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Summary 

In this thesis, different neuronal systems were studied using mass spectrometry-based (MS-

based) methods. More precisely, the neuroblastoma cell-line SH-SY5Y and synaptic vesicles 

purified from rat brain were selected. SH-SY5Y cells are a commonly employed model 

system to study neuronal function and disease. This includes neuronal disorders occurring, 

for instance, in Parkinson disease or Alzheimer. Even though SH-SY5Y cells are widely 

explored, a complete description of the resulting proteomes and cellular reorganization 

during differentiation is still missing.  

In this thesis, the proteomes of cells obtained under standard growth conditions and by two 

differentiation protocols employing retinoic acid (RA) or a combination of RA and phorbol-

12-myristat-13-acetate (PMA) were compared. Relative protein abundance was obtained by 

an MS-based label-free quantification approach. First, the abundance of proteins with 

specific subcellular localization was compared revealing an increase in protein abundance 

in differentiated cells for proteins localized in the endoplasmic reticulum, plasma membrane 

and the lysosome. Similar changes in protein expression of RA- and RA/PMA-differentiated 

cells during neuronal differentiation indicate that similar cells are obtained by the two 

protocols. The proteins were relatively quantified between the three conditions. An increase 

of the expression of proteins related to RA administration or neuronal development, synaptic 

proteins as well as proteins of the antioxidant defense mechanism was observed in 

differentiated cells compared to undifferentiated cells. In contrast, upregulated proteins in 

undifferentiated cells are associated with cell proliferation. In conclusion, undifferentiated 

SH-SY5Y cells represent neuroblastoma cells which have not yet developed a neuronal 

character while both differentiated cells with neuronal character consequently serving as 

better neuronal model system were obtained from both differentiation protocols. 

In-cell cross-linking using formaldehyde further allowed capturing protein interactions in 

various cellular organelles of SH-SY5Y cells. The employed workflow and identified cross-

links were validated by plotting cross-links obtained in ribosomal proteins on a previously 

published high-resolution structure of the ribosome. The calculated cross-linking distances 

were in good agreement with the high-resolution structure and, therefore validated the 

employed workflow. Furthermore, protein-protein interactions involving histone, 

mitochondrial and cytoskeletal proteins were identified. Specifically, structural 

reorganization involving regulating protein factors of the actin cytoskeleton upon 

differentiation were observed.  
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Covalent labeling is widely used to identify solvent accessible amino acid residues of 

proteins or protein complexes. The obtained information adds valuable information for 

generating structural models of proteins. In this thesis, two chemical labeling strategies 

using: i) N-hydroxysuccinimidyl acetate (NHS-acetate) and ii) diethylpyrocarbonate 

(DEPC) as labeling reagents were employed. Characterizing the mass spectra of modified 

peptides uncovered neutral losses from DEPC-modified amino acids improving the 

assignments of the peptide fragment spectra. A quantitative labeling workflow was then 

established to determine labeling percentage and unambiguously distinguish solvent 

accessible amino acid residues from stochastically labeled residues.  

The established labeling workflow was then applied to study proteins of synaptic vesicles. 

Residues of solvent accessible domains of synaptic vesicle proteins were found to be 

modified using the labeling reagents: i) sulfo-N-hydroxysuccinimidyl acetate (S-NHS-

acetate), ii) NHS-acetate and iii) DEPC. This included typical synaptic vesicle proteins such 

as synaptobrevin-2, synaptotagmin and proteins with unknown structure including synapsin-

1, Ras-related protein Rab-3A and cysteine string protein. For the latter proteins, their 

structure was predicted using AlphaFold. The observed absence of labeling in specific 

domains of these proteins indicated lipid- and protein-binding sites. Surprisingly, residues 

located in luminal loops of tetra-spanning proteins and synaptic vesicle glycoprotein 2A 

were found to be labeled. The explicit functions of these proteins are unknown. The labeling 

data suggests structural rearrangements of these proteins under specific conditions resulting 

in solvent accessibility. Specifically, their dynamic structure might contribute to the 

previously reported increase in size of synaptic vesicles. In conclusion, the labeling 

workflow is applicable to unravel structural properties of proteins with unknown function. 



ix 
 

Zusammenfassung 

In dieser Arbeit wurden verschiedene neuronale Systeme mit Massenspektrometrie-

basierten (MS-basierten) Methoden untersucht. Hierfür wurden die Neuroblastom-Zelllinie 

SH-SY5Y und aus Rattenhirn präparierte synaptische Vesikel ausgewählt. SH-SY5Y-Zellen 

sind ein häufig verwendetes Modellsystem zur Untersuchung neuronaler Funktionen und 

Erkrankungen. Dazu gehören neurodegenerative Prozesse, die beispielsweise bei der 

Parkinson-Krankheit oder Alzheimer auftreten. Obwohl SH-SY5Y-Zellen weitgehend 

erforscht sind, fehlt eine vollständige Beschreibung der resultierenden Proteome und der 

zellulären Reorganisation während der Differenzierung. 

In dieser Arbeit wurden die Proteome von Zellen verglichen, die unter 

Standardwachstumsbedingungen und durch zwei Differenzierungsprotokolle unter 

Verwendung von Retinsäure (RA) oder einer Kombination aus RA und Phorbol-12-

Myristat-13-Acetat (PMA) erhalten wurden. Die relative Proteinhäufigkeit wurde durch eine 

MS-basierte markierungsfreie Quantifizierungsstrategie bestimmt. Zunächst wurde die 

Häufigkeit von Proteinen mit spezifischer subzellulärer Lokalisation verglichen, welches 

eine Zunahme der Proteinhäufigkeit in differenzierten Zellen der Proteine zeigte, die im 

endoplasmatischen Retikulum, der Plasmamembran und dem Lysosom lokalisiert sind. Die 

beobachtete Proteinexpression von RA- und RA/PMA-differenzierten Zellen, weist auf eine 

ähnliche neuronale Differenzierung hin. Die Proteine wurden zwischen den drei 

Bedingungen relativ quantifiziert. In differenzierten Zellen wurde im Vergleich zu 

undifferenzierten Zellen eine erhöhte Expression von Proteinen im Zusammenhang mit der 

RA-Gabe oder der neuronalen Entwicklung, synaptischen Proteinen sowie Proteinen des 

antioxidativen Abwehrmechanismus beobachtet. Im Gegensatz dazu sind hochregulierte 

Proteine in undifferenzierten Zellen mit Zellproliferation assoziiert. Zusammenfassend 

stellen undifferenzierte SH-SY5Y-Zellen Neuroblastomzellen dar, die noch keinen 

neuronalen Charakter entwickelt haben, während beide Differenzierungsprotokolle ähnlich 

differenzierte Zellen ergaben, die besser als neuronale Modellsysteme geeignet sind. 

Die chemische Quervernetzung mit Formaldehyd ermöglichte die Identifizierung von 

Proteininteraktionen in verschiedenen Zellorganellen von SH-SY5Y-Zellen. Der 

verwendete Arbeitsablauf und die identifizierten Quervernetzungen wurden validiert, indem 

Quervernetzungen von ribosomalen Proteinen auf eine zuvor veröffentlichte hochauflösende 

Struktur des Ribosoms aufgetragen wurden. Die berechneten Quervernetzungsabstände 
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stimmten gut mit der hochauflösenden Struktur überein und validierten daher den 

angewendeten Arbeitsablauf. Darüber hinaus wurden Protein-Protein-Interaktionen von 

Histon-, Mitochondrien- und Zytoskelettproteinen identifiziert. Insbesondere wurde eine 

strukturelle Reorganisation des Aktinzytoskeletts nach der Differenzierung beobachtet. 

Kovalente Markierung wird weit verbreitet verwendet, um lösungsmittelzugängliche 

Aminosäurereste von Proteinen oder Proteinkomplexen zu identifizieren. Die erhaltenen 

Informationen können zur Erstellung von Strukturmodellen von Proteinen genutzt werden. 

In dieser Arbeit wurden zwei chemische Markierungsstrategien unter Verwendung von i) N-

Hydroxysuccinimidylacetat (NHS-Acetat) und ii) Diethylpyrocarbonat (DEPC) als 

Reagenzien verwendet. Die Charakterisierung der Massenspektren von modifizierten 

Peptiden deckte Neutralverluste von DEPC-modifizierten Aminosäuren auf, welche die 

Zuordnung der Peptidfragmentspektren verbesserte. Anschließend wurde ein quantitative 

Markierungsstrategie etabliert, um den prozentualen Anteil der Markierung zu bestimmen 

und lösungsmittelzugängliche Aminosäurereste eindeutig von stochastisch markierten 

Resten zu unterscheiden. 

Die etablierte Markierungsstrategie wurde anschließend angewendet, um Proteine von 

synaptischen Vesikeln zu untersuchen. Reste von lösungsmittelzugänglichen Domänen 

synaptischer Vesikelproteine wurden unter Verwendung der Reagenzien: i) Sulfo-N-

hydroxysuccinimidylacetat (S-NHS-Acetat), ii) NHS-Acetat und iii) DEPC modifiziert. 

Dazu gehörten typische Vesikelproteine wie Synaptobrevin-2, Synaptotagmin und Proteine 

mit unbekannter Struktur, darunter Synapsin-1, Ras-verwandtes Protein Rab-3A und 

Cystein-String-Protein. Für letztere Proteine wurde ihre Struktur mit AlphaFold 

vorhergesagt. Das beobachtete Fehlen einer Markierung in spezifischen Domänen dieser 

Proteine deutete auf Lipid- und Proteinbindungsstellen hin. Überraschenderweise wurde 

festgestellt, dass Reste, die sich in luminalen Schleifen von Tetra-überspannenden Proteinen 

und synaptischem Vesikel-Glykoprotein 2A befinden, markiert sind. Die expliziten 

Funktionen dieser Proteine sind unbekannt. Die Markierungsdaten legen strukturelle 

Dynamiken dieser Proteine unter spezifischen Bedingungen nahe, welche zu einer 

Lösungsmittelzugänglichkeit führt. Insbesondere ihre dynamische Struktur könnte zu der 

zuvor berichteten Größenzunahme von synaptischen Vesikeln beitragen. Zusammenfassend 

lässt sich sagen, dass die Markierungsstrategie anwendbar ist, um strukturelle Eigenschaften 

von Proteinen mit unbekannter Funktion zu identifizieren. 
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1. Introduction 

Elucidating the explicit functions of neurons is the basis for many research areas. In neurons, 

proteins are required for many tasks and their expression and expression level is regulated 

by multiple factors. In addition, a protein’s structure is closely related to its function. 

Analyzing protein expression as well as the structure of proteins and the protein complexes 

they form reveals important pathways within cells and uncovers functional protein 

assemblies. One powerful method to obtain this information is mass spectrometry (MS). It 

allows quantification of the proteome as well as investigating the structure of proteins.  

 

1.1 Structure and function of neurons 

Neurons are required for processing and transmission of intercellular signals. Different kinds 

of neurons exist; they are structurally (multipolar, bipolar and pseudounipolar) or 

functionally (sensory, motor and interneuron) classified and fulfil specific tasks. In general, 

a neuron can be divided into four units: dendrites, cell body (soma), axon and axon terminal 

which is also called synaptic terminal (Figure 1) [1]. In the following paragraphs these 

structural units as well as organelles will be introduced. 

The dendrites as well as the soma constitute the postsynaptic neuron and receive signals [2, 

3]. When a neurotransmitter binds to the corresponding neurotransmitter receptor, the 

opening of its ligand gated ion channel is initiated and an ion influx occurs. In addition, 

neurotransmitters can bind to G protein-coupled receptors (GPCRs), triggering a cascade of 

processes mediated by second messengers, leading to opening of specific ion channels. The 

opening either results in the influx of positive charge, leading to depolarization and an 

excitatory postsynaptic potential, or negative charge, leading to hyperpolarization and 

inhibitory postsynaptic potential [4].  

As mentioned above, not only the dendrites, but also the whole cell body can function as 

postsynaptic side. In addition, protein synthesis occurs within the cell body. Gene expression 

starts with transcription and is then followed by translation within the rough endoplasmic 

reticulum (ER). Proteins are further processed within the Golgi apparatus. Within the Golgi, 

the proteins as well as lipids are prepared for further transport by packaging into vesicles. 

The Golgi is not only located within the soma, but also in dendrites as Golgi outposts and 

satellites [5]. 
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Figure 1: Structural cartoon of a neuron 
The schematic of a neuron is shown. Neurite growth is mediated by a growth cone (box). The growing neurites 
specialize in becoming either the axon including the axon terminal or dendrites. The following organelles are 
highlighted: nucleus (blue), rough and smooth endoplasmic reticulum (ER) (purple), lysosome and Golgi 
apparatus (green) and mitochondria (orange). In addition, cytoskeletal components are shown: neurofilaments 
(blue), microtubules (purple) and actin (red). 
 
The Axon forwards the action potential via a depolarization wave (positive charge) or 

repolarization wave (negative charge) [6]. Along microtubules within the axon, transport of 

organelles such as mitochondria, lysosomes and vesicles containing neurotransmitters or 

proteins takes place. Specifically, kinesin is responsible for anterograde transport along 

microtubules towards the axon terminal and dynein for retrograde axonal transport for 

example of vesicles containing degraded and misfolded proteins or growth factors, that may 

again stimulate the expression of specific genes [7, 8]. The axonal membrane contains 

voltage gated sodium channels. These are stimulated by the flow of positive charge and even 

increase this flow by opening their pores leading to a sodium influx [9]. After stimulation 

and the resulting high positive ion population within the axon, voltage gated potassium 

channels are activated, leading to efflux of potassium and therefore repolarization [9]. 

When the flow of positive charge reaches the axon terminal, specific voltage-gated channels 

located at the presynaptic side lead to influx of calcium ions [10]. In the chemical synapse, 

this triggers the fusion of neurotransmitter loaded synaptic vesicles with the membrane and 

the release of neurotransmitters into the synaptic cleft [10]. This process will be described 
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in more detail in the following section (Section 1.2). Neurotransmitters then bind to 

receptors located in the postsynaptic membrane as described above. After this process, 

neurotransmitters are degraded or reuptake is initiated. 

Mitochondria play an important role within neurons. They are located in the cell body as 

well as the dendrites and axon terminals. Their main function is energy supply in the form 

of adenosine triphosphate (ATP). The neurons high energy demand is associated with 

synaptic vesicle cycle as well as neurotransmitter synthesis [11]. Furthermore, mitochondria 

contain enzymes for neurotransmitter degradation [12]. 

In neurons, lysosomes are located in the cell body as well as in lower abundance in the distal 

parts of axons and dendrites [13-15]. They are required for macromolecular degradation of 

proteins, lipid membranes, DNA, RNA and carbohydrates and enable recycling of the 

obtained components. Important roles of axonal and dendritic lysosomes are the clearance 

of dysfunctional synaptic proteins and regulating the structural plasticity of dendritic spines 

[16-18]. 

The highly compatibilized structure as well as dynamic growth of neurites, which can be 

either dendrites or axons, is facilitated by a dynamic cytoskeleton. Three classes of filaments 

form the cytoskeleton: intermediate filaments, such as neurofilaments; microfilaments built 

by actin, and microtubules based on tubulin. During early neuronal development nestin and 

vimentin are the major subunits of intermediate filaments [19]. Upon neuronal maturation, 

the expression changes to neurofilament types (light, medium and heavy polypeptides). In 

contrast to intermediate filaments, microtubules and actin are more dynamic. Both 

microtubules and actin play an import role during neurite elongation within the 

lamellipodium and filopodium of the growth cone (Figure 1, box). In addition, microtubules 

stabilize the actin shaft and, as mentioned above, are required as transport route to the growth 

cone or axon terminal. 

 

1.2 The synapse and the synaptic vesicle cycle 

The synapse is a specialized structure enabling neurotransmission between neurons. In the 

case of chemical synapses, the release and recycling of synaptic vesicles is essential for their 

function. Synaptic vesicles are abundant organelles within the presynapse and all vesicles in 

one synapse contain roughly the same amount of neurotransmitter. The trafficking cycle of 

synaptic vesicles includes several steps (see Figure 2 for details). 
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Figure 2: Synaptic vesicle cycle within the chemical synapse 
The schematic of a chemical synapse including the synaptic vesicle cycle is shown. The main steps of the 
synaptic vesicle cycle are numbered. Abbreviation: NT, neurotransmitter; Rab3a, Ras-related protein Rab-3A; 
RIM, Rab3 interacting molecule; SNAP25, synaptosomal-associated protein, 25kDa; V-ATPase, proton-
pumping vacuolar H+-ATPase and PSD95, postsynaptic density protein 95; SNARE, soluble N-
ethylmaleimide-sensitive-factor attachment receptor. 
 
First, synaptic vesicles are loaded with neurotransmitters via secondary active transporters 

that utilize an electrochemical gradient of ions as energy source (Figure 2, step 1 and 1a). 

There are specific neurotransmitter transporters: the vesicular γ-aminobutyric acid 

transporter (VGAT) transports γ-aminobutyric acid (GABA) and glycine [20, 21], the 

vesicular monoamine transporters (VMAT) transport monoamines such as 5-hydroxy-

tryptamine, dopamine, adrenaline, noradrenaline and histamine [22], the vesicular 

acetylcholine transporter (VAChT) [22] transports acetylcholine and the vesicular glutamate 

transporters (VGLUT) transports glutamate [23]. Filled vesicles are then transported to the 

so-called ‘active zone’ of the presynapse. The distribution of vesicles near the active zone is 

controlled by several proteins including, for instance, bassoon and piccolo [24]. In the active 

zone, the vesicles dock to the presynaptic membrane (Figure 2, step 2). Docking of synaptic 

vesicles is mediated by Ras-related protein Rab-3A (Rab3a) [25] and Rab3-interacting 

molecule (RIM) further promoting Munc13 function and vesicle priming [26]. In the next 

step, docked vesicles are activated resulting in primed vesicles (Figure 2, step 3). During 

priming, formation of the trans-SNARE complex is formed. This complex contains SNAP25 
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and syntaxin located in the presynaptic membrane and synaptobrevin-2 located in the 

synaptic vesicle membrane [27]. In addition, synaptotagmin and complexin fulfill important 

regulatory roles. Complexin functions as a priming factor for SNARE complexes and as an 

activator of the SNARE complexes for subsequent fusion [28]. During fusion, the proteins 

of the SNARE complex are fully assembled into the so called ‘cis-complex’. Calcium influx 

through voltage-gated calcium channels leads to calcium binding to synaptotagmin and 

triggers synchronous fusion of synaptic vesicles with the presynaptic membrane [29] 

(Figure 2, step 4). Subsequently, there are three possibilities of vesicle recycling: i) synaptic 

vesicles are reacidified and refilled with neurotransmitters without undocking [30], ii) 

vesicles undock and recycle locally (‘kiss-and-run’) to reacidify and refill with 

neurotransmitters [31] or iii) vesicles fully fuse with the presynaptic membrane (Figure 2, 

step 5a-c). In the latter case, alternative recycling mechanisms of synaptic vesicles such as 

clathrin-mediated endocytosis [32] (see Figure 2, step 6), activity-dependent bulk 

endocytosis [33] and ultrafast endocytosis [34] are possible. Note that the synaptic vesicle 

cycle is not fully understood yet and many additional vesicular synaptic vesicle or 

presynaptic proteins play or may play a functional role. 

Upon synaptic vesicle fusion with the presynaptic membrane, neurotransmitters are released 

into the synaptic cleft and bind to receptors located at the postsynaptic side. These receptors 

are ionotropic or metabotropic receptors. Ionotropic receptors, also known as ligand-gated 

ion channels, are membrane proteins that form a pore upon neurotransmitter binding 

allowing ions to pass into the cell. As an example the inhibitory neurotransmitter GABA 

binds to GABA A type receptors leading to an influx of chloride ions and hyperpolarization 

of the cell [35]. Metabotropic receptors are GPCRs that are activated by neurotransmitter 

binding followed by a series of reactions leading to ion channel opening [4]. Coupling of the 

receptor activation and further signaling events are mediated by other proteins located in 

postsynaptic density. In addition to the mentioned signaling enzymes, membrane and 

scaffold proteins as well as the cytoskeletal component actin form an interaction network 

within the postsynaptic density (Figure 2, postsynaptic density). 

 

1.3 SH-SY5Y cells as neuronal model system 

To date, detailed functional analysis of neurons relies on the application of neuronal model 

systems. These systems are commonly animal- or cell line-based. Depending on the research 
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question, animal-based research enables a more complex functional analysis of different 

kind of cells. In particular, the effect of drugs is studied. However, moral and ethical aspects 

have to be considered when animals are used. Cell lines are an alternative to animal-based 

research. When cell lines are used, a specific type of cell is studied in a defined environment. 

With the reduced complexity of the system, for instance, the specific effect of chemical 

reagents on this type of cell can be explored in detail. In many research areas, legal, ethical 

and moral aspects as well as economic benefits lead to the selection of cell line-based 

systems. In this thesis, synaptic vesicles from rat brain were studied and a cell line-based 

neuronal model system was used. The used cell line SH-SY5Y will be introduced in more 

detail in the following paragraphs. 

The SH-SY5Y cell line is a neuroblast-like clonal subtype of the SK-N-SH cell line [36]. 

The original cell line was established from a neuroblastoma of a female four year old girl 

[37]. Neuroblastoma is a cancer occurring primarily in children and especially at very young 

age. It develops from precursor cells of the sympathetic nervous system. However, the exact 

development is unknown. Several genetic mutations such as anaplastic lymphoma kinase 

and paired-like homeobox 2B gene have been identified in neuroblastoma cells [38]. The 

heterogeneous distribution of mutations in cancer cells from different patients yet, indicates 

no specific mutation that leads to cancer development. Depending on the stage, the 10-year 

overall survival ranges from 38 % for high-risk patients to 91 % for low-risk patients [39]. 

In addition to the analysis of neuroblastoma, SH-SY5Y cells are used as model system to 

study neuronal differentiation and neuronal diseases [40-42]. Several differentiation 

protocols exist. Among available reagents, the most prominent differentiation reagent is 

retinoic acid (RA). RA treatment leads to regulation of transcription of neurotrophin receptor 

genes, Wnt signaling pathways and protein kinase A-dependent pathways [43-45]. After 

differentiation, adrenergic-, dopaminergic- and predominantly cholinergic-like neuronal 

subtypes were identified [40, 41]. The potential of RA for differentiation of neuroblastoma 

cells, therefore, let to the implementation of RA-treatment during therapy of high-risk 

patients [46]. Other differentiation protocols use, for instance, brain-derived neurotrophic 

factor (BDNF), dibutyryl cyclic adenosine monophosphate or staurosporine [47-49]. The 

treatment of SH-SY5Y cells with RA and phorbol-12-myristat-13-acetat (PMA) 

predominantly results in dopaminergic-like neurons [40, 50]. The obtained differentiated 

cells express specific neurotransmitter transporters and receptors and typical mature marker 

proteins such as synaptophysin and microtubule-associated protein 2 [42, 51].  
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Proteomic studies compared undifferentiated with RA/BDNF-differentiated cells [42] or 

analyzed changes in protein expression across a seven-day treatment with RA [52]. 

However, the proteomes of cells obtained from various differentiation strategies have not 

been analyzed. 

 

1.4 Identification of proteins by liquid chromatography-coupled mass 

spectrometry 

The identification of a protein using MS is either based on a top down or bottom up approach. 

When top down is used, the protein is transferred into the gas-phase using different 

ionization techniques and its molecular mass is determined using a mass spectrometer. In 

addition, fragmentation of the protein into peptides and amino acids enables the 

identification of the protein. The more popular bottom up workflow will be described in 

more detail in this chapter. 

In a typical bottom up workflow, the protein of interest is first hydrolyzed using a specific 

protease such as trypsin (Figure 3a). The identification of proteins is then predominantly 

performed using liquid chromatography-coupled mass spectrometry (LC-MS/MS). For this, 

the obtained peptide mixture is separated by reverse phase nano LC-systems and directly 

eluted into the mass spectrometer.  

 
Electrospray ionization of peptides 

Electrospray-ionization (ESI) is a soft ionization technique [53]. During ESI, the analyte 

solution is passed through a spray emitter. Applying an electrical potential of up to 3 

kilovolts to the emitter pulls the ions out of the analyte solution towards the counter 

electrode [54]. At the tip of the emitter, the solution is distorted into a Taylor cone that emits 

a spray of small charged droplets [55]. The evaporation of solvent leads to shrinking of the 

droplets. When the size and charge of the droplet reaches its stability limit (the so-called 

‘Rayleigh limit’) the droplet ‘explodes’ into several smaller droplets (Coulomb 

explosions) [56]. The final generation of ions is described by different models. The 

ionization of small molecules such as peptides is described by the ion evaporation model. 

This model is based on shrinking droplets through evaporation of the solvent until the surface 

charge density is close to the Rayleigh limit and small solvated ions are ejected from the 
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droplet surface [57]. Remaining solvent molecules evaporate when the ion travels through 

the sampling interface of the mass spectrometer. 

 

Figure 3: Protein identification by mass spectrometry 
a) The typical bottom up workflow for protein identification is shown. Proteins are hydrolyzed using a specific 
protease. Subsequently, the obtained peptides are analyzed by LC-MS/MS. Precursor m/z’s are recorded in the 
MS1 spectrum. For MS2 experiments, a specific precursor ion (orange) is selected for fragmentation and 
corresponding fragment ions are recorded. The acquired data is then analyzed using different search engine. b) 
Schematics of a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer used in this thesis. Ions are 
generated using a nano electrospray ion source and are passed through lenses into the mass spectrometer. For 
MS1 experiments, the quadrupole operates in scanning mode and ions are passed through the C-trap and are 
analyzed and detected in the orbitrap. During MS2 experiments, an ion with a specific m/z is selected in the 
quadrupole and fragmented in the high-energy collisional dissociation cell (HCD cell), followed by analysis 
and detection of fragment ions in the orbitrap. (Figure 3b was adapted from Thermo Fisher.) 
 

Ion separation, fragmentation and detection 

Subsequent to ion generation, the ions are submitted to a mass analyzer. The 

quadrupole [58], the time-of-flight (TOF) [59] and the orbitrap are commonly used mass 

analyzer [60]. The ions are then detected in the ion detector such as the orbitrap [60], 

secondary electron multiplier [61] or microchannel plates [62]. The recorded mass-to-charge 

ratio, that is the m/z or in more detail the (m+z)/z, where m is the mass of the uncharged 

analyte and z is the charge, is displayed in the mass spectrum (MS1). Triple-quadrupole, 

quadrupole-TOF or quadrupole-orbitrap mass spectrometers enable the selection of a 

specific ion and subsequent fragmentation and analysis of the generated fragment ions 

(MS2) [63]. Fragmentation of the precursor ion is usually achieved by collision-induced 
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dissociation (CID) [64], high-energy collisional dissociation (HCD) [65], electron transfer 

dissociation (ETD) [66] or electron capture dissociation (ECD) [67]. The m/z’s of the 

fragment ions are then recorded (MS2 spectrum).  

The Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer 

In this thesis, a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer was used 

(Figure 3b). Here, ions are generated at atmospheric pressure using nano ESI and are passed 

through the front-end of the instrument. For this, the lenses focus the ion beam and the bent 

flatapole ion guide reduces noise by preventing the forwarding of neutral molecules before 

transmission of the ions into the hyperbolic quadrupole [58]. The hyperbolic quadrupole 

operates in two modes. In the scanning mode, ions of a specific m/z range pass the 

quadrupole and are further passed through the C-trap into the orbitrap. In this mode, the so 

called MS1 spectrum is recorded. Then, one of the recorded ions can be selected in the 

quadrupole for the following MS2 experiment. In this case, the quadrupole functions as a 

mass filter. In detail, a radio frequency voltage with a direct current offset voltage is applied 

to stabilize a specific m/z [68]. This m/z is carried through the quadrupole on a stabile 

oscillating trajectory [68]. Then the ions with a specific m/z are transferred to the C-trap [69] 

and are submitted to fragmentation in the HCD cell [65]. The obtained fragment ion 

population is transferred back to the C-trap and ejected into the Orbitrap [69]. In the orbitrap 

the ions oscillate between an outer electrode and an inner spindle electrode [60]. The orbital 

motion around the inner electrode is detected and converted by applying Fourier 

transformation into m/z values for each ion [60]. 

 

Protein identification by database search 

For protein identification, the acquired raw data is usually converted to a peak list that 

contains information on the m/z of the peptides precursors and their fragment ions as well 

as their relative intensity and charge. This peak list is used for a search against a target 

database containing theoretical masses of in silico generated peptides and their fragment 

masses. Different software has been developed to identify the best peptide match. In this 

thesis, Andromeda [70] within MaxQuant was used, which applies a probability scoring 

model for identification. Other algorithms are based on cross correlation scoring [71] or 

hyper-geometric scoring models [72]. The obtained peptide spectrum matches (PSMs) are 

further used for protein identification. In particular unique peptides of a protein are required 

for precise protein identification. 
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In addition, the quality of PSMs is assessed by a false discovery rate (FDR) that calculates 

the ratio between false PSMs and the total number of PSMs. Different strategies exist for 

calculation of the FDR: target-decoy search [73, 74] using a decoy database for the 

identification of false positives and mixture model-based methods [75]. However, false 

negative identification of peptides leads to a lower number of identified proteins. These false 

negative identifications occur due to peptides with post-transcriptional modifications 

(PTMs) or inaccurate databases of all proteins of the specific organism. To cope with these 

challenges, de novo sequencing is used in some cases to determine the composition of the 

peptide directly from the precursor mass and the corresponding MS2 spectrum [76-80].  

 

1.5 Proteome analysis and protein quantification strategies 

The proteome of an organelle, a cell or entire organism describes the set of expressed 

proteins, including their PTMs at a specific timepoint and under specific conditions. In 

contrast to the genome, it is very dynamic and responds to signals or environmental changes. 

The identification and quantification of proteins of a biological system or between different 

systems in defined conditions is of particular interest. Different MS-based methods exist for 

protein identification and quantification. However, only a fraction of the proteins of a 

complex proteome are usually identified and even a lower number of them is reliably 

quantified [81]. Therefore, several sample preparation strategies have been developed and 

were optimized. 

 

Sample preparation for proteomic analysis 

Initially cells are lysed and, then, proteins are digested in-solution (Figure 4). This approach 

leads to a very complex mixture of peptides, that is difficult to analyze by MS without 

additional prefractionation. Therefore, an approach was developed, in which proteins are 

first separated by sodiumdodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE), followed by in-gel digestion of gel-bands [82, 83]. Following this workflow, sample 

components such as buffer ingredients, in particular SDS, that interfere with the LC-MS/MS 

analysis are removed. However, very small sample amounts are challenging to analyze with 

this strategy.  



11 
 

 

Figure 4: Workflow for proteomic sample preparation and analysis 
For proteomic experiments, cells or tissue are lysed using different protocols. Then, several approaches for 
protein hydrolysis are applied. These include, for instance, in-solution digestion, in-gel digestion, filter-aided 
sample preparation (FASP) or single-pot, solid-phase-enhanced sample-preparation (SP3). The obtained 
peptides are then analyzed by LC-MS/MS. Subsequently, the acquired data is analyzed using different search 
engines. 
 
The advances of LC separations, prior to MS analysis resulted in intensive studies on optimal 

in-solution digestion. In particular, detergent free sample preparation techniques are 

employed. Sample Preparation by Easy Extraction and Digestion (SPEED) [84] utilizes 

trifluoroacetic acid (TFA) for highly efficient cell lysis and enables subsequent protein 

digestion in the same reaction tube. In addition, filter-aided sample preparation (FASP) [85], 

combining the advantages of in-gel, and in-solution digestion and single-pot, solid-phase-

enhanced sample-preparation (SP3) [86], utilizing paramagnetic beads thereby enabling 

removal of several interfering buffer components, have been established recently. 

 

Quantification of proteins 

For quantification of the abundance of proteins, four main quantification strategies are 

employed: metabolic labeling, chemical labeling, samples spiked with labeled standard 

peptides or label-free quantification (Figure 5). These techniques will be introduced in the 

following paragraphs. 
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Figure 5: MS-based protein quantification methods 
The workflows for different protein quantification strategies are shown. Quantification strategies where a label 
(indicated with a star) is introduced are shown (a-c).  a) Metabolic labeling. Cells grown in ‘light’ SILAC 
medium and cells grown in ‘heavy’ SILAC medium are combined and prepared for MS analysis. For relative 
quantification, the intensities of the isotope cluster in the MS1 spectra are compared. b) Chemical labeling. 
Isobaric tags, such as ‘tandem mass tags’ and ‘isobaric tags for absolute and relative quantification’ are used 
for chemical labeling of peptides. In the experimental set-up a different label is used for each condition and 
samples are then combined. In the MS2 spectrum differentially isotope encoded reporter ions are observed for 
each tag. c) Labeled standard peptide. The protein digest is spiked with a known amount of stable isotope 
labeled peptide of the corresponding peptide of the protein of interest. The intensity in the MS1 spectrum of 
the endogenous peptide to the spiked peptide is used to calculate absolute protein abundance. d) Label-free 
quantification. Label-free quantification is either based on the peptide’s intensity in the MS1 spectrum or 
counting of MS2 spectra of a particular peptide. Abbreviations: SILAC, stable isotope labeling by amino acids 
in cell culture; TMT, tandem mass tag and iTRAQ, isobaric tags for absolute and relative quantification. 
 
Metabolic labeling for relative protein quantification Metabolic labels are introduced 

by using 15N-enriched culture medium or stable isotope labeling by amino acids in cell 

culture (SILAC) and enable relative protein quantification [87, 88]. In both cases, the labeled 

components are incorporated into the newly synthesized proteins. The SILAC approach will 

be described in more detail. In the initial SILAC protocol, cells of two differentially treated 

cell culture conditions are compared. For this, cells grown in ‘light’ SILAC medium and 

cells grown in ‘heavy’ SILAC medium are combined and prepared for MS analysis (Figure 

5a). When 13C6-arginine and 13C6-lysine are used, all tryptic peptides, except for the protein’s 

C-terminus, include at least one labeled amino acid. For identification of a peptide sequence, 

one of the coeluting ‘light’ and ‘heavy’ peptides is selected for fragmentation. The generated 

MS2 spectra are used during database search for the identification of PSMs. For relative 
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quantification, the intensities of the isotope cluster in the MS1 spectra are compared (Figure 

5a). Synthesis and turnover of proteins can be analyzed by pulsed SILAC [89, 90]. For this, 

labeled amino acids are added to the growth medium for a specific period of time allowing 

monitoring of differences in de novo protein synthesis. In addition, super SILAC which uses 

SILAC-labeled cell lines is used for relative quantification of non-labeled tissue or even 

organisms [91]. 

