is generally assumed that there is a high degree of complementarity 

between these different enrichment materials and that the combination enables the purification 

of phosphopeptide species with distinct physicochemical characteristics (132, 133, 134, 135).  

Combinations of phosphopeptide enrichment methods and two dimensional fractionation 

techniques now enable routine identification of several 10,000s of non-redundant 

phosphorylated peptides per sample. Initially, enrichment was preceded by a fractionation step, 

which decreases the sample complexity. In strong cation exchange chromatography (SCX), 

performed at low pH, peptides are separated based on their solution net charge and 

coordination to the negatively charged stationary phase. The majority of peptides generated 

from a tryptic digest carry a 2+ net charge (138, 139). Under low pH conditions, unlike acidic 

amino acids, phosphate groups on the peptide carry a negative charge, reducing the net charge 

of a peptide. Consequently, the phosphopeptides elute earlier which separates them from the 

majority of non-phosphorylated peptides. However, a large number of phosphopeptides contain 

multiple basic residues and therefore still elute in the later fractions, together with non-

phosphorylated peptides. Therefore the SCX separation is often followed by affinity 

chromatography such as IMAC and TiO2. Kettenbach et al. (134) introduced an alternative 

approach, in which TiO2 batch enrichment is performed prior to phosphopeptide enrichment, 

directly on a complex tryptic digest. This single stage purification enhanced the reproducibility of 

the workflow at similar phosphoproteome coverage and concomitantly reduced wet lab time. 

Other fractionation approaches which have been combined with phosphoproteomics include 

HILIC (142), ERLIC (143) and high-pH reversed-phase separation (144). 
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2.3 Mass spectrometry 

Figuratively speaking, a mass spectrometer is comparable to a molecular scale which is used to 

weigh the mass of proteins and peptides. It utilizes the fundamental principle that charges can 

be manipulated by electromagnetic fields in the gas phase and is composed of three main parts: 

an ion source where analyte molecules are charged and transferred into the gas phase, a mass 

analyzer where ions are separated based on their mass-to-charge (m/z) ratio and a detection 

system which measures the resulting ion current (145).   

Soft ionization techniques 

The ability to ionize intact biomolecules by soft ionization techniques such as matrix-assisted 

laser desorption/ionization (MALDI) (144, 145, 146) and electrospray ionization (ESI) (150) has 

initiated the field of mass spectrometry-based proteomics. In MALDI, analyte molecules are co-

crystallized with an excess of aromatic matrix molecules which contain a delocalized π-electron 

system and efficiently absorb laser light of a specific wavelength. Short and pulsed irradiation 

with such lasers stimulates resonant excitation of the π-electron system and the subsequent 

relaxation of the energy back into the crystal lattice leads to rapid gas phase desorption of both 

the matrix molecule and the analytes. The concomitant cooling process prevents thermal 

decomposition and preserves large biomolecules (151). Regarding the ionization process, which 

is still not fully understood, two models exist: the “lucky survivor”- model states that ions are 

 

 

Figure 7. Soft ionization techniques applied in mass spectrometry. (A) MALDI process. A short laser puls 
leads to rapid desorption of the matrix and analyte molecules into the gas phase.  (B) ESI process. Upper 
panel: (1) analytes dissolved in volatile solvent, (2) Taylor cone, droplet formation, (3) solvent 
evaporation, (4) droplet fission and Coulomb explosion, (5) formation of gas phase ions (adapted from 
(146) and (93)). 
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already present in the crystal lattice, whereas the “gas-phase ionization” model postulates that 

ionization occurs only in the gas phase after collisions with e.g. matrix molecules. Rather than 

being exclusive, recent research suggest that both processes are equally responsible for 

ionization (152).  

Owing to the ionization from liquid phase and its efficient, robust and highly automatable online-

coupling to peptide separation, ESI has become the most prevalent ionization technique in 

modern mass spectrometry (Figure 7). Here, the analyte is dissolved in a volatile solvent and 

passed through a thin metal capillary to which an electrostatic potential is applied. Once the 

solvent reaches the tip of the capillary, charges are electrophoretically separated and, if the 

electrostatic potential is greater than the surface tension, a stable Taylor cone appears and 

emits a continuous liquid jet towards the counter electrode. During this process, the liquid jet 

becomes unstable and bursts into a spray of multiply charged droplets which contain the 

dissolved peptide molecules. As the droplets continue to migrate through the electrostatic field, 

the liquid evaporates and the surface charge increases until the Raleigh limit is reached. In a 

process called Coulomb explosion, the repulsion of like-charges induces the uneven fission of 

droplets into nano-droplets. The final analyte ionization is either achieved in a passive process 

where the droplet charges end up on the analyte once the solvent completely evaporated 

(charge residue model (153)) or in an active process where accumulated peptide molecules on 

the surface of the droplets are extracted by field desorption (ion emission model (154)). The 

majority of the emerging analyte ions is multiply charged. In addition to conventional ESI, which 

is usually operated with microliter flows, nanoESI introduced nanoliter flow rates and smaller 

emitter sizes, which cumulatively enhances the efficiency of analyte ionization due to smaller 

initial droplet sizes. Consequently, analytical sensitivity is increased and less analyte molecules 

are required for detection (155).  

Mass analyzers 

Once the peptides are ionized, they enter the mass analyzer which acquires their m/z values 

and separates them accordingly. Mass analyzers come in different forms and shapes and each 

type has its unique characteristics regarding resolution (ability to separate two adjacent m/z 

signals), mass accuracy (how close is the measured value to the true mass), dynamic range 

(difference between the smallest and the biggest signal within one spectrum), scan speed (how 

fast can a spectrum be acquired) and covered m/z range (see Table 1). Time-of-flight (TOF) 

mass analyzers measure how long accelerated ions with the same initial kinetic energy but 

different masses need to travel a fixed distance within a field-free vacuum. The measured 
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time-of-flight is directly proportional to the square root of the analytes m/z value. Quadrupole 

mass analyzers consist of four rods which create a quadrupolar electrical field. Application of a 

radio frequency facilitates oscillation of the field and allows only ions with a specific m/z value 

(or a defined range thereof) to have stable trajectories through the rods. In addition to the use 

as a plain mass filter, application of potential barriers at the end of the rods enables ions to be 

stored in the quadrupole, a concept which is implemented in linear (2D) ion trap mass 

analyzers.  

Table 1. Acquisition characteristics of frequently employed mass analyzers. 

 

TOF Quadrupole 2D ion trap Orbitrap 

Mass accuracy 2 - 10 ppm 0.2 - 0.5 Da 100 - 1,000 ppm < 1 ppm 

Resolution > 30,000 < 2,000 200 - 20,000 > 500,000 

m/z range > 500,000 < 4,000 < 4,000 < 2,000 

Acquisition  

speed < MHz 1 Hz < 50 Hz < 50 Hz 

Dynamic range 1 : 103 1 : 104 1 : 103 1 : 104 

Sensitivity ++ + +++ +++ 

 

The orbitrap is a compact mass analyzer which combines high scanning speeds with high 

resolution and high mass accuracy. It consists of three essential components: two outer, cup-

shaped electrodes and a central spindle electrode which holds the orbitrap together. Application 

of a voltage to outer and inner electrodes creates a radial electrical field which causes ion 

attraction to the center of the trap. Initial tangential velocity creates an opposing centrifugal force 

which cumulatively leads to circular ion movement around the central rod (156). An additional 

axial field which is caused by the canonical shape of the electrodes causes the orbiting ions to 

oscillate alongside the central rod. Of the complex ion trajectories only the axial movement is 

independent on initial ion energies, angles or positions, but is directly proportional to the ion`s 

m/z value (157). Hence, the frequency of axial movement is recorded in an image current and is 

subsequently translated from the time domain into the m/z domain by Fourier transformation 

(158). Modern mass spectrometers are not necessarily restricted to only one mass analyzer. 

Popular combinations include quadrupole-TOF, linear ion trap-orbitrap and the more recently 

introduced quadrupole-orbitrap instruments. 
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Tandem mass spectrometry 

Tandem mass spectrometry is the arrangement of multiple consecutive scan and selection 

events with intermediate fragmentation. In a typical schedule of operation, a MS1 scan, where 

the m/z values and intensities of intact peptide precursors are recorded, is followed by isolation 

and fragmentation of a precursor and the acquisition of the resulting fragment ions in a MS2 

scan. Combined information about accurate precursor and fragment ion masses enables 

determination of the peptide sequence. Either one mass analyzer is used for both operations in 

a consecutive manner (“tandem-in-time”) or two mass analyzers within the same mass 

spectrometer acquire spectra in a parallelized fashion (“tandem-in-space”). A widely used, 

automated and real-time strategy to decide on which precursor to pick for fragmentation, is 

data-dependent acquisition (DDA). In this mode of data collection, a predefined number of 

precursors is picked based on their abundance in the preceding MS1 scan. The implementation 

of exclusion and inclusion lists allows to fine tune the acquisition, to exclude contaminants and 

to preferentially pick peptide species of interest. However, a clear drawback of DDA is the 

stochastic nature involved in precursor selection which limits reproducibility of detection. 

 

Figure 8. (A) Roepstorff Fohlmann nomenclature (159) of sequence specific peptide fragments. a-, b- 
and c- ions contain an intact N-terminus; x-,y- and z-ions contain an intact C-terminus. (B) Example for y- 
and b- fragment ions resulting from peptide bond breakage. 

As the principle of tandem mass spectra crucially depends on peptide fragmentation, several 

methods such as the commonly applied collision induced dissociation (CID), higher energy C-

trap dissociation (HCD (160)) and electron transfer dissociation (ETD (161)) have been 

developed. In the conceptually similar CID and HCD type fragmentation, isolated peptide 

species acquire vibrational energy by multiple collisions with inert gas molecules (e.g. N2 or He). 



23 
 

This energy leads to evenly distributed breakage of the peptide bond and produces sequence-

informative b- and y-ions (see Roepstorff Fohlmann nomenclature (159), Figure 8). Additional 

information is provided by internal fragments, neutral losses (e.g. ammonium and water) or 

immonium-ions originating from amino acid side chains (162). In modern hybrid mass 

spectrometers of the linear ion trap-orbitrap type, CID and concomitant spectrum acquisition is 

performed in a low resolution linear ion trap, whereas HCD is performed in a dedicated collision 

cell which enables flexible transfer of ions to an orbitrap mass analyzer where high resolution 

fragment spectra are acquired (163). 

The mechanism of ETD fragmentation is fundamentally different compared to CID and HCD. An 

anion radical donates an electron to the analyte which reduces the charge of the peptide. The 

unpaired electron is highly unstable and mediates rapid decay of the peptide along the N-

Cα-bonds, producing c- and z- type ions (164). A major advantage of ETD for the study of 

phosphorylation events is that it preserves the labile modification, which would usually detach 

upon CID and HCD fragmentation. Hence, no intensity consuming and spectrum dominating 

neutral loss of phosphoric acid (H3PO4) is observed and the phosphorylation site localization is 

improved. However, doubly charged precursors which constitute the majority of all tryptic 

peptides are often only inefficiently fragmented. Recently, EThcD was introduced as a hybrid 

fragmentation method which combines the complementary ion series of ETD and HCD and thus 

leads to higher sequence coverage, more site determining ions and improved phosphorylation 

site assignment (165).   

2.4 Protein identification 

As discussed above, the sequence of peptides is derived from fragment ion spectra generated 

by tandem mass spectrometry. Rather than de novo sequencing (166) or spectral library 

searching (167), the typical mass spectrometry workflow relies on comparison of measured 

fragment masses to theoretically calculated ones, an approach referred to as ”database 

searching” (168). The theoretical search space is generated by a proteolytic in silico digest of 

proteins collected in a database. In addition to the “naked” peptides, versions containing delta 

masses of specified modifications are included. Several parameters such as precursor and 

fragment mass tolerance or number of proteolytic missed cleavages introduce additional 

constraints and keep the search space within limits. After noise reduction, de-isotoping and 

charge state deconvolution, the experimentally determined fragment masses are compared to 

those calculated from the search space. A score which is based on metrics such as number and 

type of matching fragments or fragment and precursor mass deviation is used to probabilistically 
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describe the quality and similarity of identified spectra. Usually only the highest scoring hit is 

reported as the peptide spectrum match (PSM). Frequently employed search engines for the 

identification and scoring of tandem mass spectra are Andromeda (169), Mascot (170) and 

Sequest (171). Importantly, bottom-up mass spectrometry is peptide- and not protein-centric. 

Hence, it infers the presence of a protein solely based on the identification of one or several 

unique peptides. If the same peptide sequence occurs in more than one protein, the assignment 

might be ambiguous (“protein-inference problem” (172)), which can complicate correct 

quantification and biological conclusions. Due to this ambiguity, often protein groups rather than 

single protein identifications are reported. 

A similar problem is encountered when dealing with PTMs such as phosphorylation. Isobaric 

peptides often contain several potential phosphorylation sites. In conjunction with the mainly 

incomplete fragment ion information, confident phosphorylation site assignment has proven to 

be challenging. Several different computation approaches and scoring systems which facilitate 

automated phosphorylation site assignment and quality assessment of localization have been 

developed. Examples include the PTM score (169) (Andromeda), the MD score (173) (Mascot) 

and phosphoRS (174) (Proteome Discoverer). A recent study benchmarked these algorithms by 

the use of synthetic phosphopeptides which also enabled the calculation of false localization 

rates (FLR) by comparison of the assigned to the true site of phosphorylation. Besides, the 

study showed that all these methods share a substantial amount of orthogonality which 

suggests room for further improvement (175).  

Given the sheer amount of spectra acquired in each bottom-up experiment and the size of the 

in silico search space, the occurrence of false positive spectrum matches is a common problem 

of scoring algorithms (168). The score is just a measure of how likely it is that the assignment 

occurs by random chance (i.e. the score is a transformed p-value) and thus even high scoring 

matches have a certain probability of being a false positive hit. As it is practically impossible to 

manually validate all spectra, other approaches, such as the automated and widely applied 

target-decoy search, have been developed (176). Briefly, a decoy database is derived by 

reversing or scrambling the protein sequences present in the target database. Although the size 

and general composition of both databases is similar, spectral matches with sequences derived 

from the decoy database are per definition wrong. Scoring spectra against both search spaces 

enables the calculation of a false discovery rate (FDR in percent) which reflects the ratio of 

decoy and target hits and thus the tolerated (albeit not visible) number of false positive 

assignments in the target space. Importantly, FDR filters are usually applied consecutively at 

the PSM, peptide and protein level (168).  
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2.5 Protein quantification  

 

Figure 9. Summary of common labeling and sample combination approaches for relative quantification in 
bottom-up proteomics (adapted from (177)). Blue and yellow boxes reflect different experimental 

conditions and the lines indicate at which point in the workflow the samples are combined.  

Very broadly speaking, one can distinguish relative and absolute quantification approaches. The 

latter aims to determine the exact concentration and copy number of a given peptide or protein 

present in a biological sample whereas the former tries to quantify relative changes. 

Quantification by mass spectrometry is based on the fact that the response the analyte triggers 

in the mass detector is proportional to its abundance. Mainly due to differences in ionization 

efficiency, which are caused by differences in physicochemical peptide characteristics, and an 

bias introduced by sample handling (e.g. preferential digestion of certain peptides over others), 

only the signals from the same peptides can be compared to each other. In label-based 

quantification techniques, the introduction of isotopes or chemical tags enables the mass-

encoded multiplexing of peptides from different samples. The resulting mass increment of the 

labeled over the non labeled version can be discriminated in the mass analyzer and is used for 

relative quantification within the same spectrum. Depending on the employed labeling 

technique, samples are combined at different steps of the workflow (see Figure 9) (175, 176). 

Early combination decreases independent accumulation of technical variation and in turn 

enhances the resolution of biological changes.  
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MS1-based quantification 

In metabolic labeling (the most commonly used method is stable isotope labeling by amino 

acids in cell culture (SILAC)), isotopically labeled amino acids are introduced at the level of 

living cells which makes it the most accurate of all available quantification methods. Since all 

tryptic peptides carry either an arginine or a lysine, SILAC media are usually supplemented with 

heavy lysine (e.g. 13C6-lysine) and arginine (e.g. 13C6
15N4-arginine) to ensure comprehensive 

labeling (179). However, clear drawbacks of SILAC are the increased complexity of MS1 

spectra, its limited applicability (e.g. labeling of human tissue samples is not possible), the time 

spent for label incorporation (usually at least five cell doublings are required) and the restriction 

to the comparison of only three experimental states. The latter point was recently addressed by 

NeuCode, an extension of the SILAC principle which makes use of the high resolution of 

modern mass spectrometers to resolve the subtle mass change caused by nuclear binding 

energy differences of a neutron present in heavy nitrogen compared to a neutron present in 

heavy carbon (the so-called “mass defect”). The use of isotopologues rather than isotopes 

increases the multiplexing capacity considerably (e.g. 13C6
15N2-lysine and 2H8-lysine differ by 

36 mDa which can be resolved at a resolution of 200,000) (180). The use of Super-SILAC mixes 

is a mean to harness SILAC for the analysis of tissues. Here, SILAC encoded proteins which 

are derived from cells with a similar biological background are spiked into different tissue 

proteomes. Although those peptides serve as a common reference, both the introduction only at 

the level of extracted proteins and the subsequent calculation of ratios from ratios severely 

impairs the quantitative accuracy compared to metabolic SILAC labeling (181).  

A cheaper, universally applicable, but also less accurate alternative to SILAC is the introduction 

of isotopically labeled dimethyl tags at the peptide level. Primary amines at the N-termini and 

lysine side chains are converted to dimethylamines by different combinations of formaldehyde 

and cyanoborohydrides isotopes. This method enables multiplexing of three states that differ in 

mass by 4 Da (182).  

Peptides can also be quantified entirely label-free using separate mass spectrometry runs. 

Label free quantification is the least accurate approach because samples are combined only 

in silico. Moreover, each sample has to be measured individually which requires both an 

increased amount of MS time and a highly reproducible sample preparation and peptide 

measurement. Still, clear benefits are the possibility to compare an unlimited number of 

samples, the “native” nature of the mass spectra (no artificial chemical noise or increased 

complexity) and the highest analytical depth out of all available quantification methods. 
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MS2-based quantification 

Up to this point, all discussed methods are based on MS1 intensity quantification of the intact 

peptide ions. In contrast, MS2-based methods employ chemical labeling with primary amine 

targeting tags which are attached via succinimide chemistry. Due to their isobaric nature, 

differentially labeled species cannot be distinguished in MS1 scans. However, upon 

fragmentation they lose isotopically encoded reporter ions which are detected on the low mass 

region of the MS2 spectrum and can be used for relative quantification. The most widely used 

approaches make use of tandem mass tags (TMT) (183) or isobaric tags for absolute and 

relative quantification (iTRAQ) (184) which enable comparison of up to six (TMT) or eight 

(iTRAQ) different experimental states without an increase in MS1 complexity. Recently, the 

resolution of mass differences between isotopologues has increased the multiplexing capability 

of TMT tags up to ten (185). A drawback of such MS2-based approaches is the decreased 

dynamic quantification range which is mainly caused by ratio compression due to co-eluting and 

co-isolated peptide species (186). 

The choice of which method to use ultimately depends on the specific experiment and the 

biological question at hand. If one wants to compare many different samples with large 

differences in peptide and protein abundance, label-free quantification might be employed. On 

the other hand, quantification of very subtle quantitative changes upon perturbation of the same 

biological system might require the superior precision of metabolic labeling. 

2.6 Bioinformatic data analysis 

Given the throughput and quantitative data points state-of-the-art proteomics experiments 

deliver these days, bioinformatic data analysis is gaining tremendous momentum. Fortunately, 

several software suites, such as MaxQuant (187) with its implemented search algorithm 

Andromeda (169), have been developed to automatize the data processing steps and to 

integrate useful features at the same time. Exemplified for MaxQuant, the user defines the 

experimental design, loads the acquired raw files and specifies the desired parameters 

(e.g. labeling method, digestion enzyme, modifications or mass tolerance). First, features which 

represent the mass and the intensity of the measured peptides are extracted from the MS1 

spectra. The m/z values are recalibrated and if several samples are processed together, the 

total intensity of peptides present in different samples is normalized to each other. A useful 

addition is the match-between-runs option which increases quantitative proteome coverage by 

alignment of features measured in different runs based on retention time and accurate mass. 
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Even if only one of those aligned features triggers an identification, the others can still be 

matched by inference. Subsequently, the MS2 spectra are processed (e.g. noise reduction, de-

isotoping, charge state deconvolution), recalibrated and prepared for searches against the 

specified database. The integrated search engine scores the identifications and filters the 

dataset in a target-decoy approach according to user defined PSM, peptide and protein FDR 

levels. If phosphopeptides were recorded, an additionally computed metric indicates the 

likelihood of phosphorylation site localization at the annotated peptide side chain (“localization 

probability”). Alternatively, one can judge the quality of site assignment based on the delta score 

between the highest ranking phosphoisomers, a measure that recently was benchmarked, 

adjusted and translated into FLRs (175). Next, peptides are classified in unique and razor 

peptides (which are peptides shared by two or more proteins/protein isoforms) and are used to 

infer protein identity and abundance. Once the proteins, peptides and phosphorylation sites in a 

sample have been measured, identified and quantified, higher order information can be 

retrieved from the dataset. The first goal is usually the identification of quantitative changes 

between experimental states. Often, p-values, which is the percentual chance of making the 

wrong call on a classified change, are computed for each observation and a user defined cut-off 

is chosen (e.g. 1 % or 5 %). Changing (phospho)proteins can then be connected with tools that 

score protein-protein interaction based on literature derived knowledge such as STRING (188). 

Associated interaction modules can be further classified according to GO terms or matched to 

different pathways collected in the KEGG database (187, 188). Tools enabling automated 

annotation and enrichment analysis of large-scale datasets include PANTHER (191) and DAVID 

(192). 

With the increasing number of phosphoproteomic studies performed and the growing number of 

phosphopeptides identified per study, bioinformatic tools to validate the localization of the 

phosphorylation site have become indispensable (see also 2.3). At the same time, 

phosphorylation events have to be linked to the kinases and phosphatases involved in the 

(de)phosphorylation process. In large-scale phosphoproteomics, phosphorylation sites are often 

described without having knowledge about the responsible kinase, which is very much different 

from the classical approach in which substrates were identified from a specific kinase as starting 

point. Prediction of kinase motifs is essential to link phosphorylation events to the upstream 

kinase and various tools are available that subtract and predict motifs from large-scale datasets 

(193, 194, 195, 196). Tools that assess the complexity of signaling events and integrate data by 

computational approaches have become evenly important (197, 198). Finally, collection of the 

identified phosphosites in public repositories allows for the easy retrieval of experimental 
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verified phosphorylation sites and, if known, their implications on protein function (199, 200, 

201).  
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3 Objectives 

Kinase mediated phosphorylation is an important post translational modification which affects 

and governs a large body of cellular signaling in health and disease. The mass 

spectrometry-based study of the kinome and associated phosphorylation events has emerged 

as the prime tool for the explorative study of systematic signaling changes upon perturbation or 

aberrant rewiring and has enabled tremendous and invaluable biological insights. Although 

extensive effort has been made, phosphorylation site mapping is still incomplete and thus merits 

exploration of alternative methods complementing existing workflows. Moreover, unbiased and 

reproducible methods for the efficient and robust enrichment of phosphopeptides on a large 

scale and in a short time frame are needed. Such phosphoproteomic characterization can for 

example also be used to infer a kinase’s activation state based on substrate changes and thus 

reveal clinically actionable targets. However, substrate changes are only an indirect measure, 

require knowledge of the underlying motifs and are frequently not directly connected to a single 

kinase. Hence, a method which allows for a direct and unbiased read out of kinase activity 

would be of tremendous value. 

Given the aforementioned points, the main objectives of this thesis were to develop, implement 

and benchmark a new phosphopeptide enrichment technique embedded in an efficient workflow 

for routine phosphoproteomic analysis (chapter 2), to increase phosphoproteome coverage by 

means of different ionization techniques (chapter 3), to evaluate if chemoproteomic methods are 

suited for direct, selective and unbiased determination of kinase activity (chapter 4) and to apply 

the established methodology to the system-wide dissection of chemo- and phosphoproteomic 

signaling changes upon the development of drug resistance (chapter 5).  
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Abbreviations 

ADP   Adenosine diphosphate 

APE-motif   Alanine-phenylalanine-glutamate-motif 

ATP    Adenosine triphosphate 

CETSA   Cellular thermal shift assay 

CID    Collision-induced dissociation  

CRM    Charge residue model  

DDA    Data dependent acquisition  

DFG-motif   Aspartate-phenylalanine-glycine-motif 

DNA   Deoxyribonucleic acid 

ERLIC    Electrostatic repulsion hydrophilic interaction chromatography 

ESI    Electro-spray ionization  

ETD    Electron transfer dissociation  

FDA   Food and Drug Administration 

FDR    False discovery rate 

FLR   False localization rate 

FT   Fourier transformation 

HCD    Higher energy C-trap dissociation 

HILIC    Hydrophilic interaction chromatography  

hSAX    Hydrophilic strong anion exchange 

I.D.   Inner diameter 

IDA    Iminodiacetic acid 

IMAC   Immobilized metal affinity chromatography 

iTRAQ   Isobaric tags for relative and absolute quantification 

KEGG    Kyoto Encyclopedia of Genes and Genomes 

LC   Liquid chromatography  

LC-MS/MS   Liquid chromatography coupled to tandem mass spectrometry  

LTQ    Linear trap quadrupole 

m/z    Mass-to-charge ratio 

MALDI   Matrix-assisted laser desorption/ionization  

MDscore  Mascot delta score 

MOAC   Metal oxide affinity chromatography 

mRNA   Messenger ribonucleic acid 
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MS    Mass spectrometer 

MS    Mass spectrometry  

MS/MS   Tandem mass spectromerty  

MS1   Precursor mass spectrum 

MS2    Fragment mass spectrum 

NTA    Nitrilotriacetic acid 

ppm   Parts per million 

pS, pT, pY  Phosphoserine, -threonine, -tyrosine 

PSM    Peptide spectrum match 

PTM    Post-translational modification  

RNA   Ribonucleic acid 

RP    Reversed phase 

RTK   Receptor tyrosine kinase 

SAR   Structure activity relationship 

SAX    Strong anion exchange 

SCX    Strong cation exchange 

SH2   Src Homology 2 

SILAC    Stable isotope labelling with amino acids in cell culture 

TiO2   Titaniumdioxide 

TMT    Tandem mass tag  

TOF    Time-of-flight  

WAX    Weak anion exchange  

XIC    Extracted ion chromatogram 

ZIC-HILIC   Zwitterionic hydrophilic interaction chromatography 

ZrO2   Zirconiumdioxide 
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Chapter 2  

Comprehensive and reproducible phosphopeptide enrichment using iron 

immobilized metal ion affinity chromatography (Fe-IMAC) columns 
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Abstract 

Advances in phosphopeptide enrichment methods enable the identification of thousands of 

phosphopeptides from complex samples. Current offline enrichment approaches using TiO2, 

Ti-IMAC and Fe-IMAC material in batch or microtip format are widely used, but suffer from 

irreproducibility and compromised selectivity. To address these shortcomings, the merits of 

performing phosphopeptide enrichments in an high performance liquid chromatography (HPLC) 

column format were revisited. It was found that Fe-IMAC columns enable the selective, 

comprehensive and reproducible enrichment of phosphopeptides out of complex lysates. 