One advantage of metabolic labeling is that quantification errors introduced during sample 

preparation and mass spectrometric analysis are minimized by combining the differentially 

treated samples before these steps. This enables the analysis of small changes in protein 

levels including PTMs. However, metabolic labeling is cost and time consuming and is 

limited to the number of available labels (i.e. labeled amino acids). 

Chemical labeling for relative protein quantification  Another main relative 

quantification strategy is based on chemical or enzymatic labeling of proteins or peptides. 

One labeling strategy will be introduced in more detail in this paragraph. For peptide 

labeling, the two isobaric tags ‘tandem mass tags’ (TMTs) [92] and ‘isobaric tags for 

absolute and relative quantification’ (iTRAQ) [93] are often used (see Figure 5b for details). 

Both labeling reagents target primary amines and, therefore, all peptide N-termini and lysine 

residues are modified. In the experimental set-up, a different label is used for each condition. 

Differentially isotope encoded reporter ions are then observed for each tag in the MS2 

spectrum (Figure 5b). This allows the comparison of different conditions. In comparison to 

deuterated labels, which lead to small shifts in retention time of the eluting peptide during 

LC-MS/MS analysis, isobaric labeled peptides precisely elute at the same time [94]. Hence, 

spectra complexity is not increased as for approaches such as SILAC.  

Quantification of proteins using labeled peptide standards  In contrast to 

other quantification strategies, spiking the sample with a synthetic protein or isotope labeled 

synthetic standard peptide enables absolute quantification of selected proteins [95-97]. For 

this, the protein digest is spiked with a known amount of a stable isotope labeled peptide of 

the corresponding endogenous peptide of the protein of interest (Figure 5c). A quantitative 

comparison of the intensity in the MS1 spectrum of the endogenous peptide to the spiked 

peptide is then used to calculate absolute protein abundance [97]. However, one 

disadvantage of this approach is that only proteins of interest are quantified. The whole 

proteome cannot be quantified following this strategy. 
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Label-free quantification techniques In contrast to the above-mentioned 

quantification strategies, label-free quantification does not require the introduction of labels. 

Relative quantitative information on the protein abundance is either obtained by counting 

the number of PSMs for each identified protein or by utilizing the peptide’s peak intensities 

recorded in the mass spectrometer (Figure 5d). Both methods are challenging. The obtained 

PSM count is influenced by the experimental settings, such as the scan speed of the mass 

spectrometer or the application of dynamic exclusion of precursor ions for a defined time 

range. In addition, the length of a protein and its potential proteolytic cleavage sites influence 

the number of observable PSMs for each individual protein. For the correction of these 

effects, methods aiming to improve the quantification accuracy have been developed. These 

methods utilize the protein abundance factor (PAF) [98, 99], the exponentially modified 

protein abundance index (emPAI) [100], the normalized spectral abundance factor 

(NSAF) [101] or the MS2-based Normalized Spectral Index to normalize the spectral count 

(StPeter) [102]. In contrast to spectral counting, the MS1-based quantification is based on 

integrating the ion’s intensity over their chromatographic elution profile. For most peptides, 

the extracted and calculated chromatographic peak area is proportional to the corresponding 

peptide concentration [103]. For accurate quantification, especially of complex samples, 

narrow LC peak width and retention time stability is an important prerequisite [104]. This 

can be achieved by using nano or micro-flow LC instruments, robust columns and by 

avoiding column saturation [105]. Furthermore, different ionization efficiencies of peptides 

due to different properties and/or co-eluting peptides and contaminants have an effect on 

optimal quantification [106]. For accurate protein quantification between samples, several 

data processing steps are required. The data processing steps include i) peak detection by 

distinguishing peaks from neighboring peaks and background noise, ii) peak integration to 

obtain peak areas, iii) deconvolution to cope with charge detection and isotope patterns, iv) 

chromatographic alignment of elution profiles between samples for a comparative analysis 

and v) normalization for accurate quantification. Several commercial software packages and 

freely available tools such as MaxQuant [70, 107], which is used in this thesis, have been 

developed. The main advantage of label-free quantification is the in theory unlimited number 

of samples that can be compared. Furthermore, time-consuming steps for introducing a label 

and the costs for labeling reagents are avoided. Specific approaches are even used to enable 

absolute quantification. These approaches are either based on spectral counts or signal 

intensities. The protein abundance index (PAI) [108], for example, is calculated by dividing 

the number of observed peptides by the number of theoretically observable unmodified 
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peptides. Intensity-based methods use the intensity of the three most intense peptides of a 

protein (Top3), the peptide with the highest intensity or calculate the intensity based absolute 

quantification value (iBAQ value) [109] by dividing the sum of intensities of the observed 

peptides of a protein by the number of theoretically observable peptides. For an optimal 

quantification, these approaches depend on a reproducible identification of the same peptide 

in all samples and due to different peptide properties (see above) only an estimate absolute 

quantification is possible. Despite the challenges of label-free quantification, it is a 

prominently used and reliable alternative to labeling-based quantification approaches. 

 

Acquisition techniques for protein identification and quantification 

In most proteomic studies data-dependent acquisition (DDA) is used for protein 

identification and quantification [110]. Usually, a fixed number of the most intense peptide 

ions is selected for fragmentation. An alternative to DDA is selected reaction monitoring 

(SRM) (also known as multiple reaction monitoring (MRM) [111], parallel reaction 

monitoring (PRM) [112] or data independent acquisition-based (DIA-based) sequential 

window acquisition of all theoretical fragment ion spectra (SWATH) [113]. In SRM/MRM, 

precursor and product ion pairs are monitored over time for precise quantification [114]. 

PRM is similar and known or predicted peptide ions are specifically targeted for 

fragmentation [112]. DIA-based SWATH in contrast employs another strategy by isolating 

and fragmenting ranges of m/z sequentially [113]. This method aims to identify a high 

number of proteins and to accurately quantify them. 

 

Analysis of proteomic data sets 

The next step after obtaining a quantitative large-scale proteomic data set is its analysis with 

the goal to extract biologically relevant information. In most cases, changes in relative 

protein abundance between different conditions are compared. For identification of 

statistically significant changes in protein abundance, independent replicates of each 

condition are a prerequisite for subsequent statistical tests such as the t-test or ANOVA. In 

specific cases not only protein abundance is compared, but also changes in PTMs such as 

phosphorylation sites. The identified up- or downregulated proteins or changing PTM 

abundance are further used for downstream analysis. For this gene ontology terms, pathways 

or interaction networks are analyzed [115].  
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1.6 Structural proteomics 

Typically, structural techniques such as x-ray crystallography, nuclear magnetic resonance 

or electron microscopy are used to obtain high resolution structures of proteins and protein 

complexes. However, some proteins and protein complexes remain challenging to analyze 

with these classical techniques. Structural proteomics is an alternative approach to gain 

structural information. In most cases, techniques such as native MS, cross-linking MS and 

labeling approaches are applied to obtain structural information.  

 

1.6.1 Native mass spectrometry 

Native MS is a technique that is used to study intact protein complexes in the gas-phase. The 

acquired mass spectra reveal information on the composition as well as on subunit 

interactions, topology and stability of the complexes. 

 

Sample preparation and electrospray ionization of protein complexes 

Typically, ions are generated by nano-ESI and are then transferred into a mass spectrometer 

which preserves noncovalent interactions of protein assemblies in the gas-phase [116, 117]. 

Two prerequisites for ESI of large protein assemblies and their intact analysis in the gas-

phase are a volatile sample solution and a modified instrument for the transmission of high 

mass complexes. For sample preparation the buffer of the sample is exchanged to a volatile 

ESI-compatible solution that preserves non-covalent protein interactions, such as 

ammonium acetate solutions. For this, miniaturized gel filtration columns, molecular weight 

cut-off filters or dialysis devices are employed. In particular aqueous ammonium acetate is 

widely used in native MS, because it is a volatile electrolyte (NH4
+ CH3-COO-) and 

simultaneously stabilizes folded proteins and their complexes as background electrolyte 

[118]. During nano-ESI, the ‘charged residue model’ describes the ionization process of 

large molecules, such as proteins. Very small droplets that usually contain only one “native” 

protein assembly are generated and upon complete solvent evaporation the charge is 

transferred to the molecule [119, 120].  
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Analysis of large ions 

The ions generated by ESI are then transferred and detected in the mass spectrometer. For 

this, a modified quadrupole-TOF [121] or more recently a high-resolution quadrupole-

Orbitrap mass spectrometer [122] is employed. The observed MS1 spectra typically show a 

series of charge states with a Gaussian distribution (Figure 6). 

The acquired mass spectrum (Figure 6) is then used to determine the mass of the protein 

complex. In detail, the recorded m/z of two neighboring peaks differs by one proton. With 

this information the calculation of the charge of a complex and its mass is possible (see 

Figure 6 for details). The annotation and calculation of the molecular weight of the protein 

assembly is facilitated by different deconvolution software tools [123-127]. Note that the 

observed charge state distribution correlates with the folding state of the protein. Compared 

to folded proteins denatured proteins show a wider charge state distribution. MS2 

experiments are further used to select a specific precursor (in native MS experiments a 

specific charge state of the protein complex or subcomplex) for CID or HCD experiments. 

Increasing collisional voltages then leads to the dissociation of peripheral subunits. The 

peripheral subunits are usually highly charged, while the remaining complex (so called 

‘stripped-complex’) carries less charges, due to the asymmetric charge subdivision of the 

former complex. 

 

 

Figure 6: Representative native MS spectrum 
The native MS spectrum of tetrameric concanavalin A is shown (lhs). A Gaussian distribution of charge states 
(19+ to 23+) is observed and a molecular weight of 103,380 Da was calculated for the concanavalin A tetramer. 
The given equations are used to calculate the molecular weight of the protein complex (rhs). (Figure taken 
from Barth and Schmidt 2020 [128]) 
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Native MS has been successfully applied to study stoichiometries, interactions and stability 

protein complexes as well as ligand binding to proteins. The applicability of native MS 

ranges from small proteins such as ubiquitin up to large complexes such as the 9 MDa Flock 

House virus [129]. In conclusion, native MS is a versatile and valuable structural biology 

method. 

 

1.6.2 Cross-linking mass spectrometry 

Cross-linking MS is a tool to study protein-protein interactions. This approach has a wide 

range of applicability. Protein cross-linking of proteins, large protein complexes, proteins 

within organelles and even proteins of whole cells have shown the diverse application of 

cross-linking MS [130-132]. 

 

Protein cross-linking workflow 

The first step of the cross-linking workflow is the cross-linking reaction. For this, two 

approaches are commonly followed, namely photo-induced and chemical cross-linking. The 

goal of both is to covalently link two amino acid side chains in close proximity. The cross-

linked proteins are then enzymatically hydrolyzed using proteases such as trypsin (see 

workflow in Figure 7a for details). After hydrolysis linear peptides, mono-linked linear 

peptides, loop-linked linear peptides, cross-linked peptide pairs and higher order cross-

linked peptides are obtained (Figure 7c). This mixture is then analyzed by LC-MS/MS and 

subsequent data analysis is used for identification of cross-links. 
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Figure 7: Cross-linking workflow 
a) The typical cross-linking workflow is shown. After cross-linking, the proteins are hydrolyzed and obtained 
peptides are analyzed by LC-MS/MS. The acquired data is then further processed using different software. b) 
Most cross-linkers consist of two reactive groups that are connected by a linker. c) After cross-linking and 
protein hydrolysis linear peptides as well as different kind of cross-linked peptides are obtained. d) Reaction 
mechanism of the cross-linker bis(sulfosuccinimidyl)suberat (BS3). e) Reaction mechanism of the zero-length 
cross-linker 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). 
 
 
Cross-linking reagents 

Most cross-linking reagents contain two reactive groups and a spacer (Figure 7b). The 

reactive groups introduce the covalent linkage while the length of the spacer determines the 

distance of the two cross-linked side chains. 

Prominent N-hydroxysuccinimide ester-based cross-linking reagents are 

bis(sulfosuccinimidyl)suberat (BS3) (Figure 7c) [133] and disuccinimidyl suberate 

(DSS) [134]. The functional groups of these reagents react mainly with primary amines such 

as the amino group of the amino acid lysine and the protein’s N-terminus. Zero-length cross-

linkers act as coupling reagents without incorporating a spacer. 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) is a commonly used zero-length 

cross-linker and cross-links carboxyl groups of aspartic acid, glutamic acid, or the C-terminal 
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of the protein to primary amines (Figure 7d) [135]. The main advantage of zero-length 

cross-linkers is the defined distance restrain in the range of a salt-bridge. In addition, tri-and 

multifunctional cross-linking reagents are available. These contain, for instance, cleavable 

affinity tags for enrichment. 

 

Cross-linking with formaldehyde 

In this thesis, formaldehyde was used for cross-linking and will be introduced in more detail 

in the following part. Recently, a cross-linking MS workflow has been established for 

formaldehyde [136]. Formaldehyde, similar to DSS (see above), is membrane-permeable, 

making it suitable for in-cell cross-linking. In the first reaction step, a nucleophilic group in 

the peptide, for instance the ε-amino group of a lysine side chain, attacks the carbonyl carbon 

of formaldehyde (Figure 8).  

 

Figure 8: Formaldehyde cross-linking reaction mechanism 
The reaction mechanism for protein cross-linking using formaldehyde (red) is shown. The ε-amino group of a 
lysine side chain (blue), attacks the carbonyl carbon of formaldehyde resulting in the formation of an methylol 
intermediate. Dehydration of the methylol intermediate then leads to the formation of an imine (also called 
‘Schiff-base’) intermediate. i) Another nucleophile reacts with the Schiff-base by a nucleophilic attack on its 
methylene carbon resulting in a stable methylene bridge to the other residue and a reaction product with an 
additional mass of 12 Da. ii) The reaction of wo Schiff-base intermediates leads to the formation of a cross-
linked product including a 24 Da mass shift. 
 
Dehydration of the methylol intermediate then leads to the formation of an imine (also called 

‘Schiff-base’) intermediate. Subsequently, two possible reactions occur: i) another 

nucleophile reacts with the Schiff-base by a nucleophilic attack on its methylene carbon 

resulting in a stable methylene bridge to the other residue (12 Da mass shift) or ii) the 
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reaction of two Schiff-base intermediates leads to the formation of a product containing 

probably two methylene bridges (24 Da mass shift) [136-138]. 

 

Improving the detection of low abundant cross-linked peptide pairs 

As mentioned above, a complex mixture of linear peptides, mono-linked linear peptides, 

loop-linked linear peptides, cross-linked peptide pairs and higher order cross-linked peptides 

is obtained after protein hydrolysis. Of these, cross-linked peptide pairs are of particular 

interest. Due to their low abundance, enrichment strategies such as size exclusion 

chromatography [139] or strong cation exchange chromatography [140] are applied. When 

trifunctional cross-linkers containing an additional affinity tag are used, the tag can be 

utilized for selective enrichment. The fractions containing cross-linked peptide pairs are then 

analyzed by LC-coupled MS. Due to the higher charge of cross-linked peptide pairs when 

compared with their linear or mono- and loop-linked peptides, ions with a lower charge state 

are often excluded during MS analysis. Recently the coupling of a high-field asymmetric 

waveform ion mobility spectrometry (FAIMS) device at the front end of the mass 

spectrometer was used as a gas-phase separation technique to filter for ions with higher 

charge states and thereby improving cross-linked peptide pair identification [141]. 

 

Identification of cross-linked peptide pairs 

The identification of cross-linked peptide pairs is in principle similar to the identification of 

linear peptides (see Section 1.4). First, all possible peptides are predicted in silico and, in 

contrast to linear peptides, all possible peptide pair combinations are then predicted. 

Depending on the number of proteins, the number of possible combinations increases 

exponentially with each protein. Therefore, specific software (e.g. Kojak [142], pLink2 

[143], xQuest [140], Xlink-Identifier [144], XiSearch [145], Formaldehyde Cross-link 

Analyser [136] and MeroX [146]) has been developed to identify cross-linked peptide pairs 

and to cope with the high risk of random matches. Within the group of cleavable cross-

linking reagents, specific reporter ions are generated upon fragmentation and are utilized for 

validation [147]. In general, for reduction of false identifications, manual validation of 

spectra or the application of a false discovery rate (FDR) is required. The target-decoy 

method with a false mass for cross-linker [148] or decoy database [140] are commonly used 

for FDR estimation and controlling. 
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Analysis of identified cross-linked sites 

The obtained set of cross-links contains intra- as well as inter-protein cross-links. Both can 

be visualized using different diagrams, for instance bar-, circle- or network-plots [149]. 

When high-resolution structures of the protein or proteins are available, cross-links are 

plotted on these structures and distances between cross-linked sites can be compared with 

the expected length depending on the introduced linker length. Importantly, the identified 

cross-links and obtained distance restrains facilitate docking of proteins to high-resolution 

structures as well as modelling of protein structures [150]. In summary, cross-linking MS 

reveals protein-protein interactions with biological relevance. 

 

1.6.3 Labeling mass spectrometry 

Labeling MS is a technique enabling the analysis of the solvent accessibility of amino acid 

residues of a folded protein or protein complex. The typical labeling workflow starts with a 

covalent chemical modification of residues (Figure 9). The labeled protein is then 

hydrolyzed, and the obtained peptides are analyzed by LC-MS/MS. Subsequently, modified 

sites are identified using different software or search engines. 

Three main labeling techniques are frequently applied. Of these, the most classical approach 

is Hydrogen-Deuterium exchange MS (HDX-MS). In HDX, the exchange of the protein’s 

hydrogen atoms to deuterium is measured. Information on the solvent accessibility of the 

protein’s backbone is mainly obtained when using HDX. Complementary techniques to 

HDX are, for instance, hydroxyl radical foot printing (HRF) or fast photochemical oxidation 

of proteins (FPOP). These techniques are based on radicals reacting with solvent exposed 

amino acid side chains of a protein and are able to modify 19 of the 20 common amino acids 

[151]. This is on one hand an advantage because a good coverage of the protein’s amino acid 

sequence is achieved, on the other hand the modifications of several residues lead to complex 

products including peptides containing different modified amino acid residues [152]. 

Therefore, data analysis is challenging. The third group of labeling techniques is based on 

covalent labeling using chemical reagents. This technique was used in this thesis and will be 

introduced in the following paragraphs. 
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Figure 9: Labeling of proteins 
The typical workflow for labeling of proteins and MS-based analysis is shown. Labeled proteins are 
enzymatically hydrolyzed and peptides are analyzed by LC-MS/MS. Subsequent data analysis enables 
modeling of protein or protein complex structures. Labeling reactions of the labeling reagents NHS-acetate and 
DEPC are described (grey box). (Figure adapted from Barth et al., 2020 [153]) 
 
Chemical labeling 

The modification of a residue depends on the reactivity of this residue towards the labeling 

reagent and on its localization within the protein structure. In general, residues located at the 

solvent accessible surface area (SASA) of a protein are more likely to be modified than 

buried residues or residues involved in protein-protein or protein-ligand interactions. A wide 

range of specific chemical labeling reagents exists. Among these, specific labeling reagents 

are for instance: dicarbonyls or kethoxal for modification of argenine residues [154-160], 

carbodiimides for modification of carboxylic acids[161-163], different reagents such as 

sulfhydryl reagents for cysteine modifications [164-169] and tetranitromethane, iodine and 

N-acetylimidazole for tyrosine modifications [155, 170]. Organic acid anhydrides or N-

hydroxysuccinimide derivates are employed for acetylation of lysine residues [171-174]. 

The modified sites are then identified using specific software (e.g. MaxQuant [175, 176], 

Mascot [177], MSS-CLEAN [178], PEAKS [179], ProteinPilot [180], pFind [181, 182], 

SEQUEST [183], COMPASS [184, 185], TPP [186]) or commonly employed software. 
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In this thesis, N-hydroxysuccinimidyl acetate (NHS-acetate), sulfo-NHS-acetate (S-NHS-

acetate) and diethylpyrocarbonate (DEPC) are employed as labeling reagents. NHS-acetate 

and S-NHS-acetate are reactive towards primary amines and therefore acetylate lysine 

residues and the protein’s N-terminus (Figure 9, box) [187, 188]. In addition, side reactions 

with serine, threonine and tyrosine residues occur. Solvent accessible amino acid residues of 

proteins have been successfully studied using both NHS-acetate [189, 190] as well as S-

NHS-acetate [191, 192]. Of these, S-NHS-acetate is water soluble and not membrane 

permeable, while NHS-acetate is not water soluble and membrane permeable. 

DEPC adds a carboethoxy (CEt) group to histidine, lysine, tyrosine, serine, threonine, 

cysteine and arginine residues [193-196] (Figure 9, box). In addition to carboethoxylation 

of histidine, other histidine modifications also occur; these are 1,3-dicarboethoxyhistidine 

(di-CEt-histidine), formyl-carboethoxyhistidine (formyl-CEt-histidine) and urethane-

carboethoxyhistidine (urethane-CEt-histidine) [197]. Labeling with DEPC therefore results 

in modification of up to 25% of the amino acids sequence of an average protein [196, 198, 

199]. However, the labeling reactivity and correlation with SASA is different between 

different amino acids. Accordingly, histidine and lysine modifications correlate with the 

SASA of a protein, while serine and threonine modifications show a poor correlation 

between SASA and reactivity [200]. For serine and threonine residues, the protein’s local 

environment might influence the reactivity [201]. This might be the case when hydrophobic 

residues are in close proximity and higher local DEPC concentrations are available for 

labeling of reactive residues [201]. DEPC labeling was applied in several studies to study 

solvent accessibility of residues and, therefore, to elucidate the topology of proteins or 

protein complexes, protein conformations and binding events [202-205]. 

 

1.7 Aim of this study 

The aim of this thesis is to develop MS-based methods to study neuronal model systems. 

The focus is, first, on the quantitative characterization of the proteome of differentiating SH-

SY5Y cells and, second, on the development of structural proteomic techniques to identify 

protein interactions and unravel the structure of proteins and protein complexes. 

In the first part of this thesis, a neuronal model system should be established. For this, the 

human neuroblastoma cell line was selected. These cells have been used as neuronal model 

system in previous studies under standard growth conditions as well as following treatment 

with differentiation reagents. Therefore, the objective is to compare both undifferentiated 
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and differentiated cells. For this, differentiated cells with RA or a combination of RA and 

PMA (RA/PMA) will be investigated. Relative protein quantification will be performed to 

uncover changes in protein expression between the different cell culture conditions. In 

addition, relative quantification of proteins with a specific subcellular localization will be 

performed to unravel changes upon differentiation. Identification of enriched KEGG 

pathways should unravel altered pathways. These findings will be used to generate a detailed 

proteomic characterization of the obtained cells.  

The characterized neuronal model cells will then be used to study protein interactions. For 

this, the applicability of the recently established formaldehyde cross-linking workflow for 

cross-linking within undifferentiated and differentiated cells will be explored. When in-cell 

cross-linking is successfully performed, protein-protein interactions within the cell will be 

identified. This should unravel changes in protein interactions upon differentiation. 

Following proteomic and cross-linking studies, the development of a quantitative labeling 

method of solvent accessible amino acids of proteins is desirable. Previous experiments 

performed during my master thesis were the basis for further experiments and specific 

analysis of solvent accessible amino acids. Establishing a quantitative data analysis strategy 

for chemical labeling with NHS-acetate and DEPC is the goal of this subproject. This 

quantitative strategy will enable distinction of buried and solvent accessible residues of 

proteins embedded in phospholipid bilayers. 

Synaptic vesicles play an important role within the synapse. The proteins embedded in or 

associated with the vesicle membrane mediate, for instance, neurotransmitter uptake, vesicle 

docking to the presynaptic membrane, fusion of the vesicles with the presynaptic membrane 

for neurotransmitter release and recycling of the vesicles. However, the explicit function of 

several synaptic vesicle proteins is still unknown. Labeling of proteins in intact synaptic 

vesicles allows the identification of solvent accessibility of proteins and their domain 

orientation within the synaptic vesicle membrane further providing indications of functional 

properties of the vesicle proteins. 
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2. Material and methods 

2.1 Material 

2.1.1 Chemicals 

acetonitrile (ACN), liquid chromatography- 
mass spectrometry (LC-MS) grade                           Thermo Fisher Scientific, Waltham, USA 
all trans retinoic acid (RA)                                                        Sigma Aldrich, St. Louis, USA 
ammonium bicarbonate                                                         Sigma Aldrich, St. Louis, USA 
diethylpyrocarbonate (DEPC)                                            Sigma Aldrich, St. Louis, USA 
dithiothreitol (DTT)                                                                   Sigma Aldrich, St. Louis, USA 
ethanol, 99.8% (v/v), LC-MS grade                                                            Carl Roth, Karlsruhe 
formaldehyde                                                                             Sigma Aldrich, St. Louis, USA 
formic acid (FA)                                                       Thermo Fisher Scientific, Waltham, USA 
glutamine                                                                        Danaher Corporation, Washington D.C., USA 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES)                                                                             Sigma Aldrich, St. Louis, USA 

imidazole                                                                                   Sigma Aldrich, St. Louis, USA  
iodoacetamide (IAA)                                                                 Sigma Aldrich, St. Louis, USA 

N-hydroxysuccinimidyl acetate (NHS-acetate)                                   Tokyo Chemical Industry,             
                       Präfektur Tokio, Japan 

penicillin/streptomycin                                             Thermo Fisher Scientific, Waltham, USA 
phorbol-12-myristat-13-acetate (PMA)                                     Sigma Aldrich, St. Louis, USA 
RapiGest                                                                              Waters Corporation, Milford, USA 
sodium acetate                                                                           Sigma Aldrich, St. Louis, USA 
sulfo-N-hydroxysuccinimidyl acetate (S-NHS-acetate)                        Thermo Fisher Scientific, 
                                                                                                                          Waltham, USA 
trifluoroacetic acid (TFA)                                         Thermo Fisher Scientific, Waltham, USA 
TrisBase (Tris(hydroxymethyl)aminomethan)                         Sigma Aldrich, St. Louis, USA 
tris(2-carboxyethyl)phosphine (TCEP)                                     Sigma Aldrich, St. Louis, USA 
urea, 99.8%, analytical grade                                                     GERBU Biotechnik, Heidelberg 
water, LC-MS grade                                                  Thermo Fisher Scientific, Waltham, USA 
2-chloroacetamide (CAA)                                                         Sigma Aldrich, St. Louis, USA 

 

2.1.2 Cell lines, proteins and biological material 

alcoholdehydrogenase (ADH)                                                   Sigma Aldrich, St. Louis, USA 
fetal calf serum (FCS)  from bovine         American Type Culture Collection, Manassas, USA 
penicillin/streptomycin                                             Thermo Fisher Scientific, Waltham, USA 
pyruvate kinase (PK) from rabbit muscle                                  Sigma Aldrich, St. Louis, USA 

SH-SY5Y cell line                                                        Deutsche Sammlung von Mikroorganismen 
                                                                                                         und Zellkulturen (DSMZ) 

synaptic vesicles from rat brain                         Prof. Dr. Reinhard Jahn (Max Planck Institute 
                                                                                     for Biophysical Chemistry, Göttingen) 
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trypsin                                                                                                           Promega, Mannheim  
trypsin                                                                        Roche, Mannheim                               
trypsin-EDTA (0.5%)                                               Thermo Fisher Scientific, Waltham, USA  
 

2.1.3 Chromatographic material and consumables 

6-well plates Nunc™                                                  Thermo Fisher Scientific, Waltham, 
USA 

C18 capillary column (50 cm, HPLC column 
Acclaim™ PepMap™ 100, C18, 75 μm I.D., 
particle size 3 μm)                                                      Thermo Fisher Scientific, Waltham, 
USA 

PierceTM peptide desalting spin columns                    Thermo Fisher Scientific, Waltham, 
USA 
SuperdexTM peptide 3.2/300 column                                         General Electric, Boston, 
USA Sera-Mag SpeedBeads (cat. no. 45152105050250)                    General Electric, Boston, 
USA 
Sera-Mag SpeedBeads (cat. no. 65152105050250)                   General Electric, Boston, 
USA T25 flasks Nunc™ EasYFlask™                                Thermo Fisher Scientific, Waltham, 
USA T75 flasks Nunc™ EasYFlask™                                Thermo Fisher Scientific, Waltham, 
USA 

μ-Precolumn C18 (Acclaim™ PepMap™ 100, 
C18, 300 μm I.D., particle size 5 μm)                        Thermo Fisher Scientific, Waltham, 
USA 

ZipTip C18                                                                                            Merck Group, Darmstad 

 

2.1.4 Buffers, media, ready-to-use solutions and kits 

2-(N morpholino)ethansulfonic acid (MES) buffer    Thermo Fisher Scientific, Waltham, 
USA InstantBlue® Coomassie Protein Stain                                                  Abcam, Cambridge, 
UK minimum essential medium eagle (EMEM-medium)                 Sigma Aldrich, St. Louis, 
USA NuPAGE LDS sample buffer                                     Thermo Fisher Scientific, Waltham, 
USA 
NuPAGE LDS reducing agent                                    Thermo Fisher Scientific, Waltham, 
USA 
NuPAGE Bis-Tris gels 4 –12%                                 Thermo Fisher Scientific, Waltham, 
USA phosphate buffered saline (PBS)                                                 Sigma Aldrich, St. 
Louis, USA SeeBlue Plus 2 prestained standard protein marker   Thermo Fisher Scientific, 
Waltham, USA 
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2.1.5 Instruments 

18 MP microscope digital camera                       Swift Optical Instruments, Inc., Schertz, 
USA ÄKTA pure chromatography system                                           General Electric, 
Boston, USA 
DionexUltiMate 3000 RSLCnano System                   Thermo Fisher Scientific, Waltham, 
USA 
Primovert light microscope                             Carl Zeiss IQS Deutschland GmbH, Oberkochen 

Q Exactive Plus Hybrid 
Quadrupole-Orbitrap mass spectrometer                    Thermo Fisher Scientific, Waltham, 
USA 
 

2.1.6 Software 

artMS (version 1.9.1)                                                                                           http://artms.org 
Cytoscape (version 3.8.2)                                                                                     Shannon, P. et al. [206]  
Enrichr                                                                                  https://maayanlab.cloud/Enrichr [207-209] 
Formaldehyde Cross-link Analyser                                                    Tayri-Wilk T, et al. [136] 
GETAREA                                                                        Fraczkiewicz, R. & Braun, W. [210]  
MaxQuant (version 1.6.3.3 and 1.6.17.0)                                          Cox, J. & Mann, M. [211]                          
MSstats (version 3.22.0)                                                                             Choi, M. et al. [212] 
PDBePISA (version 1.52)                                                      Krissinel, E. & Henrick, K. [213] 
PRIDE                                                                                                 Perez-Riverol et al. [214] 
QCloud2                                                                                                                      Olivella, R. et al. [215] 
Proteome Discoverer (version 2.4.1.15)                   Thermo Fisher Scientific, Waltham, USA 
PyMOL (version 1.3)                                                                         Schrödinger, L.L.C. [216] 
R (version 4.0.2)                                                                                             R core team [217] 
RStudio (version 1.2.1335)                                                                          RStudio team [218] 
UCSF Chimera (version 1.15)                                                           Pettersen, E.F. et al. [219] 
venn-tool                                                          http://bioinformatics.psb.ugent.be/webtools/Venn 
Xcalibur (version 4.2.47)                                          Thermo Fisher Scientific, Waltham, USA 
Xlink Analyzer (version 1.1.4)                                                               Kosinski, J. et al. [220] 
XlinkCyNET (version 1.2.5)                                                      Lima, D.B., Zhu, Y. & Liu, F. [221] 
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2.2 Methods 

2.2.1 Cell culture 

The human cell line SH-SY5Y was cultured in 6-well plates or flasks in culture medium 

consisting of minimum essential medium eagle (EMEM medium) supplemented with 15% 

(v/v) fetal calf serum (FCS), 1% (v/v) penicillin/streptomycin and 2 mM glutamine. In detail, 

frozen cells obtained from the DSMZ were thawed at 37 °C and directly transferred into 10 

ml prewarmed (37 °C) medium. The cells were centrifuged at 800 × g for 2 min and the 

supernatant was removed. The cell pellet was resuspended in 12 ml prewarmed medium 

(37 °C) and transferred into a T25 flask. Subsequently, cells were incubated in an 

atmosphere of 5% CO2 at 37 °C. Cells were passaged every two to three days when 

approximately 80% confluence was reached. Cell growth was monitored using an inverted 

Primovert light microscope at 20 × magnification. For passaging, cells in a T25 flask were 

washed with 10 ml warm (37 °C) phosphate buffered saline (PBS). 1 ml of 0.05% trypsin in 

PBS was added and cells were incubated for two to three minutes in an atmosphere of 5% 

CO2 at 37 °C. Detachment of cells was monitored using an inverted Primovert light 

microscope. 10 ml prewarmed cell culture medium was added to the detached cells, followed 

by centrifugation at 800 × g for 2 min. The culture medium was discarded and fresh culture 

medium was added for resuspension of the cells. The cell containing solution was divided 

1:3 to 1:5 into new flask containing 12 ml culture medium (37 °C). Passaged cells were again 

incubated in an atmosphere of 5% CO2 at 37 °C. 

For cryo-conservation of cells, confluent cells were detached from the wall of the flask using 

trypsin, followed by the addition of culture medium and centrifugation as described above. 

The obtained cell pellet was dissolved in 950 μl culture medium and 50 μl dimethylsulfoxid 

were added. Cells were frozen in liquid nitrogen and stored at –120 °C. 

 

2.2.2 Differentiation of SH-SY5Y cells 

Cells were cultured under standard growth conditions (Section 2.2.1) and further used for 

differentiation. When the cells reached approximately 80% confluence, they were prepared 

as described above (Section 2.2.1). Before splitting the cells into new flasks, the cell number 

was estimated. For this, cells were resuspended in 5 ml culture medium and 5 μl were added 

to 5 μl of 0.5% trypanblue in PBS and transferred into a Neubauer hemocytometer. Cells in 

at least two quadrants of 1×1 mm were counted, and the mean was calculated. For the final 
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calculation of the cell number/ml, the mean is multiplied by the volume and dilution factor 

(2×104). A cell solution containing 100,000 cells was plated in 6-well plates and for cross-

linking analysis, 800,000 cells were plated in T75 flasks. Freshly prepared culture medium 

(37°) was added and cells were incubated as described above. On the following day the 

culture medium was replaced by differentiation medium 1 (see Table 2.1 for details). 

Table 2.1 Differentiation media. The composition of differentiation medium 1 and 2 is given. 

component differentiation medium 1 differentiation medium 2 

EMEM-medium 96.5% 96.5% 

FBS 2.5% 2.5% 

penicillin/streptomycin 1% 1% 

glutamine 2 mM 2 mM 

RA 10 μM 10 μM 

PMA - 80 nM 

  

For RA-differentiation, freshly prepared differentiation medium 1 was added on day one, 

three and five. In detail, the culture medium was discarded and warm (37 °C) differentiation 

medium was added. For RA/PMA-differentiation, the medium was exchanged to freshly 

prepared differentiation medium 1 on days one and three and for differentiation medium 2 

on days 4 and 6. Cell growth and differentiation was monitored using an inverted Primovert 

light microscope at 20 × magnification equipped with an 18 MP microscope digital camera. 

RA-differentiated cells were cross-linked and/or harvested on day 6 and RA/PMA-

differentiated cells were cross-linked and/or harvested on day 7. Not cross-linked cells were 

detached from the plate using trypsin-EDTA (0.5%) as described above (Section 2.2.1). The 

obtained cell pellet was washed three times with PBS. The cell pellet was frozen in liquid 

nitrogen and stored at –80 °C. 

 

2.2.3 Cross-linking using formaldehyde 

Undifferentiated and differentiated cells (see Section 2.2.1 and 2.2.2 for details) were used 

for cross-linking experiments. Cells were washed three times with warm (37 °C) PBS. For 

cross-linking, 3 ml of 4.5% (v/v) formaldehyde in PBS were added to the cells followed by 

incubation for 15 min at 37 °C. Subsequently, the cross-linked cells were washed three times 
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with ice-cold PBS and scraped off the T75 flask into PBS by pelleting centrifugation at 800 

× g for 2 min at 4 °C. The obtained cell pellet was stored at –80 °C. 

 

2.2.4 Labeling of model proteins with NHS-acetate1 

15 mM NHS-acetate stock solution was prepared in 33% (v/v) ACN. For chemical labeling, 

the stock solution was diluted 1:10 with water. For ADH and PK protein stock solutions, 

proteins were dissolved in PBS, pH 7.4, at a tetrameric protein concentration of 10 μM. 

Then, a 0-, 50-, 100-, 250-, 500-, 1000- or 1500-fold molar excess of NHS-acetate was added 

to 50 pmol ADH or PK in a finale volume of 20 μl. The solution was incubated for 15 min 

at 23 °C. 1 ×  NuPAGE LDS sample buffer and 1 × reducing reagent were added to a final 

volume of 30 μl. The samples were incubated for 10 min at 70 °C and gel electrophoresis 

using 4 – 12% NuPAGE Bis-Tris gels and 2-(N morpholino)ethansulfonic acid (MES) buffer 

was performed at 200 V for 35 min. The gel was stained overnight using Coomassie staining 

solution and destained in water until the background appeared clear. Subsequently, in-gel 

digestion (see Section 2.2.10 for details) and LC-MS/MS analysis (Section 2.2.17) followed. 

 

2.2.5 Labeling of model proteins with DEPC2 

Protein stock solution of ADH and PK were prepared at a tetrameric protein concentration 

of 10 μM in 25 mM HEPES, pH 7.5. The DEPC stock solution was diluted with water to 

0.1, 0.5, 2.5 and 5 mM. For DEPC labeling, a 0-, 2-, 10-, 50- and 100-fold molar excess of 

DEPC was added to 50 pmol ADH or PK in a final volume of 15 μl followed by incubation 

for 1 min at 37 °C and 500 rpm. The labeling reaction was quenched by addition of 1 μl 10 

mM imidazole. Ethanol precipitation (Section 2.2.11), in solution enzymatic hydrolysis in 

the presence of urea (Section 2.2.12) and LC-MS/MS analysis (Section 2.2.17) were 

performed as described. 

 

 

                                                           
1 These experiments were previously conducted (Master thesis: Chemical modification of protein for 
structure elucidation, Marie Barth, 2018). The project was continued in this thesis. 
2 Two replicates were prepared and analyzed previously (Master thesis: Chemical modification of protein 
for structure elucidation, Marie Barth, Martin Luther University, 2018). Additional replicates were 
performed in this thesis. 
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2.2.6 Labeling of synaptic vesicle proteins with S-NHS-acetate or NHS-acetate 

Synaptic vesicles from rat brain were provided from by Prof. Dr. Reinhard Jahn (Max Planck 

Institute for Biophysical Chemistry, Göttingen). Vesicles corresponding to approximately 

30 μg protein were incubated with 5 or 10 mM sulfo-NHS-acetate (S-NHS-acetate) or NHS-

acetate for 15 min at 23 °C. Subsequently, ethanol precipitation (Section 2.2.11), in-solution 

enzymatic hydrolysis in the presence of RapiGest (Section 2.2.13) and LC-MS/MS analysis 

(Section 2.2.17) were performed as described. 

 

2.2.7 Labeling of synaptic vesicle proteins with DEPC 

Vesicles corresponding to approximately 30 μg protein were incubated with 5 or 10 mM 

DEPC for 10 min at 37 °C. Subsequent, ethanol precipitation (Section 2.2.11), in-solution 

digestion in presence of urea (Section 2.2.12) and LC-MS/MS analysis (Section 2.2.17) 

were performed. 

 

2.2.8 Sample preparation for LC-MS/MS-based proteomics 

Proteomic samples were prepared following SPEED [84] protocol, that is based on acid cell 

lysis. First, 4 vol. of trifluoroacetic acid (TFA) were added to the cell pellet followed by 

incubation for approximately 2 min at room temperature until cells were completely lysed. 

In addition, the solution was pipetted several times until the viscosity was similar to water. 

Samples were then neutralized by addition of 10 vol. (corresponding to the amount of TFA 

used for cell lysis) of 2 M tris(hydroxymethyl)aminomethane (TrisBase). For reduction and 

alkylation of disulfide bonds 1.1 vol. (according to the amount of TFA used for cell lysis) of 

29 mM tris(2-carboxyethyl)phosphine (TCEP) and 37 mM 2-chloroacetamide (CAA) were 

added and the sample was incubated for 5 min at 95 °C. The cell lysate was diluted 1:5 with 

water and trypsin (Promega) was added at an enzyme:protein ratio of 1:50. Proteins were 

hydrolyzed overnight at 37 °C and 600 rpm. The obtained peptides were desalted using 

PierceTM peptide desalting spin columns (Section 2.2.15) and analyzed by LC-MS/MS 

(Section 2.2.17). 
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2.2.9 Sample preparation for LC-MS/MS analysis of cross-linked samples 

For formaldehyde cross-linked samples, the sample preparation protocol SPEED was 

slightly modified to avoid high temperatures. In detail, 2 M TrisBase were added on ice and 

reduction and alkylation was performed at 37 °C for 15 min and 300 rpm (see Section 2.2.8). 

The SP3 technology, which is based on paramagnetic beads, was used for further sample 

preparation. For this, Sera-Mag SpeedBeads were washed three times with water. The cell 

lysate was then added to the beads. 1 vol. 100% (v/v) ethanol was added followed by 

incubation for 5 min at 24 °C and 1,000 rpm. Beads and bound protein were subsequently 

washed three times with 80% (v/v) ethanol. For protein hydrolysis, trypsin (Promega) in 25 

mM ammonium bicarbonate, pH 8.5, was added at an enzyme:protein ratio of 1:50. The 

sample was sonicated for 30 s in a water bath to disaggregate the beads followed by 

incubation at 37 °C and 1,000 rpm overnight. The sample was centrifuged at 20,000 × g for 

1 min at room temperature. The supernatant containing the generated peptides was collected 

by separating beads and peptides using a magnet. The peptides were dried in a vacuum 

centrifuge. Enrichment for cross-linked peptide pairs was performed as described (see 

Section 2.2.16 for details). 

 

2.2.10 In-gel digestion 

Protein bands were excised from the gel and cut into pieces of approximately 1 × 1 mm. 150 

μl of water were added and the sample was incubated for 5 min at 26 °C and 1,050 rpm. The 

gel pieces were spun down in a centrifuge (for 1 min at 16,200 × g) and the supernatant was 

discarded. 150 μl ACN were added followed by incubation for 15 min at 26 °C and 

1,050 rpm. The gel pieces were spun down (for 1 min at 16,200 × g) and the supernatant was 

discarded and gel pieces were dried in a vacuum centrifuge for 5 min. For reduction of 

disulfide bridges, 1 mM dithiothreitol (DTT) in 100 mM ammonium bicarbonate, pH 8.0, 

were added to the gel pieces followed by incubation at 56 °C for 50 min. The gel pieces were 

spun down (for 1 min at 16,200 × g) and the supernatant was removed. 150 μl ACN were 

added followed by incubation for 15 min at 26 °C and 1,050 rpm. Again, the gel pieces were 

spun down (for 1 min at 16,200 × g) and the supernatant was removed. For alkylation of 

reduced cysteines residues, 100 μl of 55 mM iodoacetamide (IAA) in 100 mM ammonium 

bicarbonate, pH 8.0, were added and incubated for 20 min at 26 C° and 1,050 rpm. 

Subsequently, 150 μl of 100 mM ammonium bicarbonate, pH 8.0, and incubated for 15 min 

at 26 °C and 1,050 rpm. 150 μl ACN were added and incubated as described in the previous 
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step. The gel pieces were spun down by centrifugation for 1 min at 16,200 × g and the 

supernatant was removed. Again, 150 μl ACN were added and incubated as described. The 

gel pieces were spun down for 1 min at 16,200 × g) and the gel pieces were dried in a vacuum 

centrifuge for 5 min after the removal of supernatant. 

Table 2.2 Digestion buffer. The composition of digestion buffer 1 and 2 is shown. 

component digestion buffer 1 digestion buffer 2 

trypsin (Roche) 0.0125 μg/μl - 

ammonium bicarbonate, pH 8.0 41.67 mM 47.62 mM 

calcium chloride 4.17 mM 4.76 mM 

 

Dry gel pieces were hydrated on ice for 45 min with approximately 20 μl digestion buffer 1 

containing trypsin (Table 2.2) for 45 min on ice. Subsequently, 50 μl of digestion buffer 2 

(Table 2.2) were added followed by incubation overnight at 37 °C followed.  

Gel pieces were spun down (for 1 min at 16,200 × g) and 50 μl of water were added and 

incubated for 15 min at 37 °C and 1,050 rpm. Then, 50 μl of ACN were added and incubated 

as described in the previous step. The gel pieces were spun down (for 1 min at 16,200 × g) 

and the supernatant was collected in a new sample tube. 50 μl of 5% FA were added to the 

gel pieces and incubated for 15 min at 37 °C and 1,050 rpm. Again, 50 μl of ACN were 

added and incubated as described in the previous step. The gel pieces were spun down by 

centrifugation at 16,200 × g for 1 min and the supernatant was pooled with the previously 

collected supernatant. The samples containing the extracted peptides were evaporated to 

dryness using a vacuum centrifugation. The peptides were stored at –20 °C. 

 

2.2.11 Ethanol precipitation 

Proteins were precipitated by addition of 3 vol. ice-cold ethanol and 1/10 vol. 3 M sodium 

acetate, pH 5.3, followed by incubation at –20 °C overnight. Then, proteins were pelleted by 

centrifugation at 16,200 × g for 30 min and washed with 80% (v/v) ethanol. The 

centrifugation step was repeated. The obtained protein pellet was dried in a vacuum 

centrifuge. 
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2.2.12 In-solution digestion in the presence of urea 

The protein pellet obtained from ethanol precipitation was dissolved in 20 μl of 8 M urea in 

25 mM Tris-HCl, pH 7.9, and incubated for 15 min at room temperature. For reduction of 

disulfide bridges, 20 μl of 10 mM DTT in 8 M urea/ 25 mM Tris-HCl, pH 7.9, was added 

and incubated for 30 min at 23 °C. Alkylation by addition of 20 μl 60 mM IAA in 8 M urea/ 

25 mM Tris-HCl, pH 7.9, and incubation for 30 min at 23 °C followed. The sample solution 

was diluted with 100 mM ammonium bicarbonate, pH 8.5 to a final concentration of 2 M 

urea. The proteins were hydrolyzed with trypsin (Promega) at a 1:20 enzyme:protein ratio at 

37 °C overnight. The generated peptides were desalted using ZipTips (Section 2.2.14). 

 

2.2.13 In-solution digestion in the presence of RapiGest 

The protein pellet obtained from ethanol precipitation was dissolved in 10 μl of 1% (m/v) 

RapiGest in 25 mM ammonium bicarbonate, pH 8.5 and incubated for 15 min at room 

temperature. For reduction of disulfide bridges, 10 μl of 50 mM DTT in 25 mM ammonium 

bicarbonate, pH 8.5 were added and followed by incubation at 37 °C for 1 h. Alkylation by 

addition of 10 μl 100 mM IAA in 25 mM ammonium bicarbonate, pH 8.5, and incubation 

for 1 h at 37 °C was then performed. RapiGest was diluted to 0.1% (m/v) with 25 mM 

ammonium bicarbonate, pH 8.5, and trypsin (Promega) was added at a 1:20 enzyme:protein 

ratio followed by incubation at 37 °C overnight. RapiGest was hydrolyzed by addition of 

20 μl 5% (v/v) TFA and incubation at 37 °C for 2 h. The samples were then centrifuged at 

16,200 × g for 30 min. The supernatant was collected and peptides were dried in a vacuum 

centrifuge. The obtained peptides were stored at –20 °C. 

 

2.2.14 Desalting of peptides using ZipTips 

Peptides obtained from digestion in the presence of urea were desalted using ZipTips 

(Merck). For this, the C18 material was equilibrated twice with 30 μl 60% ACN/0.05% (v/v) 

FA. ZipTips were adjusted to loading conditions by washing three times with 30 μl 0.05% 

(v/v) FA. The peptide solution (see Section 2.2.12) was loaded onto the ZipTip and washed 

three times with 30 μl 0.025% (v/v) FA. Elution was performed using 20 μl 60% (v/v) 

ACN/0.1% (v/v) FA. The elution step was repeated once and eluates containing peptides 

were combined and dried in a vacuum centrifuge. The peptides were stored at –20 °C. 
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2.2.15 Desalting of peptides using PierceTM peptide desalting columns 

The peptides were desalted using PierceTM peptide desalting spin columns according to the 

manufacturer’s protocol. Briefly, the spin column was centrifuged at 5,000 × g for 1 min to 

remove the storage buffer. The spin column was then washed twice by adding 300 µl ACN 

followed by centrifugation at 5,000 × g for 1 min. The column was washed twice with 0.1% 

TFA (v/v). The peptides were sequentially loaded onto the spin column in 300 µl aliquots. 

After each loading step, centrifugation at 3,000 × g for 1 min was performed. The column 

was washed three times with 0.1% TFA (v/v) by centrifugation at 3,000 × g for 1 min. 

Peptides were eluted with 300 µl of 50% (v/v) ACN/0.1% (v/v) TFA by centrifugation at 

3,000 × g for 1 min. The elution step was repeated once and the desalted peptides were dried 

in a vacuum centrifuge. The peptides were stored at –20 °C. 

 

2.2.16 Enrichment of cross-linked peptide pairs 

For enrichment of cross-linked peptide pairs, peptide size exclusion chromatography was 

employed. For this, peptides were dissolved in 30% (v/v) ACN/ 0.1% (v/v) TFA. Cross-

linked peptide pairs were enriched using an ÄKTA pure chromatography system equipped 

with a SuperdexTM peptide 3.2 × 300 mm column and 30% (v/v) ACN, 0.1% (v/v) TFA as 

mobile phase. The peptides were separated isocratically with a flow rate of 50 µl/min and 

elution of peptides was monitored at 280 nm. Fractions of 50 µl were collected. Early 

fractions contained cross-linked peptide pairs and late fractions linear peptides. Peptides 

were dried in a vacuum centrifuge. 

 

2.2.17 LC-MS/MS analysis 

Peptides were analyzed by nano-flow reversed-phase liquid chromatography on a 

DionexUltiMate 3000 RSLCnano System coupled with a Q Exactive Plus Hybrid 

Quadrupole-Orbitrap mass spectrometer. For this, peptides were first dissolved in 2% (v/v) 

ACN/ 0.1% (v/v) FA. For liquid chromatography 0.1% (v/v) formic acid (FA) was used as 

mobile phase A and 80% (v/v) ACN/ 0.1% (v/v) FA was used as mobile phase B. Peptides 

were loaded onto a trap column (μ-Precolumn C18 Acclaim™ PepMap™ 100, C18, 300 μm 

I.D., particle size 5 μm) with a flow rate of 10 µl/min. The peptides were then separated on 

an analytical C18 capillary column (50 cm, HPLC column Acclaim™ PepMap™ 100, C18, 
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75 μm I.D., particle size 3 μm) with a flow rate of 300 nl/min. A gradient of 4 – 90% (v/v) 

mobile phase B over different time lengths was applied (see Table 2.3 for details).  

Table 2.3 Liquid-chromatography gradient. The gradient consisting of 0.1% (v/v) formic acid 
(FA) as mobile phase A and 80% (v/v) ACN/0.1% (v/v) FA as mobile phase B is shown for different 
gradient time length. For cross-linking samples, the 120 min gradient was adjusted step-wise for 
early (early fractions), middle (see 120 min gradient) and late fractions (late fractions). 

A 
[%] 

B 
[%] 

gradient length [min] 

90 min  120 min 
120 min 

early fractions 

120 min 

late fractions 
180 min  300 min 

96 4 0 0 0 0 0 0 

92 8 3 3 3 3 3 3 

85 15 - - 25 75 - - 

75 25 60 90 90 90 150 270 

50 50 64 94 94 94 154 274 

10 90 65 95 95 95 155 275 

10 90 69 99 99 99 159 279 

96 4 70 100 100 100 160 280 

96 4 90 120 120 120 180 300 

 

LC-gradients varying in length were applied as follows: 90 min for peptides obtained from 

labeled model proteins, 120 min for samples containing cross-linked peptide pairs, 180 min 

for peptides of proteome samples and 300 min for peptides obtained from labeled synaptic 

vesicle proteins. Fractions of peptide size exclusion chromatography were analyzed using 

different gradient length, i.e. the 120 min gradient was adjusted step-wise for early, middle 

and late fractions. Following chromatographic separation, the peptides were directly eluted 

into the mass spectrometer. Typical mass spectrometric conditions were: data depended 

mode; capillary voltage, 2.8 kV; capillary temperature, 275 °C and polarity, positive. Survey 

full scan MS spectra were acquired in a mass range of 350 – 1600 m/z, with a resolution of 

70,000 and an automatic gain control (AGC) target at 3e6. The maximum injection time was 

set to 100 ms (all gradients) and 80 ms (180 min gradient). The 20 most intense peaks were 

selected for fragmentation in the HCD cell with an AGC target of 1e5 and a fixed first mass 

of 105 m/z. The resolution of MS2 spectra was 17,500 and for cross-linking samples 35,000. 

The maximum injection time (MS2 spectra) was 50 ms (for labeled samples), 150 ms (for 
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proteomic samples) and 200 ms (for cross-linking samples). Ions with a charge of 1 and > 8 

were excluded from fragmentation; for cross-linking samples charge states 1 – 3 and > 8 

were excluded. In addition, previously selected ions were dynamically excluded for 30 s. 

Internal calibration of the Orbitrap was performed using the lock mass m/z 445.120025 

[222]. QCloud2 [215] was used to control instrument longitudinal performance. 

 

2.2.18 Proteomic data analysis using MaxQuant 

For proteomic data analysis, 6 biological replicates of each cell culture condition 

(undifferentiated, RA- and RA/PMA-differentiated cells) were used. The software 

MaxQuant (version 1.6.17.0) [107] was used for database search against the human uniprot 

database (Uniprot, Proteome ID: UP000005640, 73947 entries, version date: 1st April 2019). 

The following standard parameters were used: fixed modification, carbamidomethyl 

(cysteine); variable modifications, oxidation (methionine) and acetylation (protein N-

terminus); max missed cleavage sites, 2; min peptide length, 7; max peptide mass 6,000 Da; 

peptide FDR, 0.01; protein FDR, 0.01 and enzyme, trypsin/P (cleavage C-terminal of lysine 

or arginine also when the C-terminal amino acid is proline). In addition, the iBAQ, 

MaxQuant LFQ and ‘match between runs’ options were enabled. 

 

2.2.19 Relative quantification of protein expression of proteins with a specific 

subcellular localization 

Relative quantification of protein expression of proteins with a specific subcellular 

localization was performed in RStudio (version 1.2.1335) [218] using R (version 4.0.2) 

[217]. iBAQ values were calculated by dividing the sum of intensities of the observed 

peptides of a protein by the number of theoretically observable peptides for each protein 

[109]. These values were obtained from MaxQuant [107] and normalized for each 

experiment to obtain relative iBAQ values by dividing the iBAQ by the sum of iBAQ values 

of all proteins of each experiment. The subcellular localization of proteins with known main 

localization was assigned using the localization of these proteins from Beltran et al. as a 

reference [223]. The iBAQ values of all proteins with the same localization was summed for 

each experiment. The mean and standard error of the iBAQ sum for each localization and 

culture condition was calculated. Significant differences between the different culture 
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conditions for each localization were determined by performing a two-tailed t-test. The 

obtained p-values were adjusted using the Bonferroni correction method [224]. 

 

2.2.20 Quantification of global protein abundances 

Label-free quantification of proteins was used for calculation of the relative protein 

abundance. The ‘evidence.txt’ file obtained from MaxQuant contains information on 

identified peptides and their intensities and was used for data processing in RStudio (version 

1.2.1335)[218] using R (version 4.0.2) [217] with artMS (version 1.9.1) (http://artms.org) 

and MSstats (version 3.22.0) [212]. The following parameters were used for artMS analysis: 

relative quantification method, global protein abundance; normalization method, equalize 

medians; cutoffCensored, minFeature; annotation species, human. Differences in protein 

expression between cell culture conditions was determined using a two-tailed t-test. For 

calculation of the adjusted p-value the Benjamini and Hochberg method [225] was used. 

Proteins with a log2(fold change) < –0.8 or > 0.8 and an adjusted p-value < 0.05 were 

considered as significantly up- or down-regulated. Enriched KEGG pathways within the 

group of up- or down regulated proteins were determined using Enrichr [207-209]. 

 

2.2.21 Identification of cross-linked peptide pairs 

A database containing the 800 most abundant proteins was generated for each cell culture 

condition. For this, the mean of the relative iBAQ of 6 biological replicates of each condition 

was used. Then raw data files were converted to mascot generic file format (mgf) using 

Thermo Proteome Discoverer (version 2.4.1.15). Cross-linking analysis was performed 

using the ’Formaldehyde Cross-link Analyser’ [136] employing the following parameters: 

MS1 tolerance, 6 ppm; MS2 tolerance, 8 ppm; number of missed cleavage sites, 4; the ‘use 

decoy sequence’ option was enabled. The results table contains hits of cross-lined peptide 

pairs with a characteristic mass-shift of 12 or 24 Da [136, 137]. Cross-links with a ratio of 

(# observed fragments /# amino acids of the cross-linked peptide pair) >1.5 as well as a total 

number of fragments for each peptide > 18 were considered to be high-confident cross-links 

[136]. Cross-links with a total number of fragments for each peptide > 15 were considered 

to be intermediate confident cross-links [136]. For identification of the overlap of high and 

intermediate confident cross-links between the three replicates for each condition the web-

based venn-tool (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used. Depending 
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on the reproducibility of the identified cross-links between replicates, scores were assigned 

(for details see Table 2.4). 

Table 2.4 Cross-link scores. The overlap of identified high-confident and intermediate confident 
cross-links within the three replicates for each condition was used to assign a cross-link score. 

number and type of cross-link score 

one high confident cross-link each in three replicates 1 

one high confident cross-link in two of three replicates 2 

one high confident cross-link in one replicate and at least one 
intermediate confident cross-link in another replicate 

3 

one intermediate confident cross-link each in three replicates 4 

one intermediate confident cross-link in two replicates 5 

one high confident cross-link in one replicate 6 

one intermediate confident cross-link in one replicate 7 

 

For further analysis, only cross-links with a score ≥ four were used. Network and bar plots 

of the identified cross-links were generated in Cytoscape (version 3.8.2) [206] using the 

Cytoscape app XlinkCyNET (version 1.2.5) [221]. In addition cross-links of proteins with a 

known high-resolution structure were analyzed using UCSF Chimera (version 1.15) [219] 

and the software tool Xlink Analyzer (version 1.1.4) [220]. 

 

2.2.22 Identification of chemically labeled amino acids3 

Identification of labeled amino acids using NHS-acetate, S-NHS-acetate or DEPC as 

labeling reagents was performed with the software MaxQuant (version 1.6.3.3) [107]. For 

the labeled model proteins ADH (yeast Saccharomyces cerevisiae) and PK (rabbit), the 

corresponding protein amino acid sequence was used as database. The database for the 

identification of labeled amino acids of synaptic vesicles proteins was generated by Sabine 

Wittig using the 400 most abundant synaptic vesicle proteins [226]. Standard search 

parameters were used: mass accuracy for precursor ions in main search, 4.5 ppm; mass 

accuracy for fragment ions, 0.5 Da; max. missed cleavage sites, 2; min. peptide length, 7; 

                                                           
3 The raw data of NHS-acetate labelled ADH and PK of three biological replicates, as well as the first two 
replicates of DEPC labelled ADH and PK were previously obtained (Master thesis: Chemical modification of 
protein for structure elucidation, Marie Barth, Martin Luther University, 2018). The project was continued 
during this thesis. 
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max. peptide mass, 6,000 Da; peptide FDR, 0.01; protein FDR, 0.01; enzyme, trypsin/P; the 

‘match between runs’ option was enabled; variable modifications, acetylation of the 

protein’s N-terminus, carbamidomethylation of cysteine, oxidation of methionine. In 

addition, for labeling with NHS-acetate or sulfo-NHS-acetate, acetylation of lysine, serine, 

threonine and tyrosine were set as variable modification (for details see Table 2.5). For 

DEPC labeling, variable CEt-modification of histidine, lysine, cysteine, serine, threonine 

and tyrosine including neutral losses from histidine, lysine, serine and threonine, formyl-

CEt-modified histidine, di-CEt-modified histidine and urethane-CEt-modified histidine 

including neutral loss were allowed (Table 2.5). 

Table 2.5 Labeling induced modifications. The modifications introduced by S-NHS-aceate, 
NHS-acetate and DEPC labelling are listed. The individual atomic composition, the introduced mass 
shift of a modified amino acid within the peptide as well as the composition and mass shift of a 
neutral loss occurring during HCD fragmentation of labeled peptides is shown. 

modification composition mass shift 
neutral loss 
composition 

neutral loss 
mass shift 

acetylation of lysine, serine, 
threonine and tyrosine 

C2H2O 42.01 Da - - 

CEt-modified histidine, 
lysine, 

C3H4O2 72.02 Da C2H6O 46.04 Da 

CEt-modified serine and 
threonine 

C3H4O2 72.02 Da C3H6O3 90.03 Da 

CEt-modified cysteine and 
tyrosine 

C3H4O2 72.02 Da - - 

formyl-CEt-modified 
histidine 

C6H10O5 162.05 Da - - 

di-CEt-modified histidine C6H10O4 146.06 Da - - 

urethane-CEt-modified 
histidine 

C5H10O4 134.06 Da C3H7O2N 89.05 Da 

 

 

2.2.23 Quantification of modified amino acids of model proteins 

The intensity values obtained from MaxQuant for modified and unmodified peptides were 

used for quantification. Data processing and analysis was performed with R (version 3.5.1) 

[217] using RStudio (version 1.2.1335) [218] and the following R packages: ggforce, 

openxlsx, reshape and tidyverse. Normalized intensities for each modified site were 
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calculated. In detail, MaxQuant output files containing information on the individual 

modifications (e.g. acetylation of lysine or acetylation of serine, threonine, tyrosine) were 

combined and filtered for the protein of interest. Modified sites with a localization 

probability < 0.75 and a peptide score < 80 were discarded. For the obtained labeled residues, 

the intensity was normalized by the sum of all corresponding peptides (i.e., all modified and 

unmodified peptides) containing the respective site. 

The following equation was applied: 

(𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒) ∗ 100

𝑠𝑢𝑚 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑝𝑒𝑝𝑡𝑖𝑑𝑒𝑠 (𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 + 𝑢𝑛𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑)
 

 

The mean normalized intensity and standard error for each labeled site were then 

calculated.  

 

2.2.24 Calculation of the solvent accessible surface area (SASA) and visualization of 

labeled residues on model proteins 

The tetramer of ADH based on PDB ID 5env [227] and the PK tetramer (PDB ID 1aqf [228]) 

were used as templates for calculation of SASA of single residues using the webserver 

GETAREA [210]. For calculation of mean SASA of each residue the two chains of ADH or 

the four chains of PK were used. PDBePISA (version 1.52) [213] was used to calculate the 

surface area and the buried area. PyMOL (version 1.3) [216] was used to visualize the 

tetrameric protein complexes and specific residues within the crystals structure of ADH 

(PDB ID 5env) and PK (PDB ID 1aqf).  

 

2.2.25 Quantification of labeled residues of synaptic vesicle proteins 

For Quantification of labeled sites of synaptic vesicle proteins, the script described in 

Section 2.2.23 was employed. For the two DEPC labeling reagent concentrations, the mean 

intensity of 2 biological replicates was calculated for each residue. Labeling percentages 

were calculated for each residue. 

For Analysis of acetylated residues, again the described script (Section 2.2.23) was then 

employed to calculate labeling intensities. Significant differences in labeling efficiency were 

identified using a two-tailed t-test. Residues with a labeling intensity change above 3% and 

a p-value < 0.05 were considered as changed. In detail, residues with a higher labeling 
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intensity using S-NHS-acetate compared to NHS-acetate are considered to be located outside 

and residues with a higher intensity of NHS-acetate compared to S-NHS-acetate were 

considered to be located in the lumen of synaptic vesicles. 

In addition labeled residues of the proton-pumping vacuolar H+-ATPase (V-ATPase) were 

analyzed using UCSF Chimera (version 1.15) [219] and the software tool Xlink Analyzer 

(version 1.1.4) [220]. For synapsin-1, Rab3a (Ras-related protein Rab-3A) and Cysteine 

string protein (CSP), each protein’s 3D structure was predicted using AlphaFold [229]. 

PyMOL (version 1.3) [216] was used to visualize the structures. 

 

2.2.26 Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository 

[214]. The dataset identifier for the data from labeling of model proteins is PXD015940 

(publicly accessible), for labelled synaptic vesicles PXD020859 (publicly accessible) and 

for proteomic and cross-linking data of SH-SY5Y cells PXD031054 (Accessible for review 

with the following log in account: Username: reviewer_pxd031054@ebi.ac.uk; Password: 

uLbEpUcP). 

  



45 
 

3. Results 

3.1 Proteomic characterization of SH-SY5Y cells4 

3.1.1 Workflow for proteomic analysis of undifferentiated and differentiated SH-SY5Y 

cells 

The neuroblast-like cell line SH-SY5Y was selected as a neuronal model system. When 

specific growth conditions are applied, cells with neuronal character can be obtained. 

Therefore, cells were first grown under standard conditions employing 15% FCS and 

passaging of the cells every two to three days (undifferentiated cells). Undifferentiated cells 

were then cultured following a specific protocol to obtain differentiated cells. For 

differentiation, the cells were, therefore, treated at low serum conditions with RA for five 

days (RA-differentiation) or with RA for three days followed by three days with RA and 

PMA (RA/PMA-differentiation) (Figure 10a and Section 2.2.2). The morphology of the 

cells changed upon differentiation (Figure 10b). Accordingly, undifferentiated cells are 

characterized by only a few short projections, while differentiated cells have long 

pronounced projections. However, differentiation did not only result in cells with a neuronal 

morphology but also in epithelial-like cells (widespread cells without projections).  

 
Figure 10: Differentiation of SH-SY5Y cells. 
a) Cells were first grown under standard conditions (undifferentiated). Differentiation was then induced for 5 
days with RA (RA-differentiated) or 3 days with RA followed by 3 days of RA/PMA (RA/PMA-
differentiated). b) The morphology of undifferentiated, RA-differentiated and RA/PMA-differentiated cells 
was monitored with an inverted Primovert light microscope at 20 × magnification equipped with an 18 MP 
microscope digital camera. Scale bar: 100 µm. Abbreviations: FCS, fetal calf serum. 
                                                           
4 The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository [214] with the dataset 
identifier PXD031054 (Accessible for review with the following log in account: Username: 
reviewer_pxd031054@ebi.ac.uk; Password: uLbEpUcP). 
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Cells of the three different culture conditions were then employed for a proteome 

comparison. The workflow is shown in Figure 11. Six biological replicates of each cell 

culture condition were used. For this, cells were harvested and lysed using TFA. Protein 

hydrolysis with trypsin was followed by desalting of the peptide solution. The obtained 

peptides were then analyzed by LC-MS/MS analysis. Peptides and corresponding proteins 

were identified using the software MaxQuant [211]. The results were further processed with 

an in-house developed script in R [217, 218] employing the software package artMS. 

 

Figure 11: Workflow – Proteome analysis of SH-SY5Y cells 
Cells grown under different conditions are lysed and proteins are hydrolyzed with trypsin. Obtained peptides 
are desalted and analyzed by LC-MS/MS. For data analysis different software is employed. 
 