Column enrichment did not suffer from bead-to-sample ratio issues and scaled linearly from 

100 µg to 5 mg digest. Direct measurements on an Orbitrap Velos mass spectrometer identified 

>7,500 unique phosphopeptides with 90 % selectivity and good quantitative reproducibility 

(median CV of 15 %). The number of unique phosphopeptides could be increased to over 

14,000 when subjecting the IMAC eluate to a subsequent hydrophilic strong anion exchange 

(hSAX) separation. Fe-IMAC columns outperformed Ti-IMAC and TiO2 in batch or tip mode in 

terms of phosphopeptide identification and intensity. Permutation enrichments of flow troughs 

show that all materials largely bind the same phosphopeptide species, independent of 

physicochemical characteristics. However, binding capacity and elution efficiency did profoundly 

differ among the enrichment materials and formats. As a result, the often quoted orthogonality of 

the materials has to be called into question. My results strongly suggest that insufficient 

capacity, inefficient elution and the stochastic nature of data dependent acquisition in mass 

spectrometry are the cause of the experimentally observed complementarity. The Fe-IMAC 

enrichment workflow using an HPLC format developed here enables rapid and comprehensive 

phosphoproteome analysis which can be applied to a wide range of biological systems. 
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Introduction 

Protein phosphorylation is a reversible post translational modification with pivotal roles in 

cellular signaling. It is not only implicated in many essential biological processes, but aberrant 

protein phosphorylation is causally linked to numerous diseases (1). At least one third to half of 

all human proteins are thought to be phosphorylated at some point (2, 3) and hundreds of 

thousands of different phosphorylation sites are believed to exist. Due to this molecular 

complexity and the often substoichiometric extent of phosphorylation specific enrichment prior to 

analysis by liquid chromatography tandem mass spectrometry (LC-MS/MS) is generally required 

(4). Most current such strategies exploit the affinity of phosphate groups to metals immobilized 

on carrier resins. These include Fe3+-(5), Ga3+-(6) or Zr4+-(7)- immobilized metal ion affinity 

chromatography (IMAC), metal oxide affinity chromatography (TiO2 (8), ZrO2 (9) and others) and 

the recently introduced Ti-IMAC material which is a hybrid of the two (10, 11). It is often stated if 

not generally accepted that the above enrichment methods are capable of purifying 

complementary parts of the phosphoproteome each with unique physiochemical characteristics 

(10, 12, 13). For example, Ti-IMAC is thought to be better at purifying basophilic 

phosphopeptides compared to TiO2 (10) whereas Fe-IMAC is attributed with the more efficient 

enrichment of multiply phosphorylated peptides (14). The current consensus in the field is that 

no method is superior over others and neither of them alone is sufficient for the comprehensive 

purification of the phosphoproteome, a view that is challenged in this study. Most 

phosphopeptide enrichments are conducted either in a batch format or in self-constructed 

microcolumns, packed into pipette tips. Both formats have been found to suffer from 

considerable variability introduced by various manual steps in the process. Moreover, 

differences in loading conditions including additives (15, 16), acid concentration (16), incubation 

time (16, 17) and wash volume (17) can lead to different results. One prominent parameter that 

was found to have considerable impact on the enrichment quality is the ratio of bead amount to 

the protein digest quantity an finding the optimal ratio is often a tradeoff between 

comprehensiveness and selectivity (12, 17-20). Consequently, careful a priori evaluation and 

optimization of enrichment conditions is generally required on a case by case basis for every 

experimental system. Even then, the use of such formats often comes at the expense of 

intra-experimental and, even more so, of inter-experimental accuracy. As a means to overcome 

these issues, direct coupling of the chromatographic enrichment step with the LC-MS/MS 

system have been applied. Although these online sytems increase reproducibility, sensitivity 
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and robustness, they suffer from limited capacity which is why they have been primarily used for 

the analysis of limited sample amounts or samples of rather low complexity (8, 21-26).  

In order to address the latter, phosphopeptide enrichment workflows often employ an upstream 

peptide separation step followed by phosphopeptide enrichment from each fraction. Examples 

for first dimension separations include HILIC (27), ERLIC (28), SAX (29) and SCX (10, 30). 

Although powerful and frequently used, enrichment after fractionation can be irreproducible and 

time consuming. As a consequence, reversing the order (i.e. enriching phosphopeptides first 

followed by fractionation of the phosphopeptide pool) has recently become popular (16, 17, 31). 

This, however, necessitates that the phosphopeptide enrichment step is of exquisite selectivity, 

has sufficient capacity and allows complete elution (16, 17). Phosphopeptides purified in this 

way can be directly analyzed by LC-MS/MS (32, 33) typically using shallow reversed phase LC 

gradients (34). However, it turns out that current mass spectrometers still lack the scan speed 

and dynamic range required to reach complete (phospho)peptide sampling in direct LC-MS/MS 

measurements (35, 36).  

In this study, I describe a robust and flexible workflow based on offline chromatographic 

enrichment of phosphopeptides using a commercially available Fe-IMAC column. This approach 

offers selective, comprehensive and reproducible enrichment and scales over wide range of 

sample quantities. I show that this method outperforms all Ti-IMAC and TiO2 methods tested 

and my data argues that the apparent orthogonality of all three methods is caused by a 

combination of format inadequacies, inefficient elution and insufficient data acquisition speed 

rather than exploiting different physicochemical characteristics of phosphopeptides.  
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Material and methods 

Cell culture and protein digest 

Human epidermoid A431 cells were grown in Iscove's Modified Dulbecco's Medium (IMDM) 

supplemented with 10 % (v/v) Fetal Bovine Serum and 1 % Antibiotic/Antimycotic solution. For 

all phosphopeptide enrichment optimization experiments, cells were treated with 1 mM 

pervanadate for 5min prior to lysis. After harvesting, cells were washed two times with ice cold 

PBS and lysed in 8 M Urea, 40 mM Tris/HCl (pH 7.6), 1 x EDTA free protease inhibitor mixture 

(complete mini, Roche) and 1 x Phosphatase inhibitor cocktail (Sigma). The lysate was 

centrifuged at 20,000 rpm for 1 hour at 4 °C. Protein concentration was determined using the 

Bradford method (Coomassie (Bradford) Protein Assay Kit, Thermo Scientific). The supernatant 

was reduced with 10 mM DTT at 56 °C for 1 h and alkylated with 25 mM iodoacetamide for 

45 min at room temperature in the dark. The protein mixture was diluted with 40 mM Tris/HCl to 

a final Urea concentration of 1.6 M. Digestion was performed by adding sequencing grade 

trypsin (Promega, 1:100 enzyme:substrate ratio) and incubation at 37 °C for 4 h. Subsequently, 

another 1:100 trypsin was added for overnight digestion at 37 °C. Samples were acidified with 

TFA to a pH of 2 in order to stop trypsin activity. SepPack columns (C18 cartridges Sep-Pak 

Vac 1cc (50 mg), Waters Corp., solvent A: 0.07 % TFA, solvent B: 0.07 % TFA, 50 % ACN) 

were used for peptide desalting according to manufacturer’s instructions and eluates were dried 

down and stored at -80 °C. Smaller sample amounts of up to 100 µg were desalted as 

described (37). 

Fe-IMAC batch enrichment 

Fe-IMAC batch enrichments were essentially performed as described (30). Briefly, 100 µl 

Fe-IMAC beads (PhosSelect iron affinity gel, Sigma) beads were washed four times with 1 ml of 

binding solvent (25 mM FA, 40 % ACN) and a 50 % slurry in binding solvent was prepared 

thereafter. Dried down peptides were resuspended in binding solvent at a concentration of 

1 µg/µl. After combination of beads (at the amount specified in the respective figure) and 

dissolved peptides, samples were incubated for 1 h at room temperature under vigorous 

shaking. Subsequently, Fe-IMAC beads were transferred on top of previously equilibrated C18 

StageTips and washed by sequentially passing through 50 µl of Fe-IMAC binding solvent (twice) 

and 40 µl 1 % FA. Elution was achieved by application of 70 µl of 500 mM K2HPO4, pH 7 

(twice). Peptides which were retained on the C18 material were washed with 40 µl 1% FA and 
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eluted directly into an MS plate using 40 µl 60 % ACN, 0.1 % FA. Eluates were dried down and 

stored at -80 °C. 

Fe-IMAC column phosphopeptide enrichment 

The desalted digest was reconstituted in 0.5 ml Fe-IMAC solvent A (30 % ACN, 0.07 % (v/v) 

TFA) and loaded onto an analytical Fe-IMAC column (4 mm I.D. x 50 mm or 9 mm I.D. x 50 mm 

ProPac IMAC-10, Thermo Fisher Scientific) connected to an HPLC system (ÄKTA explorer 

HPLC system, Amersham Pharmacia) with a 1 ml sample loop. The column was charged with 

iron according to manufacturer’s instructions. Briefly, the column was rinsed with 3 column 

volumes of 20 mM formic acid and charged using 3 column volumes of 25 mM FeCl3, 100 mM 

acetic acid. To wash out unbound iron-ions the column was flushed with 20 column volumes of 

20 mM formic acid and subsequently removed from the HPLC system. The HPLC lines were 

first flushed with 20 ml ddH2O water, followed by 20 ml 50 mM EDTA and 10 ml ddH2O to 

remove remaining iron-ions. After column re-connection and baseline equilibration, the gradient 

was started. Sample was loaded (0.1 ml/min, 10 min) and unbound peptides were washed out 

with Fe-IMAC solvent A (0.3 ml/min, 16 min). Subsequent phosphopeptide elution was achieved 

by a linear gradient from 0 % to 45 % Fe-IMAC solvent B (0.5 % (v/v) NH4OH) (0.2 ml/min, 

60 min). After increase to 100 % B and a holding step for 5 min the column was re-equilibrated 

by switching to Fe-IMAC solvent A (30 min, 0.5 ml/min). Flow through and a phosphopeptide 

fraction were collected according to the UV signal (280 nm), dried down and stored at -80°C. 

The column was recharged after a maximum of three enrichments.  

Ti-IMAC synthesis and phosphopeptide enrichment 

Ti-IMAC beads were synthesized as previously described by Zhou et al. (38) with some 

modifications and additional quality control steps. A detailed description can be found in the 

supplementary material and methods. Whereas enrichment of up to 250 µg of sample was 

performed as described (38), the phosphopeptide enrichment protocol was modified for sample 

amounts exceeding 250 µg. Sep-Pak cartridges (C18 cartridges Sep-Pak Vac 1cc (50 mg), 

Waters Corp.) were attached to a vacuum manifold and flushed with 1 ml Ti-IMAC loading 

solvent (80 % ACN, 6 % TFA). Subsequently, 50 mg of Ti-IMAC beads were loaded on top of 

the C18 material and equilibrated with 5 x 1 ml loading solvent. Dried down digests were 

dissolved in 1ml of binding solvent and slowly passed through the cartridges. After reapplication 

of the flow through, columns were washed with 10 ml of washing solution 1 (50 % (v/v) ACN, 
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0.5 % (v/v) TFA, 200 mM NaCl) and 10 ml of washing solution 2 (50 % (v/v) ACN, 0.1 % (v/v) 

TFA). Bound peptides were eluted sequentially with 0.8 ml 10 % (v/v) NH4OH and 0.2 ml 80 % 

(v/v) ACN, 2 % (v/v) FA. Flow-through and elution fractions were dried down and stored at -

80 °C. 

TiO2 batch enrichment 

TiO2 batch enrichment was performed as described by Kettenbach et al. (16) with some 

modifications. TiO2 beads (5 µM, GL Sciences Inc.) were washed twice with 1 ml of washing 

solvent (50 % ACN, 0.1 % TFA) and four times with 1 ml of binding solvent (2 M lactic acid, 

50 % ACN, 0.1 % TFA). In between beads were spun down and the supernatant was discarded. 

Peptides were dissolved in 0.5 ml of binding solvent and after addition of 0.25 ml equilibrated 

bead slurry, the mixture was incubated for 1 h at room temperature under vigorous shaking. 

Subsequently, beads were washed four times with 0.2 ml binding solvent and five times with 

1 ml washing solution. Bound peptides were eluted by two 10 min incubation steps with 200 µl 

elution solvent (50 mM KH2PO4, 0.5 % (v/v) NH4OH, pH 11.3). The supernatant was quenched 

by addition of 30 µl 100 % FA, dried down and stored at -80 °C. 

Phosphopeptide enrichment with TiO2 and Ti-IMAC columns 

For chromatographic separation of phosphorylated peptides, TiO2 beads (5 µm, GL Sciences 

Inc) were packed into a column (4 mm I.D. x 10 mm, Dr. Maisch, Ammersham) and connected 

to a HPLC system (ÄKTA explorer HPLC, Amersham Pharmacia). Dried samples were 

reconstituted in 0.5 ml TiO2 solvent A (80 % ACN, 6 % TFA) and injected. The system was 

operated at a flow rate of 0.2 ml/min with linear gradient from 0 % to 85 % solvent B (1.5 % (v/v) 

NH4OH, pH 11.8) in 30 min, followed by an increase to 95 % in 15 min. For elution of bound 

peptides the concentration of solvent B was kept at 95 % for 50 min. In total, 13 fractions were 

collected. In house synthesized Ti-IMAC beads were also packed into a column (4 mm I.D. x 

50 mm, Dr. Maisch, Ammersham). The gradient corresponded to the one used for Fe-IMAC 

column enrichments, except for some modifications: due to strong metal ion peptide interaction 

10 % (v/v) NH4OH was used for elution.  

Hydrophilic strong anion exchange separation (hSAX) 

A Dionex Ultimate 3000 HPLC system (Dionex Corp.) equipped with an IonPac AG24 guard 

column (2 mm I.D. x 50 mm, Thermo Fisher Scientific) and a IonPac AS24 SAX-column 
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(2 mm I.D. x 250 mm, Thermo Fisher Scientific) was used for hydrophilic strong anion exchange 

separation of both enriched phosphopeptides and digested full proteome samples. The system 

was operated at 30 °C with a flow rate of 0.25 ml/min and an initial 3 min equilibration step with 

100 % hSAX solvent A (5 mM Tris/HCl, pH=8.5) followed by elution with a linear 17 min gradient 

up to 40 % hSAX solvent B (5 mM Tris/HCl, pH=8.5, 1 M NaCl). Solvent B was increased to 

100 % in 10 min and held constant for another 10 min. A subsequent switch to 100 % solvent A 

in 3 min was followed by column re-equilibration with 100 % solvent A for 10 min. 24 fractions 

were collected in 1 min intervals (starting 2 min into the gradient), dried down and measured 

after on-trap desalting.  

LC-MS/MS analysis 

Nanoflow LC-MS/MS was performed by coupling an Eksigent nanoLC-Ultra 1D+ (Eksigent, 

Dublin, CA) to an Oribtrap Velos (Thermo Scientific, Bremen, Germany). Peptides were 

delivered to a trap column (100 μm I.D. x 2 cm, packed with 5 µm C18 resin, Reprosil PUR AQ, 

Dr. Maisch, Ammerbuch, Germany) at a flow rate of 2 µL/minute for 12 min and 5 µl/min for 

13 min in 100 % solvent A (0.1 % FA in HPLC grade water). After 25 min of loading and 

washing, peptides were transferred to an analytical column (75 µm I.D. x 40 cm C18 column 

Reprosil PUR AQ, 3 µm, Dr. Maisch, Ammerbuch, Germany) and separated using a linear 

gradient from 2 % to 27 % (4 % - 32 % for not previously enriched sample) solvent B (0.1 % FA, 

5 % DMSO in ACN) at a flow rate of 300 nl/min. For one direct measurement, a 210 min 

gradient (220 min turnaround) was applied whereas hSAX factions were measured for 110 min 

per fraction (135 min turnaround including an on-trap desalting step).  TiO2 column fractions 

were measured for 45 min each (60 min turnaround including an on-trap desalting step). To 

prevent potential Fe3+ and Ti4+ ion adsorption to the reversed phase stationary phase, 5 µl of 

1 µM deferoxamine dissolved in ddH2O was injected in between phosphopeptide direct 

measurements (39).  

Peptides were ionized using 2.2 kV spray voltage and a capillary temperature of 275 °C. The 

mass spectrometer was operated in data dependent acquisition mode, automatically switching 

between MS and MS2. Full scan MS spectra (m/z 360 – 1300) were acquired in the Orbitrap at 

30,000 (m/z 400) resolution and an AGC target value of 1e6. For internal calibration the signal 

at m/z 401.922718 was used as a lock mass (40). High resolution HCD MS2 spectra were 

generated for up to 10 precursors with a normalized collision energy of 30 % (for non enriched 

samples) and 35 % (for phosphopeptide samples). The precursor ion count for triggering an 

MS2 event was set to 500 with a dynamic exclusion of 20 s. Fragment ions were read out in the 
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Orbitrap mass analyzer at a resolution of 7,500 (isolation window 2 Th). For phosphopeptide 

samples, the MS2 AGC target value was set to 4e4 with a maximum ion injection time of 

250 ms whereas not previously enriched samples were measured with 3e4 and 200 ms.  

Peptide and protein identification and quantification 

For peptide and protein identification, peak lists were extracted from raw files using Mascot 

Distiller v2.2.1 (Matrix Science, UK) and subsequently searched against the Human IPI 

database (v3.68) using Mascot (v2.3.0) with the following parameters: carbamidomethyl 

cysteine as a fixed modification, phosphorylation of serine threonine and tyrosine, oxidation of 

methionin and N-terminal protein acetylation as variable modifications. Precursor tolerance was 

set to 10 ppm and fragment ion tolerance to 0.05 Da. Trypsin/P was specified as the proteolytic 

enzyme with up to two missed cleavage sites allowed. Identified phosphopeptides were filtered 

using two criteria: (i) PSMs were filtered for 1 % FDR using Rockerbox (41) in combination with 

percolator (v1.0) (42), (ii) remaining peptides corresponding to accepted PSMs were filtered 

according to a 5 % global peptide FDR cutoff based on the formula published by Marx et al. (43) 

(HCD, global FDR). This translates to a Mascot ion score > 13.96 for phosphopeptides and 

> 27.65 for non phosphorylated peptides. The peptide table created after Rockerbox processing 

was used for further analysis. Three different categories for phosphopeptide identifications are 

established: (i) unique phosphopeptides are based on non redundant phosphosequences 

including phosphoisomers, (ii) unique phosphosequences are based on the sequence combined 

with the number of phosphomodifications (phosphoisomers are not considered), (iii) confidently 

localized phosphopeptides are unique phosphopeptides which were additionally filtered with a  

5 % false localization cutoff based on the Mascot delta score which was calculated according to 

the formula introduced by Marx et al. (43) (HCD). In order to calculate phosphopeptide 

selectivity the global 5 % FDR cutoff was separately applied to identified phospho and non-

phosphopeptides. For label-free quantification Progenesis (v4.1, Nonlinear Dynamics, 

Newcastle, UK) was used essentially as described previously (44). Briefly, after selection of one 

sample as a reference, the retention times of all eluting precursor m/z values within the 

experiment were aligned. Precursors between two and ten charges were included and those 

with two isotopes or less excluded. After filtering, precursor abundances were normalized and 

replicate samples were grouped together. The corresponding MS2 spectra were exported and 

searched against the Human IPI database (v3.68) using Mascot (v2.3.0). The parameters 

corresponded to those used for previously mentioned peptide identification. The search results 

were exported in a .dat file format and filtered for 1 % PSM FDR and Mascot ion scores > 13.96 
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(or > 27.65 for non-phosphopeptides) using Rockerbox in combination with percolator (v1.0). 

Filtered PSMs were re-imported into Progenesis and matched to the respective features. 

Intensities < 2048 within the control dataset were filtered out. All data associated with protein 

and peptide quantification and identification are deposited as supplementary tables included in 

the ProteomeXchange upload with the identifier PXD001060  
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Results and discussion 

Chromatographic phosphopeptide enrichment using an Fe-IMAC column 

Figure 1. Workflow utilizing an Fe-IMAC HPLC column setup for the purification of phosphopeptides from 
complex digests. Fe-IMAC eluates can either be directly measured by LC-MS/MS providing considerable 
throughput or further fractionated by hSAX to provide increased analytical depth. 

As discussed above, batch and tip-based enrichment protocols have been found to suffer from 

irreproducibility due to a number of factors including significant manual intervention. In addition 

enrichment selectivity and efficiency in such formats is also strongly dependent on the ratio of 

the amounts of enrichment material and protein digest used and which is hard to predict for any 

specific experimental context (12, 17-20). It was hypothesized that much of the quoted 

complementarity between different enrichment materials originates from practical shortcomings 

rather than differences in molecular properties of phosphopeptides. A series of experiments 

outlined below was conducted that support this hypothesis and the data collectively show that 

these practical issues can be substantially reduced by using a conventional Fe-IMAC HPLC 

column (Figure 1). First, batch and tip-based enrichments using TiO2, Ti-IMAC and Fe-IMAC 

beads with different bead-to-sample ratios were re-evaluated. The results confirm previous 

observations showing that comprehensiveness and selectivity is directly related to the bead-to-

sample ratio (Figure 2A). Next, the use of a column format employing a commercially available 

IMAC HPLC column charged with Fe3+ ions was revisited. The UV trace shown in Figure 2B 

(1 mg of a trypsin digested A431 cell lysate) showed a clear separation of two different peptide 
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pools. As expected, LC-MS/MS analysis only detected non-phosphorylated peptides in the 

column breakthrough. In contrast 5,494 non redundant phosphopeptides were identified in the 

retained, peptide pool with > 90 % selectivity in a single 4 hour LC-MS/MS run on an Orbitrap 

Velos (HCD fragmentation). No peptides were detected in any of the other fractions of the 

chromatogram. The performance of the Fe-IMAC column was further characterized with respect 

to: (i) comprehensiveness, (ii) scalability and (iii) reproducibility. To address 

comprehensiveness, the flow through of the initial enrichment was dried down and reapplied to 

a second round of chromatographic enrichment on the same Fe-IMAC column. Both the weak 

UV trace and the very low number of identified phosphopeptides (five, of which four were also 

identified in the first enrichment) indicate virtually complete phosphopeptide depletion in a single 

 

 

Figure 2. (A) Phosphopeptide number and selectivity in relation to the bead-to-sample ratio for Fe-IMAC 
batch, TiO2 batch and Ti-IMAC tip enrichments. (B) Fe-IMAC UV chromatogram of 1 mg A431 cell digest. 
The phosphopeptide fraction (RT ~49 min) is well separated from the column breakthrough that contains 
the non-phosphorylated peptides. The inset on the left shows the number of phosphopeptides identified 
from the IMAC eluate and the number of phosphopeptides identified from a second IMAC enrichment of 
the column flow through (FT) of the first Fe-IMAC enrichment. The inset on the right shows the respective 
UV traces. Both indicate that the A431 digest was essentially depleted of phosphopeptides.   
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enrichment step (Figure 2B). Next, the scalability of the Fe-IMAC column (4 x 50 mm) was 

evaluated. Figure 3A shows that the chromatographic peak area scales linearly between 100 µg 

and 5 mg digest on column, indicating sufficient capacity within that range. Importantly, 

phosphopeptide selectivity exceeded 90 % in all cases (Figure 3B) demonstrating that the use 

of a Fe-IMAC column solves the issue of capacity without compromising on selectivity. As a 

result, there was no apparent overrepresentation of multiply phosphorylated peptides over other 

methods (8 % in this cell line, table 1), which would be expected to occur when exceeding the 

capacity of the enrichment material (14, 49). 

The reproducibility of the Fe-IMAC column format was evaluated by the analysis and 

quantification of phosphopeptides from three independent Fe-IMAC enrichments from the same 

A431 cell lysate digest. Collectively, 7,510 unique phosphopeptides were identified (direct 

LC-MS/MS of IMAC eluates) of which 3,586 were identified in all three replicates (Table 1, 

Figure 3C). To account for the fact that many phosphopeptides are not picked for fragmentation 

due to the stochastic nature of data dependent acquisition (see also further below), the retention 

times of all peptide precursors were aligned using Progenesis LCMS. This boosted the number 

of unique phosphopeptides quantified across all replicates to 5,009, still indicating under-

sampling by the mass spectrometer. To analyze quantitative reproducibility, quantifiable 

phosphopeptides were binned according to their coefficient of variation (CV).  

 

Table 1. Summary of phosphopeptide identifications purified via Fe-IMAC column, Ti-IMAC tip, or TiO2 
batch format. 

 
 

Fe-IMAC 
column 

R1 

Fe-IMAC 
column 

R2 

Fe-IMAC  
column 

R3 

Ti-IMAC 
tip 

R1 

Ti-IMAC 
tip 

R2 

Ti-IMAC 
tip 

R3 

TiO2  
batch 

R1 

TiO2  
batch 

R2 

TiO2  
batch 

R3 

Unique phosphopeptides 5494 5585 5169 5397 4727 3706 4187 4173 3709 

Unique phosphosequences 4467 4597 4206 4427 3879 3055 3617 3572 3135 

Confidently localized 
phosphopeptides 

3987 4127 3799 3956 3511 2694 3192 3168 2765 

Non-p 561 681 856 26 77 377 267 217 156 

Selectivity [%] 91 89 86 100 98 91 94 95 96 

1p [%] 92 93 94 90 91 92 96 95 94 

> 2p [%] 8 7 6 10 9 8 4 5 6 

Unique phosphopeptides across 
triplicates 

7510 6599 5763 

Unique phosphosequences across 
triplicates 

5552 4906 4518 

Confidently localized 
phosphopeptides across triplicates 

5490 4822 4315 
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Figure 3. Fe-IMAC column characterization. (A) UV signal-based quantification of Fe-IMAC enriched 
phosphopeptides as a function of the amount of cellular digest applied. It is apparent that the column 
captures phosphopeptides over a wide linear range. (B) Phosphopeptide selectivity for different input 
amounts (C) Venn diagram of the number of unique phosphopeptide identifications across three technical 
replicates of Fe-IMAC purification of phosphopeptides from 1 mg A431 lysate digests. (D) Reproducibility 
of raw and normalized technical Fe-IMAC column triplicates depicted as the number of quantifiable 
phosphopeptides per CV bin. (E) Median CV for triplicate Fe-IMAC column enrichments per log2 
phosphopeptide intensity bin. (F) Raw log2 transformed phosphopeptide abundances of two technical 
Fe-IMAC column enrichment replicates. 

The median CV of phosphopeptide quantification was 15 % even for raw feature abundances 

(Figure 3D) and, as expected, variation was a function of feature abundance itself (Figure 3E). 

The excellent reproducibility between the replicates is further underscored by an R2 value of 

0.96 when plotting the raw phosphopeptide feature abundances of the respective replicates 

(Figure 3F). The above results indicate that Fe-IMAC HPLC column enrichments enable the 

comprehensive, reproducible and selective isolation of phosphopeptides over a wide range of 

input amounts. The workflow does not require special additives often used for e. g. TiO2 

methods to enhance selectivity and benefits from sample loading and elution conditions that are 

downstream compatible (e.g. for full proteome measurements or enrichment of different PTMs 

from the same digest (50)) without time consuming and sample losing desalting steps.  
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Apparent complementarity of methods is primarily caused by inefficient elution and 

insufficient mass spectrometric capacity 

The Fe-IMAC column enrichment characterized above was benchmarked against Ti-IMAC in tip 

and TiO2 batch enrichment. Ti-IMAC beads were synthesized according published procedures 

(51). One mg of A431 digest and optimized bead-to-sample ratios were used to perform 

triplicate enrichments for each method (Figure 2A). Both methods identified competitive 

numbers: 6,599 phosphopeptides (cumulative) for Ti-IMAC tip and 5,763 (cumulative) for TiO2 

batch (Table1). The overlap between replicates, phosphopeptide selectivity and the percentage 

of multiply phosphorylated peptides did also not differ profoundly compared to Fe-IMAC column 

triplicates (Table1). I next extracted phosphopeptide abundance (intensity) information using 

Progenesis and found that the intensity of triplicate Fe-IMAC column enrichments was seven 

and four times higher compared to the respective Ti-IMAC tip and TiO2 batch triplicates (Figure 

4A). This striking finding suggests that the Fe-IMAC column not only depleted phosphopeptides 

from complex digests (see above), but that it was also possible to elute the peptides very 

efficiently (see also further below). It should be noted that the Ti-IMAC beads were synthesized 

in house and hence their quality may not be entirely comparable to those published in the 

original paper (38, 51). Still, this observation provoked the question if phosphopeptide binding to 

or elution from Ti-IMAC or TiO2 material is as efficient as for Fe-IMAC. A further observation 

was that the overlap between phosphopeptides identified by the different materials did not 

exceed 20 % (Figure 4B). This strong apparent complementarity led us to perform sequential 

enrichments from the same sample but using different materials. Surprisingly, neither Ti-IMAC 

tip nor TiO2 batch purification recovered a considerable amount of phosphopeptides from Fe-

IMAC column flow throughs (cumulative 19 for Ti-IMAC tip and 69 for TiO2 batch; Figure 4C). 

I then reversed the enrichment order such that desalted TiO2 batch and Ti-IMAC tip enrichment 

flow-throughs were subjected to Fe-IMAC column enrichment. Although several hundred 

phosphopeptides were recovered in this way (676 for Ti-IMAC and 501 for TiO2; triplicate 

experiments; Figure 4C), the respective Fe-IMAC UV traces indicate that the enrichment 

efficiency of the Ti-IMAC tip and TiO2 batch methods was likely still at least 90%. Interestingly, 

when comparing the recovered phosphopeptides from the Fe-IMAC flow through enrichments to 

those identified in the respective original triplicate analysis, a considerable overlap of 79 % for 

Ti-IMAC tip and 66 % for TiO2 batch was found (Figure 4D) which is much higher than the 20 % 

figure quoted above, indicating that there is much less complementarity in the methods than 

previously thought.  
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Figure 4. Comparison of Fe
3+

-IMAC, Ti-IMAC tip and TiO2 batch enrichments. (A) MS signal intensity 
distribution of unique phosphopeptides for each method showing the superiority of Fe-IMAC for 
phosphopeptide recovery from complex digests. The box plot (inset) summarizes the same data for a 
triplicate measurement. (B) A Venn diagram depicting the overlap of unique phosphopeptides of the 
combined Fe-IMAC column, Ti-IMAC tip and TiO2 batch enrichment triplicate datasets. The fact that only 
~20 % of the phosphopeptides are identified in all three datasets indicates apparent complementarity.(C) 
Summary of the number of unique phosphopeptide identifications (in triplicate) from experiments aiming 
at recovering phosphopeptides from the unbound fractions of one enrichment method using an alternative 
enrichment method. The data shows that Fe-IMAC recovers a noticeable number of phosphopeptides 
from the unbound fraction of TiO2 batch and Ti-IMAC tip enrichments. TiO2 batch and Ti-IMAC tip 
purifications from the unbound Fe-IMAC fraction do so to a much lesser extent. (D) UV chromatogram of 
Fe-IMAC enrichments from the unbound fractions of TiO2 batch and Ti-IMAC tip experiments. The Venn 
diagrams (triplicate experiments) show that the phosphopeptides recovered by Fe-IMAC are largely 
overlapping with those identified in the original TiO2 batch and Ti-IMAC tip enrichments, indicating 
insufficient capacity of the amount of TiO2 and Ti-IMAC used. 

Next, in order to distinguish material from format, a Ti-IMAC column was packed by a 

professional service and a TiO2 HPLC column containing the very same materials as used in tip 

or batch format was purchased. For the Ti-IMAC column, the same loading conditions as for 

Fe-IMAC columns were used. Phosphopeptides eluted in a single peak but over a wider 

retention time window than for Fe-IMAC columns (Figure 5A). The flow through of the Ti-IMAC 

column was then subjected to Fe-IMAC column enrichment and the low UV signal and the 

identification of just 18 phosphopeptides in this analysis indicate a more efficient enrichment of 
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phosphopeptides by Ti-IMAC in column than tip format. For the TiO2 column, very acidic (6 % 

TFA) loading conditions were needed in order to separate phosphopeptides from non-

phosphorylated peptides. In addition, ten-fold higher ammonia concentrations had to be used in 

order to elute any phosphopeptides from both TiO2 and Ti-IMAC HPLC columns. Surprisingly, 

phosphopeptide eluted from the TiO2 column over a range of nearly 50 minutes (or 10 ml of 

solvent; Figure 5B), indicating rather inefficient elution presumably owing to very strong binding 

to the TiO2 stationary phase. Fraction 4 contained most of the unique phosphopeptides and in 

subsequent fractions, the extent of redundant phosphopeptide identifications increased, another 

sign of inefficient elution (Figure 5B). Further evidence for this comes from an analysis of the 

amino acid composition of phosphopeptides identified in the different TiO2 fractions (Figure 5C). 

Between the first and last fraction, the absolute percentage of acidic and hydrophobic amino 

acids within each fraction decreased by roughly 7 %. In contrast, the frequency of hydrophilic 

amino acids increased by 11 %. In other words: whereas acidic and hydrophobic 

phosphopeptides elute relatively easily off the column, otherwise hydrophilic peptides are more 

strongly retained. Some peptides may in fact never elute using ammonia as a solvent and, as a 

consequence, the observed bias in identified phosphopeptides between Fe-IMAC and TiO2 can, 

at least in part, be attributed to inefficient elution from the TiO2 material. In contrast, for Fe-IMAC 

columns both the sharp elution peak (Figure 5A) and the absence of phosphopeptide 

identifications in collected fractions before and after the main peak indicate efficient elution. It is 

surmised that the elution bias for Ti-IMAC is less pronounced than for TiO2 because the amino 

acid compositions of phosphopeptides eluting from Ti-IMAC and Fe-IMAC are largely the same. 

To address if complete elution of phosphopeptides can be achieved from Fe-IMAC columns 

using ammonia, I performed two consecutive phosphopeptide enrichments using 1 mg A431 

digest each and subsequently stripped the iron off the column using EDTA and analysed the 

phosphopeptide content of the EDTA fraction. In total, 208 unique phosphopeptides were 

identified of which 172 were high abundance peptides present in the prior ammonia elution 

(Figure 5D). The vast majority of these were 100-times less abundant in the EDTA fraction 

demonstrating that phosphopeptide elution with ammonia from Fe-IMAC columns is virtually 

complete. 

A separate aspect that somewhat complicates the dissection of the various factors determining 

the phosphopeptide enrichment efficiency of the different methods tested is the fact that, in 

complex samples, the mass spectrometer cannot keep up with the number of peptides entering 

the instrument at any one time. For data dependent acquisition, peptide abundance is of course  
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Figure 5. Elution efficiency. (A) UV absorbance comparison of the Ti-IMAC, Fe-IMAC and TiO2 column 
phosphopeptide containing peak shows a broad elution profile for Ti-IMAC and TiO2 columns which 
suggests a more inefficient elution compared to the Fe-IMAC column. (B) Number of unique and 
redundant phosphopeptides identified across fractions from a TiO2 HPLC column enrichment of 1 mg 
A431 cell digest. The broad elution profile and the high degree of redundant identifications indicates 
inefficient elution. (C) Analysis of the absolute frequency of basic, acidic, hydrophilic and hydrophobic 
amino acids of phosphopeptides  in the different TiO2 column fractions (relative to the earliest fraction 
containing phosphopeptides, fraction 3). It is apparent that hydrophilic phosphopeptides are more difficult 
to elute from TiO2 columns than other phosphopeptides. (D) When stripping the iron from Fe-IMAC 
columns, only very few phosphopeptides are identified in the stripped fraction. The majority of these are 
identified with merely 1 % of the intensity with which they were identified in a regular Fe-IMAC eluate 
indicating that the elution of Fe-IMAC columns is virtually complete. (E) Log2 abundance bins of eluting 
and identified features across TiO2 batch, Ti-IMAC tip and Fe-IMAC column direct measurement 

triplicates.  
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Figure 6. Hydrophilic SAX (hSAX) separation of Fe-IMAC eluates increases depth of phosphoproteome 
coverage. (A) Overlap of identified phosphoproteins from the 5 mg Fe-IMAC-hSAX dataset and the 
proteins identified with hSAX separation of 300 µg A431 full proteome. (B) Comparison of 
phosphopeptides identified in Fe-IMAC column-based workflows with or without hSAX separation of Fe-
IMAC eluates. (C) Top panel: number of phosphopeptide identifications across a hSAX separation of 
Fe-IMAC eluates. Middle panel: as one would expect, the average theoretical peptide charge decreases 
along the hSAX separation. Bottom panel: identification of phosphopeptides from hSAX fractions by 
reversed phase LC-MS/MS. The size of the dots indicates with the number of identified phosphopeptides. 
The data clearly demonstrates the strong orthogonality of the hSAX and reversed phase separations. (D) 
Separation efficiency of the hSAX fractionation shown as the percentage of phosphopeptides found in 
one or more fractions. (E) Difference in hSAX elution fraction for pairs of identified phosphopeptides and 
corresponding non-phosphorylated counterpart peptides. (F) Comparison of Fe-IMAC column (direct 
measurement, triplicate) to TiO2 batch (direct measurement, triplicate) and Ti-IMAC tip (direct 
measurement, triplicate) phosphopeptide enrichments with or without Fe-IMAC hSAX separation. It is 
apparent that the number of phosphopeptides exclusively detected in TiO2 batch or Ti-IMAC tip 
experiments is strongly reduced when the analytical depth of Fe-IMAC column enrichment is increased by 
a prior hSAX fractionation. This shows that often quoted orthogonality of the enrichment materials is 
much smaller than anticipated. 
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a major factor in determining which precursor is picked for fragmentation. Once the precursor 

ion complexity exceeds the fragmentation capacity of the mass spectrometer, the process 

becomes rather stochastic (35). In the conducted experiments, only 31 % of the eluting peptide 

like features (across triplicates) are actually identified (26 % for Ti-IMAC and 22 % for TiO2) and 

those that are, predominantly represent highly abundant precursors (Figure 5E). As a 

consequence, the inherently biased nature of data dependent data acquisition is a major factor 

in the observed apparent complementarity between the different enrichment methods (12).  

Large scale phosphoproteomics by coupling Fe-IMAC column enrichment to hSAX 

separation 

As shown above, Fe-IMAC columns enable unbiased and comprehensive phosphopeptide 

enrichment and generally outperformed the other two methods/formats. Still, the restricted 

analytical capacity of the mass spectrometer used prevents very deep phosphoproteome 

analysis in direct LC-MS/MS measurements (Figure 5E). To increase analytical depth, 

fractionation of the isolated phosphopeptide pool can be performed prior to LC-MS/MS analysis. 

It was also hypothesized that the differences between the three phosphopeptide enrichment 

methods investigated in this study would diminish in such a setting as the aforementioned 

limitations of DDA would become less pronounced. The Trost laboratory in Dundee has recently 

shown good orthogonality of hydrophilic strong anion exchange and reversed phase 

chromatography for ordinary peptides (52). I therefore evaluated if hSAX would show the same  

desirable characteristics for phosphopeptides (52). In a first step, I reproduced hSAX 

performance for the fractionation of full proteome samples by separating 300 µg of A431 digest 

into 24 fractions and each of these was measured by LC-MS/MS using a 110 min reversed 

phase gradient. The identification of 48,250 unique peptides and 7,343 proteins in two days of 

instrument time corroborates the published results (Figure 6A). Next, 1.5 mg of A431 digest 

were subjected to Fe-IMAC column enrichment and separated into 24 hSAX fractions. This 

increased the number of identifications to 8,517 unique phosphopeptides (+13 % compared to 

direct measurements of 1 mg triplicates), but came at the expense of a three-fold increase in 

measurement time (Figure 6B). To test the merits of the combination of Fe-IMAC and hSAX 

further, the experiment was scaled up to 5 mg digest leading to the identification of 14,194 

unique phosphopeptides (~3,700 proteins, of which 70 % were also identified in the full 

proteome in Figure 6A). As expected, hSAX separation of phosphopeptides closely followed 

their computed theoretical charge states (calculated for pH=8.5) and good orthogonality and 

separation efficiency compared to reversed phase separation was observed (Figure 6C and D). 
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Also in line with expectation, comparison of hSAX retention time differences between 

phosphopeptides and their respective non-phosphorylated counterparts (identified in the full 

proteome dataset) showed that the addition of a phosphate group considerably increased the 

binding to the hSAX material (Figure 6E), rendering the application of hSAX particularly suited 

for phosphopeptide fractionation. With a working 3D phosphopeptide separation scheme in 

hand, I revisited the apparent complementarity of phosphopeptide enrichment materials yet 

again. The Fe-IMAC data with and without hSAX separation was compared to the data obtained 

by triplicate direct LC-MS/MS measurement of TiO2 and Ti-IMAC enriched samples. Figure 6F 

shows that the overlap of phosphopeptide identifications is substantially increased if the 

analytical depth is increased. Specifically, the fraction of exclusively identified phosphopeptides 

for TiO2 enrichment goes down from 27 % to 6 % and from 22 % to 4 % for Ti-IMAC enrichment 

showing that these are actually purified by Fe-IMAC and are therefore not specific to purification 

on TiO2 or Ti-IMAC resins. The remaining small discrepancy can likely still be attributed to 

insufficient sampling speed of the mass spectrometer.  
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Conclusion 

In this study I have shown that the often quoted complementarity of different materials for 

phosphopeptide enrichment can actually be attributed to limited binding capacity, biased or 

incomplete elution, shortcomings in the physical formats (batch, tip) and limited analytical 

capacity of the mass spectrometer. All these can be largely overcome by using an Fe-IMAC 

HPLC column for bulk phosphopeptide enrichment from complex digests and an optional further 

hSAX separation step prior to LC-MS/MS analysis. These two chromatographic elements can 

be integrated into a flexible workflow (Figure 1) that allows the identification of 4-5,000 

phosphopeptides within 4 hours of measurement time or 10-15,000 phosphopeptides within 

48 hours of measurement time on a modestly performant mass spectrometer. Although the data 

shows that the Fe-IMAC column methodology scales over a wide range of digest quantities, it 

should be noted that downscaling samples would also require downscaling of the column. 

Alternatively, the Ti-IMAC material in tip format also gave good overall results at sample 

quantities below 100 µg digest. Owing to the fact that the Fe-IMAC column used here is 

commercially available, the method should be readily implemented. It can also be anticipated 

that the overall simplicity of the approach would also lead to improved reproducibility of results 

within one laboratory as well as better comparability of data acquired in different laboratories. 
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CV   Coefficient of variation 

DDA   Data dependent acquisition 

ERLIC   Electrostatic repulsion hydrophilic interaction chromatography  

FDR   False discovery rate 

FLR   False localization rate 

FT   Flow through 

HCD   Higher energy collision induced dissociation 

HILIC   Hydrophilic interaction liquid chromatography 

HPLC   High performance liquid chromatography 

hSAX   Hydrophilic strong anion exchange 

I.D.   Inner diameter 

IDA   Iminodiacetate 

IMAC   Immobilized metal ion affinity chromatography 

LC    Liquid chromatography 

PTM   Post translational modification 

PTM   Post translational modification 

SCX   Strong cation exchange 

Ti‐IMAC  Immobilized titanium (IV) ion affinity chromatography  

TiO2   Titanium dioxide 
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Chapter 3 

MALDI-TOF- and nESI-Orbitrap-MS/MS identify orthogonal parts of the 

phosphoproteome 
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Abstract 

Phosphorylation is a reversible posttranslational protein modification which plays a pivotal role 

in intracellular signaling. Despite extensive efforts, phosphorylation site mapping of proteomes 

is still incomplete motivating the exploration of alternative methods that complement existing 

workflows. In this study, I compared tandem mass spectrometry (MS/MS) on matrix assisted 

laser desorption/ionization time-of-flight (MALDI-TOF) and nano-electrospray ionization (nESI) 

Orbitrap instruments with respect to their ability to identify phosphopeptides from complex 

proteome digests. Phosphopeptides were enriched from tryptic digests of cell lines using 

Fe-IMAC column chromatography and subjected to LC-MS/MS analysis. It was found that the 

two analytical workflows exhibited considerable orthogonality. For instance, MALDI-TOF-MS/MS 

favored the identification of phosphopeptides encompassing clear motif signatures for acidic 

residue directed kinases. The extent of orthogonality of the two LC-MS/MS systems was 

comparable to that of using alternative proteases such as Asp-N, Arg-C, chymotrypsin, Glu-C 

and Lys-C on just one LC-MS/MS instrument. Notably, MALDI-TOF-MS/MS identified an 

unexpectedly high number and percentage of phosphotyrosine sites (~20 % of all sites), 

possibly as a direct consequence of more efficient ionization. The data clearly show that 

LC-MALDI-MS/MS can be an useful complement to LC-nESI-MS/MS for phosphoproteome 

mapping and particularly so for acidic and phosphotyrosine containing peptides. 
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Introduction 

Protein phosphorylation is a reversible posttranslational protein modification regulating 

intracellular signaling and many other fundamental biological processes (1). More than half of 

the (human) proteome is already known to be phosphorylated at least once (2) and predictions 

extrapolate this to be the case for as much as 90% of all mammalian proteins (3). In recent 

years, mass spectrometry-based proteomics has emerged as the prime technology for the 

qualitative and quantitative study of dynamic protein phosphorylation. Still, due to the often 

substoichiometric nature of the modification (4) as well as limitations in analytical technology, 

phosphopeptide enrichment prior to analysis is still generally required. Methods such as TiO2 

(5), Ti-IMAC (6), and Fe-IMAC (7,8) that all exploit the affinity of phosphate groups towards 

metal ions, enable the global enrichment of the phosphoproteome. Immuno-affinity methods 

based on immobilized antibodies directed against phosphorylated epitopes such as 

phosphotyrosine (9, 10, 11)  or specific phosphorylation motifs (12), are also widely applied to 

study a specific part of the phosphoproteome. 

Despite the impressive technological improvements in the past, enabling the identification and 

quantification of thousands of phosphorylation sites from a single biological system, the 

coverage of all known, let alone potential sites is far from complete (1). Two confounding factors 

in many current approaches are the fact that bottom up proteomics heavily relies on trypsin as 

the sole protease for protein digestion and on electrospray for peptide ionization. Albeit 

powerful, it is well known that both limit the part of the proteome that can be detected. 

Proteases with alternative and orthogonal cleavage specificities such as Asp-N, Arg-C, 

chymotrypsin, Glu-C and Lys-C are efficient means to increase coverage of the proteome 

(13, 14) and phosphoproteome (15, 16). Similarly, it has been shown that proteomic sequence 

coverage can be extended when using an alternative ionization technique because 

nanoelectrospray ionization (nESI) (17, 18) and matrix assisted laser desorption ionization 

(MALDI) (19, 20, 21), favor different physicochemical properties of peptides for ionization 

(22, 23, 24). Much of the early work comparing the merits of the two ionization methods used 

samples of low complexity (i. e. numbers of peptides analyzed), thus limiting the insight that 

could be obtained to a few dominating effects. Recent work from Hessling et al. (24), extended 

the comparison of the two ionization methods to a more global proteomic scale and the data 

generally confirmed the previously observed complementarity of nESI and MALDI. Parker et al. 

(25) as well as Aryal et al. (26) also showed orthogonality of MALDI and nESI for 

phosphopeptide analysis albeit for a limited sample set only. Therefore, in this study, I revisited 
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and extended the previous work to more complex phosphopeptide mixtures and more 

comprehensive experimental workflows. The data clearly shows that the two ionization methods 

are indeed partially orthogonal. In particular, MALDI identified a substantially higher portion of 

acidic phosphopeptides than nESI. Interestingly, the gain of employing MALDI analysis on the 

same sample analysed by nESI was comparable to using orthogonal proteases. MALDI also 

identified an unusually high number and percentage of phosphotyrosine sites including many 

that could not be detected by nESI even following extensive chromatographic fractionation or 

immunoprecipitation. 
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Materials and methods 

Cell culture  

Human epidermoid A431 cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Biochrom AG) supplemented with 10 % (v/v) Fetal Bovine Serum (Biochrom AG) and 1 % (v/v) 

Antibiotic/Antimycotic solution (Sigma Aldrich Corp.). Prior to lysis cells were treated with 1 mM 

pervanadate for 5 min. After harvesting, cells were washed two times with PBS and lysed in 8 M 

Urea, 40 mM Tris/HCl (pH 7.6) containing 1 x complete mini EDTA-free protease inhibitor 

(Roche Diagnostics) and 1 x phosphatase inhibitor cocktail (Sigma-Aldrich). The lysate was 

centrifuged at 20,000 x g for 1 h at 4 °C. Protein concentration was determined using the 

Bradford method (Coomassie (Bradford) Protein Assay Kit, Thermo Scientific). The supernatant 

was reduced with 10 mM DTT at 56 °C for 1 h and subsequently alkylated with 25 mM 

iodoacetamide for 45 min at room temperature in the dark.  

Digestion and desalting 

One mg of starting material from one A431 lysate batch was digested using six different 

enzymes: Trypsin (sequencing grade modified, Promega Corp., Madison), Asp-N (sequencing 

grade, Promega Corp., Madison), Glu-C (sequencing grade, Promega Corp., Madison), 

chymotrypsin (sequencing grade, Promega Corp., Madison), lysyl-endopeptidase (Lys-C, 

WAKO Chemicals GmBH, Neuss) and Arg-C (sequencing grade, Promega Corp., Madison). For 

trypsin digestion an enzyme-to-substrate ratio of 1 : 50 (20 µg trypsin) was used and the lysate 

was diluted 1 : 5 with 40 mM Tris/HCl (pH 7.6).  For Asp-N digestion an enzyme-to-substrate 

ratio of 1 : 250 (4 µg Asp-N) was used and the lysate was diluted 1 : 3 with 40 mM Tris/HCl 

(pH 7.5). For Glu-C digestion an enzyme-to-substrate ratio of 1 : 100 (20 µg Glu-C) was used 

and the lysate was diluted 1 : 9 with 40 mM Tris/HCl (pH 7.5). For chymotrypsin digestion an 

enzyme-to-substrate ratio of 1 : 100 (20 µg chymotrypsin) was used and the lysate was diluted 

1 : 7.6 with 40 mM Tris/HCl (pH 8.0) and 10mM CaCl2. For Lys-C digestion an 

enzyme-to-substrate ratio of 1 : 100 (20 µg Lys-C) was used and the lysate was diluted 1 : 2.7 

with 40 mM Tris/HCl (pH 8.0). For Arg-C digestion an enzyme-to-substrate ratio of 1 : 100 (20 

µg Arg-C) was used and the lysate was diluted 1 : 7.6 with 40 mM Tris/HCl (pH 7.8), 5 mM 

CaCl2, 2 mM EDTA and 10 mM DTT. All digestion reactions, except for chymotrypsin which was 

performed at 25°C, were carried out at 37°C and over night. The next day, digests were 

acidified with TFA to a pH of ~2 in order to stop enzymatic activity. SepPack columns (C18 
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cartridges, Sep-Pak Vac 1cc (50mg), Waters Corp.) were used for peptide desalting according 

to manufacturer’s instructions. After elution with 0.3 ml of solvent B (0.07 % TFA, 50 % ACN), 

the volume was adjusted to 0.5 ml using solvent A (0.07 % TFA) in order to reduce the ACN 

concentration from 50 % to 30 %. 

Phosphopeptide enrichment using a Fe-IMAC column  

A Fe-IMAC column (4mm I.D. x 50 mm, ProPac IMAC-10, Thermo Fisher Scientific) was 

connected to an HPLC system (ÄKTA explorer FPLC system, Amersham Pharmacia) with a 

1 ml sample loop and charged with iron according to manufacturer’s instructions. Briefly, the 

column was rinsed with three column volumes of 20 mM formic acid and charged using three 

column volumes of 25 mM FeCl3, 100 mM acetic acid. To wash off unbound iron-ions the 

column was flushed with 20 column volumes of 20 mM formic acid and subsequently removed 

from the HPLC system. The HPLC lines were first flushed with 20 ml ddH2O water, followed by 

20 ml 50 mM EDTA and 10 ml ddH2O to remove remaining iron-ions. After re-connection, the 

column was equilibrated to baseline with Fe-IMAC solvent A (0.07 % TFA, 30 % ACN). The 

desalted digest (0.5 ml in 0.07 % TFA, 30 % ACN) was directly loaded (0.1 ml/min, 10 min) and 

unbound peptides were washed out with Fe-IMAC solvent A (0.3 ml/min, 16 min). Subsequent 

phosphopeptide elution was achieved by a linear gradient from 0 % to 45 % Fe-IMAC solvent B 

(0.5 % NH4OH) (0.2 ml/min, 60min). After an increase to 100 % solvent B and a holding step for 

5 min the column was re-equilibrated by switching to Fe-IMAC solvent A (30 min, 0.5 ml/min). 