For this workflow, 5909 different proteins corresponding to approximately 60 % of the 

expected 10,000 proteins within a cell [230] were identified. Of these proteins, 3661 were 

identified in all 18 samples (i.e. six replicates for undifferentiated, RA- and RA/PMA-

differentiated cells) confirming a good reproducibility of the analysis strategy. Among the 

identified proteins are typical cellular proteins that occur at high copy numbers [231]; 

examples are, actin beta, vimentin, enolase 1 as well as ribosomal proteins and histones. 

Proteins with low copy numbers [231] such as cadherin-2, rotatin or the mitochondrial 

ribosomal protein S30 were also observed. In conclusion, the employed workflow is well 

suited for protein identification and the results will be further used for relative quantification 

of protein abundance. 

 

3.1.2 Relative quantification of proteins with a specific subcellular localization 

To obtain first insights into changes of protein abundance between the different cell culture 

conditions, the abundance of proteins with a specific subcellular localization was analyzed. 

For this, the relative iBAQ [109] for each protein was calculated to identify the abundance 
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of each protein in the individual samples. Relative iBAQ values of all proteins with a specific 

subcellular localization [223] were then summed. The resulting protein abundance of each 

subcellular localization was then compared between the different cell culture conditions. In 

total, nine different subcellular localizations, namely the cytosol, nucleus, ER, dense cytosol, 

mitochondria, plasma membrane, lysosome, peroxisome and the golgi apparatus were 

evaluated. For identification of significantly different protein abundance corresponding to a 

specific subcellular localization, a two-tailed t-test was applied. An increase in protein 

abundance in differentiated cells when compared with undifferentiated cells was identified 

for proteins localized in the ER, plasma membrane and the lysosome (Figure 12). 

 

Figure 12: Relative quantification of proteins with a specific subcellular localization. 
The relative iBAQ values of all proteins with a specific subcellular localization identified in undifferentiated 
(undiff, blue), RA-differentiated (RA, green) or RA/PMA-differentiated (RA/PMA, red) cells was summed. 
For each cell culture condition, the mean value and the standard error are given (n=6). The adjusted p-value 
was calculated to determine significant differences between the conditions (see legend for details). 
Abbreviations: ER, endoplasmic reticulum. 
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In addition, RA/PMA differentiated cells showed an increasing protein abundance of 

cytosolic proteins and a decreasing abundance of proteins located in the nucleus compared 

to undifferentiated cells. Notably, only minor differences were observed between RA- and 

RA/PMA-differentiated cells. The abundance of proteins located in the lysosome was lower 

in RA-differentiated cells when compared with cells obtained from RA/PMA-

differentiation. The results of this analysis indicate similar changes in protein expression in 

RA- and RA/PMA-differentiated cells during neuronal differentiation. 

 

3.1.3 Proteome analysis of RA- and RA/PMA-differentiated cells uncovers markers for 

early neuronal differentiation 

The next step was to compare undifferentiated and differentiated SH-SY5Y cells in more 

detail by relatively quantifying individual proteins. For this, intensities of the individual 

peptides were obtained from MaxQuant [107] data analysis and normalized for all proteins 

in each biological replicate. A two tailed t-test was then applied to identify statistically 

significant changes in relative protein abundance between the different growth conditions. 

The false discovery rate was controlled by applying the Benjamini and Hochberg method 

[232] and adjusted p-values were calculated. Following this approach, only proteins 

identified in both samples can be relatively compared. When comparing RA-differentiated 

cells with undifferentiated cells 3787 proteins, when comparing PMA/RA-differentiated 

cells with undifferentiated cells 3738 proteins and when comparing RA- and RA/PMA-

differentiated cells 3837 proteins were quantified. Volcano plots were obtained by plotting 

adjusted p-values against the fold change of protein intensities (Figure 13). The plot enables 

visualization of the proteomics data and visual identification of proteins with large fold 

changes that are statistically significant. 

For the identification of significantly up- and downregulated proteins, a significance 

threshold of 5% and a log2(fold change) threshold < –0.8 and > 0.8 was applied. Applying 

this significance threshold, 71 proteins were identified to be upregulated in RA-

differentiated cells and 101 in RA/PMA-differentiated cells when comparing differentiated 

and undifferentiated cells. The comparison of RA- and RA/PMA-differentiated cells 

revealed only 6 proteins that were differentially expressed. These results again highlight the 

similarity of neurons obtained from the two different protocols. 
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In both, RA- and RA/PMA-differentiated cells, transglutaminase 2 was identified with the 

highest fold change when compared with the undifferentiated cells. For this protein, a 16- 

and 13-fold upregulation in RA- and RA/PMA-differentiated neurons was observed (Figure 

13 and Table 3.1). An increased expression of transglutaminase 2 following RA treatment 

was previously described [233] and is therefore expected. In addition to transglutaminase 2, 

other proteins such as the cellular retinoic acid binding protein are directly linked to RA 

treatment [234, 235] (Table 3.1). This protein binds RA [236], is a co-activator of nuclear 

RA receptors [237] and by mediating transcriptional activation regulates differentiation 

[238], neurite initiation and neurite branching [239]. As expected, the cellular retinoic acid 

binding protein is enriched in RA treated cells. Retinol binding protein 1 and retinal 

dehydrogenase 10 were upregulated to a lower extend (Table 3.1). Of these, the cellular 

retinol-binding protein 1 is epigenetically regulated by RA receptor alpha [240] and the 

retinal dehydrogenase 10 protein together with dehydrogenase reductase 3, which was only 

identified in differentiated cells, form the hetero-oligomeric retinoid oxidoreductase 

complex essential for controlling RA homeostasis [241]. Treatment with RA, therefore, 

induced expression of several proteins playing a role in RA metabolism essential for 

differentiation. 

 

Figure 13: Relative quantification of undifferentiated versus RA- and RA/PMA-
differentiated SH-SY5Y cells. 
The log2(fold change) was plotted against the –log10(adjusted p-value) in volcano plots. Quantified proteins 
with a log2(fold change) < –0.8 or > 0.8 and an adjusted p-value < 0.05 were considered significantly up- or 
down-regulated, respectively. The gene names of the three top hits that are up- or downregulated in 
undifferentiated or differentiated cells are labeled in the volcano plots. a) Volcano plot of RA-differentiated 
cells (RA, green) versus undifferentiated cells (undiff, blue). b) Volcano plot of RA/PMA differentiated cells 
(RA/PMA, red) versus undifferentiated cells (undiff, blue). Abbreviations: ISOC1, isochorismatase domain 
containing 1; C7, complement C7; H3C14, H3 clustered histone 14; ITGA1, integrin subunit alpha 1; CRABP2, 
cellular retinoic acid binding protein 2; TGM2, transglutaminase 2; DCX, doublecortin; TAGLN, transgelin; 
NPC2, NPC intracellular cholesterol transporter 2. 
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Besides proteins that are directly linked with RA-related pathways, a group of proteins that 

play a role in neuronal differentiation was significantly upregulated in differentiated cells 

(Table 3.1). Among these proteins, annexin A2 and cathepsin B induce neurite outgrowth 

[242-244], secretogranin II mediates neuronal differentiation [245], vasodilator stimulated 

phosphoprotein plays a role in filipodia formation [246], doublecortin like kinase 1 mediates 

structural rearrangements [247] and sequestosome 1 regulates the metabolic shift from 

aerobic glycolysis to oxidative phosphorylation [248] (Table 3.1). The expression level of 

nestin, a marker protein for early neuronal differentiation [249], was found to be increased 

in differentiated cells (Table 3.1), while doublecortin, a marker for developing neurons 

[250], was found to be down-regulated. 

Table 3.1 Upregulated proteins in differentiated cells. 
The Uniprot accession number, the gene and protein name, the fold change (FC), the log2(FC) and the adjusted 
p-value (adj. p-value) are given for selected protein groups. FC ratios were calculated for RA-differentiated 
versus undifferentiated cells as well as for RA/PMA-differentiated versus undifferentiated cells. 

      RA vs. undifferentiated RA/PMA vs. undifferentiated 

Uniprot 
accession 
number 

gene 
name 

protein name FC log2 FC 
adj. p-
value 

FC log2FC 
adj.p-
value 

RA related 

P21980 TGM2 transglutaminase 2 12.93 3.69 2.97E-06 16.46 4.04 9.78E-07 

P29373 CRABP2 
cellular retinoic acid 
binding protein 2 

10.97 3.46 9.13E-08 5.73 2.52 9.78E-07 

P09455 RBP1 retinol binding protein 1 2.45 1.29 4.53E-03 2.13 1.09 9.59E-03 

Q8IZV5 RDH10 retinol dehydrogenase 10 3.01 1.59 1.30E-02 3.73 1.9 4.04E-03 

neuronal differentiation 

P07355 ANXA2 annexin A2 1.99 0.99 2.23E-02 2.3 1.2 5.49E-03 

P07858 CTSB cathepsin B 2.7 1.43 2.77E-03 3.13 1.65 6.96E-04 

P48681 NES nestin 2.09 1.06 1.85E-03 3.42 1.78 8.06E-06 

P13521 SCG2 secretogranin II 3.93 1.98 5.56E-03 2.93 1.55 1.70E-02 

P50552 VASP 
vasodilator stimulated 
phosphoprotein 

2.09 1.06 3.03E-02 2.34 1.23 1.04E-02 

Q13501 SQSTM1 sequestosome 1 5.8 2.54 4.64E-05 4.74 2.24 1.07E-04 

O15075 DCLK1 doublecortin like kinase 1 1.85 0.89 2.39E-02 2.28 1.19 3.31E-03 

oxidative stress related 

O75874 IDH1 
isocitrate dehydrogenase 
(NADP(+)) 1 

1.83 0.87 1.02E-02 1.8 0.85 9.33E-03 

P04424 ASL argininosuccinate lyase 3.02 1.59 5.53E-03 4.21 2.07 7.41E-04 

P30043 BLVRB biliverdin reductase B 2.55 1.35 3.24E-03 3.02 1.6 6.74E-04 

P02795 MT2A metallothionein 2A 3.86 1.95 3.72E-02 4.66 2.22 1.49E-02 

P15559 NQO1 
NAD(P)H quinone 
dehydrogenase 1 

1.94 0.95 1.11E-02 2.19 1.13 3.23E-03 

P07602 PSAP prosaposin 1.82 0.87 8.59E-03 3.19 1.68 2.32E-05 

P04179 SOD2 superoxide dismutase 2 2.99 1.58 3.23E-02 2.91 1.54 2.76E-02 

P13521 SCG2 secretogranin II 3.93 1.98 5.56E-03 2.93 1.55 1.70E-02 

 



51 
 

Other proteins such as proteins related to the synaptic vesicle cycle (e.g., synaptophysin, 

SNAP25, synapsin 1 and synaptotagmin 11, clathrin heavy chain like 1) were only quantified 

in differentiating cells. Given that these proteins were not quantified in undifferentiated cells, 

indicates very low abundance or absence in undifferentiated SH-SY5Y cells.  

Observed changes suggest that early differentiating neurons are obtained when following 

our protocols. Interestingly, downregulated of doublecortin in differentiating cells suggests 

that very early differentiation stages have already passed. Furthermore, the presence of 

synaptic vesicle proteins indicates the establishment of neuronal synapses.  

Neurons have a high energy demand and oxygen consumption and are, therefore, particularly 

vulnerable to oxidative stress [251]. Accordingly, proteins related to antioxidant defense 

were found to be upregulated upon differentiation (Table 3.1) indicating that antioxidant 

defense mechanisms are already established during early differentiation. In conclusion, 

differentiation with RA and RA/PMA leads to an increase in the expression of proteins 

related to RA administration, proteins required for neuronal development, synaptic proteins 

and proteins of the antioxidant defense mechanism. 

 

3.1.4 KEGG pathway analysis revealed structural rearrangements during neuronal 

differentiation 

Identified proteins that were significantly enriched in differentiated cells were further 

analyzed. For this enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways 

were determined (Supplementary Table 1-4). In detail, corresponding genes of upregulated 

proteins in differentiated cells were used as input for the gene set search engine Enrichr [207, 

208, 252]. This approach resulted in the identification of 21 and 20 enriched KEGG 

pathways for RA- and RA/PMA-differentiated cells, respectively (Supplementary 

Table 1). Among the top six enriched KEGG pathways in both differentiated cells are 

‘regulation of actin cytoskeleton’, ‘extracellular matrix receptor (ECM-receptor) interaction’ 

and ‘focal adhesion’ (Figure 14). These three pathways are closely related to structural 

rearrangements of the cells.  
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Figure 14: Enriched KEGG pathways in differentiated cells 
Quantified proteins with a log2(fold change) < –0.8 or > 0.8 and an adjusted p-value < 0.05 were considered 
significantly up- or downregulated, respectively. Significantly up- or downregulated proteins were used for 
KEGG pathway enrichment analysis. Enriched KEGG pathways with high combined scores were determined 
in RA-differentiated cells vs. undifferentiated cells (green) and RA/PMA differentiated vs. undifferentiated 
cells (red) using the search engine Enrichr [207, 208, 252]. Abbreviations: ECM, extra cellular matrix; ARVC, 
Arrhythmogenic right ventricular cardiomyopathy.  
 
The previously described long projections of differentiated SH-SY5Y cells (Figure 10) 

likely require increased focal adhesion and ECM interactions. In agreement with this, 

proteins such as the vasodilator stimulated phosphoprotein which promotes filopodia 

formation or paxillin, which plays a role in F-actin assembly and dynamics [253-255], are 

part of these KEGG pathways. 

In RA-differentiated cells the ‘riboflavin metabolism’ pathway was enriched and assigned 

with the highest score. Two proteins, namely biliverdin reductase B and acid phosphatase 2, 

are upregulated; they catalyze the reduction of flavin mononucleotide finally yielding fully 

reduced flavohydroquinone. This catalytic activity might be relevant for oxygen activation 

during differentiation [256].  

In RA/PMA-differentiated cells the pathway ‘lysosome’ was highly enriched. This pathway 

was also enriched in RA-differentiated cells albeit at a lower score. Proteins within the 

lysosome are required for macromolecular degradation of proteins, lipids, DNA, RNA and 

carbohydrates. They further enable recycling of the obtained components. Important roles 

of axonal and dendritic lysosomes are clearance of dysfunctional synaptic proteins and 

organelles [16, 17, 257]. The importance of correct lysosomal function is further stressed by 

linkage of genetical disorders to dysfunction of neuronal lysosomes [258]. Therefore, the 

enriched KEGG pathway ‘lysosome’ in differentiating SH-SY5Y cells reveals that these 

cells are challenged with a higher demand for degradation processes during neuronal 

differentiation. 

In summary, KEGG pathway analysis of enriched proteins in differentiated cells, again, 

confirms the similarity between the cells obtained from RA- or RA/PMA-differentiation. 
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For instance, enriched KEGG pathways associated with actin regulation and ECM 

interaction indicate structural and functional changes during differentiation. Differences 

between the cells obtained using the two differentiation protocols were mainly identified for 

lysosomal proteins. This confirmed that, in agreement with the results of the quantification 

of proteins associated with specific organelles, there are only minor differences between RA- 

and RA/PMA-differentiated neurons.  

 

3.1.4 Proliferation is a main characteristic of undifferentiated SH-SY5Y cells 

In the next step, protein expression in the undifferentiated cells was compared with the 

expression levels in differentiated cells in more detail. For identification of significantly 

upregulated proteins, the same threshold as applied to differentiated cells (see above) was 

employed, and 86 and 98 proteins were identified as significantly upregulated in 

undifferentiated cells when compared with RA- and RA/PMA-differentiated cells, 

respectively (Figure 13). Among the highest upregulated proteins was isochorismatase 

domain containing protein 1 (Table 3.2), a protein that is related to ontogenesis [259]. 

Recently, Cheng et al. observed induced apoptosis and suppressed cell proliferation upon 

knockdown of isochorismatase domain containing protein 1 in pancreatic cancer [259] 

suggesting similar proliferation associated functions of this protein in neuroblastoma cells 

used here. The actin isoform, actin beta like 2 was also enriched in undifferentiated cells 

compared to differentiated cells. In previous studies, this specific actin isoform was found 

to be upregulated in colorectal cancer [260]. In addition, proteins regulating cell cycle 

checkpoints such as cyclin dependent kinase 1 [261] and minichromosome maintenance 

proteins [262] are enriched in undifferentiated cells (Table 3.2). The upregulation of cancer-

related proteins and proteins related to the cell cycle reveals cancer characteristics of 

undifferentiated SH-SY5Y neuroblastoma cells.  
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Table 3.2 Upregulated proteins in undifferentiated cells. 
The Uniprot accession number, the gene and protein name, the fold change (FC), the log2(FC) and the adjusted 
p-value (adj. p-value) are given for selected protein groups. FC ratios were calculated for RA-differentiated 
versus undifferentiated cells as well as for RA/PMA-differentiated versus undifferentiated cells. 

RA-treatment related 

      RA vs. undifferentiated RA/PMA vs. undifferentiated 

Uniprot 
accession 
number 

gene 
name 

protein name FC log2 FC 
adj. p-
value 

FC log2FC 
adj.p-
value 

proliferation 

Q96CN7 ISOC1 isochorismatase domain containing 1 0.2 -2.34 1.26E-06 0.18 -2.51 6.56E-07 

P49736 MCM2 
minichromosome maintenance 
complex component 2 

0.42 -1.25 1.71E-05 0.4 -1.31 7.41E-06 

P25205 MCM3 
minichromosome maintenance 
complex component 3 

0.44 -1.2 1.98E-03 0.37 -1.42 3.31E-04 

P33991 MCM4 
minichromosome maintenance 
complex component 4 

0.44 -1.19 6.22E-04 0.47 -1.08 9.95E-04 

P33992 MCM5 
minichromosome maintenance 
complex component 5 

0.45 -1.14 1.51E-03 0.44 -1.19 6.89E-04 

Q14566 MCM6 
minichromosome maintenance 
complex component 6 

0.39 -1.36 4.64E-05 0.42 -1.25 7.46E-05 

P33993 MCM7 
minichromosome maintenance 
complex component 7 

0.44 -1.19 1.37E-04 0.43 -1.23 6.81E-05 

P06493 CDK1 cyclin dependent kinase 1 0.37 -1.45 2.97E-06 0.44 -1.19 1.23E-05 

O43602 DCX doublecortin 0.28 -1.85 2.18E-03 0.24 -2.05 1.10E-03 

 

For the upregulated proteins in undifferentiated, as described above, upregulated KEGG 

pathways were identified. The pathways ‘DNA replication’, ‘mismatch repair cell cycle’ and 

‘one carbon pool by folate’ were found to be upregulated and are associated with the high 

proliferation rates of undifferentiated cells (Figure 15, Supplementary Table 1 and 2). 

Proteins identified within the ‘DNA replication’ pathway are for instance, the 

minichromosome maintenance proteins 2 to 7. They act as DNA helicases and regulate cell 

cycle checkpoints [262]. In the ‘mismatch repair’ pathway, MutS homolog 2 and 6 were 

observed. MutS homolog 2 and 6 recognize mispaired bases or insertion loops [263-265]. In 

agreement with our results, a decrease in expression upon differentiation was previously 

reported for these two proteins [266]. The ‘one carbon metabolism’ plays an important role 

in maintaining high proliferation rates of cancer cells by providing one-carbon units for 

biosynthesis and redox reactions. Within this pathway, the proteins dihydrofolate reductase 

and thymidylate synthase are upregulated (Table 3.2 and Supplementary Table 1). 
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Figure 15: Enriched KEGG pathways in undifferentiated cells 
Quantified proteins with a log2(fold change) < –0.8 and an adjusted p-value < 0.05 were considered 
significantly up-regulated in undifferentiated cells compared to differentiated cells. Significantly up-regulated 
proteins in undifferentiated cells were used for KEGG pathway enrichment analysis. Enriched KEGG pathways 
with high combined scores in undifferentiated cells were identified using Enrichr [207, 208, 252]. 
 

The enriched KEGG pathways identified in undifferentiated cells compared to differentiated 

cells confirm the identified typical cancer characteristics of undifferentiated cells. Proteins 

identified in the respective pathways are commonly required for constant proliferation of the 

cells and cancer progression. Undifferentiated SH-SY5Y cells, therefore, represent 

neuroblastoma cells which have not yet developed a neuronal character.  

 

 



56 
 

3.2 Protein cross-linking in SH-SY5Y cells 

3.2.1 Workflow for in-cell cross-linking 

Quantitative proteomics was used to explore changes in protein expression upon 

differentiation of SH-SY5Y cells. These results suggested structural rearrangements and, 

therefore, protein interactions within undifferentiated as well as RA- and RA/PMA-

differentiated cells were compared by in-cell cross-linking. For this, formaldehyde was used 

as cross-linking reagent. Formaldehyde is membrane permeable and covalently cross-links 

proteins in close proximity. Primarily lysine and arginine residues but also asparagine, 

histidine, aspartic acid, tyrosine and glutamine residues are linked [136]. 

First, cells were incubated with the short-range cross-linker formaldehyde (Figure 16). Upon 

cross-linking, the cell pellet was lysed using TFA and proteins were hydrolyzed with trypsin 

on magnetic beads (Section 2.2.9). Low-abundant cross-linked peptide pairs were enriched 

by size exclusion chromatography and corresponding peptide fractions were subsequently 

analyzed by LC-MS/MS. Cross-linked peptide-pairs were then identified using the 

‘Formaldehyde XL Analyzer’ software [136] and a database containing the 800 most 

abundant proteins identified for the corresponding cell culture condition (see above) used. 

The results include cross-links within the same protein (intra-molecular protein cross-links) 

and cross-links between two different proteins (inter-molecular protein cross-links). 

 

Figure 16: Workflow for in-cell cross-linking of proteins using formaldehyde 
SH-SY5Y cells were grown under standard conditions (undifferentiated) or differentiated with RA (RA) or 
differentiated with RA and PMA (RA/PMA). Proteins were cross-linked using formaldehyde. The cells were 
pelleted by centrifugation and lysed using TFA. Proteins were enzymatically hydrolyzed using the single-pot, 
solid-phase-enhanced sample-preparation (SP3) technology. The obtained solution was desalted and peptides 
were analyzed by LC-MS/MS. Data analysis was performed using different software tools. 
 
3.2.2 Identification of cross-linked peptide pairs 

For identification of a cross-linked peptide pair, the precursor mass (recorded as m/z in the 

MS1 spectrum) and the fragmentation spectrum of this precursor (MS2) are taken into 
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account. The mass of a cross-linked peptide pair equals the sum of masses of two peptides 

plus an additional mass of 12 or 24 Da introduced during formaldehyde cross-linking. Note 

that, due to fragmentation of the covalent linkage the specific amino acid residues involved 

in the cross-link cannot always be identified when multiple cross-linkable amino acid 

residues are present in the peptide sequence.  

An example spectrum of an inter-molecular protein cross-link of histone H4 to histone H2B 

type 1-L is shown in Figure 17. The m/z of the precursor ion corresponds to the mass of 

both peptides plus an additional mass of 24 Da introduced during formaldehyde cross-

linking (m/z 590.71 Da, 5+). Importantly, different charges are acquired during ESI. During 

fragmentation, peptide bonds as well as the formaldehyde cross-link are cleaved. Therefore, 

y-ions including an additional mass of 12 Da and y-ions without the linker-mass (Figure 17) 

are observed. The fragments of each peptide are used for identification of the corresponding 

peptide and protein. The cross-linking site is presumably located at R92 (histone H4) and 

R80 (histone H2B type 1-L) because arginine residues are more reactive towards 

formaldehyde compared to asparagine, histidine, aspartic acid, tyrosine and glutamine 

residues [136]. This assumption is supported by the pattern of fragment ions. The y1-ion of 

the peptide ‘TVTAMDVVYALRK’ was observed without an additional mass of the cross-

linker, while the additional mass of 12 Da was observed for the following y-ions. For the 

peptide ‘IASEASRLAHYNK’, the y1- to y4-ion series does not include the cross-linker 

modification, while the y9- to y13-ion series includes the additional mass of 12 Da (Figure 

17). The cross-linking site is, therefore, most likely located between these observed ions. 
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Figure 17: Example spectrum for the identification of an inter-molecular protein cross-
link 
The MS2 spectrum of an inter-protein cross-link between histone H4 and histone H2B including an additional 
mass of 24 Da is shown. The m/z and charge of the precursor ion is indicated (see box). For the peptide of 
histone H4, y-ions (light red), y-ions including the additional mass of 12 Da introduced during formaldehyde 
cross-linking (dark red), a-ions (yellow) and b-ions (orange) are assigned. The observed fragment ions of the 
peptide of histone H2B type 1-L: y-ions (light blue) as well as y-ions including an additional mass of 12 Da 
(blue), b-ions (dark blue) and a-ions (turquoise) are assigned. Note that not all observed fragment ions are 
annotated. 
 
Three replicates of each cell culture condition were used to reproducibly identify cross-

linked peptide pairs. The results table obtained using the ‘Formaldehyde XL Analyzer’ 

software [136] contains information on the cross-linked proteins, the cross-linked peptides 

and scores enabling filtering for confident cross-links. Only intermediate and high-confident 

cross-links were used (see Section 2.2.21 for details). For subsequent analysis, three 

categories of cross-links were accepted: i) cross-links identified with high confidence in two 

or three replicates, ii) cross-links identified with high confidence in one replicate and at least 

intermediate confidence in another replicate and iii) cross-links identified with intermediate 

confidence in three replicates. 

Applying the described confidence threshold, 218 proteins involved in 125 inter-protein and 

363 intra-protein cross-links were identified in undifferentiated cells (Figure 18). In RA- 

and RA/PMA-differentiated cells, 330 proteins including 229 inter- and 713 intra-protein 

cross-links as well as 330 proteins including 204 inter- and 689 intra-protein cross-links, 

respectively, were identified. Among these identified cross-linked peptide pairs only one 
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containing a reverse decoy sequence was identified in RA/PMA-differentiated cells 

indicating a low rate of false positive hits among the identified cross-links. Nonetheless, a 

lower number of cross-links was identified in undifferentiated cells compared to RA or 

RA/PMA-differentiated cells. 

 

Figure 18: Comparison of identified cross-linked proteins, inter-protein cross-links and 
intra-protein cross-links 
The number of identified proteins and observed inter- and intra-molecular cross-links in undifferentiated (blue), 
RA-differentiated (green) and RA/PMA-differentiated (RA/PMA) cells is shown. a) Identified cross-linked 
proteins. b) Inter-molecular protein cross-links. c) Intra-molecular protein cross-links. 
 
 
186 proteins were cross-linked in undifferentiated and RA- and RA/PMA differentiated cells 

(Figure 18a). The majority of inter-protein cross-links (Figure 18b) were observed in all 

three conditions. This indicates hat, independent of the cell culture condition applied, most 

cross-links are reproducibly identified. The overlap between RA- and RA/PMA-

differentiated cells regarding identified proteins involved in cross-links as well as inter- and 

intra-protein cross-links is higher. Comparing RA- and RA/PMA differentiated cells with 

undifferentiated cells, a smaller overlap was observed (Figure 18). This might be due to a 

comparable protein expression profile of differentiated cells compared to their 

undifferentiated origin. This tendency was also observed during proteomic analysis (Section 

3.1). Again, indicating similarity of the cells obtained by application of the two 

differentiation protocols. 

 

3.2.3 Cross-links identified in within ribosomal proteins 

The observed cross-links were validated by plotting on an available high-resolution structure 

of the ribosome [267]. For this, information on the cross-linked protein subunit and the 

amino acid involved in the cross-link (i.e., cross-linking site) are required. However, it is 

impossible to determine the exact cross-linked amino acid within the peptide sequence. 
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Therefore, the amino acid located in the middle of each cross-linked peptide sequence was 

determined and employed as cross-linking site.  

Identified cross-links of undifferentiated, RA- and RA/PMA-differentiated cells were 

visualized within the high-resolution structure of the ribosome (Figure 19). The Cα distance 

between two cross-linked amino acids was determined. The expected distance threshold of 

the identified cross-links was set to a Cα distance <30 Å. Cross-links with a Cα distance <30 

Å and cross-links with a Cα distance >30 Å were observed (Figure 19, Supplementary 

Table 5). For undifferentiated cells, 44 of the identified 47 cross-links containing ribosomal 

proteins present in the crystal structure, were mapped (Figure 19a). Among these, for 

undifferentiated cells, only one cross-link with a Cα distance >30 Å was determined. For 

both differentiated cells a higher number of cross-links were identified: 78 and 75 cross-

links for RA- and RA/PMA-differentiated cells, respectively. For RA-differentiated cells, 

68 cross-links were mapped on the high-resolution structure. Of these four cross-links with 

a Cα distance >30 Å were observed (Figure 19b, Supplementary Table 6). Again, similar 

results were obtained for RA/PMA-differentiated cells. Specifically, 67 cross-links 

including two cross-links with a Cα distance >30 Å were mapped to the structure (Figure 

19c, Supplementary Table 7). In all three culture conditions, most of the calculated Cα 

distances are in good agreement with the high-resolution structure. 

Interestingly, for undifferentiated and RA-differentiated cells, the same over-length cross-

link between protein subunits RS3(K 60) a part of the small 40S subunit and RL11(T 74) a 

part of the large 60S subunit was observed. During translation of messenger RNAs (mRNAs) 

into proteins, the ribosome moves along the mRNA and a new amino acid is incorporated 

into a nascent peptide [268]. For this, the ribosome undergoes a series of major structural 

rearrangements [268]. In particular, the rotation of the small 40S subunit relative to the large 

60S subunit is essential for translocation (movement of mRNA and tRNA after peptide bond 

formation) [268]. The visualized structure only represents one conformation; therefore, 

rotation and flexibility of both subunits might result in a closer proximity of RS3 and RL11 

and enable cross-linking of both subunits.  

In summary, the majority of the identified cross-links of ribosomal proteins showed a Cα 

distance <30 Å and are in good agreement with the high-resolution structure. The validated 

cross-linking approach, therefore, is further applied for analysis of protein interactions with 

unknown structures. 
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Figure 19: Inter- and intra-molecular cross-links of ribosomal proteins 
Identified inter- and intra-molecular cross-links that contain ribosomal sequences are visualized on the high-
resolution structure of the ribosome (PDB: 4ug0 [267]). Cross-links with Cα-distances <30 Ȧ (blue) or >30 Ȧ 
(red) are highlighted accordingly. The number of Cα-distances <30 Ȧ (blue) or >30 Ȧ (red) is given for each 
cell culture condition. a) undifferentiated cells. b) RA-differentiated cells. c) RA/PMA-differentiated cells. 
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3.2.4 Protein interaction networks of SH-SY5Y cells 

Next, protein-protein interactions obtained from intact SH-SY5Y cells were analyzed. For 

this, the obtained inter-molecular protein cross-links were used to generate a protein-protein 

interaction network. (Supplementary Figure 1). As described above, interactions involving 

ribosomal proteins were identified. In addition, an interaction cluster including histone 

proteins was identified. Histones, are abundant proteins that act as spools for DNA to wind 

around to form nucleosomes. Furthermore, they are abundant in lysine and arginine residues, 

the main targets during formaldehyde cross-linking. As expected, the facts that histones are 

abundant, have enough cleavage sites for tryptic hydrolysis and are rich in target residues 

for cross-linking, result in a high number of identified cross-links. Other protein interactions 

were observed for instance between proteins of the chaperonin-containing T-complex (TCP-

complex), the MICOS complex, a large protein complex of the mitochondrial inner 

membrane [269] and cytoskeletal proteins including actin. 

The protein-protein interactions identified, resulted from cross-linked proteins localized in 

different cellular compartments. For instance, proteins localized in the cytosol, nucleus or 

mitochondria were found to be cross-linked. These findings highlight the ability of 

formaldehyde to cross-link proteins in different structural compartments of the cell 

confirming the applicability for in-cell cross-linking. 

 

Actin protein interaction network 

The cytoskeleton of cells and importantly of neurons fulfills specific tasks. During 

differentiation the obtained distinct cell shape depends on a dynamic and changing 

cytoskeleton [270]. The above-described proteome analysis (Section 3.1) revealed 

enrichment of the KEGG pathway ‘regulation of actin’ in differentiated cells. In particular 

actin gamma 1, which is a key cytoskeletal protein, was found among the most abundant 

proteins in SH-SY5Y cells. Therefore, protein interactions of actin gamma 1 were inspected 

more closely and compared between the three culture conditions (Figure 20).  

Our analysis revealed cross-links between actin gamma 1 and nine, 13 and 14 other proteins 

in undifferentiated, RA-differentiated or RA/PMA-differentiated cells, respectively (Figure 

20). For all three conditions, these included cross-links to actin alpha cardiac muscle, 

drebrin, transgelin-2 and tropomyosin (Figure 20). Interactions between these proteins and 

actin have been described previously [271-273]. Actin alpha cardiac muscle is an α- and the 
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actin gamma 1 an γ-actin isoform. Polymerization of α- and γ-actin into filamentous actin 

(F-actin) in vitro has been observed [271]. Furthermore, F-actin is stabilized by tropomyosin 

[272] and drebrin modifies the double helix structure built by two F-actin strands [274]. 

Transgelin-2 was also found to interact with actin [275]. Therefore, protein interactions 

between actin gamma 1 and these proteins were expected. 

 

Figure 20: Protein interaction network of actin gamma 1 
Interactions between actin gamma 1 and other proteins observed in undifferentiated (blue), RA-differentiated 
(green), RA/PMA-differentiated (red) and in all three cell culture conditions (grey) are shown (see legend for 
details). The lines between proteins correspond to at least one identified inter-protein cross-link. Note that 
residue information is not included. 
 