1 ml of the flow through and 1 ml of the phosphopeptide containing eluate were collected, dried 

down and stored at -80 °C. The column was recharged after a maximum of six enrichments. 

hSAX separation 

The dataset of hydrophilic strong anion (27) separated phosphopeptides (enrichment and 

separation of 5 mg pervanadate treated A431 digest) was taken from a previous study carried 

out in our laboratory (8). The dataset has previously been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD001060. 

Phosphotyrosine immunoprecipitation 

Immunoaffinity purification of phosphotyrosine containing peptides using P-Tyr-1000 antibody 

resin (PTMScan® Phospho-Tyrosine Rabbit mAb (P-Tyr-1000), Cell Signaling Technology), was 

essentially carried out as described by the manufacturer. Briefly, 80 µl of antibody beads were 
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washed four times with 1 ml of PBS and three times with 1 ml of IP buffer. 5 mg of digested and 

dried peptides were resuspended in IP buffer and combined with the beads. The sample was 

left slowly shaking at 4 °C over night. The next day beads were washed with 2 x 1 ml of IP 

buffer and 3 x 1 ml ddH2O to remove unbound peptides. Bound peptides were eluted with 55 µL 

of 0.15 % TFA for 10 min. The elution step was repeated with 45 µL of 0.15 % TFA. Eluates 

were combined, dried down and desalted using StageTips (28). 

LC- nESI-MS/MS  

Nanoflow LC-MS/MS was performed by coupling an Eksigent nanoLC-Ultra 1D+ (Eksigent, 

Dublin, CA) to an Oribtrap Velos (Thermo Scientific, Bremen, Germany). Peptides were 

delivered to a trap column (100 μm I.D. × 2 cm, packed with 5 µm C18 resin, Reprosil PUR AQ, 

Dr. Maisch, Ammerbuch, Germany) at a flow rate of 2 µl/min for 12 min and 5 µl/min for 13 min 

in 100 % loading solvent A (0.1 % FA in ddH2O). After 25 minutes of loading and washing, 

peptides were transferred to an analytical column (75 µm x 40 cm C18 column Reprosil PUR 

AQ, 3 µm, Dr. Maisch, Ammerbuch, Germany) using solvent A (0.1 % FA, 5 % DMSO in ddH2O) 

and separated with a linear gradient from 2 % to 27 % solvent B (0.1 % FA, 5 % DMSO in ACN) 

at a flow rate of 300 nl/min (29). A 210 min gradient (with a total turnaround time of 235 min) 

was applied to measure Fe-IMAC column enrichments, whereas phosphotyrosine enrichments 

were separated with a linear 110 min gradient (135 min turnaround). To prevent potential iron-

ion adsorption to the reversed phase stationary phase, 5 µl of 1 µM deferoxamine dissolved in 

ddH2O was injected in between phosphopeptide measurements (30). 

Peptides were ionized using 2.2 kV spray voltage and a capillary temperature of 275 °C. The 

mass spectrometer was operated in data dependent acquisition mode, automatically switching 

between MS and MS/MS. Full scan MS spectra (m/z 360 – 1300) were acquired in the Orbitrap 

at 30,000 (m/z 400) resolution, an AGC target value of 1e6 and a maximum injection time of 

100 ms. For internal calibration the signal at m/z 401.922718 was used as a lock mass (29). 

High resolution HCD-MS/MS spectra were generated for up to 10 precursors with a normalized 

collision energy of 35 %. The precursor ion count for triggering an MS/MS event was set to 500 

with a repeat count of 1, a repeat duration of 10 s and a dynamic exclusion of 20 s. Fragment 

ions were read out in the Orbitrap mass analyzer at a resolution of 7,500 (isolation window 2 

Th). The MS/MS AGC target value was set to 4e4 with a maximum ion injection time of 250 ms. 
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LC-MALDI-MS/MS 

Samples were dissolved in 14 µl of a 5 % ACN, 0.1 % FA solution (5 min sonification). 7.9 µl of 

each sample was injected (NanoAcquity, full loop injection, overfill factor of 1.2; loading time of 

60 min with a flow of 300 nl/min), separated with a 110 min gradient (5 - 40 %, ACN with 0.1 % 

TFA; flow rate of 350 nl/min) and spotted into 1200 spots (Sunchrom Spotter, 8 sec per spot, 1 

µl/min DHB matrix (10 mg/ml; in 50 % ACN; 0.1 % TFA; 1 % phosphoric acid; standard 

peptides, 10 min delay). A mass range from 750 to 4000 Da was selected with a focus mass of 

2000 Da. For MS spectra, a total of 8 x 250-shot sub-spectrum was accumulated (i.e., 2000 

shots per spectrum). The sample plate was moved with continuous stage motion with a stage 

velocity of 1000 µm/sec. The laser pulse rate was set to 400 Hz. The method contained peak 

smoothening with FFT and Poisson Denoise. Minimal S/N for peak detection was specified as 5. 

Cluster area S/N optimization was performed with a threshold of 20. Internal calibration was 

used with a minimal S/N of 10 and a mass tolerance of +/- 0.3 m/z. At least 1 peak needed to 

match and the maximal outlier error was 10 ppm. Only monoisotopic peaks were used. The m/z 

of the four peptides from the internal peptide spike-in were used as reference masses. The 

interpretation method selected monoisotopic precursors within a mass range of 750 to 4000 Da 

(minimum signal to noise set to 50) over the full retention time range for MS/MS. A maximum of 

5 precursors per fraction were selected and MS/MS spectra of the strongest precursors (based 

on MS1 intensity) were acquired first. Exclusion lists contained masses with decimal place that 

could be excluded for peptides. Salt adduct masses 21.982 and 37.956 were excluded via 

adduct exclusion lists and adduct tolerance m/z was set to +/- 0.03. In addition, precursors were 

excluded within a resolution of 200. Minimum chromatogram peak width was required to be 1 

fraction and fraction to fraction precursor mass tolerance was set to 200 ppm. 1 kV positive 

mode with collision induced dissociation and automatic acquisition control. A relative precursor 

mass window of 200 resolution (FWHM) was defined. Metastable suppressor was activated. For 

MS/MS spectra, a maximum of 12 x 250-shot sub-spectrum was accumulated. Acceptance of 

MS/MS spectra was passed after 12 sub-spectra or earlier if the final spectrum reached the 

desired high quality (maximal 3000 shots per spectrum). The sample plate was moved with 

continuous stage motion with a stage velocity of 800 µm/sec. A laser pulse rate of 1000 Hz was 

selected. The processing method specified usage of Savitsky-Golay for peak smoothening with 

5 points across peaks and a 4th polynomial order. Minimal S/N for peak detection was set to 15 

and the minimal peak width at full width half maximum (FWHM) was 1.5 bins. Cluster area S/N 

optimization was performed with a threshold of 15. Calibration was the default.  
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Peptide and protein identification 

For peptide and protein identification, peak lists were extracted from raw files using Mascot 

Distiller v2.4.3.0 (Matrix Science, UK) and subsequently searched against the human Uniprot 

database (26.10.2010, containing 88,381 entries) using Mascot (v2.4.1) with the following 

parameters: carbamidomethyl cysteine as a fixed modification; phosphorylation of serine, 

threonine and tyrosine, oxidation of methionine and N-terminal protein acetylation as variable 

modifications. For spectra acquired with nESI, precursor tolerance was set to 10 ppm (50 ppm 

for MALDI) and fragment ion tolerance to 0.05 Da (0.2 Da for MALDI). For each proteolytic 

enzyme up to 2 missed cleavage sites were allowed. Identified phosphopeptides were filtered 

using two criteria: (i) 1 % PSM FDR using Rockerbox (31) in combination with percolator (v1.0) 

(32) (ii) remaining peptides corresponding to accepted PSMs were filtered according to a 5 % 

global peptide FDR cutoff based on the formula published by Marx et al. (33) (HCD, global 

FDR). The peptide table created after Rockerbox processing was used for further analysis. To 

filter for confidently localized phosphopeptides and phosphorylation sites an additional 5 % FLR 

cutoff based on the Mascot delta score was applied (33). Statistically significant motif positions 

were extracted using pLOGO (34). KinomeXplorer was used for the analysis of kinase substrate 

relationships which were subsequently filtered for NetworKin scores > 6 (35).  

Data availability  

The mass spectrometry proteomics data and associated supplementary information have been 

deposited to the ProteomeXchange Consortium (36) via the PRIDE partner repository with the 

dataset identifier PXD003114.  
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Results and discussion 

ESI and MALDI ionization lead to the identification of orthogonal sets of phosphorylation 

sites 

 

Figure 1. Schematic workflow depicting a Fe-IMAC HPLC column setup for the purification of 
phosphopeptides from complex lysates, which were digested using either Arg-C, Asp-N, chymotrypsin, 
Glu-C, Lys-C or trypsin. One half of each sample was measured by nESI-MS/MS (Thermo Orbitrap Velos) 
and the other half by MALDI-MS/MS (SCIEX 5800 TOF/TOF). 

As complementarity of MALDI and nESI for peptide identification in bottom up proteomics has 

been demonstrated for unmodified peptides already (22, 24), I sought to investigate to which 

extent this phenomenon extends to phosphopeptides. To address this, I first treated human 

A431 cells with sodium pervanadate in order to boost tyrosine phosphorylation, then digested 

the proteome and performed phosphopeptide enrichment using IMAC column chromatography 

(8) and subjected identical samples to LC-MS/MS measurements on a SCIEX 5800 MALDI 

TOF/TOF and a nESI Orbitrap Velos (Figure 1). From single analysis runs, each representing 

half of one mg enriched protein digest, I identified a total of 4,353 unique phosphorylation sites 

using nESI and MALDI (6,773 non-redundant phosphopeptides representing 2,095 proteins) 

and using Mascot at a false localization rate (FLR) of  < 5 % (33) (Figure 2A). Although much 

fewer phosphorylation sites were identified by LC-MALDI compared to LC-nESI-MS/MS, 50 % 

of the MALDI sites (852) were not detected by nESI (Figure 2A). To ascertain that this was not 

simply owing to under sampling by the nESI mass spectrometer, the nESI analysis was 

repeated using five times the amount of starting material (five mg protein digest from the same 

sample) and separating the Fe-IMAC phosphopeptide pool into 24 fractions by hydrophilic 

strong anion chromatography (hSAX) (27) (the dataset has previously been acquired and used 

(8)). This analysis resulted in the identification of > 11,000 phosphopeptides corresponding to 

9,171 phosphorylation sites at a FLR < 5 %. Despite the much deeper coverage, 36 % of the 

phosphorylation sites identified by LC-MALDI (619) were still not contained in the much broader  
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Figure 2. Comparison of nESI and MALDI single measurements of the same phosphopeptide 
enrichment. (A) Number of unique phosphorylation sites (FLR < 5 %), phosphopeptides and 
phopshoproteins for single measurements using nESI (Orbitrap Velos) and MALDI (SCIEX 5800 
TOF/TOF) identification from the same A431 digest (1 mg total). (B) Even if nESI phosphorylation site 
coverage is increased due to extensive phosphopeptide separation (hSAX, 24 fractions), 36 % of the 
sites identified by MALDI single measurements remain unique. (C) Unique phosphorylation sites of 
MALDI compared to nESI single measurements (in percent of the MALDI dataset) are plotted dependent 
on the Mascot Delta score. The increasing percentage of uniquely identified sites suggests that 
orthogonality is not caused by false phosphorylation site assignment. (D) Global amino acid frequency 
distribution of unique nESI phosphopeptides, unique MALDI phosphopeptides and those overlapping 
shows a clear enrichment of acidic amino acids in the MALDI dataset. (E) Compared to a whole proteome 
background, acidic residues which are preferentially ionized by MALDI, are highly overrepresented at 
positions surrounding the phosphorylation site. Motif significance scores were calculated using pLOGO; 
the dotted line marked with an asterisk indicates statistical significance (p-value < 0.05). (F) Kinase 
substrate enrichment using the phosphorylation sites uniquely identified with MALDI reveals that four of 
the top ten kinases identified are acidic directed. The pie chart depicts that the associated, acidic kinase 
substrates constitute almost two thirds of all identified substrates. 
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LC- nESI data set (Figure 2B) clearly indicating that the detection of these sites was strongly 

favored by MALDI. Using more stringent phosphorylation site localization criteria to < 1 % FLR, 

by increasing the required Mascot Delta Score to > 15 for both MALDI and nESI (Figure 2C) 

(33, 37), did not change this observation excluding the possibility that the apparent orthogonality 

of LC-MALDI and LC-nESI may have resulted from false phosphorylation site assignments. 

For the phosphorylation sites detected exclusively by LC-MALDI, it was found that the frequency 

of acidic residues in the respective tryptic peptide was twice as high as in those detected by LC-

nESI (increase from 5% to 10% for aspartate and from 7% to 14% for glutamate; Figure 2D). 

Compared to a whole proteome background, these acidic residues are significantly 

overrepresented in positions surrounding the phosphorylation site which indicates the presence 

of kinase motifs (analyzed using pLOGO (34); Figure 2E). Indeed, kinase substrate enrichment 

analysis using KinomeXplorer (35) revealed that the majority of the substrates are likely 

phosphorylated by acidic residue-directed kinases (Figure 2F). Consistent with previous work 

(23, 24), I did not detect significant differences in phosphopeptide length and hydrophobicity 

indicating that neither chromatographic factors nor the efficiency of peptide 

fragmentation/detection by MS can explain the apparent orthogonality of LC-MALDI and LC-

nESI. However, I noticed that the frequency of tyrosine and phenylalanine residues was 

considerably higher in the LC-MALDI data compared to the LC-nESI data (4 % vs. 2 % for Y 

and 3 % vs. 2 % for F). This is consistent with very early work on the MALDI process (19) and 

possibly indicating that the presence of aromatic amino acids aids in the desorption and 

ionization of these phosphopeptides. Conversely, proline residues appeared substantially 

underrepresented in LC-MALDI (8 % vs. 13 % in LC-nESI), an observation for which there is no 

plausible explanation at present.  

In contrast to observation made in earlier studies, which mainly analyzed samples of low 

molecular complexity, the LC-MALDI data did neither indicate an increase in basic amino acid 

frequency in general (24), nor a preference towards the occurrence of C-terminal arginine in 

particular (23, 24, 38). I did also not observe a preferred detection of multiply phosphorylated or 

large phosphopeptides which has previously been reported (26). Given that the samples and 

measurement details used in this study were not entirely comparable to those employed in the 

cited earlier work, it should be emphasized that the above discrepancies may have multiple 

causes not investigated further here. 
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Figure 3. Comparison of MALDI against the phosphorylation site orthogonality of different digestion 
enzymes. (A) Venn diagram depicting the overlap of unique phosphorylation sites (FLR < 5 %) identified 
by single measurements with different digestion enzymes (Asp-N, Arg-C, chymotrypsin, Glu-C and Lys-
C), trypsin-nESI and trypsin-MALDI. Trypsin-MALDI identifies 550 unique phosphorylation sites compared 
to the 6,982 phosphorylation sites identified with nESI. (B) The phosphorylation site gain (FLR < 5 %) of 
different digestion enzymes (Asp-N, Arg-C, chymotrypsin, Glu-C and Lys-C) compared to a standard 
trypsin-nESI workflow (in percent of the respective dataset) clearly shows that orthogonal proteases 
unlock different parts of the phosphoproteome. Absolute numbers of uniquely identified phosphorylation 
sites are shown above bars. (C) The orthogonality of trypsin and Asp-N, Arg-C, chymotrypsin, Glu-C and 
Lys-C recorded with nESI ionization is higher if trypsin digested peptides are ionized by MALDI compared 
to nESI. This indicates that the combination of these approaches increases phosphoproteome coverage 
even further. Absolute numbers of uniquely identified phosphorylation sites are shown above bars. (D) 
Global amino acid frequency distribution of combined phosphopeptides digested with different proteases 
and identified by nESI, identified by MALDI and phosphopeptides identified with both ionization methods 
reveals an overrepresentation of acidic residues in the MALDI dataset. (E) Overrepresented aspartate 
and glutamate residues in the MALDI dataset are located at statistically significant positions surrounding 
the phosphorylation site. Motif significance scores were calculated using pLOGO; the dotted line marked 
with an asterisk indicates statistical significance (p-value < 0.05). 

Phosphorylation site identification orthogonality of LC-MALDI and LC-nESI is 

comparable to using different proteases in conjunction with LC-nESI analysis 

In order to further substantiate that LC-MALDI-MS/MS detects a distinct set of phosphorylation 

sites compared to LC-nESI, I compared phosphorylation site identification results obtained by 

using different digestion enzymes. For this purpose, one milligram of A431 lysate each was 
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digested with Asp-N, Arg-C, chymotrypsin, Glu-C and Lys-C, respectively, followed by 

phosphopeptide enrichment using Fe-IMAC chromatography. Phosphopeptides were 

successfully and selectively (> 95 %) purified for all employed proteases (Table 1) and each 

phosphopeptide pool was analyzed by LC-nESI-MS/MS using a four hour LC gradient on an 

Orbitrap Velos. Cumulatively, 5,378 phosphorylation sites (FLR < 5 %) were identified across 

the alternative digestion enzymes of which only 35 % overlapped with trypsin LC-nESI 

(Figure 3A) which is similar to what has been recently reported by Swaney et al. (14) based on 

whole proteome digests and Giansanti et al. (39) who analyzed phosphopeptide enrichments. 

The number of acquired tandem mass spectra was comparable to that obtained for trypsin 

indicating that overall MS performance was comparable (Table 1). However, the identification 

rate of tandem mass spectra was considerably lower possibly as a result of e.g. more complex 

peptide fragment spectra of non-tryptic peptides and the fact that LC and MS parameters were 

not specifically optimized for non-tryptic peptides in this study.   

Table 1. Summary of phosphopeptide identifications from different digests and a nESI and MALDI 
measurement using trypsin. 

 
Acquired 
Spectra 

PSM 
ID rate 

[%] 

Unique 
phospho-
peptides 

p-sites 
(FLR < 5 %) 

Selectivity 
[%] 

Multiply  
phosphorylate

d [%] 

AspN-nESI 30,450 20 2,471 1,470 97 8 

LysC-nESI 26,358 29 2,166 1,484 96 8 

Chymotrypsin-nESI 22,793 26 1,607 1,142 98 6 

GluC-nESI 28,876 19 2,301 1,456 98 8 

ArgC-nESI 24,984 29 2,143 1,615 99 11 

Trypsin-nESI 31,212 58 5,509 3,501 91 8 

Trypsin-MALDI 7,171 32 2,132 1,702 95 3 

 

The gain in phosphorylation site identification to that of using the single measurement trypsin 

dataset alone ranged from 44 % for Arg-C (713 sites) to 69 % for Asp-N (1,017 sites; Figure 

3B). Interestingly, the gain in phosphorylation site identification provided by the LC-MALDI 

dataset (trypsin) was comparable, both in relative and absolute terms, to that of the use of 

alternative proteases and LC-nESI analysis again indicating that LC-MALDI-MS/MS provides 

access to phosphorylation sites not covered by LC-nESI-MS/MS. This absolute and relative gain 

was even more pronounced when phosphorylation sites obtained with different digestion 

enzymes and nESI ionization are compared to trypsin-MALDI sites, ranging from 912 (80 %) 

additional sites for chymotrypsin to 1,232 (84 %) for AspN (Figure 3C). When combining the 

data from all protease digests, about one third (550) of all phosphorylation sites detected by LC-
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MALDI-MS/MS were not found in any other experiment (Figure 3A). I next analyzed the 

alternative protease digests by LC-MALDI-MS/MS and found the same trends observed for 

trypsin, notably the overrepresentation of D, E, Y and F residues, the underrepresentation of P 

residues and the strong preference for acidic amino acids surrounding  the phosphorylation site 

(Figures 3D, E) 

MALDI-MS/MS preferentially desorps/ionizes/detects phosphotyrosine containing 

peptides  

 

Figure 4. MALDI preferentially ionizes phosphotyrosine containing peptides. (A) Venn diagram depicting 
the overlap of phosphotyrosine sites (FLR < 5 %) identified in trypsin-MALDI single measurement (1 mg 
A431 digest), trypsin-nESI single measurement (1 mg A431 digest) and by the combination of hSAX 
(24 fractions, 5 mg A431 digest) and phosphotyrosine-immunoprecipitation (pY-1000, 5 mg digest). 
Whereas nearly all sites of trypsin-nESI single measurement are also covered by the 1,470 sites 
identified in the deep phosphotyrosine-proteome, 95 sites (27 % of the dataset) are only identified in the 
trypsin-MALDI single measurement. This indicates preferential ionization of certain phosphotyrosine sites 
by MALDI. (B) Comparison of the percentage (absolute numbers are shown above bars) of 
phosphotyrosine sites in relation to all sites identified using the indicated protease in combination with 
nESI or MALDI (FLR < 5 %). It is apparent that MALDI has a preference for the ionization of 
phosphotyrosine containing peptides. (C) Overlap of phosphotyrosine sites identified using different 
protease digests (Asp-N, Arg-C, chymotrypsin, Glu-C, Lys-C and trypsin), followed by nESI and MALDI. 
(D) Comparison of phosphorylation sites identified in this study against those recorded in the 
PhosphoSitePlus database. 1,816 out of 13,556 confidently localized phosphorylation sites are not yet 
recorded in PhosphoSitePlus. This clearly indicates non complete phosphoproteome coverage. The 
present work increases the number of phosphotyrosine sites recorded by 221.  
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In addition to the phosphorylation site identification complementarity between LC-MALDI and 

LC-nESI tandem mass spectrometry observed above, I made another unexpected observation. 

Tyrosine phosphorylation (pY) accounted for a surprisingly high absolute (349) and relative 

(20.5 %) incidence of all identified phosphorylation sites in LC-MALDI-MS/MS data (trypsin). 

The respective figures for LC-nESI-MS/MS were 297 sites (8.5 %; Figure 4A). Here again, 55 % 

of the phosphotyrosine sites found by single LC-MS/MS experiments were exclusively identified 

by LC-MALDI-MS/MS. In order to ascertain that this apparent complementarity can be attributed 

to the employed ionization technique rather than undersampling by the mass spectrometer, pY 

immunoprecipitation was used to enrich phosphotyrosine containing peptides from a tryptic 

digest representing five mg protein from pervanadate treated A431 cells. 1,900 phosphotyrosine 

containing peptides corresponding to 1,219 unique phosphotyrosine sites were identified 

(FLR < 5 %). I combined this data with the hSAX fractionation data presented above (containing 

814 phosphotyrosine sites, FLR < 5 %) in order to compensate for biases potentially introduced 

by either method (40). Figure 4A shows that despite extending the number of pY-sites by more 

than five fold, 27% of the pY-sites (95) identified by LC-MALDI-MS/MS (trypsin) are not found in 

any other data set. In contrast and in line with expectations, nearly all of the sites previously 

identified in single LC-nESI-MS/MS measurements were also covered in the combined hSAX 

and phosphotyrosine immunoprecipitation dataset (Figure 4A). The preference for the detection 

of pY-sites by LC-MALDI-MS/MS was confirmed when analyzing the LC-MALDI and LC-nESI-

MS/MS data of the alternative digestion enzymes. Even though the absolute numbers are quite 

low, the percentage of pY-sites was on average three fold higher in LC-MALDI than 

LC-nESI-MS/MS data for all proteases investigated (Figure 4B).  When confining the 

comparison of pY-sites identified from the same sample but using different ionization methods 

the results are consistent in that 38 % of all pY-sites identified by LC-MALDI-MS/MS are not 

found in the LC-nESI data (Figure 4C). It has previously been observed that the aromatic amino 

acids phenylalanine and tyrosine can enhance the ionization of peptides and the data supports 

this notion (see also above) (41). In light of the data presented above, it appears tempting to 

speculate that the addition of a phosphate group to tyrosine possibly also promotes the 

desorption/ionization process, which is supported by the fact that the removal of a phosphor 

group from tyrosine residues alters the ultraviolet absorbance of corresponding peptides (42). 