In order to investigate the specific localization of identified cross-links within the protein 

sequences, a network plot including information on cross-linked amino acids and protein 

domains was generated for each cell culture condition (Figure 21, a-c). In all three 

conditions, cross-links between actin gamma 1 and the C-terminal peptide of transgelin-2 

were observed. In addition, for RA- and RA/PMA-differentiated cells, cross-links between 

actin gamma 1 and the N-terminal region of transgelin-2 in close proximity to the calponin 

homology 3 (CH3) domain were observed. Both, C-terminal and CH3 domains of transgelin-

2 represent known actin binding sites (Figure 21, a-c) [273, 276]. Additional cross-links 

between the N-terminal part of transgelin-2 and tropomyosin were also observed in all 

culture conditions of SH-SY5Y cells. Sequence similarity of transgelin-2 with calponin 



64 
 

suggests a tropomyosin binding site within its CH3 domain [277]. The cross-linking 

experiments, therefore, experimentally confirm the interaction of transgelin-2 with 

tropomyosin. 
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Figure 21: Detailed protein interaction networks of actin gamma 1 
Proteins and their domains (see legend for details) are shown as bars and the bar length correlates with the 
protein’s length. The N-termini corresponds to the left side of the bars and the C-termini to the right sides. 
Some protein bars are scaled (see scaling factor for details). a) Detailed actin gamma 1-network observed in 
undifferentiated cells. b) Detailed actin gamma 1-network observed in RA-differentiated cells. c) Detailed actin 
gamma 1-network observed in RA/PMA-differentiated cells. 
Abbreviations: CH, calponin homology; ADF, actin depolymerization factor; CAP_N, adenylate cyclase 
associated N terminal; CAP_C, adenylate cyclase associated C terminal; Pro_isomerase, peptidyl-prolyl cis-
trans isomerases; FACT-Spt16_Nlob, FACT complex subunit SPT16 N-terminal lobe domain; 
Peptidase_M24, metallopeptidase family M24; SPT16, FACT complex subunit (SPT16/CDC68); Rtt106, 
Histone chaperone Rttp106-like; LTD, Lamin Tail Domain; P34-Arc, Arp2/3 complex 34 kD subunit p34-Arc; 
ARPC4, ARP2/3 complex 20 kDa subunit (ARPC4); P16-Arc, ARP2/3 complex 16 kDa subunit (p16-Arc); 
GTP_EFTU, GTP-binding elongation factor family, EF-Tu/EF-1A subfamily; GTP_EFTU_D2, Elongation 
factor Tu domain 2, GTP_EFTU_D3, Elongation factor Tu C-terminal domain; Myosin_N, Myosin N-terminal 
SH3-like domain; IQ, Q calmodulin-binding motif; Mito_carr, Mitochondrial carrier protein. 
 
 
Cross-links between actin gamma 1 and other proteins than those described above were only 

observed in one or two of the three cell culture conditions. Among the cross-links only 

observed in RA- and RA/PMA-differentiated cells, is a cross-link between actin and an 

actin-dynamic regulating protein named adenylate cyclase-associated protein 1 (Figure 21). 

This protein catalyzes the nucleotide exchange of ADP to ATP upon association with two 

globular actin monomers [278] and might contribute to the actin reorganization during early 

neuronal differentiation by acceleration of actin reorganization [279]. The identified 

interaction suggests reorganization and further establishment of the cytoskeleton during 

differentiation.  

Several unique protein interactions were identified in RA-differentiated cells. These include 

cross-links between actin gamma 1 and the actin related protein 2/3 (ARP 2/3) complex, a 

key nucleator of actin branches [280], as well as between actin gamma 1 and profilin-1, a 

promotor of F-actin assembly [281, 282] (Figure 21b). Both, actin filament branch 

formation and F-actin assembly are required during differentiation and the development and 

elongation of neurites. Another specific interaction occurring in RA-differentiated cells was 

observed between actin gamma 1 and laminin B. This interaction might be explained by co-

localization of laminin B2 mRNA to actin filaments and the possibly resulting mRNA 

translation on the cytoskeleton as described previously [283].  

In RA/PMA-differentiated cells specific cross-links between actin gamma 1 and actin-

dependent molecular motor proteins myosin 9 and myosin 10 were unique [284]. Both are 

isoforms of non-muscle myosin II and are expressed selectively in the nervous system [285]. 

They facilitate cell morphological and regulate actin dynamics [285] and might play a role 

in the changing actin regulation during differentiation. 
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In conclusion, the majority of protein interactions between actin gamma 1 and other proteins 

were observed in all three cell culture conditions. Importantly, the highest number of cross-

links was observed between actin and tropomyosin which both form stabilized F-actin 

filaments. Some changes in protein interactions of actin gamma 1 with other proteins were 

identified between undifferentiated, RA- and RA/PMA-differentiated cells. These changes 

include interactions of actin gamma 1 with actin-regulating proteins, such as the ARP2/3 

complex in RA- or Myosin variants in RA/PMA-differentiated cells and might be associated 

with changes in actin regulation during differentiation. However, the number of observed 

cross-links is low and a missing identification in other conditions might result from sample 

loss or other experimental errors introduced during sample preparation. Nevertheless, in-cell 

formaldehyde cross-linking proved a valuable tool to study protein interactions within cells 

and delivers detailed information on protein interactions. 
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3.3 Quantitative labeling of model proteins5 

3.3.1 Chemical labeling workflow6 

Chemical labeling in combination with MS analysis enables the identification of solvent 

accessible residues on the surface of proteins or protein complexes (see Section 1.6.3 for 

detailed information). For establishing a labeling workflow, two model proteins were used, 

namely ADH and PK. Both proteins are commercially available and high-resolution 

structures have been determined [227, 228]. ADH and PK are homo-tetrameric protein 

complexes and are therefore suited for establishing labeling of protein complexes. Two 

labeling reagents were used: First, NHS-acetate, which acetylates lysine residues and in side 

reactions towards serine, threonine and tyrosine residues, and second, DEPC, which 

modifies histidine, lysine, cysteine, serine, threonine and tyrosine residues. Both reagents 

specifically modify the named amino acids and in comparison, to other labeling strategies 

such as HDX, require less complex data analysis (see Section 1.6.3 for details). 

The general labeling protocol was previously established (Master thesis, Marie Barth2). The 

model proteins were incubated either with NHS-acetate or DEPC for labeling of solvent 

accessible residues (see Figure 22 for details). ADH or PK were acetylated by NHS-acetate 

and were separated by gel electrophoresis followed by in-gel hydrolysis using trypsin. Due 

to the pH-instability of DEPC, DEPC modified proteins were hydrolyzed in-solution in the 

presence of urea using trypsin at a pH above 7.9 (see Section 1.1.12 for details). Modified 

as well as unmodified peptides were obtained using both labeling workflows and were 

analyzed by LC-MS/MS. 

 

                                                           
5 The results presented in this chapter were published in Barth, M., Bender, J., Kundlacz, T. & Schmidt, C. Evaluation of 
NHS-Acetate and DEPC labelling for determination of solvent accessible amino acid residues in protein complexes. J 
Proteomics 222, 103793 (2020). 
6 The raw data of NHS-acetate labeled ADH and PK of three biological replicates, as well as of two replicates of DEPC 
labeled ADH and PK were previously obtained (Master thesis: Chemical modification of protein for structure elucidation, 
Marie Barth, 2018). Additional replicates were performed in this thesis. The raw data have been deposited to the 
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository [214] with 
the dataset identifier PXD015940. 
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Figure 22: Workflow for chemical labeling of model proteins using NHS-acetate or 
DEPC 
Proteins were acetylated using NHS-acetate as labeling reagent (top). Modified proteins were separated by gel 
electrophoresis. Proteins were enzymatically hydrolyzed in-gel and the obtained peptides were analyzed by 
LC-MS/MS. DEPC modified proteins (bottom) were enzymatically hydrolyzed in-solution. The peptides were 
then analyzed by LC-MS/MS. 
 
 
3.3.2 Characterization of fragment spectra of labeled peptides  

The identification of modified peptides using MS is based on a characteristic mass shift of 

the precursor ion as well as specific fragment ions. This mass shift corresponds to the mass 

of the introduced modification. An example spectrum of an acetylated peptide by NHS-

acetate is shown in Figure 23. In this spectrum a complete y-ion series as well as a nearly 

complete b-ion series was observed, confirming the peptide sequence. For the y10- as well as 

b2- to b9-ions a characteristic mass shift of 42 Da was observed. This allows the assignment 

of the acetylation to lysine. Furthermore, as described previously for peptides containing 

acetylated lysine residues [286], marker immonium ions of the acetylated lysine were 

identified at m/z 143.1 and m/z 126.09 (Figure 23). 
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Figure 23: Example spectrum of an NHS-acetate modified peptide. 
Example spectrum of a peptide containing an acetylated lysine. Y- (red and orange), a- (cyan) and b-ions (blue) 
are assigned. The y10- and b2- to b9-ions include the 42 Da mass shift introduced by acetylation. In addition, 
characteristic immonium ions of acetylated lysine (green) are observed. 
 
Example spectra of DEPC modified peptides are shown in mirrored-spectra view in Figure 

24a and b and Supplementary Figure 2. In Figure 24 the mirrored spectra below the x-

axis show the identified spectrum with assigned fragment ions. For urethane-CEt-modified 

histidine, a characteristic mass shift of 134.06 Da is observed. In the spectrum corresponding 

to the peptide “GVIFYESHGK”, a mass shift of 134.06 Da is assigned to the fragment ions 

y3 to y8 (Figure 24a). Close inspection of the mass spectrum revealed many unassigned 

peaks (Figure 24a, mirrored spectrum, below x-axis). For peptides containing urethane-CEt-

histidine-modified residues, these unassigned peaks differed from peaks of assigned 

fragment ions by 89.05 Da (Figure 24a). In addition, for CEt-modified histidine and lysine 

residues, unassigned fragment ions that differ in masses by 46.04 Da and for serine and 

threonine residues by 90.03 Da were observed (Figure 24, Supplementary Figure 2). These 

additional fragment ions might result from a neutral loss of a neutral (i.e. uncharged) 

fragment of the peptide during HCD fragmentation in the mass spectrometer. Therefore, a 

neutral loss analysis was performed. When these neutral losses were omitted during database 

searches, approximately 1390 and 4600 spectra were assigned to ADH and PK (Figure 

24c,d). This number increased to approximately 1460 and 4830 for ADH and PK, when 

neutral loss of the CEt-group from lysine, serine, threonine and histidine as well as urethane-

CEt-histidine-modified side chains were included (Figure 24c,d). Including the observed 

neutral losses, therefore, increased the number of PSMs by about 5% (Figure 24c,d). Of 
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note, the peptide score for most labeled peptides increased significantly (Figure 24a,b and 

Supplementary Figure 2). 
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Figure 24: Example spectra of DEPC labeled peptides. 
The spectra are annotated without (bottom spectrum) and with (top spectrum) neutral loss from DEPC modified 
residues. Y- (red and orange), a- (cyan) and b-ions (blue) are assigned. The MaxQuant peptide score increases 
when neutral loss is included in the database search parameters. a) Example spectrum of a urethane-CEt-
histidine labeled peptide. b) Example spectrum of a peptide containing a CEt-modified threonine residue. 
Number of identified PSM including or omitting neutral loss (see legend for details) of DEPC labeled peptides 
during database search. c) ADH. d) PK. The neutral loss of modified amino acids is given in Da (see box). 
(Figure adapted from Barth and Schmidt 2020 [153].) 
 
As described above, the observed additional fragment ions might occur due to neutral loss 

of the CEt-group during the applied HCD fragmentation. To-date the mechanism for this in 

the gas-phase of the mass spectrometer occurring process has not been described. A 

mechanism similar to phospho-peptides, for which a neutral loss of the phosphate group is 

routinely observed during CID or HCD fragmentation, is assumed. Accordingly, loss of the 

CEt-group of modified serine and threonine residues suggests the formation of the 

energetically favored oxazoline ion (Figure 25). Presumably, neutral loss from urethane-

CEt-modified histidine also results in the formation of an oxazoline ion (Figure 25). In 

contrast, neutral loss of 46 Da for CEt-modified histidine and CEt-modified lysine 

corresponds in mass to the loss of an ethanol group. This eventually results in formation of 

isocyanate or related ions (Figure 25). However, neutral losses of CEt-modified histidine 

and lysine residues were low abundant, indicating a higher stability of the labeled residue 

when compared with the neutral losses of urethan-CEt-modified histidine and CEt-modified 

serine and threonine side chains (compare Figure 25 and Supplementary Figure 2). 
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Figure 25: Possible mechanisms of neutral loss from DEPC labeled residues.  
Neutral losses from CEt-modified serine, CEt-modified threonine, urethane-CEt-modified histidine, CEt-
modified histidine and CEt-modified lysine, during HCD fragmentation are shown. (Figure adapted from Barth 
et al. 2020 [153].) 
 
In summary, NHS-acetate or DEPC modified peptide fragmentation results in mass spectra 

that enable identification and localization of the modification within the peptide. For NHS-

acetate modified peptides, the acetylation of a residue results in a 42 Da mass shift and 

specific fragment and reporter ions are observed. DEPC modified peptides yield complex 

mass spectra depending on the modified amino acid. Importantly, for CEt-modified 

histidine, lysine, serine, threonine and urethan-CEt-modified histidine residues, a neutral 

loss of a part of the modified group is observed. Including this neutral loss in the database 

search parameters increased the calculated peptide score. Therefore, search parameters 

including the neutral loss were used for identification of DEPC modified peptides. 
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3.3.3 Labeling efficiency of NHS-acetate and DEPC 

For both model proteins and labeling reagents, three independent replicate experiments were 

performed and analyzed to identify reproducibly modified solvent accessible residues. Data 

analysis, i.e., peptide spectra annotation, peptide quantification and identification of 

modified residues was performed using MaxQuant software. For each identified peptide, a 

score is calculated by comparing the observed fragment ions to the theoretically predicted 

fragment ions. Within a peptide, several residues can be modified. The localization 

probability describes the specific probability for an amino acid present in a given peptide to 

be modified. Peptides with a score > 80 and identified modified sites within this peptide with 

a localization probability > 0.75 were further analyzed. 

Following the described workflow using NHS-acetate, a total of 49 and 85 acetylated lysine, 

serine, threonine and tyrosine residues were identified in ADH and PK, respectively. The 

reproducibility of the identification of specific modified sites was assessed by comparing the 

identified modified residues of three replicates. The overlap of identified NHS-acetate 

labeled residues in the three replicates showed good reproducibility. In detail, 43 labeled 

sites of ADH and 79 labeled sites of PK were identified in all three experiments 

(Figure 26a,b).  

 

Figure 26: Reproducibility of NHS-acetate or DEPC labeling of model proteins 
The overlap of identified labeled residues of ADH (a and c) and PK (b and d) using NHS-acetate as labeling 
reagent (a and b) or DEPC (c and d) of three individual replicates was visualized using Venn-diagrams.  
 
 
Using DEPC as labeling reagent, 54 and 105 modified histidine, lysine, cysteine, serine, 

threonine and tyrosine residues were identified in ADH and PK, respectively. Again, a high 

reproducibility was again observed. 49 and 85 residues were modified by DEPC in all three 

replicates in ADH and PK, respectively (Figure 26c,d). 

Next, the labeling of different amino acids with NHS-acetate or DEPC was inspected in 

detail. Using NHS-acetate as labeling reagent, primarily acetylation of lysine residues is 
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observed; however, side reactions with serine, threonine and tyrosine residues also occur 

[287, 288]. When these four amino acids are considered as targets for labeling, 

approximately 15% of all amino acids of ADH and PK can potentially be modified (Table 

3.3). The acetylation of arginine residues by NHS-acetate was previously described [289], 

but was not observed even at high concentrations of NHS-acetate. DEPC, in addition to the 

above-mentioned amino acids lysine, serine, threonine and tyrosine also modifies histidine 

and cysteine residues. Accordingly, 91 and 103 residues of ADH and PK can potentially be 

labeled. This is equivalent to 25% of the protein sequence of both proteins. 

Nearly all lysine and serine residues of ADH were modified when using NHS-acetate 

(Table 3.3). Threonine and tyrosine residues, however were modified to a lower extent. 

Similar results were obtained for PK: almost all lysine, serine and threonine residues were 

labeled. Tyrosine side chains were labeled to a very low degree. DEPC labeling of ADH 

yielded a high number of modified lysine and serine residues; threonine, tyrosine, cysteine 

and histidine residues, on the other hand, were labeled to a lower extent. Again, similar 

results were obtained for PK; lysine, serine, threonine, cysteine and histidine residues were 

highly modified and while tyrosine was found to be modified to a lower degree. Different 

DEPC modifications of histidine residues are possible. These are: CEt-histidine, di-CEt-

histidine, formyl-CEt-histidine and urethane-CEt-histidine [196, 200, 290]. Of the possible 

modifications, CEt-histidine and urethane-CEt-histidine were mainly identified. 

Table 3.3. Overview on the number of modified amino acids of ADH and PK when 
using NHS-acetate and DEPC 
ADH and PK were labeled with NHS-Acetate or DEPC. The number (#) and percentage of lysine, serine, 
threonine, tyrosine, cysteine and histidine residues that can potentially be labeled (theoretical) as well as the 
number and percentage of identified labeled residues within the amino acid sequence of ADH and PK 
(observed) are shown. Abbreviation: n.a., not applicable. 

Labeling 
Lysine 

(observed/ 
theoretical) 

Serine 
(observed/ 
theoretical) 

Threonine 
(observed/ 
theoretical) 

Tyrosine 
(observed/ 
theoretical) 

Cysteine 
(observed/ 
theoretical) 

Histidine 
(observed/ 
theoretical) 

Total 
(observed/ 
theoretical) 

alcohol dehydrogensase (ADH) 

NHS-
acetate 

# 19 / 24 15 / 21 8 / 14 7 / 14 n.a. n.a. 49 / 73 

% 5.5 / 6.9 4.3 / 6 2.3 / 4 2 / 4 n.a. n.a 14 / 20.9 

DEPC 
# 21 / 24 15 / 21 7 / 14 6 / 14 2 / 8 3 / 10 54 / 91 

% 6 / 6.9 4.3 / 6 2 / 4 1.7 / 4 0.6 / 2.3 0.9 / 2.9 15.5 / 26.1 

pyruvate kinase (PK) 

NHS-
acetate 

# 37 / 37 22 / 31 22 / 26 4 / 9 n.a. n.a. 85 / 103 

% 7 / 7 4.1 / 5.8 4.1 / 4.9 0.75 / 1.7 n.a. n.a. 16 / 19.4 

DEPC 
# 36 / 37 23 / 31 21 / 26 6 / 9 7 / 9 12 / 14 105 / 126 

% 6.8 / 7 4.3 / 5.8 3.95 / 4.9 1.1 / 1.7 1.3 / 1.7 2.2 / 2.6 19.75 / 23.7 
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In conclusion, both labeling regents are well-suited to modify specific amino acids and the 

applied workflow is applicable for identification of labeled residues. As expected, a labeling 

efficiency of 100% was not achieved. Modification of individual residues strongly depends 

on their accessibility for the labeling reagent as well as identification of the modified residue 

during data analysis. Accordingly, residues located in longer peptides or peptides containing 

several modified residues are in general discriminated during the identification process. 

Longer peptides are obtained upon enzymatic hydrolysis using trypsin when the number of 

lysine and arginine residues is low within the protein’s amino acid sequence. In addition, 

ionization and fragmentation of larger peptides is hampered using mass spectrometers and 

correct assignment of modifications to specific amino acid residues is difficult when multiple 

residues are labeled and especially when specific reporter ions are absent in the acquired 

mass spectrum. Nonetheless, the majority of potentially labeled residues were also identified 

during data analysis. Therefore, NHS-acetate and DEPC are promising labeling reagents for 

the analysis of solvent accessible amino acid residues on the surface of proteins and protein 

complexes. 

 

3.3.4 Quantification of labeled residues for determination of solvent accessible amino 

acids on the surface of protein complexes 

Having optimized the identification of labeled amino acid residues, the next step was to 

analyze differences in solvent accessibility of individual residues within the structured model 

proteins. For this, the model proteins were labeled with increasing amounts of either NHS-

acetate or DEPC. The samples were then prepared and analyzed using LC-MS/MS as 

described above (see Section 3.3.1). Subsequently, the labeling percentage of each labeled 

site (i.e. the relative proportion of labeled residues compared to their unlabeled counterparts) 

was calculated for each concentration of labeling reagent. For this, a database search using 

MaxQuant software was performed. The obtained result tables contain information on the 

intensity of the observed peptides (unlabeled and labeled) as well as the position of the 

labeled amino acids within the peptide sequence. The calculated intensities represent the 

sum of extracted ion chromatograms of the areas of all isotope peaks of the corresponding 

peptide sequence. For the following analysis, an R script written in house was used (Figure 

27). In detail, the obtained tables containing information on labeled residues were filtered 

for ADH or PK excluding identification and modification of typical contaminant proteins 

such as trypsin. In addition, only modified sites with a score > 80 and a localization 
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probability > 0.75 were used (see above). The intensity of a modified site was normalized 

by the sum of intensities of labeled and non-labeled peptides containing this specific residue 

site (see equation in Figure 27). This calculated normalized intensity is equal to the labeling 

percentage of each modified site. The mean labeling percentage and standard error of each 

site was calculated from three independent replicates for each concentration of the labeling 

reagent. The obtained labeling percentage was then plotted against the increasing amount of 

labeling reagent. 

 

Figure 27: Data analysis strategy. 
Data analysis workflow using MaxQuant software and an R script written in house. The table 
“name_of_modification”.txt is among the results files from the software search and is named specifically for 
each modification. Therefore, these tables are first combined and specific information on the modified amino 
acid of a protein is used in the following filtering process. This includes filtering for proteins of interest and to 
identify only valid modifications. For this, modified sites with a score >80 and a localization probability 
(specific probability for every possibly modified amino acid site present in a given peptide to be modified) 
>0.75 are selected. In addition, the sum of peptide intensities of all modified and unmodified containing an 
identified modified residue site are calculated using the modificationSpecificPeptides.txt and peptides.txt 
tables. The last step is the normalization of the intensity of a modified amino acid site by the sum of intensities 
of labeled and non-labeled peptides containing this site (see equation for details). This calculated normalized 
intensity is equal to the labeling percentage of each modified residue. (Figure from Barth et al. 2020 [153].) 
 
For NHS-acetate labeling, a 0-, 50-, 100-, 250-, 500-, 1000- or 1500-fold molar excess, and 

for DEPC labeling, a 0-, 2-, 10-, 50- or 100-fold molar excess of labeling reagent was used. 

Predominantly lysine residues showed a significant increase in labeling percentage when 

higher concentrations of the labeling reagents were employed. When NHS-acetate was used 

for labeling, the labeling percentage reached a plateau approximately at a 500-fold molar 

excess and for DEPC at a 50-fold molar excess (Figure 28) indicating that lower amounts 

of DEPC compared to NHS-acetate are required for complete labeling. Other residues did 

not show this increase in labeling percentage at higher concentrations of the labeling reagent 

and only increased slightly or maintained the same level of labeling.  
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Figure 28: Identification of solvent accessible amino acid residues of ADH and PK. 
a) ADH was labeled with increasing amounts of NHS-acetate or DEPC. The bar diagram indicates labeled 
residues (NHS-acetate in green, DEPC in purple) and the predicted SASA of each residue (see legend for 
details). The labeling of lysine 8, 84 and 92 including their localization in the crystal structure of ADH (PDB: 
5env) is shown in detail. b) The labeling results for PK (see a for color code) and specific labeling of lysine 
166, 247 and 422 and their localization in the crystal structure (PDB: 1aqf) are shown. (Figure from Barth et 
al. 2020 [153].) 
 
The observations described above, led to the assumption that in particular solvent accessible 

lysine residues show an increase in labeling percentage, while residues that are less 

accessible only show a moderate or no increase in labeling. 

For validation of this assumption, the relative solvent accessible surface area (SASA) for all 

amino acid residues of ADH and PK was calculated using the web server GETAREA[210]. 

The calculated relative SASA of each residue equals the ratio of this residue’s surface area 

to a random coil value. In this equation the random coil value is the average SASA of an 

amino acid residue X in the tripeptide G-X-G in an ensemble of 30 random conformations 

[210]. When the obtained ratio is >0.5 residues are considered solvent accessible, while 

residues with a ratio <0.2 are considered buried. In the next step, the calculated relative 

SASA based on the crystal structure was compared to the calculated labeling efficiency of 

each residue. As expected, NHS-acetate and DEPC mainly modify residues located in 

solvent accessible regions of the two model proteins. In particular, lysine residues with high 

relative SASA such as K84 of ADH and K166 of PK show a high increase in labeling 

percentage when using NHS-acetate or DEPC as labeling reagent (Figure 28a,b). The 
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labeling percentage of residues with intermediate SASA show a similar behavior at lower 

values (see K8 in Figure 28a and K247 in Figure 28b as an example). For buried residues, 

an increase in labeling percentage was not observed (see K92 in Figure 28a and K422 in 

Figure 28b as an example). Only a few exceptions of this labeling behavior were observed. 

In summary, quantitative labeling of proteins with increasing amounts of NHS-acetate or 

DEPC allows specific identification of the solvent accessibility of surface-exposed residues. 

In contrast to a simpler labeling workflow employing only one concentration of the labeling 

reagent, buried residues are reliably distinguished from solvent accessible residues. The 

labeling procedure and quantitative data analysis established in this thesis is now applicable 

for the identification of solvent accessibility of residues of other proteins and protein 

complexes of interest. 

 

3.3.5 Ion mobility MS of modified protein complexes 

Chemical modifications of proteins are known to influence a protein’s function. DEPC for 

instance is routinely used for inactivation of RNase A by modification of its histidine 

residues [291]. As function and structure of a protein are closely related, the question 

whether the native structure of a protein is maintained after labeling arises. Therefore, native 

MS and ion mobility MS were used to analyze ADH before and after labeling with NHS-

acetate and DEPC7. For this, a mass spectrometer modified for transmission of high masses 

maintaining non-covalent interactions of a protein complex in the gas-phase was employed 

[121] (see Section 1.6.1). These results were obtained by Julian Bender and Til Kundlacz 

and will be discussed in the following paragraphs. 

The native mass spectrum of unlabeled ADH revealed that ADH exists predominantly as 

tetrameric complex, while an ADH monomer as well as the dimeric complex were observed 

at low intensity (Figure 29a). When ADH was labeled with NHS-acetate, the mass of the 

tetrameric ADH complex shifted to higher m/z values with increasing amount of labeling 

reagent (Figure 29b). The effect of modified residues on the structure of the tetrameric 

protein complex was then analyzed by ion mobility enabling separation of analytes by their 

shape [292]. Before the ions entered the ion mobility cell, increasing collisional voltages 

were applied to induce unfolding of the protein complex. The drift times of the ions observed 

                                                           
7 Native MS and ion mobility MS of ADH before and after labeling with NHS-Acetate and DEPC were 
performed by Julian Bender and Til Kundlacz. 
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upon labeling of ADH at various molar excesses of NHS-acetate were recorded for each 

setting. The 23+-charge state of the ADH tetramer was chosen for detailed examination 

(Figure 29c), as lower charge states of proteins in general resemble more folded states [293]. 

At low collisional voltages (0 – 60 V) the ions of the 23+ tetramer required approximately 

10 ms to travel from the ion mobility cell to the detector. The arrival time increased to 

approximately 15 ms at activation voltages between 60 and 80 V indicating a structural 

transition. At higher collisional voltages (>80 V) unfolding of the protein complex is 

assumed resulting in further increase of the arrival time. When ADH was labeled with 20-, 

50-, 100- and 200-fold molar excess of NHS-acetate, the arrival times and the resulting 

collisional induced unfolding are comparable with those of the unlabeled protein suggesting 

that labeling with NHS-acetate does not affect the folded structure and stability of ADH. 

For DEPC labeling of ADH, similar results were obtained. However, DEPC is reactive 

towards several residues and the resulting heterogeneous complexes hamper native MS 

analysis. Labeling of ADH resulted in an increased mass and multiple modifications caused 

peak broadening (Figure 29d). Therefore, only low amounts of DEPC were applied. Again, 

unfolding of the DEPC labeled tetramer were monitored as described above and differences 

in unfolding was not observed between unlabeled and labeled ADH complexes (Figure 29e). 

Therefore, low DEPC concentrations do not alter the protein structure and do not affect 

complex stability. 

As a control experiment, unfolding of ADH was induced by addition of increasing amounts 

of isopropanol. The required collisional voltage to induce unfolding of the tetramer was 

reduced at higher concentrations of isopropanol (Figure 29f) indicating destabilization of 

the complex. In summary, the results described above suggest that the structure of tetrameric 

ADH was preserved upon labeling with NHS-acetate and low concentrations of DEPC 

enabling the structural analysis of folded proteins and protein complexes. 
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Figure 29: Ion mobility MS of NHS-acetate and DEPC labeled ADH.  
a) Native mass spectrum of ADH showing peak series corresponding to monomeric, dimeric and tetrameric 
ADH. b) ADH was labeled with increasing amounts of NHS-acetate (see legend for details). Modification of 
the amino acid residues of the tetrameric complex caused mass shifts to higher m/z. c) The 23+-charge state of 
ADH tetramer was selected for detailed evaluation of collisional induced unfolding. The recorded arrival time 
is plotted against the applied collisional voltage. The required collision voltages to unfold the complex does 
not change for the labeled protein. d) ADH was labeled with DEPC (see legend for details). The mass of the 
modified tetrameric complex increased. e) The 23+-charge state of ADH tetramer was selected for detailed 
evaluation of collisional induced unfolding. The recorded arrival time is plotted against the applied collisional 
voltage. Similar to NHS-acetate labeling, DEPC labeling did not have an effect on the required collisional 
voltage to unfold the protein. f) As a control, increasing amounts of isopropanol were used to destabilize the 
ADH tetramer. Unfolding plots were generated. With increasing isopropanol concentrations, lower collisional 
voltages are required for unfolding. (Figure from Barth et al. 2020 [153].) 
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3.4 Solvent accessibility of synaptic vesicle proteins probed by chemical 

labeling8 

3.4.1 Labeling of synaptic vesicle proteins using three different chemical labeling 

reagents 

Having established a labeling workflow for the analysis of solvent accessible residues of 

standard proteins, the next goal was to identify solvent accessible residues of synaptic vesicle 

proteins. Synaptic vesicles are essential for signal transmission between neurons (see 

Section 1.2). They are densely packed with proteins that mediate, for instance, 

neurotransmitter loading or vesicle docking to the presynaptic membrane. The explicit 

function and structure of many proteins during this process is only partially understood; 

therefore, elucidating solvent accessibility of individual domains of vesicle proteins reveals 

valuable structural information that might be linked to functional properties of these proteins. 

To this end, the established labeling strategy (Section 3.3) was applied.  

Synaptic vesicles were purified from rat brain9. For identification of solvent accessible 

protein regions in synaptic vesicle proteins, intact synaptic vesicles are required. The 

integrity of the obtained synaptic vesicles was, therefore, confirmed by negative stain 

electron microscopy [294]. Furthermore, label-free relative quantification of protein 

abundances showed a typically observed distribution of synaptic vesicle proteins as well as 

common contaminating proteins, confirming the quality of the obtained synaptic vesicle 

preparation [294]. For evaluation of the correct orientation of synaptic vesicle proteins, 

Botulinium neurotoxin B was employed. Botulinium neurotoxin B cleaves the cytosolic 

domain of synaptobrevin-2, which is the most abundant protein of synaptic vesciles. The 

complete cleavage without remaining intact synaptobrevin-2 confirmed correct orientation 

of proteins [294]. Vesicles obtained following the established workflow were then used for 

labeling experiments. 

In these experiments, synaptic vesicles were labeled using two concentrations of DEPC, S-

NHS-acetate or NHS-acetate (5 and 10 mM). DEPC and S-NHS-acetate are assumed to be 

                                                           
8 Some of the results of this chapter were published in Sabine Wittig, Marcelo Ganzella, Marie Barth, Susann 
Kostmann, Dietmar Riedel, Ángel Pérez-Lara, Reinhard Jahn & Carla Schmidt, Cross-linking mass spectrometry 
uncovers protein interactions and functional assemblies in synaptic vesicle membranes. Nature Communications 12, 858 
(2021).  
9 Purified synaptic vesicles were provided by Prof. Dr. Reinhard Jahn (Max Planck Institute for Biophysical Chemistry, 
Göttingen). Synaptic vesicles were purified by Dr. Marcelo Ganzella, Susann Kostman or Sabine Wittig. Dr. Dietmar 
Riedel performed negative stain electron microscopy. Proteomic data analysis of synaptic vesicles was performed by 
Sabine Wittig. 
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not membrane permeable and modifications of proteins and protein domains orientated 

towards the cytoplasmic side of the synaptic vesicle membrane are expected. NHS-acetate 

is membrane permeable and, in theory, labels cytoplasmic and luminal protein domains. The 

labeling workflow for synaptic vesicle proteins using the three different labeling reagents is 

shown in Figure 30.  

 

Figure 30: Labeling workflow for synaptic vesicle proteins 
The proteins of synaptic vesicles, purified from rat brain, were modified using DEPC, S-NHS-acetate or NHS-
acetate labeling reagents. Of these, only NHS-acetate is membrane permeable. Labeled proteins were then 
enzymatically hydrolyzed in-solution and obtained peptides were analyzed by LC-MS/MS. The acquired raw 
data was analyzed using MaxQuant software. 
 
 
The workflow includes incubation of synaptic vesicles with DEPC, S-NHS-acetate and 

NHS-acetate. Following chemical labeling, the proteins were precipitated with ethanol and 

hydrolyzed using trypsin. Subsequently, the obtained peptides were analyzed by LC-

MS/MS. The acquired raw data was further analyzed using MaxQuant software. For this, a 

database containing the 400 most abundant proteins of synaptic vesicles was used. 

Acetylations as well as DEPC modifications were included in the database search. The in-

house written R script (Section 3.3) was used for quantification of the labeling intensity of 

each modified residue. 

Following the described labeling procedure, 254 labeled proteins were identified using either 

S-NHS-acetate, NHS-acetate or DEPC (Figure 31a). Of these, 232 proteins and a total of 

1130 amino acid residues were labeled with DEPC (Figure 31b,c). The majority of the 
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modified residues included lysine (835) and histidine (161) residues. Serine, threonine, 

tyrosine and cysteine residues were labeled to a much lower extent (Figure 31c). A lower 

number of proteins was labeled when using S-NHS-acetate and NHS-acetate (182 proteins): 

Acetylation of lysine, serine, threonine and tyrosine residues was observed. Again, lysine 

residues were primarily modified, namely 792 when using S-NHS-acetate and 731 when 

using NHS-acetate, respectively (Fig 31c). Importantly, many residues were modified with 

both labeling reagents (Figure 31b).  

 

Figure 31: Overview of labeled proteins and residues 
Synaptic vesicle proteins were labeled using S-NHS-acetate, NHS-acetate or DEPC as labeling reagent. a) 
Venn diagram of modified proteins using the different labeling reagents. b) The overlap of modified residues 
using the different labeling reagents is visualized in a Venn diagram. c) The number of labeled lysine (K), 
serine (S), threonine (T), tyrosine (Y), histidine (H) and cysteine (C) residues is indicated for each labeling 
approach (see legend for details). 
 
Comparing the two labeling reagents introducing acetylating (S-NHS-acetate and NHS-

acetate) with DEPC, it becomes apparent that DEPC yields a higher number of 

modifications. This is due to the ability of DEPC to modify a wider range of amino acids or 

a higher reactivity. For a detailed assessment of differences between DEPC and S-NHS-

acetate and NHS-acetate (S-NHS-/NHS-acetate), only amino acids targeted by all three 

reagents (lysine, serine, threonine and tyrosine residues) were compared (Figure 32). For 

this, residues modified by S-NHS-/NHS-acetate or DEPC as well as residues that were found 
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to be acetylated in the control sample without addition of the labeling reagent were 

compared. Modified lysine residues (1261 residues) were either modified by S-NHS-/NHS-

acetate (426 residues), by DEPC (466 residues) or by both labeling strategies (369 residues) 

(Figure 32a). Some modifications were also observed in the control. Modifications 

identified in the control are either false positive hits or originate from naturally occurring 

acetylation of lysine residues as PTM. However, only four acetylated lysine residues were 

detected in the control (Figure 32a).  

 

Figure 32: Comparison of labeled lysine, serine, threonine and tyrosine residues using 
S-NHS-/NHS-acetate or DEPC 
Acetylated residues identified in the control (grey) and modified residues identified when using S-NHS-/NHS-
acetate (green) or DEPC (purple) were compared. The overlap of identified residues between the conditions is 
visualized in Venn diagrams. The following residues were inspected: lysine (a), serine (b), threonine (c) and 
tyrosine (d). 
 

More than 50% of the labeled serine, threonine and tyrosine residues were only modified by 

DEPC (Figure 32,b-d). The number of modified serine, threonine and tyrosine residues 

identified is low when using S-NHS-/NHS-acetate and DEPC (Figure 32,b-d). Interestingly, 

modification of individual residues is either observed when using S-NHS-/NHS-acetate or 

DEPC indicating differences in labeling reactivity for both labeling strategies. For DEPC 

labeling of serine, threonine and tyrosine residues, Vachet and co-workers proposed that 

nearby hydrophobic residues facilitate an increase in local concentration of DEPC, thus 

making labeling of these residues more likely [295, 296]. Again, few acetylated residues 

were also identified in the control samples. For serine, threonine and tyrosine residues, these 

are most likely false positive identifications. 

In conclusion, the three different labeling approaches are suited for labeling of synaptic 

vesicle proteins. Importantly, different residues are modified when using S-NHS-/NHS-

acetate or DEPC as chemical labeling reagent. Labeling with S-NHS-/NHS-acetate and 

DEPC, therefore, results in complementary information on solvent accessibility in particular 

for serine, threonine and tyrosine residues.  
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3.4.2 Labeling of the synaptic V-ATPase complex 

First, the proton-pumping vacuolar H+-ATPase (V-ATPase) was inspected in more detail. 

The V-ATPase is a multi-subunit complex composed of a membrane-embedded domain 

(‘V0’) and a cytoplasmic soluble domain (‘V1’). In synaptic vesicles, most of the V-ATPase 

subunits are among the highest abundant proteins [294, 297]. It is generally assumed that 

one to two copies of the V-ATPase complex are present in one synaptic vesicle [298]. In 

addition, a high-resolution structure of the V-ATPase from rat brain containing 15 subunits 

was recently determined [299].  

For evaluation of the labeling approach, labeled residues of the V-ATPase were inspected in 

detail. For this, modified residues were visualized on the available high-resolution structure 

(Figure 33). In total, 179 unique residues were labeled using the three labeling reagents. 

Using DEPC, 145 residues out of 11 different proteins were found to be modified. Using S-

NHS-acetate and NHS-acetate for chemical labeling, 9 different proteins and 133 (S-NHS-

acetate) and 122 (NHS-acetate) residues were modified. Of these, all residues that were 

labeled with NHS-acetate were also labeled when using S-NHS-acetate. Only 80 residues 

were modified using S-NHS-acetate, NHS-acetate and DEPC again indicating differences in 

the labeling preferences by specific amino acids for the two labeling strategies. Nonetheless, 

visualization of the modified residues on the high-resolution structure confirmed solvent 

accessibility of all residues (Figure 33). 

Importantly, residues located in the cytosolic ‘V1’ domain were predominantly labeled. Note 

that the high-resolution structure only represents one conformation of the highly dynamic 

V-ATPase and, therefore, modifications correspond to specific conformations of the V-

ATPase are not sampled in the structure.  

Of the ‘V0’domain, residues of subunit ‘d1’ and ‘a1’ were mainly modified (Figure 33,a-c). 

Using DEPC labeling, modified residues of the ‘c’ subunit located on the cytoplasmic side 

of the c-ring were identified (Figure 33a). Importantly, the cytoplasmic domains of subunit 

‘d1’ and of the ‘c-ring’ are only accessible when the ‘V0’ and ‘V1’ domains dissociate. This 

dissociation has been reported previously and leads to a higher abundance of the ‘V0’ 

domain in the obtained synaptic vesicle preparations [294]. The observation that residues 

within ‘d1’ and ‘c’ proteins were modified supporting the assumption, that at least some 

ATPase complexes dissociated to ‘V0’ and ‘V1’ domains. Note that, dissociated ‘V1’ is lost 

during the preparation of synaptic vesicles resulting in an excess of ‘V0’. 
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Figure 33: Labeling of solvent accessible residues of the V-ATPase 
The high-resolution structure of rat V-ATPase (PDB: 6vq6 [299]) is shown as cartoon representation (grey, a-
c). Modified residues are shown as surface representation (a-c). a) DEPC, b) S-NHS-acetate, c) and NHS-
acetate modified residues are highlighted. d) The cartoon model of the V-ATPase includes the indicated 
subunits of the cytoplasmic ‘V1’ and membrane-embedded ‘V0’ domains. e) Model of the ‘V0’ domain is 
shown. (The cartoon models of the V-ATPase were provided by Sabine Wittig).  
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In addition, many residues located in the cytosolic domain of subunit ‘a1’ were modified 

(Figure 33, a-c, subunit ‘a1’). This subunit exists in at least two conformations; the open 

conformation represents the active, fully assembled enzyme (Figure 33d) and the closed 

conformation locks the ‘V0’ domain (Figure 33e) [226, 299]. In the open conformation the 

N-terminus of subunit a1 interacts with the peripheral stalk built by subunit G2 and E1, while 

in V0 structures the N-terminus of subunit ‘a1’ is orientated towards the ‘d1’ subunit of the 

central stalk in ‘V0’ [226, 299]. In addition, in ion mobility and native MS experiments of 

the ATPase performed by Zhou et. al, a high flexibility of subunit ‘a1’ was observed [300]. 

Upon addition of ATP the ion mobility data indicated a more compact and defined structure 

of ‘V0’ [300]. These previous findings suggest flexibility of the cytoplasmic domain of 

subunit ‘a1’ and presumably result in a high number of modified residues upon chemical 

labeling. 

Interestingly, with the two acetylation reagents, lysine 537 which is located close to the 

luminal part of synaptic vesicles (Figure 34b,c, lysine 537 of subunit ‘a1’) was found to be 

labeled. This unexpected labeled residue within the vesicular lumen, is either a false positive 

identified modified residue or it is indeed accessible for the labeling reagent. Close 

inspection of this residue, revealed its localization in close proximity to the proton half-

channels of subunit ‘a1’ and the predicted opening site (Figure 34d) [299]. Protons enter 

through the cytosol-facing half-channel and binding of a proton to subunit ‘c’ occurs. After 

one full rotation of the c-ring protons exit through the luminal-facing proton half-channel. 

In detail, the rotation of the c-ring results in abstraction of a proton from the cytoplasmic 

half-channel to neutralize a charge on a conserved glutamic acid residue in subunit ‘c’ [299]. 

The rotation then brings the protonated glutamine residue close to arginine 741 of subunit 

‘a1’ and formation of a salt bridge between arginine 741 and glutamic acid 795 of subunit 

‘a1’ causes release of the proton into the luminal half-channel [299]. In this proposed 

mechanism, arginine 741 and glutamic acid 795 of subunit ‘a1’ are located at the predicted 

opening site of the half-channel [299]. Labeling of lysine 537 of subunit ‘a1’, therefore, 

suggests accessibility for the labeling reagent through the proton half-channels. 
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Figure 34: Detailed assessment of modified residues in the ‘V0’ domain of the V-
ATPase complex. 
The high-resolution structure of the rat V-ATPase subunit ‘V0’ (PDB: 6vq6 [299]) is shown in cartoon 
representation (a-c). Modified residues are shown in surface representation. Subunit ‘a1’ (red) and the subunits 
c, d1, e2, PRR and f (blue) are indicated. Residues modified when using different labeling reagents: a) DEPC, 
b) S-NHS-acetate, c) and NHS-acetate are visualized (see legend for details). d) The cartoon and transparent 
surface of subunit ‘a1’ is shown (PDB: 6vq6). The two proton half channels are indicated by arrows. Lysine 
537 (K537) was modified with S-NHS-acetate and NHS-acetate (green). Glutamic acid 795 (E795) and 
arginine 741 (R741) are located at the predicted opening of the proton half channels. 
 

In conclusion, the location of labeled residues of the V-ATPase is in good agreement with 

solvent accessibility in the high-resolution structure. In particular, labeled residues of the 

‘V0’ domain were identified confirming dissociation of the two V-ATPase subunits ‘V0’ 
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and ‘V1’. Surprisingly, lysine 537 of subunit ‘a1’ was found to be modified suggesting 

accessibility through the proton half-channels of subunit ‘a1’. The successful labeling of the 

V-ATPase protein complex by applying the described labeling approach validates the 

obtained labeling results.  

 

3.4.3 Labeling percentage of individual residues of synaptic vesicle proteins 

Next, information on labeling percentage of solvent exposed residues of several synaptic 

vesicle proteins was obtained by specifically analyzing the results. Briefly, for each replicate, 

the labeling percentage of each labeled residue (i.e. the relative proportion of labeled 

residues with respect to all peptides containing this residue) was calculated for each 

concentration of the labeling reagent (Section 3.3). In the next step, the mean labeling 

percentage of each modified residue was calculated. For DEPC labeling, the calculated mean 

labeling percentage was categorized as low (< 10%), intermediate (10% – 70%) and high (≥ 

70%). In the previously performed labeling experiments of model proteins (Section 3.3), 

mainly CEt- and urethane-CEt-modified histidine residues were observed. This was also 

observed for labeling of synaptic vesicle proteins. Therefore, only CEt- and urethane-CEt-

modified histidine residues were considered. Identified DEPC modified residues were then 

visualized on cartoon models of the most prominent synaptic vesicle proteins (Figure 35a). 

This first overview of labeled synaptic vesicle proteins, revealed solvent exposure of several 

domains of these proteins. 
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Figure 35: Cartoon models of labeled synaptic vesicle proteins 
Prominent synaptic vesicle proteins are shown as cartoon models. a) Synaptic vesicles were labeled with 5 mM 
or 10 mM DEPC. The identified modified residues are colored according to the calculated labeling percentage 
for CEt-modified residues (histidine, lysine, serine, threonine, tyrosine and cysteine) and urethan-CEt-modified 
histidine residues (see legend for details). b) Synaptic vesicle proteins were labeled with 5 mM or 10 mM using 
NHS-acetate or S-NHS-acetate. Significant differences in labeling percentages for each residue between S-
NHS-acetate and NHS-acetate were determined using a t-test. Intensity changes > 0.03 or < –0.03 with a p-
value < 0.05 were considered to be significantly changed (see legend for details).  
Abbreviations: AT1A3, sodium/potassium-transporting ATPase subunit alpha-3; CSP, cysteine string protein 
; Rab3a, Ras-related protein Rab-3A; SCAM1, secretory carrier-associated membrane protein 1; VAPA, 
vesicle-associated membrane protein-associated protein A; VGLU1, vesicular glutamate transporter 1; SV2B, 
synaptic vesicle glycoprotein 2B; SV2A, synaptic vesicle glycoprotein 2A; AP-2 complex, adaptor-related 
protein complex 2; SNAP-25, synaptosomal-associated protein 25; CEt, carboethoxy.  
 
In contrast to DEPC labeling, labeling with S-NHS-acetate and NHS-acetate allows a 

different analysis strategy. As mentioned above, S-NHS-acetate specifically labels solvent 

accessible residues of protein domains located at the cytoplasmic side of the synaptic vesicle 

membrane, while NHS-acetate labels residues located at the cytoplasmic and the luminal 

side of the synaptic vesicle membrane. The labeling percentage of residues at the 

cytoplasmic side is, in theory, similar for S-NHS-acetate and NHS-acetate labeled amino 

acids. In contrast, residues located in the lumen of synaptic vesicles are expected to be 

exclusively labeled with NHS-acetate. Therefore, the difference in labelling percentage of 

NHS-acetate and S-NHS-acetate for a specific residue indicates the location of this residues 

at luminal or cytosolic side of the vesicle. A positive difference in the calculated labeling 

percentage between S-NHS-acetate and NHS-acetate indicates a cytosolic orientation while 

a negative difference indicates a luminal orientation. 

Accordingly, differences in residue specific labeling of S-NHS-acetate and NHS-acetate 

were analyzed. Acetylation of 781 lysine, serine, threonine and tyrosine residues was 

identified after S-NHS-acetate and NHS-acetate labeling (Figure 36a). Of these, lysine 

residues were mainly modified by both reagents. The 728 acetylated lysine residues 

correspond to a high overlap (91.5%) of both labeling reagents (Figure 36b). Side reactions 

with serine, threonine and tyrosine residues occurred to a lower extent revealing a reduced 

overlap (53 residues, Figure 36c). 
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Figure 36: Comparison of identified modified residues identified in synaptic vesicles 
proteins using S-NHS-acetate or NHS-acetate 
Identified acetylated residues in the control sample without addition of labeling reagent (grey) as well as with 
addition of S-NHS-acetate (light green) or NHS-acetate (dark green) were compared. The overlap of modified 
sites between the three conditions is visualized in Venn diagrams. Modifications of different amino acids were 
analyzed: a) lysine, serine, threonine and tyrosine, b) lysine and c) serine, threonine and tyrosine. 
 
 
In summary, for S-NHS-acetate labeling, a higher number of modified sites was identified. 

Although minor differences were observed, the high overlap of modified residues allows a 

quantitative comparison of labeled residues. For this, a t-test was applied to determine 

differences for each residue in labeling percentages between S-NHS-acetate and NHS-

acetate. Changes in the labeling percentage > 0.03 or < –0.03 with a p-value < 0.05 were 

considered to be significant. These results were visualized by highlighting identified labeled 

residues on a cartoon structure of synaptic vesicles proteins (Figure 35b). For most modified 

residues, no significant change in labeling percentage was observed. Some residues were 

labeled to a greater extent with S-NHS-acetate. This is probably a result of the nature of 

synaptic vesicles, which are densely packed with proteins resulting in labeling of directly 

accessible cytosolic domains.  

When applying both labeling strategies, modified residues of all prominent synaptic vesicle 

proteins were identified. For a more specific analysis, specific proteins will be discussed in 

the following sections. 

 

3.4.4 Solvent accessibility of synaptic vesicle proteins 

Typical cytosolic synaptic vesicle proteins 

In the following part, synaptic vesicle proteins with predominantly cytosolic orientation 

were analyzed. As described above, cytosolic proteins and protein complexes of synaptic 

vesicles were labeled using DEPC and S-NHS-/NHS-acetate. One typical multi subunit 
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protein complexes in synaptic vesicles is the adaptor-related protein complex 2 (AP-2 

complex). The AP-2 complex plays an important role during clathrin-mediated endocytosis 

(Figure 2, step 6) and was highly modified. The proteins of this complex are among the high 

abundant proteins identified in synaptic vesicle preparations [294, 297, 298]. Labeling of 

this complex confirmed its localization on the cytoplasmic side of synaptic vesicles. 

Other cytosolic proteins such as synapsin-1, Rab3a and cysteine string protein (CSP) were 

modified by all three labeling reagents. For the three proteins, complete high-resolution 

structures are not available. Therefore, each protein’s 3D structure was predicted using 

AlphaFold [229] (Figure 37).  

Synapsin-1 and isoforms of synapsin play a role in the synaptic vesicle cycle by influencing 

the localization of synaptic vesicles and leading to clustering of synaptic vesicles distal to 

the active zone in a so-called reserve pool of synaptic vesicles [301]. Approximately, eight 

copies of synapsin-1 are present per vesicle and binding of synapsin-1 to acidic lipid bilayers 

has been reported [298, 302]. Upon phosphorylation by numerous protein kinases, synapsin 

dissociates from synaptic vesicles releasing them from the reserve pool [301]. For synapsin-

1, a complete high-resolution structure is not available, presumably due to predicted 

disordered regions. Modified residues using the three labeling reagents were observed at the 

surface of the structured part of synapsin-1 and within disordered regions (Figure 37a).  

Rab3a, is a member of the Rab GTP-binding family and is suggested to play a control role 

during assembly and disassembly of the SNARE-complex. In its GTP-bound state Rab3a is 

anchored to the synaptic vesicle membrane. Upon hydrolysis of GTP to GDP, dissociation 

from the membrane mediated by the protein ‘GDP dissociation inhibitor’ (GDI) occurs and 

subsequent synaptic vesicle fusion follows [303, 304]. In the membrane bound state, Rab3a 

interacts with the synaptic vesicle membrane via its hydrophobic C-terminus [305]. For 

Rab3a, a high-resolution structure, excluding N- and C-terminal parts, was previously 

obtained [306]. In the C-terminal region, involved in membrane binding, labeled residues 

were not identified (Figure 37b). Residues within the cytosolic domain, however, were 

found to be modified. In addition, lysine 12 was modified by S-NHS-/NHS-acetate, 

indicating surface exposure and probably the short N-terminal domain of Rab3a.  
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Figure 37: Labeled residues of Synapsin-1, Rab3a and CSP. 
The protein structure of a) synapsin-1 (AF-P09951-F1), b) Ras-related protein Rab-3A (Rab3a, AF-P63012-
F1) and c) Cysteine string protein (CSP, AF-P60905-F1) was predicted using AlphaFold [229]. Proteins are 
shown in cartoon and transparent surface representation (grey). For Rab3a, a part of the structure was 
previously determined by x-ray crystallography (blue, PDB: 3RAB [306]). Residues modified by DEPC, S-
NHS-acetate or NHS-acetate are shown as sticks and are colored (see legend for details.) 
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CSP is a member of the DnaJ/Hsp40 family of molecular chaperone proteins. Importantly, 

it is suggested to prevent misfolding of the SNARE protein SNAP-25, which is part of the 

fusion machinery of synaptic vesicles [307]. Binding to the synaptic vesicle membrane is 

mediated by a hydrophobic, cysteine-rich (i.e. 14 cysteine residues) domain including 

palmitoylated cysteine residues. CSP is 198 amino acid long and the structure of residues 

one to 100 has been determined by NMR [308]. Modified residues were mainly identified in 

the cytoplasmic J-domain of CSP (Figure 37c). Labeling of the cytoplasmic J-domain 

indicates its solvent exposure. Only one acetylated residue was identified in the long C-

terminal domain and in close proximity to the cysteine-rich membrane binding domain. The 

absence of modified residues is the cysteine-rich membrane binding region results most 

likely from embedment of this domain in the membrane. Other modified residues within the 

C-terminal domain and cysteine-rich membrane binding region were not identified. This 

might be a result of shielding of this region, for instance, by binding to the membrane or 

other proteins. 

 

Membrane-anchored and membrane-embedded synaptic vesicle proteins 

In addition to cytosolic synaptic vesicle proteins, several transmembrane proteins were 

modified by DEPC and S-NHS-/NHS-acetate. Among these are prominent synaptic vesicle 

components such as synaptobrevin-2 and synaptotagmin-1. For synaptobrevin-2, a member 

of the fusion machinery, 4 and 5 residues were modified with S-NHS-/NHS-acetate and 

DEPC, respectively (Figure 35). These labeled residues are located within the cytoplasmic 

domain. Although synaptobrevin-2 is the most abundant protein in synaptic vesicles (~ 70 

copies per vesicle [298]), only a limited number of sites of this 12.7 kDa protein are 

amenable to chemical labeling reducing the total number of potentially modified residues.  

Similar results were obtained for synaptotagmin-1, which is a highly abundant protein in 

synaptic vesicles with approximately 15 copies per vesicle. This protein binds calcium and 

is suggested to play a role in synchronous fusion of synaptic vesicles with the presynaptic 

membrane [29]. In particular, the two calcium-binding C2 domains, which are located at the 

cytoplasmic side of synaptic vesicles, were labeled (Figure 35, synatotagmin-1). Residues 

of the two flexible linker regions were also highly modified. Using DEPC labeling, one 

modified residue located in the lumen of the vesicle was identified. This is most likely a false 

positive identification as a modification was not expected. 
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Other transmembrane proteins present in synaptic vesicles such as sodium/potassium-

transporting ATPase subunit alpha-3 (AT1A3), secretory carrier-associated membrane 

protein 1 (SCAM1) and vesicular glutamate transporter 1 (VGLU1) were modified when 

using the labeling regents. These proteins were also predominantly labeled within their 

cytosolic domains (Figure 35).  

 

Exposure of luminal loops of tetra-spanning and related proteins  

In the next part, labeling of the transmembrane proteins; i.e. synaptophysin and 

synaptoporin, an isoform of synaptophysin, synaptogyrin-1 and synaptic vesicle 

glycoprotein 2A (SV2A), will be analyzed in more detail. The explicit function of these 

proteins is unknown and, therefore, structural analysis including the identification of solvent 

exposed domains is of particular interest. 

Synaptophysin, synaptoporin and synaptogyrin-1 are tetra-spanning transmembrane 

proteins. Three cytosolic residues of synaptophysin were found to be labeled. Surprisingly, 

for both synaptophysin and synaptoporin, modified residues located in both luminal loops 

were identified (Figure 38, synaptophysin and synaptoporin). The modification of residues 

in the mentioned luminal loops suggests structural changes that result in solvent accessibility 

of these loops and, consequently, labeling.  

For synaptogyrin-1, modified residues located in the cytoplasmic N-terminus and one 

labeled residue in a luminal loop were identified (Figure 38, synaptogyrin-1). This modified 

luminal residue could be a false positive hit. However, labeling with all three labeling 

reagents more likely indicates solvent accessibility. 

SV2A contains twelve transmembrane domains, six luminal loops, five cytosolic loops and 

cytosolic N- and C-termini. The large cytosolic N-termini (amino acid 1 – 169) and one large 

cytosolic loop (amino acid 356 – 447) were found to be heavily labeled (Figure 38, SV2A). 

Again, modified residues located in a large luminal loop (amino acid 469 – 598) were also 

found to be labeled. Of these, three residues were modified with all three labeling reagents 

and additional three residues were labeled with DEPC. This high number of modified 

residues within the luminal loop suggest that these labeled residues are true positive hits. 

Instead labeling of this luminal domain indicates a functional role of the loop, that involves 

solvent accessibility.  
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The described labeling of luminal loops of SV2A, synaptogyrin, synaptophysin and 

synaptoporin indicates solvent accessibility of these loops and the question of a functional 

role arises. Previously, glutamatergic vesicles were reported to reversibly increase their size 

upon filling with glutamate [309]. This increase in size is not mediated by the addition of 

lipids, but rather conformational changes of proteins resulting in a larger diameter of 

synaptic vesicles. In particular, SV2A has been suggest playing a role during this process. 

Large conformational changes of SV2A could be a key component during this process. The 

labeling results of the luminal loop of SV2A further support this assumption. Specifically, 

conformational changes resulting in localization of the luminal loop in the membrane might 

occur. In addition, the labeling results further indicate a similar functional role of 

synaptophysin, synaptoporin and synaptogyrin-1. 
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Figure 38: Modified residues of synaptophysin, synaptoporin, synaptogyrin-1 and 
SV2A by DEPC and S-NHS-/NHS-acetate 
The predicted localization of the domains of the transmembrane proteins synaptophysin, synaptoporin 
synaptogyrin-1 and SV2A is shown. Individual residues are shown as balls. Residues modified by DEPC, S-
NHS-acetate and NHS-acetate are indicated with stars (see legend for details). (The figure was provided by 
Sabine Wittig and adapted for this thesis.) 
 
In summary, labeling experiments of SV2A, synaptophysin, synaptoporin and synaptogyrin-

1 in synaptic vesicles suggest a possible functional role of these proteins. Specifically, their 

luminal loops might play an important structural role, for instance, by enabling the increase 

in size of synaptic vesicles. 
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4. Discussion and outlook 

4.1 Proteome analysis of undifferentiated and differentiated SH-SY5Y 

cells 

Choosing a neuronal model system 

The neuroblastoma cell-line SH-SY5Y is a prominent neuronal model system. Both, 

undifferentiated cells and differentiated cells, obtained from various protocols, are 

commonly employed. In this thesis, the proteomes of undifferentiated as well as RA- and 

RA/PMA-differentiated SH-SY5Y cells were characterized to determine differences in 

protein expression and to validate their application as a neuronal model system for in-cell 

cross-linking experiments. 

A systematic review by Xicoy et al. examined the application of SH-SY5Y cells as a 

neuronal disease system for the analysis of Parkinson’s disease [310]. They highlighted that 

in most studies a differentiation protocol was not applied [310]. When differentiated cells 

were employed, a variety of differentiation media were applied. RA-induced differentiation 

was the most prominent differentiation strategy in these studies [310] commonly utilizing a 

concentration of 10 μM RA applied for 3 – 5 days [41]. The second prominent strategy is 

based on differentiation with 10 μM RA and 80 nM PMA [310].  

However, the phenotype of RA-differentiated cells obtained in some studies is described as 

cholinergic, in other studies as dopaminergic [41, 310]. Upon RA/PMA administration, 

differentiated SH-SY5Y cells show a dopaminergic phenotype [310]. Furthermore, 

SH-SY5Y cells can be cultured in three-dimensional cultures or on extracellular matrix 

coated dishes [311, 312]. These protocols require step wise adjustments of a more complex 

media composition and result in cells with a mature neuronal phenotype [311, 312]. In this 

thesis, these protocols were neglected, due to limited applicability for in-cell cross-linking 

experiments as the use of coated dishes would result in heavy cross-linking of the used 

matrix.  

In recent studies, inducible pluripotent stem cells were employed as a model-system for 

studying neurons in vitro. One major advantage is, that they originate from individuals that 

are healthy or suffer from specific neurological disease [313]. Although, these cells represent 

a more accurate human neuronal model, their cultivation is complex and obtaining one 

specific neuronal subtype requires specialized expertise and expensive equipment [313]. The 
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cultivation of SH-SY5Y cells is, on the contrary, comparably uncomplicated, cost-efficient, 

and ethical considerations are lower. We, therefore, chose SH-SY5Y cells as neuronal model 

system. 

 

Methodological aspects – mass spectrometry 

Due to, in some cases, contradictory differentiation results and missing proteome studies 

comparing the different differentiation protocols raised the question, whether the proteomes 

are different in  undifferentiated, RA- and RA/PMA-differentiated SH-SY5Y cells.  MS was 

employed to identify SH-SY5Y proteins and to relatively quantify changes in protein 

abundance. Although neuronal cell cultures are often limited in the available sample amount, 

we successfully analyzed the proteome of three different cell-types and identified more than 

3,500 proteins in all 18 replicates (i.e. six biological replicates per cell-type). A total of 

almost 6,000 identified proteins confirms a good coverage of the cellular proteome. 

The recently introduced sample preparation strategy termed ‘SPEED’ was employed in this 

thesis. In contrast to other protocols, neither detergents nor chaotropic agents are used for 

protein extraction. Instead, cells were lysed in one tube followed by enzymatic hydrolysis in 

the same reaction tube, thereby reducing sample loss in this thesis. However, upon protein 

hydrolysis, desalting of the obtained peptide solution is required. In previous experiments, 

performed by Leonie Jaster during her Bachelor thesis (‘Proteomische Charakterisierung 

von differenzierten SH-SY5Y-Zellen’, Martin Luther University, 2020), desalting using 

C18-ZipTips (Merck) and Sep-Pak C18 Plus Short Cartridge desalting columns (Waters) 

was compared resulting in a higher number of protein identifications when using desalting 

columns. In addition, SP3 and SPEED protocols were compared in the previous study 

resulting in similar results. In this thesis, desalting was performed using PierceTM peptide 

desalting spin columns. In contrast to Sep-Pak C18 Plus Short Cartridge desalting columns, 

desalting with PierceTM peptide desalting spin columns is less time consuming. Therefore, 

the sample preparation strategy SPEED and PierceTM peptide desalting spin columns were 

combined in this thesis. 

A three hour gradient LC-MS/MS analysis was employed for peptide separation and 

identification. With this set-up more than 3,500 proteins were identified in all 18 replicates. 

To further increase the number of identified peptides and, therefore, protein identification 

and quantification, prefractionation prior to LC-MS/MS analysis can be performed in future 
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studies. Prefractionation techniques can be either employed on the protein or peptide level. 

The most prominent protein fractionation strategy is SDS-Page separating the proteins 

according to their molecular weight. For peptide prefractionation, strong cation exchange 

(SCX) [314], hydrophilic interaction chromatography [315], hydrophilic strong anion 

exchange [316], and high-pH C18-based reversed-phase [317] could be applied. Although 

prefractionation techniques enable in-depth analysis of the proteome, each additional 

fractionation step increases the required sample amount and the required analysis time. An 

alternative, additional separation technique using a FAIMS source, was recently described 

[318]. Herbert et al. applied label-free quantification (LFQ) experiment with a four hour 

gradient LC-MS/MS analysis and increased the number of quantified proteins from 6800 to 

7800 [318]. Other approaches aim at optimizing LC settings. Accordingly, Bian et al. 

recently showed that micro-flow LC–MS/MS using a 1 × 150 mm column is advantageous 

for deep proteome analysis [319]. The authors identified >9000 proteins in 16 h [319]. The 

addition of a FAIMS source or specific LC adjustments in the LC-MS/MS analysis could, 

therefore, potentially increase the number of identified proteins even more in the future.  

 

Proteome analysis of undifferentiated cells 

The proteome analysis of undifferentiated SH-SY5Y cells uncovered typical cancer 

characteristics. The cells proliferate constantly, thereby, promoting cancer progression. 

DNA replication is essential for cell division and proliferation; previous studies showed that 

DNA replication was inhibited after 24 hours of treatment with RA [320]. Isochorismatase 

domain containing protein 1 (ISOC1) is among the highly upregulated proteins in 

undifferentiated cells (when compared with their differentiated counterparts). In other cancer 

types, such as breast, pancreatic and colon cancer, the knockdown of ISOC1 resulted in 

upregulation of tumor-suppressive activity [259, 321, 322]. In lung cancer, ISOC1 was found 

to interact with proteins of DNA damage repair pathways, and in mice xenograft tumor 

assays, a knockout of ISOC1 significantly inhibited tumor growth [323]. For the isoform of 

ISOC1, ISOC2, dysregulation of tumor-suppressor p16 (INK4a) was observed [324]. The 

described findings indicate a similar, however, not fully understood function of ISOC1 in 

the employed neuroblastoma cells. 

Upregulation of minichromosome maintenance complex component (MCM) proteins is linked 

with poor treatment outcomes and was previously suggested to be a potential prognostic  

cancer marker [325-333]. In Osteosarcoma, for instance, expression of MSH2 and MSH6 is 



102 
 

associated with shorter survival times for patients [334]. The influence of their high 

expression in neuroblastoma has not been investigated before.  

Upregulation of proteins of the KEGG pathways ‘DNA replication’, ‘mismatch repair’ and 

‘cell cycle’ confirm high levels of proliferation. Undifferentiated cells are, therefore 

characterized by over-expression of proteins necessary for high proliferation rates. The 

application of undifferentiated SH-SY5Y cells for studying neuronal function and 

dysfunction, however, remains to be discussed.  

 

Proteome analysis of differentiated cells 

SH-SY5Y cells differentiated with RA or RA/PMA showed changes in their morphology 

and in the expression level of proteins required for structural and functional changes of the 

cells when compared with their undifferentiated origin. The protein expression profiles of 

the two differentiated cell-types were, however, very similar. In a previous study, the 

proteomes of GABAergic and glutamergic synaptic vesicle and synaptic docking complexes 

were compared [335, 336]. This study revealed only small differences in their protein 

expression profiles. Differences included their neurotransmitter transporters. In our 

experiments, we did not apply specific protocols for identification of membrane proteins 

such as membrane protein enrichment and protein hydrolysis using proteases suited for 

hydrolysis of membrane proteins. This likely resulted in the absence of the various 

transporters in our analyses. Nonetheless, the overall goal of our analyses was to uncover 

differences between undifferentiated and the two differentiated SH-SY5Y cells rather than 

to obtain a specific neuronal subtype. 

Zhang et al. specifically analyzed proteome remodeling during differentiation with RA for 

7 days [52]. For this, they employed different TMT labels over a time course [52]. With their 

setup, the authors relatively quantified 9400 proteins [52]. They further examined the 

temporal expression pattern of selected proteins [52]. These included three low abundant 

and downregulated proteins in undifferentiated cells: cytochrome P450 26B1 (CYP26B1), 

neural cell adhesion molecule 2 (NCAM2) and extracellular leucine-rich repeat and 

fibronectin type III (ELFN1) [52]. In our analysis, CYP26B1 and NCAM2 were only 

identified in undifferentiated cells and, therefore, escaped relative quantification. Their 

identification in undifferentiated cells but not in differentiated cells confirms their low 

abundance in differentiated cells. ELFN1 was not identified in our analysis. Zhang et al. 
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further observed downregulation of rabphilin-3A (RPH3A), retrotransposon-like protein 1 

(RTL1) and TIMELESS [52]. Again, RPH3A was only identified in undifferentiated cells 

in our analysis. RTL1 was not identified in RA/PMA-differentiate cells, however, an 

insignificant decrease was observed for RA-differentiated cells compared to undifferentiated 

cells. In contrast to Zhang et al., we performed six replicates instead of only two replicates. 