However, this will remain a matter of further investigations in the future.   
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Complementary approaches are valuable for the increase of phospho(tyrosine)site 

coverage 

Over the course this study, evidence for a total of 13,556 confidently localized phosphorylation 

sites of which 1,757 were found on tyrosine residues has been collected (Figure 4D). In light of 

the observed complementarity for LC-MALDI and LC-nESI-MS/MS, it was to be found out if any 

of the sites observed here are potentially novel by comparing the data to the PhosphoSitePlus 

database (43). Owing to the massive increase in available data, this resource has grown from 

~100,000 phosphorylation sites in March 2014 to ~200,000 sites in March 2015. At the time of 

writing, 1,816 (13 %) of the 13,556 phosphorylation sites identified in this work were not yet 

recorded in PhosphoSitePlus (Figure 4D). Despite the fact that phosphotyrosine has been 

extensively studied and is of proportionally much lower occurrence than serine or threonine 

phosphorylation, 13 % (221) of the 1,757 identified phosphotyrosine sites found in this study 

have not yet been observed or recorded in PhosphoSitePlus (Figure 4D). Some such examples 

include i) phosphorylation at serine 835 on STAT2, a transcription factor downstream of several 

receptor associated kinases, ii) phosphorylation at serine 83 on PTPN12, a phosphatase 

dephosphorylating several tyrosine kinases and iii) phosphorylation at tyrosine 131 on the 

human tyrosine kinase SYK, which has previously only been detected in mice and rats where it 

regulates kinase activity (44). I do not mean to over emphasize the discovery of novel sites in 

this particular study but find it noteworthy because the data clearly indicates that there is still a 

need to develop or employ novel techniques of combinations thereof for comprehensive 

phosphorylation site mapping of proteomes.  
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Conclusion 

In this study, LC-MALDI and LC-nESI-MS/MS was used as a means to extend phosphorylation 

site coverage and it was found that either approach exhibits distinct preferences with respect to 

the detected phosphopeptides. Importantly, LC-MALDI-MS/MS showed a bias towards the 

identification of acidic phosphopeptides as well phosphotyrosine sites. The present work clearly 

shows that, despite a decade of large-scale efforts, the human phosphoproteome is still 

incompletely mapped. The complementarity of LC-MALDI and LC-nESI-MS/MS highlighted in 

this study may thus have a role to play in closing the gaps. There are indeed numerous 

examples in the literature, where the application of MALDI tandem MS was required to identify 

phosphorylation sites of biological significance (45). The combination of phosphotyrosine 

immuno-affinity enrichment and MALDI-MS/MS may be particularly useful in the future given the 

outstanding importance of tyrosine phosphorylation in physiological and pathological processes 

which may thus lead to a renaissance of the approach. 
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FLR   False localization rate 

hSAX   Hydrophilic strong anion exchange 

I.D.   Inner diameter 

IMAC   Immobilized metal ion affinity chromatography 

LC   Liquid chromatography 

MALDI   Matrix-assisted laser desorption/ionization 

MS/MS  Tandem mass spectrometry 

nESI   (Nano-)Electrospray ionization 

pY   Phosphotyrosine 

TiO2   Titaniumdioxide 

TOF   Time-of-flight 
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Chapter 4 

Evaluation of kinase activity profiling using chemical proteomics 
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Abstract  

Protein kinases are important mediators of intracellular signaling and are reversibly activated by 

phosphorylation. Immobilized kinase inhibitors can be used to enrich these often low abundance 

proteins, to identify targets of kinase inhibitors or to probe their selectivity. It has been 

suggested that binding of kinases to affinity beads reflects a kinase’s activation status, a 

concept that is under considerable debate. To assess the merits of the idea, a series of 

experiments including quantitative phosphoproteomics and purification of kinases by single or 

mixed affinity matrices from signaling activated or resting cancer cells was performed. The data 

show that mixed affinity beads generally bind kinases independent of their activation status and 

experiments using individual immobilized kinase inhibitors show mixed results in terms of 

preference for binding of the active or inactive conformation. Taken together, activity or 

conformation dependent binding to such affinity resins depends i) on the kinase, ii) on the 

affinity probe and iii) on the activation status of the lysate or cell. As a result, great caution 

should be exercised when inferring kinase activity from such binding data. The results also 

suggest that assaying kinase activity using binding data is restricted to a limited number of well 

chosen cases. 
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Introduction  

Protein kinases are important mediators of intracellular signaling and exert their function via the 

posttranslational addition of a phosphate group to serine, threonine or tyrosine residues. In 

concert with phosphatases, the stoichiometry of phosphorylation at a given site is reversibly 

regulated in response to a wide variety of factors (1). Aberrant activation of kinases impairs this 

tightly controlled balance and can lead to diseases such as cancer, making kinases prominent 

targets for the development of small molecule inhibitors (2). Since kinases share a structurally 

conserved ATP binding pocket, achieving drug selectivity remains a challenge (3, 4). Amongst 

different biochemical tools (5, 6), chemoproteomic methods (7, 8, 9, 10, 11) including Kinobeads 

(12) can be used to assess compounds for their selectivity. Such broad spectrum kinase 

inhibitors immobilized on beads enable the purification of native kinases directly from cell 

lysates. When configured as a competition binding assay, an inhibitor of interest can be dosed 

into lysates or into cells and thus compete with binding to the affinity matrix. In conjunction with 

quantitative mass spectrometry, Kinobeads enable the dose-dependent determination of 

inhibitor selectivity against hundreds of endogenous kinases and ATP binding proteins.(12, 13) 

Similar kinome affinity enrichments have been applied to the analysis of kinase expression 

across cell lines and tissues (14, 15), the elucidation of resistance mechanisms (16), the 

discovery of kinome reprogramming (17) and the global determination of nucleotide cofactor 

affinities across the kinome (18).  

How much of a given kinase is captured on Kinobeads or similar multiplexed inhibitor beads 

(MIBs (17)) mainly depends on the level of kinase expression in the cell, the affinity of the 

kinase to the immobilized compound and, at least for some kinases, on their 

conformation/activity (12, 19). Unfortunately, determining the latter is not straightforward. 

Several recent articles from the same laboratory have claimed that MIBs are capable to 

“quantitatively measure activation changes in the majority of kinases”, can detect “altered 

kinome activity profiles in response to stimuli or kinase inhibitors” and that “global changes in 

kinase activation can be determined after drug treatment” (20, 21). These claims stem from 

experiments utilizing MIBs after global activation of signaling pathways by phosphatase 

inhibition using pervanadate (17). Most of the affinity matrices used in these studies are 

immobilized type I inhibitors, which are generally thought to enrich kinases both in the “DFG-in” 

and the “DFG-out” conformation (22). Surprisingly, the aforementioned papers conclude that 

kinase activation increases the affinity of tyrosine kinases to the immobilized inhibitors on a 

global scale. In a very recent study, MIB columns are even accredited to “capture active 
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kinases”, further extending and generalizing the overall notion (23). Despite being a very 

appealing concept, our laboratory and others have doubts that the idea can be generalized to 

such an extent.  

Therefore, in this study, the influence of kinase activity on the binding to immobilized inhibitor 

mixtures was revisited and the experimental results arrive at more refined and somewhat 

opposing conclusions. Briefly, it was found that kinase binding to immobilized kinase inhibitors is 

largely independent of kinase activity. Based on the quantitative comparison of kinase affinity 

binding to cellular activity changes, as determined by quantitative phosphoproteomics, it can be 

concluded that the influence of activity on kinase-bead binding has to be assessed on a case by 

case basis as the composition of the bead mixture itself as well as the activation state of the cell 

also strongly influences the obtained results. Therefore, chemoproteomic experiments are of 

limited use as a general read-out for kinase activity. 
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Materials and methods 

Cell culture 

The human neuroblastoma cell line SK-N-BE(2) was grown in DMEM/Ham’s F-12 medium 

(Biochrom AG) supplemented with 10 % (v/v) Fetal Bovine Serum (Biochrom AG) and 1 % 

antibiotic/antimycotic solution (Sigma Aldrich). BT-474 breast cancer cells were grown in 

DMEM/Ham’s F-12 medium supplemented with 15 % (v/v) Fetal Bovine Serum and 1 % 

antibiotic/antimycotic solution. Prior to lysis, BT-474 cells were treated with increasing 

concentrations (1 nM to 10 uM) of lapatinib (LC Laboratories) for 1 h and SK-N-BE(2) cells were 

treated with 100 µM pervanadate for 15 min. Pervanadate was always prepared freshly and 

activated by mixing equimolar amounts of H2O2 and Na3VO4. Immediately before harvesting of 

cells at roughly 90 % confluency, they were washed twice with ice cold PBS. Cells were lysed in 

1 x CP buffer (50 mM Tris-HCl, pH 7.5, 5 % glycerol, 1.5 mM MgCl2, 150 mM NaCl) 

supplemented with 0.8 % NP-40, 1 mM DTT, 25 mM NaF and freshly added protease and 

phosphatase inhibitors (5 x phosphatase inhibitor cocktail 1, Sigma−Aldrich; 5 x phosphatase 

inhibitor cocktail 2, Sigma−Aldrich; 1 mM Na3VO4 and 20 nM calyculin A). Protein extracts were 

clarified by ultracentrifugation for 1 h at 150.000 g and 4 °C. Protein concentration was 

determined by the Bradford method (Coomassie (Bradford) Protein Assay Kit, Thermo 

Scientific) and lysates were stored at -80 °C until further use. 

Compound synthesis and coupling 

All compounds included in KBγ were synthesized according to the procedures described by 

Médard et al. (13). Linkable Dasatinib was synthesized according to the procedures described 

in the patent WO2013055780A1. SB203580 was synthesized in 4 steps according to Munoz 

modification (24) of Biftu procedure (25). VI16743 was generously provided by Dr. Josef 

Wissing from the Helmholtz Centre for Infection Research, Braunschweig, Germany. 

Bisindolylmaleimide X (BisX) was commercially sourced. Compounds were immobilized on 

sepharose beads through covalent linkage using their primary amino groups (12). NHS-

activated sepharose (GE Healthcare, Freiburg, Germany) and the compounds (1, 2, and 4 µmol 

per ml beads) were equilibrated in DMSO. 15 μl of triethylamine was added to start the coupling 

reaction and the mixture was incubated on an end-over-end shaker for 16 - 20 h in the dark. 

Free NHS-groups on beads were blocked by adding 50 μl amino ethanol and incubation on an 
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end-over-end shaker for 16 - 20 h in the dark. Coupled beads were washed and stored in 

ethanol at 4 °C in the dark. The coupling reaction was monitored by LC-MS.  

Western blot 

Prior to SDS-PAGE, samples were heated in 2 x LDS buffer containing 50 mM DTT for 10 min 

at 90 °C. 30 µg protein per lysate was loaded onto NuPAGE 4 - 12 % Bis/Tris gels, which were 

run at 200 V for 50 min in 1 x MOPS buffer. After gel electrophoresis, a wet chamber transfer to 

PVDF membranes (0.45 µm, BioRad) was performed using the XCell IITM Blot Module 

(Invitrogen) according to the manufactures instructions. The primary antibodies for AKT, 

pS473-AKT, MAPK1/3 and pT202/pY204-MAPK1/3 were purchased from Cell Signaling 

Technology. The anti-phosphotyrosine antibody pY-99 was obtained from Santa Cruz 

Biotechnology. 

Protein digestion and dimethyl labeling 

For the phosphoproteomics experiments, urea was added to the cleared lysates to a final 

concentration of 8 M. Afterwards protein extracts were reduced with 10 mM DTT at 56 °C for 1 h 

and alkylated with 25 mM iodoacetamide for 30 min at room temperature in the dark. The 

protein mixture was diluted with 40 mM Tris/HCl to a final urea concentration of 1.6 M. Protein 

digestion was performed by adding sequencing grade trypsin (Promega, 1 : 100 enzyme to 

substrate ratio) and incubation at 37 °C for 4 h. Subsequently, another portion of trypsin 

(1 : 100) was added and digestion was continued overnight. The following day, samples were 

acidified to a pH of 2 by addition of TFA and desalted using SepPack columns (C18 cartridges 

Sep-Pak Vac 1cc (200 mg), Waters Corp., desalting solvent A: 0.07 % TFA; desalting solvent B: 

0.07 % TFA, 50 % ACN). Dimethyl labelling was performed on column as described (26). 

Briefly, after peptides were bound to the C18 material and washed with 8 ml of desalting solvent 

A, 5 ml light (10 % of 600 mM NaBH3CN, 10 % of 4 % formaldehyde, 80 % of 50 mM sodium 

phosphate; all percentages as v/v) or intermediate (10 % of 600 mM NaBH3CN, 10 % of 4 % D-

formaldehyde, 80 % of 5 mM sodium phosphate; all percentages as v/v) labelling solution was 

slowly passed through the cartridges. Subsequently, 8 ml of desalting solvent A was used to 

wash out remaining labelling reagents. Labelled peptides were eluted using 1 ml desalting 

solvent B, dried in vacuo and stored at -80 °C. 
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Fe-IMAC enrichment and high-pH reversed-phase C18 tip fractionation 

Phosphopeptide enrichment using a Fe-IMAC column (ProPac IMAC-10 column, 4 mm I.D. x 

50 mm, Thermo Fisher Scientific) connected to an Aekta HPLC system was essentially 

performed as described previously (27). Briefly, the column was charged with FeCl3 and 

equilibrated with IMAC solvent A (30 % ACN, 0.07 % TFA). Dried peptides were reconstituted in 

IMAC solvent A, loaded onto the column (10 min, 0.1 ml/min) and washed (16 min, 0.3 ml/min). 

Subsequently, phosphopeptides were eluted by a linear gradient from 0 – 45 % solvent B (0.5 % 

NH4OH, 0.2 ml/min) over 60 min. The phosphopeptide elution peak was collected, dried down 

and stored at -80 °C.  

High-ph reversed-phase tip fractionation was performed in 200 µl pipette tips packed with three 

C18 extraction disks (Ø 1.5 mm, 3M Empore) and fixed in 1.5 ml eppendorf tubes. All solvents 

were passed through the tip by centrifugation (2000 rpm, room temperature). First, tips were 

primed using 50 µl of 100 % ACN, followed by 50 µl of 60 % ACN in 25 mM NH4COOH and 

2 x 50 µl of 25 mM NH4COOH, pH 10. Next, dried phosphopeptides were re-dissolved in 100 µl 

of 25 mM NH4COOH, pH 10 and loaded onto the C18 material. After re-application of the flow 

through, phosphopeptides were eluted using increasing concentrations of ACN (2.5 %, 7.5 %, 

12.5 %, 60 % ACN in 25 mM NH4COOH). The previously stored flow through was combined 

with the 60 % ACN eluate, resulting in a total of four fractions, which were dried down and 

stored at -20 °C until LC-MS/MS measurement. The procedure for full proteome fractionation 

was identical except for the use of elution solvents containing 2.5 %, 5 %, 7.5 %, 12.5 %, 60 % 

ACN in 25 mM NH4COOH. Here, the flow through fraction was combined with fraction 17.5 % 

ACN and the 5 % ACN fraction was combined with 50 % ACN fraction, resulting in a total of six 

fractions. 

Kinase affinity pull downs 

Kinobead pull downs were conducted in a 96-well plate format as described (13) using 2 mg 

protein and 35 µl of settled KBγ, the MIB-like mix of immobilized compounds or single 

immobilized compounds. Chemoproteomic enrichments were conducted in technical triplicates. 

Beads were washed twice with 1 ml 1 x CP and then equilibrated with 1 ml 1 x CP/0.4 % NP-40. 

Residual liquid was removed via centrifugation (1200 rpm, 2 min, 4 °C). 1 ml lysate diluted to a 

concentration of 2 mg/ml protein and 0.4 % NP-40 was then added to the beads (for drug 

competition assays lysates were pre-incubated with the specified concentration of drug or an 

equivalent volume of DMSO for 45 min). After incubation for 30 min (4 °C, on end-over-end 
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shaker), beads were washed three times with 1 ml of 1x CP/0.4% NP-40 and twice with 1 ml 

1 x CP/0.2 % NP-40. Wash solvents were removed via centrifugation (1200 rpm, 2 min, 4 °C). 

For elution, samples were incubated with 60 µl of 2 x NuPAGE LDS Sample Buffer containing 

50 mM DTT in a thermoshaker (30 min, 50 °C, 700 rpm). The eluate was harvested via 

centrifugation (1200 rpm, 2 min, 4 °C) and 30 µl thereof was alkylated with 55 mM 

chloroacetamide (CAA) for 30 min at room temperature in the dark. Prior to MS analysis, 

samples were desalted and concentrated by SDS-PAGE and digested as previously described 

(28).  

LC-MS/MS analysis 

Table 1. Detailed LC-MS/MS parameters for each type of experiment. 

 Qunatitative 
Phosphoproteomics 

Qunatitative 
Phosphoproteomics 

Chemoproteomics Chemoproteomics Full 
Proteome 

 Orbitrap Velos Q-Exactive  Orbitrap Elite Velos  Q-Exactive 
Plus 

source voltage 2.2 kV 1.7 kV 2.2 kV 2.2 kV 2.2 kV 

MS1 AGC  1E06 3E06 1E06 1E06 3E06 

MS1 max IT 100 ms 250 ms 100 ms 100 ms 100 ms 

MS2 AGC  4E04 5E04 2E04 4E04 1E05 

MS2 max IT 250 ms 120 ms 100 ms 100 ms 50 ms 

MS1 resolution 30000 35000 60000 30000 70000 

MS2 resolution 7500 17500 15000 7500 17500 

MS1 m/z range 360-1300 m/z 350-1500 m/z 360-1300 m/z 300-1300 m/z 360-1300 
m/z 

TopN 10 20 15 10 20 

Isolation 
Window 

2.0 Th 1.5 Th 2.0 Th 2.0 Th 1.7 m/z 

Fragmentation HCD HCD HCD HCD HCD 

NCE 35 % 25 % 30 % 40 % 25 % 

Dynamic 
exclusion  

20 s 40 s 20 s 30 s 35 s 

Internal 
calibration m/z 

401.92272 445.120025 401.92272 445.120025 401.92272 

LC system Eksigent  Eksigent Eksigent  Eksigent  Eksigent 

HPLC solvent 
A 

0.1 % FA, 5 % DMSO 
in ddH2O 

0.1 % FA in ddH2O 0.1 % FA, 5 % 
DMSO in ddH2O 

0.1 % FA in ddH2O 0.1 % FA, 5 
% DMSO in 
ddH2O 

HPLC solvent 
B 

0.1 % FA, 5 % DMSO 
in ACN 

0.1 % FA in ACN 0.1 % FA, 5 % 
DMSO in ACN 

0.1 % FA in ACN 0.1 % FA, 5 
% DMSO in 
ACN 

Gradient 
length 

225 min 180 min 100 min 225 min 110 min 

Gradient  2 %-28 % 2 %-28 % 3 %-32 % 7 %-35 % 4 %-32 % 
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Detailed LC-MS/MS parameters can be found in table 1. Briefly, dissolved peptides (0.1 % FA in 

ddH2O) were first delivered to a trap column and after 10 min of loading and washing, peptides 

were transferred to an analytical column. For mass spectrometric measurements of KBγ pull 

downs performed with BT-474 lysates (lapatinib experiments) an Orbitrap Velos was used. Half 

of the phosphopeptide fractions were measured on an Orbitrap Velos and an Orbitrap 

Q-Exactive, respectively. An Orbitrap Elite was used for all other kinase affinity purifications in 

SK-N-BE(2) lysate (bead mixture and single inhibitor pull downs). Depending on the LC solvent 

composition, internal calibration was performed using a dimethyl sulfoxide cluster (m/z 

401.922720) (29) or (Si(CH3)2O)6H
+ (m/z 445.120025) which is present in ambient air.   

Data analysis 

Data analysis was performed using MaxQuant v1.4.0.5 (30) with the integrated search engine 

Andromeda (31). For peptide and protein identification, raw files were searched against the 

UniProtKB database (v22.07.13) with carbamidomethylated cysteine as fixed modification and 

phosphorylation of serine, threonine and tyrosine, oxidation of methionine and N-terminal 

protein acetylation as variable modifications. For dimethyl labeling experiments dimethyl Lys0 

and dimethyl Nter0 was set as the light and dimethyl Lys4 and dimethyl Nter4 as the heavy 

label. Trypsin/P was specified as the proteolytic enzyme with up to two missed cleavage sites 

allowed. Precursor tolerance was set to 10 ppm and fragment ion tolerance to 0.05 Da. Peptide 

identifications required a minimal length of 6 amino acids and all datasets were adjusted to 1 % 

PSM and 1 % protein FDR. For kinase affinity enrichments, protein identifications are only 

reported, if they are based on more than three unique and/or razor peptides. A two-sided t-test 

was used to assess statistical significance. For in silico combination of identified kinases from 

single inhibitor enrichments, an in-house programmed tool called “kinase-blender” was used. 

Inhibitor curves were fitted using a four parameter inhibitor response model with the initial 

residual binding fixed at 1 and a hill slope constraint of -1. Phosphopeptides were filtered for a 

localization probability > 0.75 (class I sites) (32). Quantification was performed label-free for 

kinase affinity enrichments, and by dimethyl labeling for enriched phosphopeptide fractions 

(using the MS1 intensities of the peptide ions in both cases). To determine protein intensities in 

label-free experiments, the intensities of razor and unique peptides were summed up. Resulting 

protein intensities were then normalized to obtain LFQ intensities. The match-between-runs 

option, which aligns features of different mass spectrometric runs based on accurate retention 

time and mass, was enabled for label-free and dimethyl labeled experiments.  
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Upregulated phosphorylation sites were further analyzed for enriched kinase substrate 

relationships using KinomeXplorer (NetworKIN score > 2, number of substrates > 2, top two 

kinases per phosphorylation site) (33). Phosphoprotein interactions and enriched pathways 

were extracted using STRING (version 9.1; combined score > 0.9) (34) and KEGG (FDR 

corrected p-value < 0.01) (35). Resulting networks were exported and visualized with Cytoscape 

(version 3.1) (36). Phosphorylation site annotations were derived from PhosphoSitePlusTM (37). 

Data availability 

All raw mass spectrometry files and MaxQuant results files are available via PRIDE and 

ProteomeXchange with the accession code PXD002635 (38).  
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Results and discussion  

Phosphoproteomic characterization of kinase activation upon pervanadate treatment  

 

 
Figure 1. Experimental strategy for the characterization of activity dependent kinase binding to 
immobilized inhibitors. (A) SK-N-BE(2) cells were treated with 100 μM pervanadate for the indicated time 
points. Immunoblot analysis using an anti-phosphotyrosine antibody (pY-99) showed that tyrosine 
phosphorylation was increased by tyrosine phosphatase inhibition as expected. (B) Kinases in the 
SK-N-BE(2) neuroblastoma cell line were activated using 100 µM pervanadate for 15 min. 
Phosphorylation changes were quantified by dimethyl labelling-based phosphoproteomics and 
subsequently compared against differential kinase binding in a chemoproteomics setup, utilizing two 
different bead mixtures and the corresponding nine single probes. 

Pervanadate addition to intact cells is known to indirectly activate tyrosine kinases by inhibition 

of tyrosine phosphatases (39, 40) and immunoblot analysis indeed showed a global boost in 

tyrosine phosphorylation in the model cell line SK-N-BE(2) used in this study upon 15 min 

treatment with 100 µM pervanadate (Figure 1A). To characterize and quantify the 

accompanying changes in protein phosphorylation, dimethyl labeled phosphopeptides were 

purified by Fe-IMAC chromatography (27) and the pool of phosphopeptides was analyzed by 

LC-MS/MS (Figure 1B). Moreover, the Fe-IMAC flow through which contains unphosphorylated 

peptides was measured in order to be able to determine changes in absolute phosphorylation 

site stoichiometries (also referred to as occupancies, see Olsen et al. (41)). From a total of 

5,842 quantified phosphorylation sites, 210 sites were classified as down- and 886 sites as 

upregulated upon pervanadate treatment using an arbitrary fold change cut-off of log2 < -1 or 

> 1 (Figure 2A). As expected, 82 % of the 400 quantified phosphotyrosine sites were regulated 
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(Figure 2B) and a strong increase in phosphorylation sites of kinases that are known to increase 

their enzymatic activity was observed (Figure 2C) (e. g. MAPK1/3 (39, 42), EGFR (43), IGF1R 

(44), MAPK14 (42) and RAF1 (39), including several activation loop sites such as MAPK1-

pT185/pY187, MAPK14-pY182, EGFR-pY869 and IGF1R-pY1161/pY1165). The data suggests 

that this is true for additional kinases such as RPS6KB1, RPS6KB4 and MAP2K4 (Figure 2C). 

Notably, I also found increased abundance of phosphorylation sites that are known to negatively 

regulate enzymatic activity leading to inactivation of these kinases (e. g. ROCK2, CHECK1). 

Phosphorylation increase was not only evident in relative but also in absolute terms indicating 

that a large molar fraction of several key kinases is activated by the treatment (Figure 2D). 

Notable examples for an increase in phosphorylation site occupancy of kinase activity 

determining sites include MAPK1-pY187 (from 12 % to 77 %), MAPK3-pY204 (from 10 % to 

71 %) and AKT3-pS472 (from 29 % to 76 %) (see Figure 2E). In addition to the kinases 

themselves, I also analyzed phosphorylation levels of known kinase substrates as a second line 

of evidence for modulated kinase activity upon pervanadate treatment. To infer kinase activity 

from this data, all upregulated sites (log2 fold changes > 1 following pervanadate treatment) 

were analyzed with KinomeXplorer (33), a tool that scores kinase-substrate relationships based 

on linear motifs and network associations. Exemplified for AKT and MAPK1/3 substrates, the 

number and log2 fold changes of regulated substrates clearly indicated increased activation of 

the upstream kinase upon pervanadate treatment of cells (Figure 2F). Immunoblot analysis of 

the activity regulating sites pT202/pY204-MAPK1/3 and pS473-AKT (Figure 2G), confirmed the 

proteomic data and showed that such substrate footprints can serve as useful predictors of 

kinase activation. By the same token, activation of many tyrosine kinases such as PDGFRB, 

ERBB2, EGFR, FYN and ABL can be inferred because their substrates show increased 

phosphorylation (Figure 2H). In addition, pathway enrichment analysis of regulated protein 

phosphorylation identified e.g. the ERBB, VEGF and Insulin pathways underscoring the global 

impact of pervanadate treatment on cellular signaling (data not shown). Although it can neither 

be generalized that all kinases are affected by the treatment nor that abundance regulation of 

activity determining sites is always directly connected to kinase activation (45, 46), it can be 

concluded at this point that many key kinases show clear evidence for relative and absolute 

changes in activity.  
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Figure 2. Quantitative phosphoproteomic characterization of kinase activation after pervanadate (PV) 
treatment. (A) Histogram of 5,842 confidently localized and quantifiable phosphorylation sites showing 
that 15 % of all sites were upregulated (log2 fold change > 1) indicating a global increase of 
phosphorylation upon pervanadate treatment (B) Due to tyrosine phosphatase inhibition, phosphotyrosine 
sites (7 % of all sites) were overrepresented compared to typical phosphoproteomic studies and the 
majority of phosphotyrosine sites (82 %) was found regulated by the treatment. (C) Activity regulating 
sites of key kinase receptors (MAPK1- pT185/pY187, MAPK14-pY182, EGFR-pY869 and IGF1R-
pY1161/pY1165 are part of the kinase activation loop) and signaling nodes were found to be highly 
upregulated providing direct evidence for alteration of the state of kinase activity. (D) Strong absolute 
differences in phosphorylation site occupancy upon pervanadate treatment indicate that a large fraction of 
several key kinases is activated. Kinase sites are colored in blue and annotated activity influencing kinase 
sites are highlighted. (E) Phosphorylation site occupancy increase for MAPK1-pY187, MAPK3-pY204 and 
AKT3-pS472 upon treatment. (F) After assignment of upregulated phosphorylation sites to their 
respective kinases, AKT1, MAPK3 and MAPK1 substrates were found to be highly enriched, providing a 
footprint of kinase activity. Node colors indicate the log2 phosphorylation change upon pervanadate 
treatment and the edge thickness represents the NetworKIN score for each kinase substrate interaction. 
(G) Immunoblot analysis using antibodies against p-T202/p-Y204-MAPK1/3 and p-S473-AKT indicated 
activation of AKT, MAPK1 and MAPK3. (H) Average log2 fold change for all substrates matching to a 
kinase or phosphatase using KinomeXplorer. Numbers on top of the bars indicate how many substrates 
per kinase/phosphatase were found in the dataset of upregulated phosphorylation sites. 

Kinase binding to immobilized inhibitor beads is largely independent of kinase activity  

With clear evidence for pervanadate induced activation of several kinases in hand, I sought to 

examine if and to what extent differences in kinase activation status translates into differential 

binding to immobilized, broadly selective kinase inhibitors. To effect this, two different inhibitor 

bead mixtures were composed: Kinobeads version gamma (KBγ) (13) and a MIB-like mixture 

consisting of compounds that either exactly match or closely resemble those described by 

Duncan et al. (17) (Figure 3). Strikingly, the vast majority of kinases for which an activation 

change was observed in the pervanadate treatment (either by the direct identification of an 

increased abundance of an activity inducing site or indirectly by the identification of an 

abundance increase in a kinase substrate) was not significantly differentially bound by MIB-like 

or KBγ beads (Figure 4A). In other words, binding of these kinases was either only marginally or 

not at all influenced by their activation status, irrespective of which bead mixture was used. 

However, a small number of kinases (IGF1R, MAPK1, MAPK3, RPS6KB1 and RAF1) showed a 

reproducible affinity increase upon activation. But except for RPS6KB1 (for KBγ) and MAPK3 

(for MIB-like), none of the affinity changes fully reflected the quantitative extent of regulation 

observed at the phosphorylation level (Figure 4A). This suggests that even if some few kinases 

can be preferentially bound to beads in one conformation, the extent to which this preference 

can be detected will depend on the relative proportion of the respective kinase conformation in 

the cell or lysate. Interestingly, and despite strong activation of EGFR by pervanadate (deduced 

from the increased abundance of enzymatic activity inducing sites: pY1110, pY1197, pY869 and 
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several substrate sites; Figure 4A), the protein is actually lost from KBγ upon pervanadate 

treatment. Kinase substrate footprints reveal the same trend for CLK1 (MIB-like) and for 

PDGFRB (KBγ and MIB-like) (Figure 4A). This observation implies that these kinases are 

preferentially captured in their inactive conformation.  

 

 

Figure 3. Bead mix compositions and structures of the immobilized inhibitors used in this study. 

Since phosphorylation site abundance information is not available for all bead enriched kinases, 

differential kinase binding was compared globally using KBγ and MIB-like beads. A volcano plot 

summarizing the results of replicate enrichments show that only 25 out of the 165 kinases 

quantified in KBγ pull downs changed significantly in abundance (14 up and 11 down; p < 0.01; 

Figure 4B). Similar results were obtained for MIB-like beads: out of 122 quantified kinases, 16 

showed increased and 16 showed reduced abundance upon pervanadate treatment (p < 0.01; 

Figure 4B). In addition, no significant differences in binding behavior were detected for the 

different kinase families (Figure 4C). These findings are in clear contrast to what was reported 

by Duncan et al. (17), where a comparable experimental setup was used and in which the 

authors concluded that a global increase of tyrosine kinase binding to MIBs was observed upon 

pervanadate treatment. 113 kinases were commonly detected using KBγ and MIB-like beads. 

Whereas RPS6KA3, RAF1, ARAF, PDGFRB or DDR1/2 showed similar binding behavior on 

both beads, others including MAPK1/3 and RPS6KA1 were differentially detected in only one of 

the two datasets (Figure 4D). From this data it can be concluded that in addition to the kinase 

itself, the inhibitor composition of the bead matrix also affects conformation dependent binding.  
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Figure 4. Enrichment of kinases by immobilized inhibitor beads with and without pervanadate (PV) 
treatment. (A) Kinases binding to MIB-like and KBγ beads upon pervanadate treatment was compared to 
the phosphorylation intensity changes (log2 scale) of kinase activity regulating sites or kinase substrates 
(in cases where both information was available, the activity regulating site is depicted). Whereas the 
majority of kinases bound to both affinity matrices in an activity independent fashion, some few kinases 
were captured in an “active-like” or “inactive-like” conformation. Strikingly only two kinases showed a 
phosphorylation change comparable to that of the binding increase to affinity matrices following 
pervanadate treatment (RPS6KB1 for KBγ and MAPK3 for the MIB-like mix). (B) Volcano plots showing 
pervanadate induced log2 fold changes of quantified kinases (165 for KBγ and 122 for the MIB-like mix 
with ≥ 4 peptides) plotted against their p-values (technical triplicates). For both the MIB-like bead mix and 
KBγ, the number of kinases showing increased binding (KBγ: 14, MIB-like: 16; p < 0.01) was comparable 
to that showing decreased binding upon signaling activation (KBγ: 11, MIB-like: 16; p < 0.01). Hence, the 
majority of kinases is not bound in an activity dependent fashion and no global correlation between 
chemoproteomic affinity increase and signaling activation is evident. (C) Average pervanadate induced 
log2 fold changes of enriched kinase families for KBγ and the MIB-like beads suggesting that kinase 
capture is independent of kinase family (numbers indicate family members). (D) A comparison of 
pervanadate induced log2 fold changes for overlapping kinases in KBγ and MIB-like experiments (113 
kinases) reveals that activity-based kinase binding is dependent on the composition of the affinity matrix 
(dashed lines indicates the mean including the 95 % confidence interval). 
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Pharmacological kinase inactivation does not change affinity to immobilized inhibitor 

beads  

Next, I sought to confirm the above observation that kinase binding to immobilized inhibitor 

beads is generally not dependent on kinase activity, by reversing the above pervanadate 

activation experiments. Specifically, I used the highly selective EGFR/ERBB2 inhibitor lapatinib 

to treat the lapatinib sensitive and ERBB2 overexpressing breast cancer cell line BT-474 in 

order to inactivate EGFR/ERBB2 as well as further downstream kinases in the same pathway 

(in biological duplicates; as a control, I performed KBγ selectivity profiling in lysates of BT-474 

cells to confirm the exquisite selectivity of this inhibitor). Upon treatment of cells with increasing 

concentrations of lapatinib (1 nM – 10 µM), KBγ pull downs were performed from each lysate. 

Would kinase affinity to immobilized inhibitor beads depend on the activation status of the 

respective kinase, one would expect to observe decreased binding to KBγ in this experiment. 

Strikingly, apart from the direct lapatinib targets ERBB2 and EGFR, only one out of 178 kinases 

quantified in this experiment (RPS6KB1; a known downstream kinase in the EGFR/ERB2 

pathway), was dose-dependently lost from the beads (IC50 = 38 nM; Figure 5A, Figure 5B). 

Competition experiments carried out in lysates show that RPS6KB1 is not a direct target of 

lapatinib (Figure 5B). RPS6KB1 was also the only kinase for which the binding increase after 

pervanadate treatment nearly fully mirrored the observed phosphorylation site changes in the 

above experiments using SK-N-BE(2) cells (Figure 4A), which is something one would expect if 

only the active kinase was bound in the first place. In addition, I was able to determine several 

site occupancies. While increasing doses of lapatinib led to the complete loss of 

phosphorylation of AKT1-pS472 (from 26% to 0%, see Figure 5C), MAPK1-pY187 (from 46 % to 

0 %, see Figure 5C) and GSK3A-pY279 (from 86 % to 0 % (data not shown), the total amount of 

the respective kinases captured on KBγ remained the same. This clearly shows that the beads 

bind both, the active and inactive form of the kinases. Surprisingly, ARAF, IRAK1, SPK1, ULK1 

and ERBB3 showed increased binding to KBγ upon lapatinib treatment (Figure 5A). 

Unfortunately, these proteins were not detected in the above pervanadate treatment and 

phosphorylation analysis. Hence, no conclusions can be drawn at this stage as to which 

conformation of these kinases may be responsible for the observed effect.  
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Figure 5. Enrichment of kinases by immobilized inhibitor beads with and without EGFR inhibitor treatment 
(A) Heat map with color coded log2 fold change of the 178 quantified kinases in lapatinib (lap) treated 
(1 nM - 10 µM for 60 min) and control cells (C). Apart from the direct lapatinib targets EGFR and ERBB2, 
only the downstream kinase RPS6KB1 is dose-dependently lost from KBγ. (B) Apart from the primary 
targets of lapatinib, only one known downstream pathway member, RPS6KB1, showed a dose-dependent 
inactivation in cells indicating that lapatinib actually shuts down the pathway in cells. The control 
Kinobead experiments using lapatinib treatment in lysates showed no effect confirming that RPS6KB1 is 
not a direct target of lapatinib. (C) MAPK1 and AKT kinase binding profiles to KBγ were not altered, while 
the occupancy of their activity inducing phosphorylation sites show a clear dose-dependent decrease of 
binding to KBγ implying that even though MAPK1/3 and AKT activity was reduced by the drug, their 
binding to Kinobeads was unaffected. This provides direct evidence for the fact that both conformations of 
the respective kinases are bound to the beads. 

Use of immobilized inhibitor bead mixtures occlude activity related binding affinity 

effects 

The above experiments have shown that binding of kinases to immobilized inhibitor beads 

cannot generally be correlated with a kinase’s activation status, but they also indicated that for 

some kinases, this does actually occur. To investigate the role the immobilized inhibitors have to  
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Figure 6. Decomposition of immobilized inhibitor mixtures into single probes (A) Volcano Plots showing 
the kinase log2 fold changes between pervanadate (PV) treated and control cells (C) for seven individual 
inhibitor resins plotted against their p-value (technical triplicates). (B) Volcano plots summarizing triplicate 
pull down experiments using compound 15 and compound 7 showing that kinases like MAPK1, MAPK3 
and RPS6KA1 exhibit conformation dependent but opposing binding behavior towards the two 
compounds. Bead specific conformational selectivity might therefore be diluted upon mixing several 
inhibitor beads. In conclusion, both kinase activity and the immobilized inhibitor itself determine whether 
or not a kinase is captured in a conformation dependent fashion. (C) Results from experiments using 
single inhibitor beads representing the MIB-like and the KBγ mixtures, were combined in silico. The 
inherent redundancy of kinase capture by the beads is illustrated by the number of shared kinases 
between the inhibitor beads which is increasing with the number of compounds. (D) Examples of 
pervanadate induced log2 fold changes of kinases across the nine different single compounds and the 
bead mixtures (if a kinase was not identified, no column is shown). Whereas some kinases are 
differentially bound by compounds (e.g. MAPK3, GSK3B) or show conformational enrichment (e.g. DDR2, 
RPS6KA3), the majority of kinases does not show such differential binding (illustrated here by LYN and 
AURKA). 
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play in this context, the KBγ and MIB-like bead mixtures were decomposed and pull downs with 

and without pervanadate treatment of SK-N-BE(2) cells using the nine individual inhibitor resins 

were conducted (Figure 6A and 6B). It turned out that there is a lot of redundancy in the kinases 

that are enriched by any of these affinity beads and more than half of all kinases are enriched 

by two or more affinity matrices (Figure 6C). It is therefore not unreasonable to expect that 

activity dependent capture of kinases by one immobilized compound could be masked by 

another if used in a mixture as noted in Médard et al. (13). This notion is illustrated by a 

comparison of the range of kinases enriched by compound 7 and compound 15 (both included 

in KBγ) shown in Figure 6B. While MAPK1, MAPK3 and RPS6KA1 bind significantly stronger to 

compound 15 in response to pervanadate treatment (log2 fold changes of 3.2, 2.9, 1.0 and 

p-values of 6.6E-6, 2.4E-5, 8.3E-6), they are lost from compound 7 upon pervanadate treatment 

(log2 fold changes of -0.6, -1.6,  -0.6 and p-values of 2.8E-2, 2.1E-3, 9.0E-3). This indicates that 

the two compounds preferentially bind to different conformations of those kinases. Mixing both 

resins can therefore mask such opposing trends and complicate the delineation of activity 

dependent binding events. Figure 6D shows examples of a number of kinases with diverse 

binding behavior upon pervanadate treatment for all nine inhibitor resins as well as KBγ and 

MIB-like beads. LYN and AURKA are captured on any of the beads without apparent preference 

for an active or inactive conformation (which is true for the vast majority of all kinases). For 

MAPK3 and GSK3B, opposing effects are observed for individual resins but much of these are 

equalized in the bead mixtures. DDR2 and RPS6KA3 are notable cases for which a marked 

increase in affinity was observed for several compounds upon pervanadate treatment and this 

effect was also visible (albeit much less strongly) in mixed bead experiments. Notably, for both 

kinases, an extensive structural rearrangement upon activation is supported by crystallographic 

data (47, 48). Hence, for certain combinations of kinase and immobilized compound, it may be 

possible to infer kinase activity from the binding data (compound 5 and ABL1/ABL2 is another 

example; Figure 6A). This may be useful in cases where specific phospho-antibodies indicating 

kinase activity are not available (such as for DDR2). More generally, the data set and analysis 

provided in this study highlight a number of kinases for which immobilized inhibitors could 

potentially provide an experimental assay platform for the discovery of conformation selective 

molecules, a concept that should be tested by further experiments in the future.  
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Conclusion 

The present work refines the characterization of conformation dependent binding of kinases to 

immobilized inhibitors. In contrast to previous reports, only very few kinases are preferentially 

enriched in an activity indicating conformation, whereas binding of the majority of kinases is 

unaffected by activating or inactivating stimuli. This calls previous claims of global activity 

dependent kinase binding into question and rather suggests that neither conformational 

selectivity nor concomitant loss or gain of kinase binding is predictable but must be carefully 

characterized on a case by case basis.  
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Chapter 5 

Multi proteomic dissection of lapatinib mode of action and resistance in 

ERBB2 overexpressing breast cancer 
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Abstract 

Despite initially high response rates of the small molecule kinase inhibitor lapatinib in ERBB2 

overexpressing breast cancer, the acquisition of drug resistance frequently occurs. Here, I used 

an established cell line model and applied a combination of mass spectrometry-based 

proteomics, chemoproteomics and phosphoproteomics in an effort to globally assess the 

molecular consequences of lapatinib treatment and resistance. The resulting dataset, which 

collectively comprises quantitative values for > 7,800 proteins, > 300 protein kinases and 

> 15,000 phosphopeptides enabled deep insight into signaling recovery and molecular 

reprogramming upon resistance. Importantly, the approach readily confirms and extends a 

previously described mechanism of resistance (AXL overexpression, PIK3 reactivation) and 

reveals the occurrence of a wealth of other, novel, pharmacologically actionable targets (e.g. 

CDK1/2, the spliceosome or EEF2K). Although a comparison of the dataset to previously 

described mechanisms of ERBB2 resistance in breast cancer suggests a great heterogeneity 

and context specific functionality of molecular resistance drivers, it also confirms the addiction to 

anaerobic glycolysis. In contrast to previous, expression-based mechanisms, this study 

uncovers a phosphorylation mediated reprogramming of LDHA and PDHA1 activity which 

increases the sensitivity of the resistant cells to glycolysis inhibition. As glucose addiction can 

occur via multiple different routes, this phenotype might potentially represent a common and 

targetable convergence point and, as such, a universal “Achilles heel” of resistance to ERBB2 

targeted therapies in breast cancer. 
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Introduction 

The receptor tyrosine kinase ERBB2 (Her2) is overexpressed in 20 % - 30 % of all breast 

tumors and leads to an increase in the proliferative and invasive potential which is associated 

with poor patient survival (1, 2). Mechanistically, high levels of ERBB2 cause homodimerization, 

autophosphorylation and activation of downstream signaling pathways also in the absence of a 

stimulating ligand (3). The aberrant signal is mainly transferred via the PIK3/AKT/mTOR and the 

RAF/MEK/ERK kinase cascades and ultimately results in uncontrolled cell growth. 

Pharmacological efforts directed towards ERBB2 resulted in the FDA approval of trastuzumab 

(4, 5, 6), a monoclonal antibody which prevents ERBB2 dimerization, and lapatinib (7, 8), a 

small molecule EGFR/ERBB2 inhibitor which blocks the kinases active site. Despite initially high 

response rates to targeted therapies, the acquisition of drug resistance frequently, if not 

inevitably, occurs. Owing to the early FDA approval of ERBB2 targeted therapies and their 

clinical prevalence in breast cancer, a wealth of different resistance mechanisms has been 

described to date. Examples include a signaling switch to other ERBB family members (EGFR 

(9), ERBB3 (10)), the compensatory upregulation of alternative receptor tyrosine kinases 

(EPHA2 (11), IGFR (12, 13), MET (14) or MERTK (RON) (15)), the activation of downstream 

kinases (e.g. PRKACA (16), SRC (17, 18, 19) or activating PIK3CA mutations (20, 21). Non-

kinase mediated mechanisms of resistance are for instance the overexpression of CCNE (22), 

the loss of signaling proteins (e.g. PTEN (23), CDKN1B (p27KIP1) (24), metabolic dependency 

on glucose metabolism (either by HSF1 mediated LDHA overexpression (25) or the 

overexpression of several metabolic enzymes (26)) and the activation of estrogen receptor 

signaling (27).  

Liu and colleagues established the overexpression of the receptor tyrosine kinase AXL as a 

novel cause for lapatinib resistance in the ERBB2 overexpressing breast cancer cell line BT-474 

(28). In their study they showed that AXL engaged PIK3 which in turn restored proliferation by 

recovery of the AKT/mTOR signaling branch. Here I used this cell line model of lapatinib 

resistance and employed explorative mass spectrometry to profile the proteome, kinome and 

phosphoproteome changes in an effort to robustly characterize resistance development on a 

global scale and to identify additional and potentially common molecular events inherent to 

ERBB2 inhibitor resistance. Collectively, this in depth, multi proteomic analysis offers an 

unprecedented perspective on the molecular mechanisms of resistance and shows that the 

acquisition is accompanied by many targetable alterations. The results concomitantly suggest 

the existence of common convergence nodes, such as the increased metabolization of glucose. 
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Material and methods 

Cell culture and reagents 

Parental BT-474 cells and its lapatinib resistant clone BT-474-J4 were grown in 

DMEM/HamsF12 medium (BioRad) supplemented with 15 % (v/v) Fetal Bovine Serum (FBS) 

and 1 % (v/v) Antibiotic/Antimycotic solution (Sigma). Resistant BT-474-J4 cells were cultured in 

the continuous presence of 1 µM lapatinib. Biological replicates were prepared at different days 

using a different passage of both cell lines. Lapatinib, dasatinib and bosutinib were purchased 

from LC Laboratories, 2-deoxy-D-glucose was purchased from Sigma Aldrich and saracatinib, 

selumetinib linsitinib, BMS-387032 and SCH-727965 were purchased from Selleckchem. For 

viability/drug treatment assays, cells were seeded in 96-well plates at a concentration of 4×104 

cells/well with complete culture medium. The next day, cells were exposed to increasing 

concentrations of the inhibitor or vehicle control for the indicated amount of time. Cell viability 

was measured using the AlamarBlue® Cell Viability Assay (ThermoFisher Scientific) according 

to manufacturer’s instructions. Sigmoidal dose response curves were fitted using a nonlinear 

regression model in GraphPad Prism v.5.01. 

Invasion and migration assay 

The invasive and migrative potential of parental and resistant BT-474 cell lines was assessed in 

a transwell assay. Cells were starved in serum-free medium for 24 h, before they were placed in 

ThinCert 24-well cell culture inserts with 8 μm pores (Greiner Bio-One). For invasion 

measurements, BD Matrigel (VWR) was diluted to a concentration of 50 μg/ml with ice-cold 

coating buffer (0.01 M Tris, 0.7 % NaCl, pH 8.0). 100 μl of diluted matrigel solution was pipetted 

into each insert and allowed to gelatinize for 2 h in the incubator. To determine migration, 

ThinCerts were left uncoated. Each chamber was filled with 200 µl serum free medium 

containing 1x 105 cells. The lower compartment was filled with basal medium supplemented with 

20 % FBS which acted as a chemoattractant. After incubation for 48 hours at 37 °C, 5 % CO2, 

the cells and residual liquid on the upper surface of the membrane was carefully removed with a 

cotton swab. The inserts were transferred to a new 24-well plate containing 600 μl of 

pre-warmed PBS (with Ca2+/Mg2+) per well. Staining was performed by the addition of 450 μl of 

8 μM Calcein-AM solution (in pre-warmed, serum-free medium) per well and incubation for 

45 min. Subsequently, the inserts were washed with PBS (37 °C) and transferred to a plate 

containing 500 μl accutase per well. Finally, fluorescence was measured (excitation at 485 nm, 

emission at 520 nm) using a FLUOstar Omega - Multi-mode microplate reader (BMG Labtech).  
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Cell lysis  

Prior to harvest, cells were washed two times with PBS. For (phospho) proteome preparation, 

cells were lysed in 8 M Urea, 40 mM Tris/HCl (pH 7.6), 1 x EDTA-free protease inhibitor mixture 

(complete mini, Roche) and 1 x Phosphatase inhibitor cocktail (Sigma). The lysate was 

centrifuged at 20,000 g for 45 min at 4 °C. For Kinobead experiments, cells were lysed in 1 x CP 

buffer (50 mM Tris-HCl, pH 7.5, 5 % glycerol, 1.5 mM MgCl2, 150 mM NaCl) supplemented with 

0.8 % NP-40, 1 mM DTT, 25 mM NaF and freshly added protease and phosphatase inhibitors 

(5 x phosphatase inhibitor cocktail 1, Sigma−Aldrich; 5 x phosphatase inhibitor cocktail 2, 

Sigma−Aldrich; 1 mM Na3VO4 and 20 nM calyculin A). Protein extracts were clarified by 

ultracentrifugation at 150,000 g for 1 h at 4 °C. Protein concentration for phosphoproteome and 

kinome samples was determined by the Bradford method (Coomassie (Bradford) Protein Assay 

Kit, Thermo Scientific) and the cleared lysates were stored at -80 °C until further use. 

Digestion and dimethyl labeling for phospho- and full proteome preparation 

The urea containing lysate was reduced with 10 mM DTT at 56 °C for 30 min and alkylated with 

55 mM chloroacetamide for 30 min at room temperature in the dark. The protein mixture was 

diluted with 40 mM Tris/HCl to a final urea concentration of 1.6 M. Digestion was performed by 

adding sequencing grade Trypsin (Promega) in an enzyme-to-substrate ratio of 1:100 and 

incubation for 4 h at 37 °C. Subsequently, another 1:100 trypsin was added for overnight 

digestion at 37 °C. The next day, samples were acidified with TFA to a pH of 2 in order to stop 

trypsin activity. SepPak columns (C18 cartridges Sep-Pak Vac 1 cc (50 mg), Waters Corp., 

solvent A: 0.07 % TFA, solvent B: 0.07 % TFA, 50 % ACN) were used for peptide desalting 

according to manufacturer’s instructions. Dimethyl labeling was performed on column as 

described previously (29). Briefly, after peptides were bound to the C18 material and washed 

with 4 ml of desalting solvent A, 5 ml light (10 % of 600 mM NaBH3CN, 10 % of 4 % 

formaldehyde, 80 % of 50 mM sodium phosphate; all percentages are v/v), intermediate (10 % 

of 600 mM NaBH3CN, 10 % of 4 % D2-formaldehyde, 80 % of 5 mM sodium phosphate; all 

percentages are v/v) or heavy (10 % of 600 mM NaBD3CN, 10 % of 4 % 13C-D2-formaldehyde, 

80 % of 5 mM sodium phosphate; all percentages as v/v) labeling solution was slowly passed 

through the cartridges. Subsequently, 8 ml of desalting solvent A was used to wash out 

remaining labeling reagent. Labeled peptides were eluted using 1 ml desalting solvent B, dried 

down and stored at -80 °C. 
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Fe-IMAC column enrichment and (phospho) peptide fractionation 

Phosphopeptide enrichment was essentially performed as previously described (30). A 

Fe-IMAC column (ProPac IMAC-10 column, 4 mm I.D. x 50 mm, Thermo Fisher Scientific) was 

connected to an Aekta HPLC system and charged with Fe3+ ions using 25 mM FeCl3 solution 

and equilibrated with IMAC solvent A (30 % ACN, 0.07 % TFA). Dimethyl-labeled peptides were 

reconstituted in IMAC solvent A, combined and loaded onto the column (10 min, 0.1 ml/min). 

The flow through which contains non-phosphorylated peptides was collected in a volume of 

1.5 ml. Subsequently, phosphopeptides were eluted by a step-wise gradient from 0 – 12 % 

solvent B (0.3 % NH4OH) in 5.3 min (0.6 ml/min) and from 12 % B to 24.75 % solvent B in 

17 min (0.2 ml/min). Upon collection of the phosphopeptide elution peak (in a total volume of 

1 ml), the column was flushed with 50 % solvent B (2.5 min; 1 ml/min) and re-equilibrated with 

solvent A (14 min; 1 ml/min). Both, the flow through and the elution fraction were dried down 

and stored at -80 °C.  

High pH reversed-phase micro-column fractionation was performed in 200 µl pipette tips which 

were fixed in 1.5 ml Eppendorf tubes and packed with five C18 extraction disks (Ø 1.5 mm, 3M 

Empore) (31). All solvents were passed through the tip by centrifugation (~500 g). First, tips 

were primed using 25 µl of 100 % ACN, followed by 50 µl of 60 % ACN in 25 mM NH4COOH 

(pH 10) and 2 x 50 µl of 25 mM NH4COOH (pH 10). Next, dried phosphopeptides were re-

dissolved in 100 µl of 25 mM NH4COOH (pH 10) and loaded onto the C18 material. After re-

application of the flow through, phosphopeptides were sequentially eluted using increasing 

concentrations of ACN (2.5 %, 7.5 %, 12.5 %, 60 % ACN in 25 mM NH4COOH; 40 µl each). The 

flow through was combined with the 60 % ACN eluate, resulting in a total of four fractions which 

were dried down and stored at -20 °C. hSAX fractionation of 300 µg Fe-IMAC column flow 

through into 24 fractions was performed as described previously (32, 30). 

Kinase affinity pull downs 

Kinobead pull downs were conducted in a 96 well plate format as described previously (33). 

35 µl settled beads (Kinobeads gamma, KBγ) were washed twice with 1 ml of 1 x CP and then 

equilibrated with 1 ml 1 x CP/0.4 % NP-40. Residual liquid was removed via centrifugation 

(1200 rpm, 2 min, 4 °C). 1 ml lysate was diluted 1:1 resulting in a final concentration of 2 mg/ml 

protein and a reduction of the NP-40 concentration from 0.8 % to 0.4 %. The equilibrated beads 

were combined with 1 ml of the diluted lysate and incubated for 30 min at 4 °C on an end-over-

end shaker. After removal of the lysate by centrifugation (1200 rpm, 2 min, 4 °C), the beads 
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were washed three times with 1 ml of 1 x CP/0.4 % NP-40 and twice with 1 ml 1 x CP/0.2 % 

NP-40 (1200 rpm, 2 min, 4 °C). To elute and reduce captured proteins, beads were incubated 

with 60 µl of 2 x NuPAGE LDS Sample buffer supplemented with 50 mM DTT (thermoshaker, 

30 min, 50 °C, 700 rpm). The eluate was harvested via centrifugation (1200 rpm, 2 min, 4 °C) 

and one half was alkylated using 55 mM chloroacetamide (CAA) for 30 min at room temperature 

in the dark. Prior to MS analysis, samples were concentrated by SDS-PAGE and digested as 

previously described (34).  