Therefore, a higher variance might be observed in our experiments. Comparable expression 

levels of neuron-related proteins were found in this thesis and the study of Zhang et al. 

Accordingly, PDZ and LIM domain protein 5 (PDLIM5), NAD(P)H dehydrogenase 

[quinone] 1 (NQO1), integrin alpha1 (ITGA1) and α-actinin-4 (ACTN4) were upregulated 

in both RA- and RA/PMA-differentiated cells [52]. Zhang et al. further could not identify a 

complex time-dependent mechanism, that regulates RA-mediated differentiation of SH-

SY5Y cells [52]. In summary, the results of Zhang et al. are comparable to the results 

obtained in our analysis. In addition, we observed similar changes for RA/PMA 

differentiated cells as for RA-differentiated cells. 

Other important aspects for regulation of neuronal differentiation are changing PTMs of a 

protein. These might be specific to neuronal subtypes. Among the most frequently analyzed 

PTMs is phosphorylation of proteins. In SH-SY5Y cells differentiated with a combination 

of RA and brain-derived neurotrophic factor, phosphorylation levels have already been 

quantified [42]. Additional PTMs such as acetylation [337] or glycosylation [338] are 

important for specific neuronal function. This will further allow the characterization of 

specific neuronal subtypes. In this thesis PTMs were not analyzed but should be addressed 

in future studies.  

In differentiated cells, the expression of mature neuronal markers such as microtubule-

associated protein 2 or β-III tubulin did not increase. However, upregulation of nestin and 

other proteins required for neuronal differentiation suggests, that the cells are in the state of 

early neuronal differentiation. Downregulation of doublecortin further indicates that the cells 

are possibly in an intermediate state between early and mature neurons. In this thesis, 

specifically commonly employed short differentiation protocols were compared. Applying 

longer differentiation protocols might produce mature neurons and further support 

differentiation into specific neuronal subtypes (see above). In conclusion, SH-SY5Y cells 

obtained after 5 days of RA or 6 days of RA/PMA treatment represent early differentiating 

neurons. These differentiating cells showed overexpression of proteins associated with RA 
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treatment, neuronal differentiation, establishment of synapses and antioxidant defense as 

well as proteins regulating the actin cytoskeleton.  

 

4.2 In-cell cross-linking of SH-SY5Y cells 

In-cell cross-linking – methodological aspects 

The aim of in-cell cross-linking is to capture protein-protein interactions in the native cellular 

environment. Formaldehyde was used for in-cell cross-linking in this thesis. In addition to 

formaldehyde, DSS is another prominent membrane permeable in-cell cross-linking reagent. 

For DSS cross-linking, the cells are often collected and resuspended in cross-linking reagent 

containing buffer [339, 340]. Cross-linking of the cells, prior to cell collection is probably 

avoided due to high costs for the cross-linking reagent. Note that, neuronal cells have a 

distinct shape including long projections. These projections are typically damaged upon cell 

collection, centrifugation and resuspension. Directly cross-linking intact cells is, therefore, 

a great advantage of formaldehyde cross-linking. However, cross-linking with formaldehyde 

has also some draw backs: Formaldehyde does not only cross-link proteins, but also DNA 

and RNA resulting in a highly complex mixture of cross-linked species. In addition, the 

introduced linkages are temperature sensitive. These aspects have to be considered during 

sample preparation and require adjusted protocols at low temperatures. Therefore, the 

optimized workflow employed for cross-linking SH-SY5Y cells in this thesis avoids high 

temperatures. 

The workflow further includes size exclusion chromatography for enrichment of low 

abundant cross-links. Alternative enrichment strategies are strong cation exchange 

chromatography [140] or filtering for higher charge states using FAIMS subsequent to 

ionization [141]. The latter set-up is particularly beneficial for samples with high complexity 

such as a cross-linked proteome. In future, it would be of great interest to analyze cross-

linked samples with this specialized equipment. 

Enrichment strategies are generally employed to increase the abundance of cross-linked 

peptide pairs and, therefore, the chance for identification of cross-linked peptides. For 

identification of specific protein interactions, additional purification steps are often included, 

for instance, a pull-down assay. Recently, Slavin et al. have transfected cells with two 

nonstructural proteins and one structural protein of the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) [150]. Upon transfection and protein expression, proteins 
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were cross-linked within the cell and a viral protein fused to a Strep-tag was used for affinity 

purification [150]. The authors identified cross-links that allowed integrative modeling to 

determine the structure of these proteins [150]. This example shows the applicability of in-

cell cross-linking for the analysis of specific proteins indicating that in future studies, in-cell 

cross-linking of SH-SY5Y cells and subsequent pulldown experiments might be valuable 

for the structural analysis of proteins relevant in neurological diseases. Therefore, the 

established in-cell cross-linking workflow of SH-SY5Y cells represents a promising 

neuronal model system to study changing protein interactions in neuronal diseases or at 

different functional conditions. 

Another critical aspect is the data analysis of cross-linked peptides and the required software 

for their identification. Cross-linked peptide pairs are typically identified by a series of 

fragment ions corresponding to each peptide. Depending on the length and composition of 

the peptide, some ions are not or only observed with low intensity hampering identification. 

In addition, with increasing database sizes the possible peptide pair combinations increase 

exponentially and thereby challenge search algorithms. In a study from Beveridge et al., a 

synthetic peptide library was utilized for comparison of routinely used cross-linkers and 

software [341]. Depending on the analysis strategy the authors observed false discovery rates 

between 2.4 and 32%. This rate could not be reduced when using MS-cleavable crosslinkers. 

Furthermore, they found that some software performed better with smaller and other with 

larger databases. These findings indicate that data analysis improves with careful selection 

of the analysis software. In this thesis, the recently developed ‘Formaldehyde XL Analyzer’ 

software [136] was employed. This software is still under development and has not yet been 

explored extensively. Future software advancements, including additional parameter settings 

such as variable oxidation of methionine, will likely increase the identification rates of cross-

linked peptides.  

 

In-cell cross-linking – biological aspects 

The applied proteome-wide cross-linking strategy resulted in the identification of protein 

cross-links in undifferentiated, RA- and RA/PMA differentiated cells. For identification of 

reproducible cross-links, the data analysis included filtering steps for high and intermediate 

confident cross-links as well as identification of hits in more than one replicate. The results 

were validated by visualizing cross-links of ribosomal proteins on an available high-
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resolution structure of the ribosome. Most of these cross-links were in good agreement with 

the high-resolution structure confirming applicability of the workflow. 

The observed protein interaction network revealed several protein interaction clusters of 

ribosomal proteins, cytoskeletal proteins or histones (Supplementary Figure 1). For 

detailed assessment, the interaction network of actin gamma 1 was chosen. In all three 

culture conditions, interactions between actin gamma 1 and different proteins were observed. 

Interestingly, cross-links between transgelin-2 and actin gamma 1 or tropomyosin were 

identified, suggesting binding of transgelin-2 to F-actin via its CH3 domain as previously 

described for other CH3-containing proteins [342].  

Upon differentiation, several interactions with actin-regulating proteins were observed 

(Figure 21). The absence of these interactions in undifferentiated cells suggests 

reorganization of the actin cytoskeleton during differentiation. Interactions between actin 

gamma 1 to actin dynamic regulating proteins such as the ARP2/3 complex in RA-

differentiated cells or Myosin variants in RA/PMA-differentiated cells as well as cyclase-

associated protein 1 in both cell types indicate a specific function during early development 

associated with actin reorganization. However, for most of these protein interactions, only 

few cross-links were observed suggesting that additional optimization steps are required (see 

above). For future experimental studies, specific enrichment steps as described above will 

help increasing the identification of protein interactions. Nonetheless, in-cell protein cross-

linking of the complete SH-SY5Y proteome provided several interaction clusters and, 

therefore, first clues on changes in protein interactions involving cytoskeletal proteins. 

 

4.3 Chemical labeling for identification of solvent accessible amino acid 

residues 

Labeling of model proteins 

Chemical labeling of proteins provides information on the solvent accessibility of specific 

residues of a protein or protein complex and adds valuable information for many research 

questions [290]. The two labeling reagents used in this thesis, i.e., NHS-acetate and DEPC, 

have previously been applied to study solvent accessibility of several proteins [190, 202, 

343]. Most studies focused on the identification of labeled amino acids. However, 

considering recent advancements in MS instrumentation, low abundant modifications are 
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also identified and, therefore, a distinction between buried and solvent exposed residues is 

required. The aim of this thesis was to characterize and compare both labeling approaches 

and to develop a quantitative workflow for a specific identification of solvent accessible 

residues compared to buried residues. As expected, labeling of two model proteins resulted 

in identification of acetylated lysine, serine, threonine and tyrosine for NHS-acetate and in 

CEt-modified histidine, lysine, serine, threonine, cysteine and tyrosine residues for DEPC. 

The previously described acetylation of arginine residues by NHS-acetate [289] was not 

observed. This was the case even at high concentrations of NHS-acetate suggesting that the 

guanidino group of the arginine side chain is not reactive under the employed experimental 

conditions.  

Labeling with DEPC was proposed to result in four reaction products [290]. Previous studies 

show that formyl-CEt converts into urethane-CEt under slightly basic conditions 

(pH 7.5 – 8) [344]. In our experimental setup, basic conditions were employed suggesting 

that formyl-CEt transformed into the more stable urethane-CEt. Accordingly, mainly CEt- 

and urethane-CEt-modified histidine residues were identified. These two reaction products 

were further implemented during the analysis and the following quantification workflow to 

analyze solvent accessibility.  

The reproducibility of NHS-acetate labeling was higher than that observed for DEPC 

labeling suggesting that the higher variety of residues that can be modified when using 

DEPC results in more complex labeling products and, therefore, complicates identification. 

In addition, the labeling efficiency of specific amino acid residues for both model proteins 

and labeling reagents was found to be different. Nearly all lysine residues were labeled with 

NHS-acetate and DEPC suggesting a high reactivity of lysine residues in general or a high 

surface exposure as expected for lysine residues and, therefore, good accessibility for the 

labeling reagents. For serine residues, similar results as for lysine residues were obtained 

and as previously reported [196, 345]. Approximately half of the available tyrosine residues 

were labeled in ADH and PK when using either reagent indicating a lower reactivity of this 

amino acid or a lower accessibility for the reagents. Differences in the labeling efficiency of 

threonine and histidine residues were observed between ADH and PK. Histidine residues 

were expected to be highly labeled using DEPC as labeling reagent [194, 196]. However, 

labeling of histidine residues was only pronounced for PK while histidine residues of ADH 

were labeled to a lower extent. This observation was similar for threonine residues. In PK, 

almost all threonine residues were modified. A comparison of the available high-resolution 
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structures of ADH and PK revealed a more compact structure of ADH, while the subunits of 

PK appear to be highly accessible (Figure 39). The structure of PK provides a higher 

accessible surface area, resulting in labeling of most residues targeted by the two labeling 

reagents. Consequently, the labeling efficiency highly depends on the structure of the protein 

under investigation.  

 

Figure 39: High-resolution structures of ADH and PK. 
The tetrameric structures of ADH (left, PDB ID: 5env) and PK (right, PDB ID: 1aqf) are visualized with 
PyMOL. The four protein chains are shown in different colors in cartoon representation. The accessible surface 
and buried area of each protein complex was calculated using PDBe PISA [213]. (Figure from Barth et al. 2020 
[153].) 
 

Ion mobility MS was employed to observe structural changes upon labeling. For labeling of 

ADH with NHS-acetate and low concentrations of DEPC the structure was preserved. 

Although ion mobility MS enabled an overall structural analysis of ADH, small changes in 

the structure of ADH could not be analyzed by this strategy. The activity of ADH was not 

assessed. Furthermore, labeling of other proteins might induce even at low concentrations 

significant structural changes. In future studies, these tests could be included. In summary, 

the two labeling approaches are well suited for the structural analysis of proteins and their 

complexes. 
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Quantitative labeling of model proteins 

State-of-the-art mass spectrometers nowadays enable the identification of very low abundant 

peptides including their modifications raising the question, whether NHS-acetate and DEPC 

labeled amino acids are not only modified but also solvent accessible and, therefore, suited 

for structural analysis. To answer this question, a quantitative approach was applied and 

differences in the labeling percentage of individual residues were monitored. For this, the 

calculated labeling percentage of each residue was compared to its computed SASA using 

the available high-resolution structure. This analysis revealed that residues which showed a 

characteristic increase in labeling percentage at increasing concentration of the labeling 

reagent correspond to an exposed residue. This agrees well with the computed solvent 

accessibility. In contrast, this increase was not observed for residues which are less exposed. 

Labeling of buried residues occurred to a minor degree and is most likely the result of 

labeling of low amounts of dissociated monomeric and dimeric ADH from tetrameric 

complexes. The labeling results of both model protein complexes showed the described 

increase in labeling percentages for labeled residues and their correlation to SASA of the 

residue. 

In contrast to previous results [296], lysine residues appeared to be best suited for a 

quantitative approach and reliably display solvent accessible residues (Figure 28). 

Interestingly, higher labeling percentages are often observed for NHS-acetate labeling. In 

contrast to NHS-acetate labeling which results in fixed acetylation of residues, scrambling 

of the label was described for DEPC [346, 347]. In detail, Zhou et al. observed that free 

cystines are able to capture a CEt group from other modified amino acids in solution [347] 

and Borotto et al. identified scrambling during CID of labeled peptides transferring histidine 

modifications to other amino acid residues [346]. In addition, the CEt-modification is 

reversible under various conditions [348]. The described scrambling of the label probably 

results in the observed lower labeling percentages when using DEPC. However, for few 

amino acids, a higher labeling percentage was observed suggesting that these residues are 

better accessible for DEPC than for NHS-acetate. The structure of NHS-acetate is rather 

bulky while DEPC is smaller resulting in different accessibility of potential labeling sites. 

Therefore, structural arrangements of the protein might influence labeling by DEPC and 

NHS-acetate and partially buried residues might be better accessible for DEPC than for 

NHS-acetate.  
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Comparison of the two labeling approaches 

Labeling of model proteins with NHS-acetate and DEPC resulted in comparable results in 

most aspects (see above). Nonetheless, there are clear differences between the two labeling 

strategies. Drawbacks of DEPC labeling are reversible modifications and sensitivity to acids, 

which are often applied in MS experiments. In addition, heat-induced degradation during 

sample preparation occurs. Therefore, adjusted sample preparation protocols had to be 

employed and sample storage was avoided after labeling. Furthermore, DEPC showed a 

limited solubility in water making the labeling of proteins and protein complexes difficult. 

NHS-acetate labeling, in comparison, is straightforward and allows the application of 

various sample preparation protocols including sample storage after labeling. In addition, 

acetylation of lysine is a commonly identified PTM and, therefore, implemented in most 

search engines as variable modification. The in nature rarely occurring acetylation of 

hydroxyl groups of serine, threonine and tyrosine residues can be easily added to the search 

parameters enabling their identification in several search engines. For identification of 

DEPC modified residues, the database search setup is more complex. Importantly, the 

observed neutral loss of DEPC labeled peptides should be included during database 

searching. In previous studies, the neutral loss was not included [196, 205, 295, 296, 347, 

348] and addition might improve assignment of modified residues. When modified residues 

are identified, the quantification of labeling percentage of each residue can be applied to 

peptides modified either by DEPC or NHS-acetate. 

In comparison to other typically employed labeling strategies such as HRF or HDX, 

chemical labeling has several advantages: First, covalent chemical labeling does not require 

specialized equipment and standard proteomic analysis tools are sufficient. In particular, for 

most labeling reagents, standard workflows and instrumentation are applicable. Second, the 

variety of existing labeling reagents enables specific targeting of different amino acid side 

chains. The selection of labeling reagent can be adapted to the protein of interest and its 

amino acid composition. Third, depending on the labeling reagent, the introduced 

modification is stable (i.e., no back-exchange) and does not undergo scrambling. Chemical 

labeling is, therefore, well suited to identify solvent accessible amino acid residues of 

proteins and protein complexes. 
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4.4 Labeling of synaptic vesicle proteins 

The identification of solvent exposed protein domains of synaptic vesicle proteins by 

chemical labeling relies on the identification of proteins and their modifications using MS 

and the presence of intact synaptic vesicles. The prerequisite of the presence of intact 

synaptic vesicles was confirmed for the synaptic vesicle purification strategy applied in this 

study by negative stain electron microscopy, the typical observed synaptic vesicle protein 

composition, a Botulinium neurotoxin B cleavage assay and a fusion assay [294].  

Synaptic vesicles are more complex in their protein composition than the used model protein 

complexes [294, 297, 298]. They include, for instance, high abundant synaptic vesicle 

proteins such as synaptobrevin-2 (~70 copies per vesicle) or synaptophysin (~32 copies per 

vesicle) and at the same time low abundant proteins such as secretory carrier-associated 

membrane protein 1 (~1 copy per vesicle) [298]. In general, high abundant proteins and 

protein modifications within a protein mixture are more likely to be identified in MS 

experiments. Low abundant modified peptides might not be detected and identified and are, 

therefore, absent in the obtained results. Nonetheless, following the labeling strategy using 

S-NHS-acetate, NHS-acetate and DEPC modified residues of low, intermediate and high 

abundant proteins were identified. Modifications of rarely observed proteins (for instance 

RGD1305455 with ~0.1 copies per vesicle) were, however, not identified. Note that for 

identification of modifications of rarely observed proteins enrichment strategies should be 

considered. 

 

Labeling of the ATPase complex 

The V-ATPase represents an essential multi-subunit protein complex of synaptic vesicles. 

Its main function is the transport of protons across the membrane into the lumen of the 

synaptic vesicle. This proton gradient is then utilized by specific transporters to refill 

synaptic vesicles with neurotransmitter molecules [349]. For this active transport of protons 

across the membrane, the V-ATPase requires the full assembly of the ‘V1’ and ‘V0’ 

domains. The soluble ‘V1’ domain hydrolyzes ATP resulting in conformational changes and 

further initiating rotation of the c-ring essential for proton transport. Another central 

component of the proton transport is subunit ‘a1’. This subunit contains a cytosol-facing 

half-channel for proton entry and another luminal-facing half-channel [299]. Upon entry 

through the cytosol-facing half-channel, binding of the protons to one ‘c’ subunit occurs. 

After one full rotation of the c-ring, exit of protons through the luminal-facing channel into 
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the synaptic vesicle lumen is enabled. Because of its important role for synaptic vesicle 

function, labeling of the V-ATPase was analyzed in more detail.  

The labeling strategy presented here resulted in successful identification of many modified 

residues using S-NHS-acetate, NHS-acetate and DEPC. As expected, solvent exposed 

residues of the ‘V1’ and ‘V0’ domain were labeled. Previous studies reported dissociation 

of subunit ‘V1’ and ‘V0’ [226, 299]. Vasanthakuma et al. observed conformational changes 

during reversible dissociation of yeast V-ATPase upon glucose depletion [350]. 

Accordingly, the ’V1’ and ‘V0’ domains separate and conformational changes of subunit 

‘H’, ‘C1’, the peripheral stalks of ‘V1’ and subunit ‘a1’ of ‘V0’ prevent spontaneous 

reassembly [350]. In addition, dissociation of subunit ‘C1’ was observed. Notably, addition 

of glucose induced RAVE-mediated reassembly of ‘V1’, ‘V0’ as well as subunit ‘C1’ [350]. 

 

In synaptic vesicles, V-ATPase association and dissociation plays an important role. Poëa-

Guyon et al. showed that intact V-ATPase complexes prevent vesicle fusion while 

pharmacologically induced dissociation of ‘V0’ and ‘V1’ results in exposure of ‘V0’ and 

functional exocytosis [351]. However, the explicit function of ‘V0’-mediated, acidification-

independent exocytosis is unknown. The results of this thesis revealed a high number of 

modified residues within the ‘V0’ domain indicating dissociation of the complex and 

highlighting solvent exposure. In particular subunit ‘a1’ was found to be highly modified by 

the labeling reagents. This subunit undergoes a large conformational change upon 

disassembly  [299, 352]. Furthermore, flexibility of subunit ‘a1’ has been indicated by ion 

mobility and native MS experiments [300, 353]. In addition, Zhou et al. investigated the 

effect of both low pH and low ATP-concentrations and observed dissociation of subunit ‘a1’ 

from ‘V0’ [353]. This dissociation is further supported by cryo-electron microscopy 

revealing a lack of interactions between subunit ‘a1’ and the membrane-embedded c-ring 

[354]. The authors, therefore, assume that subunit ‘a1’ can move away from the c-ring and 

might play a regulatory role in sensing both proton and ATP level [353]. The reported 

flexibility and accessibility of subunit ‘a1’ was also described using cross-linking 

experiments of synaptic vesicles (Figure 40) [226]. These experiments included cross-links 

that are in agreement with the fully assembled V-ATPase structure (Figure 40a) and cross-

links that more likely correspond to the disassembled ‘V0’ domain (Figure 40b) [226]. 

Specifically, the observed long distance cross-links involving subunit ‘a1’ indicate structural 

dynamics [226]. Residues involved in cross-links within subunit ‘a1’ and in close proximity 
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to cross-linking sites were modified. Therefore, both labeling and cross-linking experiments 

suggest flexibility of subunit ‘a1’ in the analyzed synaptic vesicles. 

 

 

Figure 40: Solvent accessibility and protein interactions in the V-ATPase complex. 
Synaptic vesicle proteins were cross-linked using BS3 or chemically labeled using S-NHS-acetate, NHS-
acetate or DEPC. The cartoon models of the V-ATPase include the indicated subunits. The bar-plots show 
inter-molecular cross-links identified in one (grey) or at least two (blue) biological replicates. The bar length 
corresponds to the protein length. N- and C-terminus are indicated. The high-resolution structure of the V-
ATPase is shown in cartoon-representation (PDB: 6vq6 [299]). Subunit ‘a1’ is highlighted (red). Residues 
labeled with at least one chemical labeling reagent are shown in surface representation (yellow). Cross-linked 
amino acid residues showed distances ≤30 Ȧ (blue) or >30 Ȧ (red). a) Fully assembled V-ATPase b) ‘V0’ 
domain. Abbreviations: TMH, trans-membrane helix. (Cross-linking of synaptic vesicle proteins with BS3 was 
performed by Sabine Wittig. Cartoon models of the V-ATPase and bar-plots were provided by Sabine Wittig. 
(The Figure was adapted from Wittig et al. 2021 [294].) 
 

Importantly, modification of lysine K537 of subunit ‘a1’ located within the transmembrane 

region was also identified. Distinct binding sites of V-ATPase inhibitors have recently been 

determined in high-resolution structures of ‘V0’ from Saccharomyces cerevisiae [355]. 
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These included bafilomycin A1, concanamycin A and archazolid A which were found to 

bind subunit ‘c’ within the transmembrane region suggesting a diversity of available binding 

sites [355]. The labeling data provides evidence for accessibility of subunit ‘c’ through the 

proton-half channel of subunit ‘a1’ and, furthermore, accessibility of the channel for the 

inhibitors. The channel might, therefore, represent a target for future drug designs. 

The availability of V-ATPase inhibitors suggests that in future studies, labeling and cross-

linking experiments of a specific V-ATPase conformation could be applied. For this, locking 

of V-ATPase by specific inhibitors represents an exciting opportunity. Solvent accessibility 

of proteins and protein interactions might change and reveal structural changes that are 

linked to specific functions of the V-ATPase and importantly of the ‘V0’ domain. 

 

Labeling of cytosolic, transmembrane and vesicular domains of synaptic vesicle 

proteins – general aspects 

For the three chemical labeling reagents S-NHS-acetate, NHS-acetate and DEPC, labeling 

of solvent exposed residues located in cytoplasmic domains of synaptic vesicle proteins was 

predominantly identified. Synaptic vesicles are densely packed with proteins and have only 

a very limited solvent accessible area of their lipid bilayer.  

A quantitative labeling approach was applied to compared labeling with S-NHS-acetate to 

NHS-acetate expecting a higher labeling percentage of luminal residues when using NHS-

acetate. However, residues were not found to be labeled to a higher extend with NHS-acetate 

indicating that most of NHS-acetate already reacted with accessible, cytosolic residues. In 

addition, reactions of NHS-acetate for instance with the lipid phosphatidylethanolamine, 

which contains an amine containing head group and contributes to 20% of the lipid 

composition of synaptic vesicles, are possible [298, 356, 357]. Therefore, quenching of 

labeling reagents by reactions with lipids might occur and consequently reduce the 

concentration of labeling reagents resulting in labeling of cytosolic protein domains of 

synaptic vesicle proteins. If this is the case also for membrane mimetic systems such as 

proteo-liposomes comprising a lower number of proteins per vesicle and, therefore, 

providing access to the lipid membrane should be addressed in future studies.  

When DEPC was used as labeling reagent, similar protein domains as with S-NHS-acetate 

and NHS-acetate were modified suggesting that DEPC is not membrane permeable. In a 

recent study, DEPC has been applied for modification of the transmembrane domain of the 

vitamin K epoxide reductase [358]. For this, vitamin K epoxide reductase was solubilized in 

detergent micelles and labeling of residues in the transmembrane domain was enabled by tip 
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sonication [358]. In contrast to sonication in a water bath, the probe of the ultrasonic 

processor was immersed into the solution. The findings of Guo et al. support the assumption 

that DEPC does not pass the membrane when applying the experimental conditions of this 

thesis. In future experiments, tip-sonication might represent a novel labeling approach to 

modify transmembrane and luminal residues of transmembrane proteins by providing entry 

to the lumen of the vesicles. However, exposure to shearing forces during sonication might 

disrupt protein complexes, as suggested previously [359]. Therefore, integrity of the synaptic 

vesicles upon sonication should be reevaluated by the methods described above. 

When transmembrane regions are targeted, some properties of membrane proteins should be 

considered. For identification of proteins and modified residues using MS, peptide 

generation by enzymatic hydrolysis is required. The protease trypsin, which is cleaving C-

terminal of lysine and arginine residues, is in most cases applied. However, transmembrane 

regions usually only contain a limited number of tryptic cleavage sites. Therefore, alternative 

proteases such as chymotrypsin, elastase, proteinase 3 or sequential digestion using trypsin 

and additional alternative proteases might result in a higher number of identified peptides 

[360, 361]. Another challenge for labeling of transmembrane regions is the availability of 

target residues for the modification as most labeling reagents primarily target polar or 

charged amino acid residues; hydrophobic residues are often not targeted. Some unspecific 

labeling reagents have been described including carbenes that are generated by exposure to 

UV light of diazo compound or diazirine containing reagents [362]. These could potentially 

be employed for labeling of transmembrane regions, however the analysis of unspecific 

labeling is rather complex. In addition, as already indicated above, quenching by lipid 

molecules as for S-NHS-acetate, NHS-acetate and DEPC is possible (T. Hofmann, L. Steen, 

M. Frick and C. Schmidt, unpublished work).  

The labeling results of cytosolic synaptic vesicle proteins identify solvent exposed residues. 

The three-dimensional structures of synapsin-1, Rab3a and CSP were predicted using 

AlphaFold [229]. All three proteins structures include regions with low structure prediction 

scores. However, the absence of modified residues indicated protein domains shielded from 

labeling such as lipid binding sites or domains involved in protein interactions.  

In summary, the presented labeling workflow of synaptic vesicle proteins is especially suited 

for identification of solvent accessible cytosolic protein domains. 
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Exposure of luminal loops of tetra-spanning and related proteins  

The tetra-spanning proteins synaptophysin, synaptoporin and synaptogyrin-1 as well as the 

integral membrane protein SV2A containing 12 transmembrane domains are abundant 

synaptic vesicle proteins. Surprisingly, close inspection revealed not only modification of 

cytosolic residues but also of luminal residues (Figure 41). In cross-linking experiments 

using the non-membrane permeable cross-linking reagent BS3, interactions between these 

proteins were observed [226]. This included extensive cross-linking through both luminal 

and cytosolic loops (Figure 41) [226]. Specifically, interactions of the luminal loop of SV2A 

(residues 469 – 598) and the two luminal loops of synaptophysin, with each other and with 

the cytosolic domain of synaptobrevin-2 were identified (Figure 41a) [226]. In addition, 

cross-links between the luminal loops of synaptophysin and lysine 136 located in the luminal 

loop of synaptogyrin (Figure 41b) and luminal cross-linking of the loops of synaptophysin 

and synaptoporin (Figure 41c) were observed [226]. Nearly all residues that were involved 

in these cross-links were also found to be labeled (Figure 41). 
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Figure 41: Protein interactions identified in flexible luminal loops. 
Synaptobrevin-2 (dark red), synaptoporin/synaptophysin (light orange/ orange), SV2A (purple) and 
synaptogyrin-1 (dark blue) are shown as topology models. Luminal (LUMEN) and cytoplasmic 
(CYTOPLASM) membrane sides are assigned. Amino acid residues labeled with at least one chemical labeling 
reagent are indicated (yellow stars). Cross-links are indicated by solid and dashed lines (across the membrane 
and luminal, red; cytosolic, blue; interactions identified in only one replicate, grey). Lysine residues are labeled 
with residue numbers. a) Interactions and modified amino acid residues of synaptobrevin-2, SV2A and 
synaptophysin. b) Interactions and modified amino acid residues of SV2A, synaptophysin and synaptogyrin-
1. c) Interactions and modified amino acid residues of synaptophysin and synaptoporin. Cross-links that 
support oligomerisation of synaptophysin are shown as dashed lines. (The figure was provided by Sabine 
Wittig and is published in Sabine Wittig, Marcelo Ganzella, Marie Barth, Susann Kostmann, Dietmar Riedel, 
Ángel Pérez-Lara, Reinhard Jahn & Carla Schmidt, Cross-linking mass spectrometry uncovers protein 
interactions and functional assemblies in synaptic vesicle membranes. Nature Communications 12, 858 (2021) 
[294].) 
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Possible disruption of synaptic vesicles resulting in accessibility of luminal loops was ruled 

out (see above). Therefore, the question whether luminal loops are accessible for both 

labeling and cross-linking reagent is possible remains. There are two hypothesis suggesting 

structural flexibility of these proteins resulting in integration of luminal loops in the vesicular 

membrane. 

First, the formation of pores by synaptophysin as one hypothesis which will be discussed. 

For synaptophysin reconstituted into liposomes, the formation of a hexameric homo-

oligomeric channel has been observed [363]. Arthur et al. further resolved its three-

dimensional structure using electron microscopy and single-particle 3-D reconstruction 

[364]. When, in addition to synaptophysin, synaptobrevin-2 was added, an assembly into a 

hexameric ring in which six synaptophysin molecules bind six synaptobrevin dimers is 

observed [365]. These findings show the ability of synaptophysin to form pores and suggest 

that large and dynamic loops might line the inner cavity of the pore and making them solvent 

accessible. This might also be the case for the similar tetra-spanning proteins. Cross-links 

between isoforms of tetra-spanning proteins (synptophysin to synpatoporin) further suggests 

that mixed protein pores occur. However, there is a strong debate whether pores do only 

occur in reconstituted systems and are not present in synaptic vesicles. 

Second, structural changes of proteins resulting in an increase in size of synaptic vesicles is 

the currently more favored hypothesis. Synaptic vesicles were found to reversibly increase 

in size upon neurotransmitter loading [309]. This includes an increase in diameter by ∼25% 

corresponding to an increase in surface area of ∼50% and in volume of ∼100% [309]. 

Vesicles omitting SV2A did not increase in size [309]. Therefore, the authors suggest a 

major role of SV2A including conformational changes that enable the increase in size [309]. 

The conformational flexibility of SV2A is further supported by the observation of two SV2A 

conformations [366]. However, conformational changes of SV2A alone are not sufficient to 

describe the mechanism of size increase [309]. The labeling and the cross-linking data 

support the assumption, that at least some SV2A proteins undergo structural changes 

resulting in exposure of luminal domains. The tetra-spanning proteins likely contribute by 

their dynamic structures to the increase in size of synaptic vesicles. In conclusion, the results 

of this thesis show that the labeling workflow together with cross-linking of synaptic vesicle 

proteins unravel structural properties of proteins with unknown function. 
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6. Appendix 
 
6.1 Supplementary Tables 
 
Supplementary Table 1: Enriched KEGG pathways in undifferentiated cells (vs. RA-
differentiated cells) 
Corresponding gene names of upregulated proteins in each condition were used for gene set search engine 
Enrichr. Enriched KEGG pathways for each condition with an adjusted P-value < 0.05 are given. Following 
columns are shown: Term, enriched KEGG term; Overlap, overlapping genes of the input gene list/ genes of 
the term; P-value, is calculated using the Fisher's exact test; Adjusted P-value, adjusted p-value using the 
Benjamini-Hochberg method for correction for multiple hypotheses testing; Odds Ratio, odds ratio; Combined 
Score, multiplication of the odds ratio by the negative natural log of the p-value; Genes, identified genes of the 
pathway. 
 

 

 

  

Term Overlap P-value
Adjusted P-

value
Odds Ratio

Combined 
Score

Genes

DNA replication 10/36 2.9E-16 3.2E-14 100.6 3600.2
FEN1; RFC3; MCM7; LIG1; MCM3; 
RPA2; MCM4; MCM5; MCM6; MCM2

Mismatch repair 5/23 4.1E-08 1.5E-06 68.2 1160.0 MSH6; RFC3; LIG1; MSH2; RPA2

Cell cycle 9/124 3.1E-09 1.7E-07 20.1 394.2
MCM7; RAD21; MCM3; CDK1; 
MCM4; MCM5; MCM6; SMC3; 
MCM2

One carbon pool by folate 2/20 3.3E-03 4.5E-02 26.3 150.4 DHFR; TYMS
Terpenoid backbone 

biosynthesis
2/22 4.0E-03 4.9E-02 23.7 130.8 IDI1; FNTA

Nucleotide excision repair 3/47 1.1E-03 2.4E-02 16.3 111.4 RFC3; LIG1; RPA2
Pyrimidine metabolism 3/57 1.9E-03 3.5E-02 13.3 83.3 DUT; RRM1; TYMS

Spliceosome 5/134 2.8E-04 7.8E-03 9.5 77.4 ISY1; XAB2; SF3B6; SNRPG; BCAS2
Purine metabolism 4/129 2.3E-03 3.7E-02 7.7 46.8 RRM1; IMPDH1; PPAT; PAICS

undiff (vs. RA)
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Supplementary Table 2: Enriched KEGG pathways in undifferentiated cells (vs. 
RA/PMA-differentiated cells) 
Corresponding gene names of upregulated proteins in each condition were used for gene set search engine 
Enrichr. Enriched KEGG pathways for each condition with an adjusted P-value < 0.05 are given. Following 
columns are shown: Term, enriched KEGG term; Overlap, overlapping genes of the input gene list/ genes of 
the term; P-value, is calculated using the Fisher's exact test; Adjusted P-value, adjusted p-value using the 
Benjamini-Hochberg method for correction for multiple hypotheses testing; Odds Ratio, odds ratio; Combined 
Score, multiplication of the odds ratio by the negative natural log of the p-value; Genes, identified genes of the 
pathway. 
 