LC-MS/MS measurements 

For full- and phosphoproteome fractions, nanoflow LC-MS/MS was performed by coupling an 

Agilent 1290 (Agilent technologies, Middelburg, Netherlands) to an Orbitrap Q Exactive Plus 

(Thermo Scientific, Bremen, Germany). Peptides were delivered to a trap column (100 μm I.D. x 

2 cm, packed with 3 µm C18 resin, Reprosil PUR AQ, Dr. Maisch, Ammerbuch, Germany) at a 

flow rate of 5 µl/minute in 100 % loading solvent A (0.1 % FA, in HPLC grade water). After 

10 min of loading and washing, peptides were transferred to an analytical column (75 µm I.D. x 

40 cm C18 column Reprosil PUR AQ, 3 µm, Dr. Maisch, Ammerbuch, Germany) and separated 

using a 75 min (105 min for phospho) gradient and from 0 % to 40 % (36 % for phospho) 

solvent B (0.1 % FA in 80 % ACN) at a flow rate of 200 nl/min (solvent A: 0.1 % FA in HPLC 

grade water). Peptides were ionized using 1.9 kV spray voltage and a capillary temperature of 

320 °C. The mass spectrometer was operated in data dependent acquisition mode, 

automatically switching between MS1 and MS2. Full scan MS spectra (m/z 375 – 1600) were 

acquired in the Orbitrap for a maximum of 250 ms (10 ms for phospho) at 35,000 (70,000 for 

phospho) resolution and an AGC target value of 3e6. High resolution HCD-MS2 spectra were 

generated for up to 10 precursors with a normalized collision energy of 25 %. The underfill ratio 

was set to 1 % with a dynamic exclusion of 12 s (18 s for phospho). Fragment ions were 

acquired in the Orbitrap mass analyzer at a resolution of 17,500 (isolation window of 1.5 Th) 

and an AGC target value of 5e4 with a maximum ion injection time of 120 ms.  

For Kinobead eluates, nanoflow LC-MS/MS was performed by coupling an UltiMate 3000 nano 

LC system (Thermo Scientific, Bremen, Germany) to a Q Exactive HF (Thermo Scientific, 

Bremen, Germany). Peptides were delivered to a trap column (100 μm I.D. x 2 cm, packed with 

5 µm C18 resin, Reprosil PUR AQ, Dr. Maisch, Ammerbuch, Germany) at a flow rate of 

5 µl/minute in 0.1 % FA in HPLC grade water. After 10 minutes of loading and washing, 

peptides were transferred to an analytical column (75 µm I.D. x 40 cm C18 column Reprosil 

PUR AQ, 3 µm, Dr. Maisch, Ammerbuch, Germany) and separated using a 110 min gradient 
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from 0 % to 33 % solvent B (0.1 % FA, 5 % DMSO in ACN) at a flow rate of 300 nl/min 

(solvent A: 0.1 % FA, 5 % DMSO in HPLC grade water). Peptides were ionized using 2.2 kV 

spray voltage and a capillary temperature of 275 °C. The mass spectrometer was operated in 

data dependent acquisition mode, automatically switching between MS1 and MS2. Full scan MS 

spectra (m/z 360 – 1300) were acquired in the Orbitrap for a maximum of 10 ms at 60,000 

resolution and an AGC target value of 3e6. High resolution HCD MS2 spectra were generated 

for up to 12 precursors with a normalized collision energy of 25 %. The underfill ratio was set to 

1 % with a dynamic exclusion of 30 s. Fragment ions were acquired in the Orbitrap mass 

analyzer at a resolution of 15,000 (isolation window of 1.7 Th) and an AGC target value of 2e5 

with a maximum ion injection time of 75 ms.  

Data analysis 

Data analysis was performed using MaxQuant v1.4.0.5 (35) and the integrated search engine 

Andromeda (36). For peptide and protein identification, raw files were searched against the 

UniProtKB database (v22.07.13, containing 88,381 entries) with carbamidomethylated cysteine 

as fixed modification and phosphorylation of serine, threonine and tyrosine, oxidation of 

methionine and N-terminal protein acetylation as variable modifications. For dimethyl labeling 

experiments, dimethyl-Lys0 and dimethyl-Nter0 were specified as the light, dimethyl-Lys4 and 

dimethyl-Nter4 as the medium and dimethyl-Lys8 and dimethyl-Nter8 as the heavy label. 

Trypsin/P was set as the proteolytic enzyme for which up to two missed cleavage sites were 

allowed. Precursor tolerance was set to 10 ppm and fragment ion tolerance to 20 ppm. Peptide 

identifications required a minimal length of seven amino acids and all datasets were adjusted to 

1 % PSM and 1 % protein FDR. For kinase affinity enrichments, protein identifications are only 

reported, if they are based on three or more unique and/or razor peptides. Quantification was 

performed label-free for kinase affinity enrichments and dimethyl-based for phosphoproteome 

and full proteome fractions. To determine protein intensities in label-free experiments, the 

intensities of razor and unique peptides were summed up. Resulting protein intensities were 

then normalized to obtain LFQ intensities. The match-between-runs option, which aligns 

features of different mass spectrometric runs based on accurate retention time and mass, was 

enabled for label-free and dimethyl experiments. To facilitate further data analysis, the results 

were either imported into the MaxQuant associated software suite Perseus or into Excel 

(Microsoft). A two-sided t-test was used to assess statistical significance. Phosphopeptide and 

protein p-values were corrected for multiple testing using the method of Benjamini-Hochberg 

and allowing an FDR of 1 %. Phosphopeptides were filtered for a localization probability > 0.75 
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(class 1 sites) (37). Upregulated phosphorylation sites were further analyzed for enriched kinase 

substrate relationships using KinomeXplorer (required NetworKIN score > 4, number of 

substrates > 1, top two kinases per phosphorylation site) (38). MotifX (39) was used to extract 

phosphorylation site motifs from the acquired dataset (significance = 0.001, width = 13). 

Phosphoprotein interactions were extracted using STRING (version 9.1; combined score > 0.9) 

(40) and KEGG was used for pathways enrichment analysis (41). Resulting networks were 

exported and visualized within the Cytoscape environment (version 3.1) (42). Phosphorylation 

site annotations were derived from PhosphoSitePlusTM (43). The software tool DAVID was used 

for functional annotation enrichment (44).  
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Results and discussion 

Mass spectrometry-based workflow for global, multi proteomic profiling of lapatinib 

mode of action and resistance  

The aim of this study is a global phosphoproteomic and proteomic characterization of lapatinib 

mode of action and resistance in an established (28), ERBB2 positive breast cancer cell line 

model. First, it was confirmed that the resistant cell line remains insensitive to lapatinib 

treatment (IC50 of 4.4 µM for the resistant cells and 56 nM for the parental cells; Figure 1A), 

responsive to AXL inhibition (IC50 of 82 nM for the multi kinase inhibitor BMS-777607 which also 

targets AXL; Figure 1A) and has a proliferation rate comparable to the one of parental cells 

(Figure 1B). Since AXL expression was found to be directly dependent on the selective pressure 

of lapatinib, the growth medium of the resistant cell line was supplemented with 1 µM lapatinib 

throughout the study (Figure 1C). For the mass spectrometry-based (phospho)proteomics 

analysis of parental cells which were either left untreated or exposed to 1 µM lapatinib for 

30 min versus the resistant cell line, triple dimethyl labeling of proteome digests in combination 

with Fe-IMAC column-based phosphopeptide enrichment was used (Figure 1D). In addition to 

the analysis of altered protein abundance, this setup enables a direct quantitative comparison of 

phosphorylation changes induced by lapatinib treatment of parental cells (mode of action 

analysis) to the corresponding rewiring events arising in resistance. To facilitate robust 

statistical analysis, a total of four biological replicates were conducted. PCA analysis of the 

twelve experimental states (three dimethyl channels in four replicates) revealed that the 

proteome and phosphoproteome samples cluster according to biology rather than technical 

batch and clearly shows a separation of the parental and the resistance state along the first 

PCA axis (Figure 1E). The quantitative reproducibility and dataset quality is further underscored 

by excellent correlation between biological replicates (average Pearson R of > 0.97 for 

phosphopeptides and > 0.98 for proteins; data not shown). To gain insight into complementary 

protein kinase changes not observed in the full proteome dataset, triplicate kinase affinity 

enrichment by Kinobeads (KBγ) followed by quantification in a label-free fashion was performed 

(Figure 1C). Collectively, the dataset, which required close to eight days of measurement time, 

comprises the quantification of > 7,800 proteins, > 300 protein kinases and > 15,000 unique 

phosphopeptides (> 9,800 unique phosphorylation sites) which makes this, to the best of my 

knowledge, the most comprehensive and robust characterization of molecular events 

accompanying kinase inhibitor resistance to date.  
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Figure 1. Workflow and dataset characterization. (A) Compared to parental BT-474 cells (Par), much 
higher doses of lapatinib are necessary to reduce viability of the resistant clone BT-474-J4 (Res). As 
shown by Liu et al. (28), the resistant cells also remain responsive to BMS-777607, a multi kinase 
inhibitor which targets AXL. (B) Proliferation of parental and resistant cell lines was monitored over the 
course of seven days. Despite the presence of 1 µM lapatinib, the growth rate of the resistant cell line is 
virtually identical to that of the parental line which is left without the inhibitor. (C) Western Blot analysis 
indicates that resistant cells which are cultured in the absence of lapatinib for several weeks lose the 
expression of AXL. (D) In the mass spectrometry-based (phospho) proteomic workflow used in this study, 
digested peptides from three different experimental conditions were dimethyl-labeled, combined and 
enriched for phosphopeptides using Fe-IMAC chromatography. To increase proteome and 
phosphoproteome coverage, the column flow through was separated using hydrophilic strong anion 
exchange chromatography and the phosphopeptide containing eluate was fractionated using high-pH 
reversed-phase micro-columns. The whole procedure was repeated in four independent biological 
replicates. In order to increase kinome coverage, Kinobead pull downs were conducted in three 
replicates. (E) PCA analysis of the three dimethyl encoded experimental states which were conducted in 
four biological replicates shows that samples cluster based on biology rather than dimethyl batch. 
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Phosphoproteomic analysis of lapatinib mode of action in parental cells 

With this comprehensive dataset at hand, I first analyzed phosphorylation changes induced by 

treatment of the parental cell line with 1 µM lapatinib for 30 min. To assess statistical 

significance, a t-test with post hoc Benjamini-Hochberg correction (FDR < 1 %) was performed  

 

 

Figure 2. Phosphoproteomic analysis of lapatinib mode of action in parental cells. (A) Volcano plots 
showing significantly changing proteins and localized phosphosites (found in a minimum of three 
biological replicates; BH-FDR < 0.01, corrected for multiple testing) upon 30 min treatment with 1 µM 
lapatinib. Whereas less than 1 % of the proteome is significantly changing, 5 % of the phosphoproteome 
is perturbed. (B) Bar plots display the average log2 FC of sites which are known to have a functional 
impact on protein activity and the average log2 FC of kinase substrate sites. The number of associated 
substrates is indicated in brackets. (C) Phosphorylation motifs of many well-known kinases are enriched 
amongst the significantly inhibited phosphosites (p-value < 0.001). The motif-score is indicated in 
brackets. (D) Protein-protein interaction map of sites on phosphoproteins which are significantly changing 
upon short term lapatinib treatment. KEGG annotation (Cytoscape plugin) reveals significantly enriched 
pathways which confirms known (inactivation of MAPK, mTOR signaling) and uncovers new (mRNA 
processing and impact on adherens junctions) impact of lapatinib on cellular signaling. 
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on localized sites (localization probability > 0.75) which were at least seen in three out of four 

biological replicates. This analysis revealed that, despite the inhibitor`s exquisite selectivity, a 

total of 349 sites (5 % of the dataset) are significantly changing upon lapatinib treatment (204 

sites down and 145 sites up). As expected, less than one percent of the measured proteins are 

changing within the same period of time (Figure 2A). The 204 downregulated sites contain 

several known, ERBB2 pathway associated kinase phosphorylation sites such as ERBB2-pY-

1233 (log2 FC of -2.9; p-value of 3.6E-4), MAPK3-pY-204 (log2 FC -3.2; p-value of 1.2E-08) or 

RPS6KB1-pS-404 (log2 FC of -3.0; p-value of 1.3E-4) which all directly reflect the kinase‘s 

activity (Figure 2B). Both, the analysis of enriched kinase substrates (Figure 2B) and the 

overrepresented motifs among the inhibited phosphorylation sites (Figure 2C) largely 

corroborate those kinase activity changes (e.g. for MAPK1, MAPK3, RPS6KB1 and ERBB2) 

and suggest the inhibition of additional kinases (e.g. AKT, mTOR). Global protein interaction 

analysis of changing phosphoproteins using the STRING database in combination with KEGG 

annotation of the extracted network confirms the known perturbation of the MAPK (e.g. < 2.2E-

3) and mTOR signaling branch (FDR < 2.2E-3). Moreover, it reveals a previously unknown and, 

surprisingly even more significant, impact of the inhibitor on the stabilization and expression of 

E-cadherin adherens junctions (FDR < 3.5E-4) and on the processing of capped intron 

containing pre-mRNA (FDR < 8.0E-5) which represents an important part of mRNA splicing 

(Figure 2D). Interestingly, splicing is implicated in virtually all steps of tumor biology and 

frequently aquires oncogenic potential  (45). Hence, the spliceosome is increasingly recognized 

as druggable tumor target (46) and splicostatins (or analogues thereof) inhibit parental BT-474 

cells with low nanomolar affinity (46, 47). Impaired splicing might thus be a previously 

unappreciated mechanism of lapatinib action in breast cancer. In addition, phosphoproteomic 

analysis also points to the regulation of receptor tyrosine kinase adaptor proteins such as 

IRS1/2, SHC1 or GAB2 and the altered activity of central transcription factors JUN and MYC 

(Figure 2B). 

Resistance acquisition is accompanied by extensive reprogramming of the proteome, 

kinome and phosphoproteome 

It is currently largely unknown to which extent resistance acquisition alters the global molecular 

repertoire of a cell compared to its parental counterpart. Towards this end, I stringently analyzed 

the proportion of significant changes (t-test with post hoc BH-FDR adjustment to < 1 %) of the 

phosphoproteome between parental and resistant cells (Figure 3A) and found that 1816 

localized phosphorylation sites change significantly (841 up and 976 down). This corresponds to  
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Figure 3. Global molecular reprogramming of a resistant cell line. (A) Volcano plots depict significantly 
changing proteins and localized phosphosites (found in a minimum of three biological replicates; BH-FDR 
< 1 %) in the resistant (Res) compared to the parental (Par) cell line. The magnitude of phosphoproteome 
(28 % of all sites) and proteome (22 % of all proteins) alterations suggest that resistance is accompanied 
by a fundamental impact on the proteomic composition of a tumor cell. (B) The cumulative frequency plot 
shows the quantitative magnitude of protein and phosphorylation changes upon resistance acquisition in 
relation to the changes observed after 30 min lapatinib treatment of the parental cell line. (C) Averaged 
quantitative kinase data from the full proteome and the affinity purification dataset were ranked according 
to their log2 FC between the parental and the resistant cell line. 

over one quarter of all covered sites, which is surprisingly large in light of the relatively moderate 

change elicited by short term treatment with the very selective inhibitor lapatinib (5 % of all sites; 

Figure 2A). Also 22 % (1422) of all proteins change significantly (655 up and 768 down) 

(Figure 3A). From a strictly quantitative point of view, 17 % of all sites and 11 % of all proteins 

are altered at least two fold which further underscores the magnitude of molecular 

reprogramming upon resistance acquisition (Figure 3B). As kinases are frequently involved in 

the resistant phenotype and contain a high proportion of clinically actionable targets, kinome 

perturbations were of special interest. In addition to the known overexpression of AXL, this 

analysis indicates the reprogramming of several other kinases which have not yet been 

associated with lapatinib resistance (Figure 3C). Some of them have known or emerging roles in 

breast cancer biology (e.g. ERN1 (49), FGRF2 (50), ATR (51) and EEF2K (51, 52), with log2 

fold changes of 3.1, 2.9, 2.0 and 1.9) whereas others are entirely undefined in this context (e.g. 

SIK3, log2 FC 2.5). Thus, these extensive kinome changes prioritize a pool of biologically 

relevant kinases, of which several are accessible with current pharmacological matter.  
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Phosphorylation rewiring in resistance extends the mechanism of PIK3 reactivation and 

uncovers many de novo activation events  

After having established the global extent of acquired resistance, I next asked how 

phosphorylation is changing in resistance. To study signaling recovery, the 204 sites which are 

initially inhibited by lapatinib in the parental cell line were arbitrarily divided into the categories 

“remain inhibited” (112 sites) and “reactivated” (92 sites) by requiring at least a 50 % 

phosphorylation recovery compared to the initial phosphorylation change (e.g. a site which was 

originally inhibited with a log2 FC of -2 would be called reactivated if the log2 FC in resistance is 

> -1). Extracted pathway information of connected phosphoproteins clearly shows that the 

“reactivation” network is strongly enriched in sites associated with the KEGG annotated 

PIK3/AKT/mTOR pathway. In contrast, not a single phosphoprotein with such an annotation 

remains inhibited (Figure 4A). Some selected, activity associated sites and kinase substrates 

shown in Figure 4B corroborate this finding. Whereas the activity of kinases belonging to the 

MEK/ERK signaling pathway (e.g. MAP2K1 and MAPK1) remains inhibited, the activity of those 

from the PIK3/AKT/mTOR pathway (e.g. AKT or RPS6KB1) fully recovers in lapatinib resistant 

compared to sensitive cells. Hence, as one would expect, the phosphoproteomic data readily 

captured the previously described recovery of PIK3/AKT/mTOR signaling and adds many new 

observations (e.g. the transcription factor JUN is reactivated whereas MYC remains inhibited). 

In addition, the data suggests a detailed mechanism for adaptor/scaffolding protein rewiring 

downstream of the altered receptor tyrosine kinases. First, strong, ERBB2 independent (the site 

is not responsive to 30 min lapatinib treatment) phosphorylation of the receptor tyrosine kinase 

adaptor GAB2 at position pY-476 (log2 FC of 2.9) is capable of inducing interaction with PIK3R1 

(which is also phosphorylated at pY-580 with a log2 FC of 2.9), the regulatory subunit of PIK3 

(54). Second, despite their initial sensitivity towards lapatinib, several sites of the adaptor 

protein IRS1 are reactivated in resistance (e.g. pT-446, pT-453 and pS527). The protein IRS1 

serves as a docking site and scaffold for many different SH2 domain containing proteins, 

including the p85 subunit of PIK3, and might in turn play an important role for signal rewiring. In 

contrast, the adaptor proteins IRS2 (pS-1176) and SHC1 (pY-427) remain highly responsive to 

lapatinib inhibition also in the resistant cell line. 

Next, I focused on sites and kinase substrates which are upregulated in resistance compared to 

the untreated parental cell line and found a clear activation of several kinases known to interact 

with each other (SRC, PAK1/4, RPS6KA1/3, JAK2, CK 1/2, CDK1) and altered phosphorylation 

of transcription factors located downstream of some of those kinases (e.g. RPS6KA family is 
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known to phosphorylate STAT3-pS727 (55)) (Figure 4C). Excessive activation of 

phosphorylation sites located on proteins belonging to the initially targeted pathway (mTOR and 

ERBB signaling as the top two KEGG pathways; Figure 4D) further suggests that the cell tries to 

surmount inhibitor action by excessive activation of initially targeted pathways. Strikingly, this is 

also apparent for sites belonging to the spliceosome (Figure 4D), which has already been found 

to be affected in response to short term lapatinib treatment (Figure 2D). 

 

Figure 4. Phosphorylation changes in resistance. (A) An arbitrary classification in reactivated sites (112 
sites) and such that remain largely inhibited (95 sites) in resistant cells reveals that sites on proteins 
which are part of the PIK3/AKT/mTOR pathway (annotated using KEGG) are exclusively found 
reactivated. (B) The lapatinib induced log2 FC of selected activity associated sites and kinase substrate 
sites is plotted for the parental (Par) and the resistant (Res) cell line.  (C) A selection of activity associated 
sites and kinase substrates which are seen reproducibly upregulated in resistance and do not show 
statistically significant inhibition upon short term lapatinib treatment. For kinase substrate enrichment, the 
average log2 FC of the substrate sites is plotted and the number of associated substrates is indicated in 
brackets. (G) Global analysis of KEGG pathways enriched among phosphoproteins which are 
upregulated in resistance. Numbers inside the bars indicate the associated number of (phospho) proteins.  
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A multi proteomic model of resistance reveals a wide range of deregulated drug targets  

As shown above, the multilayered dataset paints a complementary and comprehensive picture 

of resistance acquisition which is summarized in the pathway model shown in Figure 5A. It 

features kinases, transcription factors and scaffolding proteins which were found to be 

reactivated (e.g. PIK3, AKT, JUN, IRS1), remain inhibited (e.g. MEK, MYC, SHC1) or are 

activated/overexpressed (e.g. CDK1, STAT3, GAB2) after long term lapatinib treatment. 

Notably, all acquired datasets provide unique information which further emphasizes the value of 

a multi proteomic perspective. Next, it was of interest if those newly discovered resistance 

features can be pharmacologically exploited. In contrast to continuously inhibited sites, sites that 

are initially responsive to treatment and reactivated in resistance should have a higher chance 

of being functionally relevant for survival. Indeed, Liu et al. showed that the resistant cells are 

highly sensitive towards AKT, mTOR and PIK3 inhibition (28), whereas no reduction in viability 

upon dose dependent treatment with the MEK inhibitor selumetinib was found (data not shown). 

The proteomic model also captured many additional alterations and a prominent one is the 

strong activation of CDK1 (pT-161, log2 FC 2.5) and moderate activation of CDK2 (pY-15, log2 

FC 0.6). Strikingly, both the parental and the resistant cell line are highly sensitive towards 

BMS-387032 (IC50 parental ~200 nM, resistant ~300 nM; Figure 5B) and SCH-727965 (IC50 

 

 

Figure 5. Identification of pharmacologically actionable targets and phenotypes in lapatinib resistant 
breast cancer (A) A pathway model of overexpression, activation and rewiring events in resistance. 
Phosphoproteomic analysis identified nodes which remain responsive to lapatinib also in resistance 
(blue), nodes that are reactivated and might thus re-establish proliferation (green) and nodes which are 
de novo upregulated in resistance (black). (B) Dose-response curves using two CDK inhibitors (BMS-
387032, SCH-727965) show that viability of the resistant cells is highly dependent on CDK signaling.  
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parental ~30 nM, resistant ~70 nM; Figure 5B), two inhibitors of the CDK family. The fact that 

roughly 45 % of the parental cells survive CDK inhibition indicates that a higher proportion of the 

resistant cell line population is dependent on CDK1/2 signaling. Another example is the kinase 

EE2FK, which is an emerging target in certain breast cancer subtypes and can be 

pharmacologically addressed (56). It contains two sites which are responsive to lapatinib 

treatment in parental cells (pS-72, pS-74; log2 FC -1.7, -1.3; p-values of 2.7E-04 and 3.7E-05) 

and is found to be highly overexpressed in resistance (see Figure 3C). In effect this leads to the 

full recovery of absolute phosphorylation levels (pS-72 and pS-74, log2 FC (Res/Par) 0.07 and 

0.05). Intriguingly, this observation might imply that the cell compensates inhibitor elicited loss of 

phosphorylation by protein overexpression. Of note, also 38 different ribosomal components are 

overexpressed in resistant cells, which might be a means of counterbalancing lapatinib induced 

mitigation of translation (which is a known effect of mTOR inhibiton). Owing to time constraints, 

no further studies directed towards examining the functional role of EE2FK and other prioritized 

targets (e.g. CK, SIK3 or JAK2) in resistance could be carried out but corresponding 

experiments are currently ongoing. In conclusion, the multi proteomics model of resistance 

made it apparent that resistant cells aquire many different and targetable alterations. 

A comparison to previously described mechanisms of ERBB2 resistance suggest very 

diverse molecular paths of aquisition 

Motivated by the fact that many different activation and overexpression events exist, I next 

asked if some common alterations can be found. Fortunately, resistance against ERBB2 

inhibition in breast cancer is one of the best studied model systems and many different routes 

leading to resistance have been uncovered. Strikingly, the comprehensive dataset contained 

quantitative information for virtually all of the molecules and phosphorylation events described in 

18 different studies (Figure 6A). As expected, large-scale proteomic measurement readily 

confirmed Western Blot-based observations from the laboratory which established the resistant 

cell line which was also used for this study (28) (loss of PGR expression and ERK pY-204, BAD 

pS-99 and FOXO pT-32 phosphorylation in resistance; Figure 6A). However, alterations found 

in other studies, such as the compensatory upregulation of ERBB family members (ERRB3 (10), 

EGFR (9)), loss of PTEN (23) or the overexpression of CCNE (22) and PRKACA (16) were not 

identified. Except for AXL and IGF1R, there was also no evidence for previously described 

upregulation of different receptor tyrosine kinases (MET (14), MST1R (15), EPHA2 (11), 

EPHA7, PTK2, TGFBR1 (57)). Interestingly and despite nearly five fold overexpression, IGF1R  
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Figure 6. Comparison of previously described mechanisms of resistance against ERBB2 targeted therapy 
to the dataset acquired in this study. (A) 18 different molecular mechanisms of resistance were compiled 
from literature and compared against the quantitative protein (blue bars), phosphorylation (red bars) and 
kinase (green bars) measurements obtained by exploratory mass spectrometry. The described molecular 
mechanism of resistance is indicated above (a tick indicates confirmation and a cross indicates 
discordance) (B) Dose-response curves of two SRC family of kinase inhibitors dasatinib and saracatinib 
shows that viability of the resistant cells is not dependent on SRC signaling. (C) Left panel: Resistant cells 
(Res/R) are morphologically distinct compared to the parental cell line (Par/P). Right panel: Matrigel 
invasion assay shows that resistant cells are more invasive than their parental counterpart. Notably, the 
invasive phenotype is particularly pronounced upon lapatinib removal. (D) In contrast to proliferation, 
reduced invasive potential upon SRC family of kinases inhibition with dasatinib (250 nM), saracatinib 
(250 nM) or bosutinib (300 nM) provides evidence that SRC signaling is important for invasion in the cell 
line model used for his study.  
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was not required for proliferation (cells are not responsive to the IGF1R inhibitor linsitinib; data 

not shown). This is in line with the absence of significant CDKN1B and SKP2 expression 

changes, which were previously shown to be important for IGF1R mediated resistance (12). 

Consequently it can be argued that the plain observation of an activation or expression event in 

resistance might not necessarily be a good indicator of functional relevance. 

Independent studies in BT-474 cells have previously identified SRC and members of the SRC 

family of kinases as common drivers of lapatinib resistance, which are required for sustained 

proliferation (18, 17). As SRC activation (and FRK overexpression in the Kinobead dataset; 

Figure 6A) was also observed in BT-474-J4 cells, I intended to reproduce these findings, but, 

surprisingly, found that resistant cells are not responsive to the SRC family of kinase inhibitors 

dasatinib and saracatinib (Figure 6B). However, due to the observed morphological changes of 

the resistant cell line (Figure 6C), the enrichment of the KEGG pathway “regulation of actin 

cytoskeleton” (Figure 4D) among upregulated phosphoproteins and the known role of the 

de novo activated SRC pathway in invasion (58), it was investigated if the cell line might have 

an altered invasive behavior. Indeed, Figure 6C shows that invasion in the resistant cell line is 

increased by roughly three fold compared to the parental cell line. This acquired phenotype can 

be reduced by low doses of the SRC family of kinase inhibitors dasatinib, saracatinib and 

bosutinib (Figure 5D). This result corroborates conclusions drawn for IGF1R (i.e. functional 

relevance is context specific) and further suggest that previously identified resistance drivers 

can have distinct functional roles in each individual case (e.g. instead of being relevant for 

proliferation in the model system used in this study, SRC overexpression/activation is 

responsible for an invasive phenotype). Interestingly, the removal of lapatinib increases the 

invasiveness to roughly six fold (Figure 6C), which calls discontinued inhibitor exposure upon 

the development of resistance into question. Mechanistically, SRC might directly phosphorylate 

and activate EGFR/ERBB2 on pY-727/pY-735, a site which is unresponsive to lapatinib 

treatment, known to interact with SRC (59) and highly upregulated in resistance (log2 FC of 2.9; 

notably it is only found in one out of four replicates). As soon as lapatinib is removed, EGFR 

might get reactivated and can thus contribute to enhanced invasion.  

Collectively, the results show that the mechanisms of resistance acquisition are very 

heterogeneous and that previously identified resistance drivers might either not be functionally 

relevant (e.g. IGF1R) or have several, context specific functions (e.g. SRC family of kinases). 

This heterogeneity might pose a great challenge in terms of unifying treatment options. Thus, it 

might be a more efficient strategy to search for molecular integrators of different, heterogeneous 

resistance mechanisms or common alterations. 
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Lapatinib resistance is accompanied by a phosphorylation-based shift towards increased 

glucose consumption 

Two other described molecular mechanisms of resistance are based on glycolytic addiction 

caused by metabolic reprogramming (Figure 6A). In the first case, overexpression of twelve 

different proteins was found to activate a glucose deprivation response which rendered resistant 

cells sensitive towards glycolysis inhibition (26). Although significant overexpression of HSPA5 

(p-value of 1.7E-06) and the glucose transporter GLRX (p-value of 1.1E-05) was observed, 

there was no such evidence for the remaining nine proteins (one was not covered by the 

acquired dataset; Figure 6A). In fact, abundance of three of those proteins even significantly 

decreased in the resistant cell line (ALDH3A2, HMGCS1 and NDRG1). A second mechanism 

involves upregulation of the transcription factor HSF1 which was found to increase LDHA 

expression, a metabolic protein that enhances glycolytic flux (60). Whereas LDHA 

overexpression was only marginally elevated in my cell line (log2 FC of 0.3, p-value of 1.5E-03), 

I found a 62-fold increase of LDAH pY-10 phosphorylation, a site which is known to cause 

 

 

Figure 7. Lapatinib resistant cells are addicted to glycolysis which represent a targetable phenotype (A) 
The log2 FC of phosphotyrosine sites between parental and resistant cells is plotted separately for YXXL-
motif containing proteins and such that do not contain this motif (phosphorylation changes are corrected 
for altered protein expression). The clear quantitative separation suggests that one activated kinase or 
deactivated phosphatase is responsible for these changes (the outlier YXXL motif site is ERBB2 pY-1248 
which is inhibited due to lapatinib treatment). Importantly, also three pY-sites from major glycolytic 
enzymes (LDHA, ENO1, PGAM1) carry the YXXL motif (red colored dots). (B) A metabolic pathway 
model summarizing expression and phosphorylation changes detected in this study. Metabolic rewiring of 
resistant cells is primarily driven by phosphorylation. Posttranslational activation of LDHA via pY-10 and 
inactivation of PDHA1 via pS-300, promotes conversion of lactate to pyruvate rather than acetyl-CoA, 
which in turn enhances anaerobic glycolysis. (C) Cell viability assay where resistant and parental cells are 
treated with increasing doses of 2-deoxy-glucose, an inhibitor of glycolysis, for 96 h. Compared to 
parental cells, lapatinib resistant cells show an increased addiction to glucose.  
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enzymatic activation (61) (p-value of 8.1E-03; Figure 7A). Also ENO1 pY-44 and PGAM1-pY92, 

phosphotyrosine sites on two other important glycolytic enzymes, showed a 31- and 13-fold 

increase, respectively (p-value of 4.7E-06 and 4.0E-05; Figure 7A). In search for the responsible 

tyrosine kinase/phosphatase, an overrepresented phosphotyrosine motif was discovered 

(YXXL, where X stands for an arbitrary amino acid and L for the amino acid leucine). Sites that 

contain this motif are quantitatively separated from the rest (except for one site which 

represents an inhibited ERBB2 site; see Figure 7A) and comprise all the pY sites found on 

glycolytic enzymes (Figure 7A). Hence, it is very likely that one specific kinase/phosphatase 

mediates for posttranslational activation of glycolysis, although it is at present unclear which one 

this is. Efficient conversion of pyruvate to lactate can additionally be enhanced by reduction of 

alternative pyruvate metabolism. Indeed, the phosphorylation on the enzymatic activity inhibiting 

site pS-300 on pyruvate dehydrogenase alpha (PDHA1) (62), the enzyme which irreversibly 

converts pyruvate to acetyl-CoA and thus prepares it for its entry into the citric acid cycle, is 27 

fold increased in resistance (Figure 7B). Consequently, anaerobic pyruvate conversion by 

concerted, posttranslational activation of LDHA and inactivation of PDHA1, should strongly 

promote the Warburg effect (i.e. predominant energy production via anaerobic glycolysis which 

is energetically much less favorable) and concomitant glycolytic addiction. In line with this 

model, the resistant cells are much more sensitive to glycolysis inhibition by 2-deoxy glucose 

(Figure 7C). Taken together, the study uncovers a posttranslational activation/de-activation of 

key enzymes within the glycolytic pathway which seems to be a viable route towards metabolic 

reprogramming and glucose addiction in resistance. The fact that an antibody against pY10, a 

biomarker for LDHA activity, exists and that glycolysis inhibitors such as 2-deoxy glucose or the 

anti diabetic drug metformin are actively evaluated in clinical trials renders the treatment of this 

phenotype a viable therapeutic option.   
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Conclusion 

In this study a large scale, multi proteomic analysis of the mechanism of lapatinib action in 

parental and resistant cells was conducted. The mass spectrometry-based approach readily 

captured and vastly extended the previously described mechanism of AXL mediated resistance 

and signaling recovery. Moreover, the combination of proteomics, phosphoproteomics and 

chemoproteomics uncovered additional, pharmacologically targetable phenotypes. Specifically, 

the data suggests that glycolytic addiction of resistant cells might be a common characteristic 

which can be targeted in a clinical setting (e.g. by 2-deoxy-glucose or metformin). The fact that 

this alteration cannot necessarily be observed by expression changes emphasizes the 

importance to study posttranslational modifications in general and phosphorylation in particular. 

Based on data from other studies and my own analysis, there might be great merit in searching 

for unifying features of resistance rather than solely relying on the identification of potentially 

interchangeable molecular events which might converge on the same molecule, pathway or 

phenotype (e.g. several resistance mechanisms observed in ERBB2 overexpressing breast 

cancer, whether it is AXL, EPHA2 or MET, lead to the reactivation of PIK3, which might 

consequently be a more attractive node to target). Given the many laboratories working on very 

similar models of resistance, the findings in this study hopefully encourage researchers to test 

those for the existence of previously described resistance drivers and especially for potential 

molecular integrators or convergence points. This should ultimately result in a more robust 

management and treatment of resistance. 
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LFQ   Label free quantification 

mRNA   Messenger ribonucleic acid 

MS   Mass spectrometry 
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PCA   Principal component analysis 
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General discussion 

Mass spectrometry has emerged as the key technology for the explorative study of 

phosphorylation events. Advances in sample preparation, phosphopeptide enrichment and 

mass spectrometric instrumentation now enables the routine identification and quantification of 

10,000s of sites in a single study. Still, several challenges such as missing workflow 

reproducibility, absence of automation capabilities, enrichment material complementarity, and 

incomplete sequence coverage remain. Hence, one central aim of this thesis was to develop, 

implement and benchmark an efficient and robust phosphoproteomic workflow which addresses 

these limitations.  

In chapter 2, I described the development of a purification approach based on chromatographic 

phosphopeptide enrichment using commercially available IMAC columns charged with Fe3+ 

ions. I found that Fe-IMAC columns enable comprehensive enrichment without biases 

introduced by insufficient capacity. Importantly, bound phosphopeptides are also efficiently 

eluted off the material, a fact that is hard to address for materials where the metal ions and thus 

the bound analyte molecules, cannot be easily stripped of the carrier material. The 

chromatographic approach with its multiple interaction events vastly improves enrichment 

selectivity and thus overcomes co-purification of non phosphorylated peptides as a major 

drawback of previous Fe-IMAC formats (1). With this enrichment approach at hand, I initially 

aimed at sequential depletion of phosphopeptides by means of different enrichment materials 

(TiO2 and Ti-IMAC) which have previously been shown to purify distinct parts of the 

phosphoproteome (2). Surprisingly however, missing recovery of phosphopeptides by other 

materials (and also upon repeated Fe-IMAC column enrichment) from Fe-IMAC column flow 

throughs clearly showed that the IMAC column completely depleted the sample of 

phosphopeptides which was not the case vice versa. Hence, the developed workflow is per se 

comprehensive and does neither require additional enrichment materials nor consecutive 

enrichment steps. Moreover, this suggests that the complementarity which has previously been 

observed is only of apparent nature and is primarily caused by biases introduced by insufficient 

capacity and inefficient elution. Although the initially intended fractionation of phosphopeptides 

(i.e. according to the number of phosphorylation sites per peptide or other factors influencing 

affinity to the immobilized metal ion) did not succeed using the Fe-IMAC column approach, it 

turned out to be highly beneficial for enriching  phosphopeptides prior to separation, a concept 

which saves a tremendous amount of time and is leveraged by high capacity and 

comprehensiveness (3). Such pre-enrichments also pave the way for high throughput 
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applications which would be extremely cumbersome to achieve if phosphopeptides are enriched 

from each fraction separately. In concert with devices such as an autosampler or a fraction 

collector, and a routine means for quality control (recorded absorbance), the whole process can 

be efficiently automatized. Given the recent debate about reproducibility (4, 5, 6), the column 

approach also offers the potential to decrease the inter-experimental and inter-laboratory 

variation. The commercial availability and the chromatographic principle of the column format 

should increase uniformity across laboratories and reduce the variation introduced by the 

manual assembly of spin columns or the synthesis of functionalized beads. Another advantage 

is that Fe-IMAC columns enrichment employs relatively mild buffer conditions and does not 

require selectivity enhancing additives which supports phosphopeptide integrity (e.g. 

phosphoester hydrolysis) and avoids additional desalting steps. It also facilitates re-application 

of IMAC column flow throughs for the enrichment of multiple PTMs, which would be a very 

appealing workflow extension that should be easy to implement (7).  However, it should also be 

noted that bead- and tip-based approaches are certainly advantageous if a laboratory does not 

have access to a HPLC device. The increased sensitivity of such tip-based approaches is also 

beneficial when it comes to the enrichment of limited amounts of sample (e.g. below 100 µg). In 

this respect the column is less effective which might make it less applicable to the enrichment of 

clinical samples. Moreover, my own experience shows that reproducibility of tip and bead 

formats is not considerably worse if all experiments are performed within one batch.  

Work done in this thesis exclusively relied on HCD fragmentation for the identification of 

phosphopeptides. Improvement of phosphopeptide localization by means of alternative 

fragmentation methods or hybrids thereof is an active area of research which might hold 

potential for the future. Promising approaches are EThcD (8) or the recently published UV 

induced dissociation (9). In addition, there is room for substantial improvement on the 

computational side of site assignment with a special focus on a more efficient interpretation of 

fragmentation patterns and a concomitant advance in the scoring of site localization (10).  

The last four years also saw several other phosphoproteomic workflow combinations published. 

For example, Loroch et al. compiled a workflow based on solid-phase extraction and 

electrostatic repulsion-hydrophilic interaction chromatography which offered vastly increased 

sensitivity and is in turn suitable for low µg input material (11). In addition, in another study, the 

Gerber laboratory found that chemical tagging of phosphopeptide eluates obtained after single 

stage enrichment (e.g. by TMT) does not compromise robustness (12). Consequently, less of 

the expensive labeling reagent is required. The recently published “EasyPhos” workflow extends 

the approach introduced by Kettenbach et al. (3) and features sample processing in a 96-well 
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plate format which enhances throughput and increases sample recovery due to more infrequent 

changes of reaction vessels and smaller reaction volumes (13). An enhanced reproducibility 

facilitates label-free quantification of enriched phosphopeptides in a single measurement 

approach akin to what I have described in chapter 2. Clear advantages of label-free methods 

are the large number of samples that can be compared and their applicability to serum and 

tissue. An emerging alternative is the multiplexed quantification of TMT10-plex labeled 

phosphopeptides which offers the advantage of less missing values, increases throughput 

tremendously but also suffers from severe ratio compression (9, 10). This can, in principle, be 

solved by a recently introduced MS3 approach (16). However, judging from my own experience, 

also MS3 spectra are not entirely free of ratio compression which renders the call of absence 

problematic (a feature might be entirely absent but shows a quantitative signal due to co-

isolation of a peptide species with similar mass eluting at the same time). To mitigate this 

problem, one might want to confine MS2 or MS3-based quantification approaches to the study 

of relative or gradual changes (e.g. upon stimulation of signaling for different periods of time) 

within the same biological system (e.g. one cell line). In contrast, the higher dynamic range and 

more robust estimation of absence which is offered by MS1-based quantification approaches 

might be more suited to study heterogeneous systems such as different cell lines or tissues. 

During the time of writing, several improvements which are related to previously mentioned 

advantages of the Fe-IMAC column workflow and were not described in chapter 2 have been 

implemented. First, the Fe-IMAC column enrichment time was reduced by a factor of eight 

(15 min turnaround instead of the 120 min as described in chapter 2). The time for column 

recharging was decreased to roughly 1 h (with further room for improvement) with a tested 

maximum of twelve consecutive enrichments (this number could well be higher, but this remains 

to be verified). Second, I have combined the enrichment with TMT labeling (pre and post 

column) and an efficient and sensitive high pH reversed-phase micro-column fractionation. In 

concert, these workflow extensions patch some previous shortcomings, add versatility and 

increase the sample throughput tremendously. To ensure efficient dissemination to other users 

and, perhaps even more importantly to other laboratories, the finalized workflow has been 

summarized in a step-by-step protocol which will be made more broadly available in the near 

future. Not least because of these efforts, several other groups have successfully implemented 

the methodology I have developed in this thesis. This shows that the workflow is easy to adapt 

and means that the idea of increased inter-laboratory reproducibility of phosphoproteomic 

studies might not just remain a theoretical one. Akin to a recent comparability study (17), a next 

step might be the analysis and variability assessment of phosphopeptide enrichments 
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conducted in different laboratories. Importantly, the described phosphoproteomic workflow is 

now also an integral part of various studies conducted in our laboratory. Examples include the 

phosphorylation site analysis of dozens of cell lines, tissues and distinct species such as mice 

and plants. Also relative changes, such as cell line specific phosphoproteome perturbations 

triggered by inhibiting or stimulating agents are now routinely conducted at a competitive depth 

and with high throughput. The workflow has also proven to be compatible with all common 

labeling and quantification approaches. Here, the simplicity and different modules which can be 

flexibly combined and individually tailored depending on the question at hand are particularly 

beneficial. This versatility is important since no one streamlined workflow will be sufficient to 

address every experimental question at hand.  

Despite impressive technological improvements and a reported quantification of >50,000 

phosphopeptides in a single cell line (18), the coverage of the phosphoproteome is far from 

complete. In chapter 2, I have shown that different enrichment materials are not per se suited to 

study different parts of the phosphoproteome. But even if only of apparent nature, this 

orthogonality which is caused by a combination of format shortcomings and insufficient mass 

spectrometric sequencing speed can in principle be used to isolate distinct parts of the 

phosphoproteome. Yet, a more efficient means to boost sequence coverage is the unbiased 

enrichment of phosphopeptides followed by multidimensional peptide separation. Given the 

superior retention of negatively charged groups, hSAX has proven to be particularly powerful for 

this purpose. However, other studies have nicely shown that also other fractionation techniques 

are highly suited for phosphoproteomic studies (e.g. high-pH reversed-phase columns (19), 

HILIC (20) or SCX (21)). The initial dataset from chapter 2 was acquired on a moderately 

performing Orbitrap Velos. In light of the vast advances in mass spectrometric instrumentation 

and the concomitant increase in sequencing speed it would be exciting to see which depth can 

be achieved nowadays (22). As bottom-up proteomics workflows are very much streamlined in 

the sense that they almost exclusively rely on trypsin for protein digestion and nESI for peptide 

ionization, chapter 3 examines how alterations in these workflow steps might enhance 

phosphoproteomic coverage. The study predominantly focuses on the complementarity of nESI 

and MALDI ionization for phosphoproteomics and describes the global characteristics of 

preferentially detected phosphopeptides. The comparison is based on thousands of 

phosphorylation events and as a consequence extends and strengthens observations made in 

previous studies, where samples of low complexity or artificially synthesized peptides were 

used. While the fundamental and global characteristics of differentially detected 
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phosphospecies are noteworthy and interesting, MALDI-based workflows are unfortunately not 

implemented in many laboratories and thus not broadly applicable. Still, the combination of 

phosphotyrosine immuno-affinity enrichment and MALDI-MS/MS, which favors the detection of 

tyrosine phosphorylated peptides, might be useful given the pivotal biological role of 

phosphotyrosine signaling. Moreover, we know from our own experience that the application of 

MALDI MS/MS can be crucial for the identification of phosphorylation sites of biological 

significance which are otherwise inaccessible (23). In chapter 3, I also showed that MALDI 

increases the sequence coverage equally as effective as orthogonal digestion enzymes such as 

Asp-N or Glu-C. As the latter approach is easy to implement in routine LC-MS/MS workflows 

and is readily compatible with Fe-IMAC column enrichment, it might represent a more 

straightforward way to increase phosphosite coverage. Another widespread method for the 

detection of tyrosine phosphorylated peptides is the enrichment using commercially available, 

phosphotyrosine specific antibodies. Typically, 10ths of milligrams of proteins amounts are 

required to get high numbers of identifications, confirming that the modification is of very low 

abundance. A more targeted approach recently described in literature is the use of motif-specific 

antibodies (24, 25, 26). Their application has led to the identification of kinase substrates that 

were not yet identified in large-scale studies (26), as well as to the identification of 

phosphopeptides containing a specific substrate consensus motif, previously not associated 

with a specific kinase (24).  

A major motivation of phosphoproteomic studies is to infer on cellular activity which often carries 

more functional relevance than plain protein abundance. Since all phosphorylation events (at 

least as far as we know) stem from kinases, the analysis of substrate changes is only an indirect 

indicator of such activities. In search for a more direct method which might complement 

signaling studies, I examined to which extent chemoproteomic kinase enrichment is influenced 

by the kinase activation state. The work described in chapter 4 was mainly motivated by 

repeated claims from another laboratory which established and published (27) the concept that 

immobilized inhibitor bead mixes exclusively capture the active kinase conformation. Hence, I 

activated kinases using phosphatase inhibition and compared their chemoproteomic binding to 

phosphorylation site changes which were measured using the previously established Fe-IMAC 

column workflow. Unfortunately for the field, these claims did not hold true and I was able to 

show that this matter is much more complex than previously anticipated. Whereas only a minor 

fraction is fished in one preferential conformation, the binding of vast majority of kinases is not 

altered upon activation. This chapter came with two important scientific lessons. First, 
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confirmation of experimental results is an important part of the scientific process. Sometimes 

false conclusion drawn from observations are stated as a fact, generalized and used as a sound 

basis for further research. Such self propagation can only be addressed by independent 

research. Second, it is considerably easier to criticize a concept than to provide or at least 

suggest an adequate alternative, solution or extension. To address the latter I am currently 

working on the enrichment of phosphopeptides from pre-enriched kinome samples using the Fe-

IMAC column (an idea that is based on previous work (11,12). The in depth analysis of the 

(phospho) kinome renders the combined presence of the phosphopeptides and its non-

phosphorylated counterpart more likely. Consequently, absolute stoichiometries (so-called 

phosphorylation site occupancies (30) of a large number of kinase activation loop sites can be 

calculated. Although this approach is not as direct as initially aimed for, it is a facile means for a 

deeper interrogation of kinase activity and should be further explored in the future. Still, for the 

few kinase inhibitor and bead combinations where activity dependent binding was found to be 

true, kinase activity can also be determined directly. Moreover, our laboratory is now examining 

the concept of activity independent binding for a possibility to profile small molecule kinase 

inhibitors against distinct activation states. According to the results of a recent study, the 

identification of such conformation selective inhibitors might for instance be effective in 

reversing some cases of resistance (31).   

Explorative phosphoproteomics can be used to answer a multitude of different biological 

questions. It provides insights into very fundamental cellular biology (e.g. the cell cycle (12, 13)), 

allows to infer on kinase activity (14, 15); it enables to record temporal signaling dynamics (34), 

to classify cell lines according to their origin (35), it can be used to predict phenotypic response 

(36), catalogue the phosphorylation events in different tissue types (37) and to study a drug`s 

mode of action (38). Up to chapter 4 my thesis had a very technical character. Since new 

methodology always lives from application, chapter 5 describes the phospho- and 

chemoproteomic dissection of lapatinib resistance in ERBB2 overexpressing breast cancer. The 

study combined methodology which was examined and established in chapters 2 and 4 of this 

thesis and showed that Fe-IMAC column workflow is robustly applicable to address biological 

questions. Given the preparation of four biological replicates, the decreased amount of time 

spent for sample preparation and the high quantitative reproducibility were especially apparent. 

The enrichment has proven to be efficient and the peptide absorbance provided a facile means 

of quality control. Despite the increased complexity of MS1 spectra (triple dimethyl labeling), the 

combination with a simple tip fractionation approach (six fractions) rendered the coverage of the 
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phosphoproteome deep enough to identify several key players within the ERBB signaling 

pathway. Still, as already pointed out above, future efforts should clearly be directed towards an 

improved coverage of the phosphoproteome. Of note, the hSAX approach, which has been 

described in chapter 2, was confirmed to be powerful for the orthogonal and high resolution 

separation of non phosphorylated peptides obtained from Fe-IMAC column flow throughs. The 

systems level view on signaling recovery and molecular deregulation upon the acquisition of 

resistance allowed me to gain new mechanistic insight and to find new ways of targeting this 

phenotype. It turned out that resistance, even against a very selective compound, is 

characterized by extensive molecular changes and many more vulnerabilities than previously 

anticipated. Overall, this study highlights one of the general strengths of discovery proteomics 

which is to create new insights from a systems level perspective and to tie together previous 

observations in an effort to gain new insights. In line with this strength, the recorded dataset 

contained quantitative data for virtually all previously described mechanisms of resistance 

against ERBB2 targeted therapy. This data revealed the enormous heterogeneity in resistance 

acquisition but also suggested common convergence points of rewiring which might hold 

potential in terms of unifying treatment options. With addiction to glycolysis as a proposed 

common trait, it would certainly be exciting to examine if the other existing models of ERBB2 

resistance in breast cancer corroborate this finding. Targeting glycolysis is especially promising 

given the availability of suited therapeutic agents such as the antidiabetic drug metformin or 

2-deoxy-glucose which are currently evaluated in clinical trials. 
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Outlook 

Developments in the field of proteomics have made the in-depth analysis of protein 

phosphorylation feasible within a reasonable amount of time. However, it is still completely 

unclear how much of the phosphoproteome we need to cover in order to comprehensively 

analyze sites of biological relevance, let alone how many phosphorylation sites are occurring 

within one single biological system. In the next years, developments in both enrichment 

methods and mass spectrometers will be aimed at bringing phosphoproteomic 

comprehensiveness within reach. From a technical point of view, important next steps have to 

be the routine integration of several different proteases for digestion, improved sensitivity as 

sample amounts are often limited, integration of consecutive PTM enrichments and an increase 

in throughput as well as multiplexing capabilities. Apart from purely technical advances, 

progress in the functional annotation of the identified phosphorylation sites is crucial. A facile 

first step might be the identification and quantification of the “responsive” phosphoproteome. 

This could prioritize sites which are actively changing upon a variety of external perturbations 

and in turn provide valuable biological information. Moreover, these perturbations would reveal 

tightly connected phosphorylation sites and provide insights into the hierarchical composition of 

cellular signaling. Ultimately this should lead to frameworks of individual and dynamic cellular 

pathway maps that extend or replace “traditional” static models. Finally, from a data 

management and analysis point of view, stringent standards in data reporting and experimental 

design will increase inter-laboratory comparability and the establishment of data repositories. 

Such repositories should not only catalogue datasets but make the information accessible for 

exploration and use it as a foundation for functionally annotated, higher level insight. Moreover, 

new analysis tools that incorporate PTM data should put the analyzed data in a biological 

perspective thereby simplifying systems level research. 
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Abbreviations 

ESI   Electro-spray ionization 

ETD   Electron transfer dissociation 

EThcD   HCD supplemented ETD 

HCD   Higher energy C-trap dissociation 

HILIC   Hydrophilic interaction chromatography 

HPLC   High-performance liquid chromatography 

hSAX   Hydrophilic strong anion exchange 

IMAC    Immobilized metal affinity chromatography 

MALDI   Matrix-assisted laser desorption/ionization 

MS1   Precursor mass spectrum  

MS2   Fragment mass spectrum 

MS/MS  Tandem mass spectrometry 

MS3    Isolated fragment ion spectrum  

PTM   Post-translational modification 

SCX   Strong cation exchange 

TiO2    Titaniumdioxide 

TMT   Tandem mass tag 

LC   Liquid chromatography 

UV   Ultraviolette 
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