 

  

Term Overlap P-value
Adjusted P-

value
Odds Ratio

Combined 
Score

Genes

DNA replication 9/36 9.4E-14 8.5E-12 74.4 2232.5
MCM7; POLE3; RPA1; MCM3; RPA2; 
MCM4; MCM5; MCM6; MCM2

Mismatch repair 4/23 4.5E-06 1.3E-04 44.5 548.6 MSH6; MSH2; RPA1; RPA2

Cell cycle 9/124 1.0E-08 4.5E-07 17.4 320.5
MCM7; RAD21; CDK1; MCM3; 
MCM4; MCM5; MCM6; SMC3; 
MCM2

One carbon pool by folate 2/20 4.3E-03 3.8E-02 23.0 125.6 DHFR; TYMS

Purine metabolism 6/129 4.2E-05 9.3E-04 10.5 105.8
PRPS1; RRM1; IMPDH1; PPAT; AK5; 
PAICS

Nucleotide excision repair 3/47 1.6E-03 2.4E-02 14.3 91.9 POLE3; RPA1; RPA2
Cysteine and methionine 

metabolism
3/47 1.6E-03 2.4E-02 14.3 91.9 MPST; DNMT1; CBS

Fanconi anemia pathway 3/54 2.4E-03 2.8E-02 12.3 74.3 UBE2T; RPA1; RPA2
Glutathione metabolism 3/56 2.6E-03 2.8E-02 11.8 70.3 RRM1; GPX1; GPX4
Pyrimidine metabolism 3/57 2.8E-03 2.8E-02 11.6 68.4 DUT; RRM1; TYMS

undiff (vs. RA/PMA)
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Supplementary Table 3: Enriched KEGG pathways in RA-differentiated cells (vs. 
undifferentiated cells) 
Corresponding gene names of upregulated proteins in each condition were used for gene set search engine 
Enrichr. Enriched KEGG pathways for each condition with an adjusted P-value < 0.05 are given. Following 
columns are shown: Term, enriched KEGG term; Overlap, overlapping genes of the input gene list/ genes of 
the term; P-value, is calculated using the Fisher's exact test; Adjusted P-value, adjusted p-value using the 
Benjamini-Hochberg method for correction for multiple hypotheses testing; Odds Ratio, odds ratio; Combined 
Score, multiplication of the odds ratio by the negative natural log of the p-value; Genes, identified genes of the 
pathway. 
 

 

 

 

 

 

 

 

 

Term Overlap P-value
Adjusted P-

value
Odds Ratio

Combined 
Score

Genes

Riboflavin metabolism 2/8 3.7E-04 3.9E-03 92.2 728.1 BLVRB; ACP2

ECM-receptor interaction 6/82 5.9E-07 2.4E-05 23.0 330.7
ITGB1; ITGA2; ITGA1; LAMC1; 
ITGB6; CD44

Focal adhesion 10/199 3.1E-09 3.8E-07 16.3 319.5
ITGB1;  VASP;  ITGA2;  ITGA1; PXN; 
FLNB; LAMC1; ITGB6; ACTN4; 
FLNC

Regulation of actin 
cytoskeleton

9/214 9.4E-08 5.7E-06 13.3 215.5
ITGB1; ITGA2; ITGA1; PXN; MYH9; 
MSN; ITGB6; ACTN4; GNG12

Arrhythmogenic right 
ventricular cardiomyopathy 

(ARVC)
4/72 1.5E-04 2.5E-03 16.7 147.3 ITGB1; ITGA2; ITGA1; ITGB6

Leukocyte transendothelial 
migration

5/112 6.0E-05 1.2E-03 13.4 130.6 ITGB1; VASP; PXN; MSN; ACTN4

Proteoglycans in cancer 7/201 9.5E-06 2.9E-04 10.6 122.9
ITGB1; ITGA2; PXN; MSN; FLNB; 
FLNC; CD44

Hypertrophic 
cardiomyopathy (HCM)

4/85 2.8E-04 3.7E-03 14.0 114.6 ITGB1; ITGA2; ITGA1; ITGB6

Dilated cardiomyopathy 
(DCM)

4/91 3.6E-04 3.9E-03 13.0 103.3 ITGB1; ITGA2; ITGA1; ITGB6

Nicotinate and nicotinamide 
metabolism

2/30 5.5E-03 3.5E-02 19.7 102.7 NT5E; NAMPT

Small cell lung cancer 4/93 3.9E-04 3.9E-03 12.7 99.9 ITGB1; CDK6; ITGA2; LAMC1
Hematopoietic cell lineage 4/97 4.6E-04 4.0E-03 12.2 93.6 ITGA2; ITGA1; CD59; CD44

Starch and sucrose 
metabolism

2/36 7.8E-03 4.5E-02 16.3 78.8 GBE1; PYGL

PI3K-Akt signaling 
pathway

8/354 4.9E-05 1.2E-03 6.9 68.1
ITGB1; GNG2; CDK6; ITGA2; ITGA1; 
LAMC1; ITGB6; GNG12

Tight junction 5/170 4.2E-04 3.9E-03 8.7 67.5 ITGB1; VASP; MYH9; MSN; ACTN4
Lysosome 4/123 1.1E-03 8.5E-03 9.5 64.6 NPC2; PSAP; ACP2; CTSB

Peroxisome 3/83 3.6E-03 2.6E-02 10.5 58.9 IDH1; ACSL3; SOD2
Salmonella infection 3/86 4.0E-03 2.7E-02 10.1 55.8 MYH9; FLNB; FLNC

Human papillomavirus 
infection

7/330 2.2E-04 3.3E-03 6.3 53.5
ITGB1; CDK6; ITGA2; ITGA1; PXN; 
LAMC1; ITGB6

Pathways in cancer 8/530 7.5E-04 6.0E-03 4.5 32.4
ITGB1; NQO1; GNG2; CDK6; ITGA2; 
LAMC1; GNG12; NFKB2

Viral carcinogenesis 4/201 6.6E-03 4.0E-02 5.7 28.7 CDK6; PXN; ACTN4; NFKB2

RA (vs. undiff)
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Supplementary Table 4: Enriched KEGG pathways in RA/PMA-differentiated cells 
(vs. undifferentiated cells) 
Corresponding gene names of upregulated proteins in each condition were used for gene set search engine 
Enrichr. Enriched KEGG pathways for each condition with an adjusted P-value < 0.05 are given. Following 
columns are shown: Term, enriched KEGG term; Overlap, overlapping genes of the input gene list/ genes of 
the term; P-value, is calculated using the Fisher's exact test; Adjusted P-value, adjusted p-value using the 
Benjamini-Hochberg method for correction for multiple hypotheses testing; Odds Ratio, odds ratio; Combined 
Score, multiplication of the odds ratio by the negative natural log of the p-value; Genes, identified genes of the 
pathway. 
 

 

 

 

 

 

 

Term Overlap P-value
Adjusted P-

value
Odds Ratio

Combined 
Score

Genes

Lysosome 10/123 1.6E-09 2.3E-07 17.3 350.6
CTSA; ARSA; NPC2; GLB1; HEXB; 
LAMP2; PSAP; M6PR; GNS; CTSB

Glycosaminoglycan 
degradation

3/19 1.5E-04 3.6E-03 34.5 303.5 GLB1; HEXB; GNS

ECM-receptor interaction 6/82 6.3E-06 2.3E-04 14.9 178.3
ITGB1; ITGA2; ITGA1; LAMC1; 
ITGB6; CD44

Focal adhesion 10/199 1.6E-07 1.2E-05 10.3 161.3
VASP; ITGB1; PAK1; ITGA2; PXN; 
ITGA1; FLNB; LAMC1; ITGB6; FLNC

Other glycan degradation 2/18 4.4E-03 3.5E-02 22.8 123.6 GLB1; HEXB
Regulation of actin 

cytoskeleton
9/214 3.1E-06 1.5E-04 8.5 107.6

ITGB1; PAK1; ARPC1B; ITGA2; PXN; 
ITGA1; MSN; ITGB6; GNG12

Proteoglycans in cancer 8/201 1.6E-05 4.7E-04 7.9 87.3
ITGB1; PAK1; ITGA2; PXN; MSN; 
FLNB; FLNC; CD44

Arrhythmogenic right 
ventricular cardiomyopathy 

(ARVC)
4/72 6.9E-04 1.4E-02 10.9 79.3 ITGB1; ITGA2; ITGA1; ITGB6

Sphingolipid metabolism 3/47 2.3E-03 2.7E-02 12.5 76.3 ARSA; SGPL1; GLB1
Hypertrophic 

cardiomyopathy (HCM)
4/85 1.3E-03 2.3E-02 9.1 60.8 ITGB1; ITGA2; ITGA1; ITGB6

Pathogenic Escherichia coli 
infection

3/55 3.5E-03 3.3E-02 10.6 59.8 ITGB1; TUBB6; ARPC1B

Glutathione metabolism 3/56 3.7E-03 3.3E-02 10.4 58.1 G6PD; RRM2B; IDH1
Pyrimidine metabolism 3/57 3.9E-03 3.3E-02 10.2 56.6 NT5E; RRM2B; NME3

Dilated cardiomyopathy 
(DCM)

4/91 1.7E-03 2.4E-02 8.5 54.5 ITGB1; ITGA2; ITGA1; ITGB6

Hematopoietic cell lineage 4/97 2.1E-03 2.7E-02 8.0 49.1 ITGA2; ITGA1; CD59; CD44
Shigellosis 3/65 5.7E-03 4.1E-02 8.9 46.0 ITGB1; ARPC1B; CD44

Phagosome 5/152 1.6E-03 2.4E-02 6.3 40.8 ITGB1; TUBB6; ITGA2; LAMP2; M6PR

Leukocyte transendothelial 
migration

4/112 3.5E-03 3.3E-02 6.8 38.7 VASP; ITGB1; PXN; MSN

Purine metabolism 4/129 5.8E-03 4.1E-02 5.9 30.4 NT5E; RRM2B; AK3; NME3
Human immunodeficiency 

virus 1 infection
5/212 6.6E-03 4.3E-02 4.5 22.5 PAK1; GNG2; PXN; GNG12; TAPBP

PI3K-Akt signaling 
pathway

7/354 3.6E-03 3.3E-02 3.8 21.3
ITGB1; GNG2; ITGA2; ITGA1; 
LAMC1; ITGB6; GNG12

MAPK signaling pathway 6/295 6.1E-03 4.1E-02 3.9 19.8
RPS6KA3; PAK1; FLNB; FLNC; 
GNG12; NFKB2

RA/PMA (vs. Undiff)
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Supplementary Table 5: Inter- and intra-molecular cross-links of ribosomal proteins 
observed in undifferentiated SH-SY5Y cells 
Analysis of cross-links on a high-resolution structure of the ribosome (PDB ID: 4UG0) was performed using 
UCSF Chimera (version 1.15) and the software tool Xlink Analyzer (version 1.1.4). The Id, consisting of 
peptide a and peptide b as well as cross-link position within each peptide, the cross-linked protein, the 
position with the protein (AbsPos1 and AbsPos2) and the Cα-pair distances (distance in Å) of the cross-link 
are shown. 
 

 

 

 

 

Id Protein1 Protein2 AbsPos1 AbsPos2 distance
QHKPRFTTK-EHTALLKIEGVYAR-a5-b7 RL18A RL35A 167 30 16.33
AVKFQR-DIPGLTDTTVPRR-a3-b7 RL24 RS6 78 127 18.09
KYAVK-IAPRPASGPIRPIVR-a3-b8 RL35 RL13 121 54 10.49
NVSKPR-GFSLEELRVAGIHK-a3-b7 RL36 RL13 23 82 14.46
NVSKPR-GFSLEELRVAGIHKK-a3-b8 RL36 RL13 23 83 14.84
SVARIAK-ASGNYATVISHNPETKK-a4-b9 RL7A RL8 250 138 27.89
YYTRLGNDFHTNK-FSPNSSNPIIVScGWDKLVK-a7-b10 RS17 RACK1 27 166 27.68
ITLTSRNVK-FVADGIFKAELNEFLTR-a5-b9 RS20 RS3 27 20 19.74
NVKGPVR-QAVDVSPLRR-a4-b5 RS28 RS5 49 142 6.60
TQNVLGEKGR-IAVHcTVRGAK-a5-b6 RS3 RL11 60 74 124.86
EKYAK-EIKDILIQYDR-a3-b6 RS5 RS16 46 113 12.56
RPFEKSR-RFVNVVPTFGK-a4-b6 RS9 RS30 22 47 23.44
QIPRILGPGLNK-AVDIPHMDIEALKK-a6-b7 RL10A RL10A 125 86 15.81
RNPDTQWITKPVHK-FFEVILIDPFHKAIR-a7-b8 RL15 RL15 151 137 7.03
EVYRHFGK-APGTPHSHTKPYVR-a4-b7 RL18 RL18 151 162 9.70
EYKVVGR-cHTPPLYRMR-a4-b5 RL18A RL18A 13 27 6.65
IEHIKHSK-HGVVPLATYMRIYK-a4-b7 RL21 RL21 97 29 7.58
VVITRLK-GQQIGKVVQVYR-a4-b6 RL26 RL26 108 70 11.27
KKEELLK-VLTVINQTQK-a4-b5 RL35 RL35 17 62 12.05
VTGGAASKLSK-QLDDLKVELSQLR-a6-b7 RL35 RL35 42 27 13.78
AMELLKVSK-KREELSNVLAAMRK-a5-b7 RL36 RL36 62 93 12.15
FcIWTESAFRK-GESSGKNVTLPAVFK-a6-b8 RL4 RL4 255 23 13.64
EFNAEVHRK-NSVTPDMMEEMYKK-a5-b7 RL5 RL5 194 236 16.55
IDISNVK-AVDSQILPKIK-a4-b6 RL6 RL6 205 258 13.34
LLARAEK-GDVPTKRPPVLR-a4-b6 RL7A RL7A 118 132 16.51
VTKAAGTK-DVQIGDIVTVGEcRPLSK-a4-b9 RS11 RS11 149 128 19.40
RVLLGETGK-QPTIFQNKK-a5-b5 RS11 RS11 27 18 16.41
KIAFAITAIK-RAGELTEDEVER-a5-b6 RS18 RS18 30 61 14.76
RVLQALEGLK-LKVPEWVDTVK-a5-b6 RS19 RS19 107 34 16.10
ALAAFLKK-HKELAPYDENWFYTR-a4-b8 RS19 RS19 21 50 16.71
ALAAFLKK-ELAPYDENWFYTR-a4-b7 RS19 RS19 21 51 13.12
LGRLVK-SPYQEFTDHLVKTHTR-a3-b8 RS2 RS2 69 272 8.22
ATVPKTEIR-LARHGLYEK-a5-b5 RS24 RS24 38 96 14.69
AQVIYTRNTK-EVPNYKLITPAVVSER-a5-b8 RS25 RS25 110 69 8.46
ATYDKLcK-LITPAVVSERLK-a4-b6 RS25 RS25 57 73 10.79
VQPIKLAR-VEFMDDTSRSIIR-a4-b7 RS28 RS28 10 39 11.38
VQPIKLAR-EGDVLTLLESEREAR-a4-b8 RS28 RS28 10 60 8.23
VTKVLGR-TGSQGQcTQVRVEFMDDTSR-a4-b10 RS28 RS28 18 31 8.27
EVQTNDLK-EVVNKLIPDSIGKDIEK-a4-b9 RS3A RS3A 179 192 14.29
VVDPFSKK-TLVTRTQGTK-a4-b5 RS3A RS3A 25 52 13.70
TLVTRTQGTK-LITEDVQGKNcLTNFHGMDLTR-a5-b11 RS3A RS3A 52 97 18.53
IDGKVR-GIPHLVTHDARTIR-a3-b7 RS4X RS4X 75 142 18.81
HIRVR-KQVVNIPSFIVR-a3-b6 RS9 RS9 137 145 12.27
VKFTLAK-SRLDQELK-a4-b4 RS9 RS9 50 27 17.53
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Supplementary Table 6: Inter- and intra-molecular cross-links of ribosomal proteins 
observed in RA-differentiated SH-SY5Y cells 
Analysis of cross-links on a high-resolution structure of the ribosome (PDB ID: 4UG0) was performed using 
UCSF Chimera (version 1.15) and the software tool Xlink Analyzer (version 1.1.4). The Id, consisting of 
peptide a and peptide b as well as cross-link position within each peptide, the cross-linked protein, the 
position with the protein (AbsPos1 and AbsPos2) and the Cα-pair distances (distance in Å) of the cross-link 
are shown. 
 

 

 

Id Protein1 Protein2 AbsPos1 AbsPos2 distance
ARVITEEEK-YPMAVGLNKGHK-a5-b6 RL13 RL36 171 11 27.45
QHKPRFTTK-EHTALLKIEGVYAR-a5-b7 RL18A RL35A 167 30 16.33
ILRR-IVEPYIAWGYPNLKSVNELIYK-a2-b11 RL19 RL7 103 146 170.04
GQSEEIQKK-RMATEVAADALGEEWK-a5-b8 RL24 RS6 67 39 20.20
AVKFQR-DIPGLTDTTVPRR-a3-b7 RL24 RS6 78 127 18.09
QPVIVKAK-ARVITEEEK-a4-b5 RL27A RL13 124 171 15.58
SQKPVMVK-MPRYYPTEDVPR-a4-b6 RL28 RL6 124 118 17.73
YVLGYKQTLK-VYNYNHLMPTR-a5-b6 RL30 RL27 32 80 13.80
KYAVK-IAPRPASGPIRPIVR-a3-b8 RL35 RL13 121 54 10.49
NVSKPR-GFSLEELRVAGIHK-a3-b7 RL36 RL13 23 82 14.46
NVSKPR-GFSLEELRVAGIHKK-a3-b8 RL36 RL13 23 83 14.84
LTKHTK-VSRDTLYEAVR-a3-b6 RL36 RL10A 36 11 42.01
SVARIAK-ASGNYATVISHNPETKK-a4-b9 RL7A RL8 250 138 27.89
KRVLLGETGK-NAKISSLLEEQFQQGK-a5-b8 RS11 RS8 26 163 20.35
IVVNLTGRLNK-TYSYLTPDLWKETVFTK-a6-b9 RS15A RS2 67 256 10.79
YYTRLGNDFHTNK-FSPNSSNPIIVScGWDKLVK-a7-b10 RS17 RACK1 27 166 27.68
GYWGNKIGKPHTVPcK-QFGFIVLTTSAGIMDHEEAR-a8-b10 RS2 RS15A 176 108 39.38
ITLTSRNVK-FVADGIFKAELNEFLTR-a5-b9 RS20 RS3 27 20 19.74
KFMTNRLLQR-TDITYPAGFMDVISIDKTGENFR-a5-b12 RS24 RS4X 16 90 16.65
NVKGPVR-QAVDVSPLRR-a4-b5 RS28 RS5 49 142 6.60
TQNVLGEKGR-IAVHcTVRGAK-a5-b6 RS3 RL11 60 74 124.86
EKYAK-EIKDILIQYDR-a3-b6 RS5 RS16 46 113 12.56
RPFEKSR-RFVNVVPTFGK-a4-b6 RS9 RS30 22 47 23.44
QIPRILGPGLNK-AVDIPHMDIEALKK-a6-b7 RL10A RL10A 125 86 15.81
LNKNK-QIPRILGPGLNK-a3-b6 RL10A RL10A 96 125 13.47
RNPDTQWITKPVHK-FFEVILIDPFHKAIR-a7-b8 RL15 RL15 151 137 7.03
EVYRHFGK-APGTPHSHTKPYVR-a4-b7 RL18 RL18 151 162 9.70
EYKVVGR-cHTPPLYRMR-a4-b5 RL18A RL18A 13 27 6.65
IEHIKHSK-HGVVPLATYMRIYK-a4-b7 RL21 RL21 97 29 7.58
VVITRLK-GQQIGKVVQVYR-a4-b6 RL26 RL26 108 70 11.27
IKSFVK-NIDDGTSDRPYSHALVAGIDRYPR-a3-b12 RL27 RL27 71 40 16.83
EMGTPDVRIDTR-KRNEDEDSPNKLYTLVTYVPVTTFK-a6-b13 RL31 RL31 62 104 4.51
KKEELLK-VLTVINQTQK-a4-b5 RL35 RL35 17 62 12.05
AIFAGYKR-NQREHTALLK-a4-b5 RL35A RL35A 13 25 8.78
FRSNLPAK-VIWGKVTR-a4-b4 RL35A RL35A 92 73 12.94
AMELLKVSK-EELSNVLAAMRK-a5-b6 RL36 RL36 62 94 8.83
FcIWTESAFRK-GESSGKNVTLPAVFK-a6-b8 RL4 RL4 255 23 13.64
LLNRFGMDK-ENPVYEKKPK-a5-b5 RL5 RL5 114 254 17.96
EFNAEVHRK-NSVTPDMMEEMYKK-a5-b7 RL5 RL5 194 236 16.55
ENPVYEK-IEGDMIVcAAYAHELPKYGVK-a4-b11 RL5 RL5 253 80 12.81
IDISNVK-AVDSQILPKIK-a4-b6 RL6 RL6 205 258 13.34
LLARAEK-GDVPTKRPPVLR-a4-b6 RL7A RL7A 118 132 16.51
MGVPYcIIKGK-VPPAINQFTQALDRQTATQLLK-a6-b11 RL7A RL7A 183 87 5.79
VTKAAGTK-DVQIGDIVTVGEcRPLSK-a4-b9 RS11 RS11 149 128 19.40
RVLLGETGK-QPTIFQNKK-a5-b5 RS11 RS11 27 18 16.41
KIAFAITAIK-RAGELTEDEVER-a5-b6 RS18 RS18 30 61 14.76
RVLQALEGLK-LKVPEWVDTVK-a5-b6 RS19 RS19 107 34 16.10

Inter- and intra-molecular cross-links of ribosomal proteins in RA-differentiated SH-SY5Y cells
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Id Protein1 Protein2 AbsPos1 AbsPos2 distance
ALAAFLKK-HKELAPYDENWFYTR-a4-b8 RS19 RS19 21 50 16.71
ALAAFLKK-ELAPYDENWFYTR-a4-b7 RS19 RS19 21 51 13.12
LGRLVK-SPYQEFTDHLVKTHTR-a3-b8 RS2 RS2 69 272 8.22
ATVPKTEIR-LARHGLYEK-a5-b5 RS24 RS24 38 96 14.69
LVSKHR-AALQELLSK-a3-b5 RS25 RS25 102 91 14.53
AQVIYTRNTK-EVPNYKLITPAVVSER-a5-b8 RS25 RS25 110 69 8.46
AQVIYTRNTK-EVPNYKLITPAVVSERLK-a5-b9 RS25 RS25 110 70 11.68
ATYDKLcK-LITPAVVSERLK-a4-b6 RS25 RS25 57 73 10.79
VQPIKLAR-VEFMDDTSRSIIR-a4-b7 RS28 RS28 10 39 11.38
VQPIKLAR-EGDVLTLLESEREAR-a4-b8 RS28 RS28 10 60 8.23
VTKVLGR-TGSQGQcTQVRVEFMDDTSR-a4-b10 RS28 RS28 18 31 8.27
KTSYAQHQQVR-KWQTMIEAHVDVK-a6-b7 RS3A RS3A 158 123 13.68
EVQTNDLK-EVVNKLIPDSIGK-a4-b7 RS3A RS3A 179 190 16.39
EVQTNDLK-EVVNKLIPDSIGKDIEK-a4-b9 RS3A RS3A 179 192 14.29
VVDPFSKK-TLVTRTQGTK-a4-b5 RS3A RS3A 25 52 13.70
TLVTRTQGTK-LITEDVQGKNcLTNFHGMDLTR-a5-b11 RS3A RS3A 52 97 18.53
LITEDVQGK-FELGKLMELHGEGSSSGK-a5-b9 RS3A RS3A 91 232 12.50
IDGKVR-GIPHLVTHDARTIR-a3-b7 RS4X RS4X 75 142 18.81
KGAKLTPEEEEILNK-QWYESHYALPLGRK-a8-b7 RS8 RS8 133 118 8.01
HIRVR-KQVVNIPSFIVR-a3-b6 RS9 RS9 137 145 12.27
VKFTLAK-SRLDQELK-a4-b4 RS9 RS9 50 27 17.53
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Supplementary Table 7: Inter- and intra-molecular cross-links of ribosomal proteins 
observed in RA/PMA-differentiated SH-SY5Y cells 
Analysis of cross-links on a high-resolution structure of the ribosome (PDB ID: 4UG0) was performed using 
UCSF Chimera (version 1.15) and the software tool Xlink Analyzer (version 1.1.4). The Id, consisting of 
peptide a and peptide b as well as cross-link position within each peptide, the cross-linked protein, the 
position with the protein (AbsPos1 and AbsPos2) and the Cα-pair distances (distance in Å) of the cross-link 
are shown. 
 

 

 

Id Protein1 Protein2 AbsPos1 AbsPos2 distance
AAKVLEQLTGQTPVFSK-FSVcVLGDQQHcDEAK-a9-b8 RL11 RL10A 45 71 47.84
NVYKK-TGAAPIIDVVRSGYYK-a3-b8 RL13 RL27A 162 103 12.87
QVLLGRK-EHTALLKIEGVYAR-a4-b7 RL13A RL35A 30 30 13.67
LVAIVDVIDQNR-[MKTILSNQTVDIPENVDITLK-a6-b11 RL14 RL9 30 11 33.51
QHKPRFTTK-EHTALLKIEGVYAR-a5-b7 RL18A RL35A 167 30 16.33
RINVR-YESLKGVDPK-a3-b5 RL21 RL29 91 34 13.57
GQSEEIQKK-RMATEVAADALGEEWK-a5-b8 RL24 RS6 67 39 20.20
AVKFQR-DIPGLTDTTVPRR-a3-b7 RL24 RS6 78 127 18.09
KYAVK-IAPRPASGPIRPIVR-a3-b8 RL35 RL13 121 54 10.49
VELSQLRVAK-LDHYAIIKFPLTTESAMK-a5-b9 RL35 RL23A 31 80 11.30
NVSKPR-GFSLEELRVAGIHK-a3-b7 RL36 RL13 23 82 14.46
NVSKPR-GFSLEELRVAGIHKK-a3-b8 RL36 RL13 23 83 14.84
SVARIAK-ASGNYATVISHNPETKK-a4-b9 RL7A RL8 250 138 27.89
DPYRFK-NFGIGQDIQPKR-a3-b6 RL8 RL7A 68 44 10.67
KRVLLGETGK-NAKISSLLEEQFQQGK-a5-b8 RS11 RS8 26 163 20.35
SGMKIGR-EGDVLTLLESEREAR-a4-b8 RS14 RS28 126 60 22.62
YYTRLGNDFHTNKR-FSPNSSNPIIVScGWDKLVK-a7-b10 RS17 RACK1 27 166 27.68
ITLTSRNVK-FVADGIFKAELNEFLTR-a5-b9 RS20 RS3 27 20 19.74
NVKGPVR-QAVDVSPLRR-a4-b5 RS28 RS5 49 142 6.60
LAAKQSSG]-LFEGNALLRR-a5-b5 RS4X RS9 261 76 21.70
EKYAK-EIKDILIQYDR-a3-b6 RS5 RS16 46 113 12.56
RPFEKSR-RFVNVVPTFGK-a4-b6 RS9 RS30 22 47 23.44
QIVSGSR-LWNTLGVcKYTVQDESHSEWVScVR-a4-b13 RACK1 RACK1 123 144 12.48
DETNYGIPQR-DKTIIMWKLTR-a5-b6 RACK1 RACK1 53 43 6.54
QIPRILGPGLNK-AVDIPHMDIEALKK-a6-b7 RL10A RL10A 125 86 15.81
YDGIILPGK-VREYELRK-a5-b4 RL11 RL11 175 93 7.00
RNPDTQWITKPVHK-FFEVILIDPFHKAIR-a7-b8 RL15 RL15 151 137 7.03
EYKVVGR-cHTPPLYRMR-a4-b5 RL18A RL18A 13 27 6.65
IEHIKHSK-HGVVPLATYMRIYK-a4-b7 RL21 RL21 97 29 7.58
VVITRLK-GQQIGKVVQVYR-a4-b6 RL26 RL26 108 70 11.27
IKSFVK-NIDDGTSDRPYSHALVAGIDRYPR-a3-b12 RL27 RL27 71 40 16.83
GKKKEELLK-QLDDLKVELSQLR-a5-b7 RL35 RL35 16 27 17.12
KKEELLK-VLTVINQTQK-a4-b5 RL35 RL35 17 62 12.05
VTGGAASKLSK-QLDDLKVELSQLR-a6-b7 RL35 RL35 42 27 13.78
AIFAGYKR-NQREHTALLK-a4-b5 RL35A RL35A 13 25 8.78
AMELLKVSK-EELSNVLAAMRK-a5-b6 RL36 RL36 62 94 8.83
FcIWTESAFRK-GESSGKNVTLPAVFK-a6-b8 RL4 RL4 255 23 13.64
LLNRFGMDK-ENPVYEKKPK-a5-b5 RL5 RL5 114 254 17.96
EFNAEVHRK-NSVTPDMMEEMYKK-a5-b7 RL5 RL5 194 236 16.55
ENPVYEK-IEGDMIVcAAYAHELPKYGVK-a4-b11 RL5 RL5 253 80 12.81
IDISNVK-AVDSQILPKIK-a4-b6 RL6 RL6 205 258 13.34
LLARAEK-GDVPTKRPPVLR-a4-b6 RL7A RL7A 118 132 16.51
HWGGNVLGPK-LKVPPAINQFTQALDR-a5-b8 RL7A RL7A 241 82 16.49
VTKAAGTK-DVQIGDIVTVGEcRPLSK-a4-b9 RS11 RS11 149 128 19.40
RVLLGETGK-QPTIFQNKK-a5-b5 RS11 RS11 27 18 16.41
KIAFAITAIK-RAGELTEDEVER-a5-b6 RS18 RS18 30 61 14.76
VITIMQNPRQYK-DGKYSQVLANGLDNK-a6-b8 RS18 RS18 73 100 15.04

Inter- and intra-molecular cross-links of ribosomal proteins in RA/PMA-differentiated SH-SY5Y cells
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Id Protein1 Protein2 AbsPos1 AbsPos2 distance
RVLQALEGLK-LKVPEWVDTVK-a5-b6 RS19 RS19 107 34 16.10
ALAAFLKK-HKELAPYDENWFYTR-a4-b8 RS19 RS19 21 50 16.71
ALAAFLKK-ELAPYDENWFYTR-a4-b7 RS19 RS19 21 51 13.12
AEDKEWMPVTK-EVATAIRGAIILAK-a6-b7 RS2 RS2 61 153 19.69
LGRLVK-SPYQEFTDHLVKTHTR-a3-b8 RS2 RS2 69 272 8.22
VKGPVR-TPVEPEVAIHRIR-a3-b7 RS20 RS20 53 16 23.74
ATVPKTEIR-LARHGLYEK-a5-b5 RS24 RS24 38 96 14.69
AQVIYTRNTK-EVPNYKLITPAVVSER-a5-b8 RS25 RS25 110 69 8.46
AQVIYTRNTK-EVPNYKLITPAVVSERLK-a5-b9 RS25 RS25 110 70 11.68
ATYDKLcK-LITPAVVSERLK-a4-b6 RS25 RS25 57 73 10.79
VQPIKLAR-VEFMDDTSRSIIR-a4-b7 RS28 RS28 10 39 11.38
VQPIKLAR-EGDVLTLLESEREAR-a4-b8 RS28 RS28 10 60 8.23
VTKVLGR-TGSQGQcTQVRVEFMDDTSR-a4-b10 RS28 RS28 18 31 8.27
EVQTNDLK-EVVNKLIPDSIGK-a4-b7 RS3A RS3A 179 190 16.39
EVQTNDLK-EVVNKLIPDSIGKDIEK-a4-b9 RS3A RS3A 179 192 14.29
VVDPFSKK-TLVTRTQGTK-a4-b5 RS3A RS3A 25 52 13.70
TLVTRTQGTK-LITEDVQGKNcLTNFHGMDLTR-a5-b11 RS3A RS3A 52 97 18.53
LVRELEK-AQQNNVEHKVETFSGVYK-a4-b9 RS7 RS7 83 170 19.37
HIRVR-KQVVNIPSFIVR-a3-b6 RS9 RS9 137 145 12.27
VKFTLAK-SRLDQELK-a4-b4 RS9 RS9 50 27 17.53
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6.2 Supplementary Figures 

 

 

Supplementary Figure 1: Protein interaction network obtained from formaldehyde 
cross-linking. 
The protein interaction network obtained from in-cell formaldehyde cross-linking is shown. Protein 
interactions observed in specific culture conditions of SH-SY5Y are colored (see legend for details). The 
protein names were derived from uniport identifier names. Note that lines represent at least one observed 
inter-molecular cross-links and that information on cross-linked residues is not included. 
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Supplementary Figure 2: Example spectra of DEPC labeled peptides. 
The spectra are annotated without (bottom spectrum) and with (top spectrum) neutral loss from DEPC modified 
residues. Y- (red and orange), a- (cyan) and b-ions (blue) are assigned. The MaxQuant peptide score increases 
when neutral loss is included in the database search parameters a) Example spectrum of a peptide containing 
a CEt-modified lysine. b) Example spectrum of peptide containing a CEt-modified serine. (Figure adapted 
from Barth and Schmidt 2020 [153].) 
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