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Summary 
In mammalian cells, the lysosome is the central organelle for the degradation of macromolecules 
and recycling of their building blocks. Mutations in almost every known lysosomal hydrolase lead 
to a group of rare but devastating diseases known as lysosomal storage diseases, demonstrating 
lysosomal protein's pathogenic significance. Besides, in recent years, it was reported that 
lysosomal proteins and such interacting with the lysosome play key roles in a variety of common 
diseases such as cancer and neurodegenerative disorders, leading to an increasing interest in 
the characterization of the lysosomal proteome. 

For the investigation of the lysosomal proteome on a large scale, lysosome enriched 
fractions were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 
Systematic comparisons of different lysosome enrichment methods revealed a significant 
increase of lysosomal proteins by up to 118-fold compared to whole-cell lysate using the 
superparamagnetic iron oxide nanoparticles method. An approach that was also found to be 
superior in terms of preserving intact lysosomes and enriching them in large quantities. The 
established enrichment methodology was then used to study lysosomal structures and their 
interactions using cross-linking MS. Moreover, it was used to determine protein half-lives by using 
pulse stable isotope labeling with amino acids in cell culture (pSILAC) in combination with data-
independent acquisition (DIA) MS/MS. 

To further better characterize and validate cross-linking experiments, antibodies specific 
against commercially available cross-linkers were raised and affinity-purified from rabbits. Those 
were successfully applied in western blotting and immunocytochemistry experiments. The results 
further demonstrated the ability of the antibodies to retain peptides modified with water-quenched 
dead-links and cross-linker-modified proteins in immunoprecipitation assays (most likely also 
through water-quenched dead-links). 

The presented data cover the first large-scale cross-linking study of lysosome enriched 
fractions. Analysis of cross-links revealed a highly interconnected network of 847 proteins 
forming 1,024 protein-protein interactions (PPIs), including 67 % potentially novel PPIs, of which 
two were confirmed by co-immunoprecipitation (co-IP). Additionally, 161 cross-links mapped on 
34 lysosomal proteins confirm known crystal structures in a physiological state, as well as 
validate predicated AlphaFold models and provide evidence for a novel tetrameric model of 
palmitoyl-protein thioesterase 1. For the lysosome-interacting proteins flotillin 1 and 2, the first 
heterodimeric structure, as well as a 38 oligomeric assembly were proposed. Further, the 
investigation of their putative vesicular cargo led to the identification of 328 proteins including 50 
receptors. For instance, all three members of latrophilins (G-protein-coupled receptors) were 
identified to be endocytosed in a flotillin dependent manner.  

In addition, the pSILAC DIA MS/MS resulted in the identification of 33,968 half-lives for 
6,915 unique proteins, presenting the most extensive turnover study so far. The study included 
a wild-type condition (control), representing the steady-state and different perturbational cellular 
states such as the impairment of autophagosome-lysosome fusion, proteasome activity, 
cathepsin activity, cholesterol homeostasis, and protein glycosylation. The results revealed a 
median half-life of 18 h in wild-type cells, with significant half-life differences of up to 30 h for 
specific proteins among the different perturbational cellular states. For example, a drastic 
increase of half-lives upon proteasomal inhibition or a decrease upon cathepsin D inhibition was 
observed. The data suggest that the regulation of cellular degradational processes are the 
primary driving factors influencing protein half-lives.
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1. Introduction 
1.1 The Lysosome - Recycling Organelle of the Cell 
Proteins, lipids, polysaccharides, and nucleic acids are the essential components of the cell. 
These molecules are subject to constant turnover, so the cell must be able to degrade them 
continuously. To accomplish this, cells have several mechanisms, with lysosomes being the 
central degrading organelle [1, 2]. The word lysosome originated from the Greek words: Lysis 
(destroy) and Soma (body). To degrade the mentioned macromolecules, lysosomes receive their 
cargo through various routes, primarily dependent on vesicular transport [3]. While extracellular 
material reaches lysosomes via phagosomes and endosomes, intracellular substrates are 
delivered by autophagosomes. In addition, proteins can be transported directly across the 
lysosomal membrane via chaperone-mediated autophagy [3]. Due to the great structural diversity 
of these molecules, their degradation requires a set of 60-70 lysosomal hydrolases with different 
specificities such as proteases, glycosidases, nucleases, and lipases [1, 2] (Figure 1). These 
reach their maximal activity inside the lumen of lysosomes at an acidic pH (between pH 4.5-5), 
which is maintained through a vacuolar-type adenosine triphosphatase (v-ATPase) [4]. The end 
products of the degraded macromolecules are recycled and transported back to the cytosol via 
more than 30 transporters [1, 2] (Figure 1).  

For a long time, the lysosome was considered a purely digestive organelle and often 
referred to as a simple “waste-disposal system” of the cell [5]. Furthermore, it has been regarded 
as a “housekeeping” organelle, acting regardless of the cell’s status and performing its 
degradative function largely isolated from other cellular organelles. However, this restricted view 
has changed dramatically. Recent results have demonstrated the vital role of lysosomes beyond 
degradation, including gene regulation, metabolic signaling, repair of the plasma membrane, 
immunity, migration, and cell adhesion [2]. Notably, the lysosome can sense the cell's nutritional 
state by integrating information about cytosolic and lysosomal amino acid levels, growth factor 
signaling, cholesterol, and glucose levels. The complex machinery, which is largely localized 
within and on the cytosolic surface of the lysosomal membrane, has been termed lysosomal 
nutrient sensing (LYNUS) machinery [3] (Figure 1). The integration of these multiple metabolic 
inputs within LYNUS results in either activation or inactivation of one of the most important and 
best-known complexes, the "mechanistic Target of Rapamycin Complex 1" (mTORC1) on the 
cytosolic surface of lysosomes, which is critical for cell survival and growth. Apart from mTORC1, 
also other kinases act as key players of cellular metabolism, such as 5’-AMP-activated protein 
kinase (AMPK) or the glycogen synthase kinase 3β (GSK3β), can be activated on the lysosomal 
surface [6, 7]. These signaling events are crucial for overall cellular homeostasis by regulating 
mechanisms such as cellular differentiation and growth and impact the lysosomal proteome by 
linking nutrient availability to lysosomal biogenesis. Hereby, dependent on the amino acid 
abundance, mTORC1 phosphorylates the transcription factor EB (TFEB) [8], also known as the 
master regulator of lysosomal biogenesis, regulating TFEB translocation to the nucleus and 
hence its transcriptional activity [9].  

1.1.1 The Lysosomal Interactome 
Several studies (>60) have already investigated the lysosomal proteome by mass spectrometry 
[1]. In this process, a large number of putative lysosomal proteins (>300) were identified, and for 
many of these, localization to the lysosomes has been verified by biological methods [10]. Yet, 
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apart from the qualitative determination of the lysosomal proteome, no studies have so far 
systematically explored interactions of lysosomal proteins on a large scale. Characterization of 
individual multimeric protein complexes localized on the lysosomal membrane, such as the 
mTORC1 complex, demonstrates such interactions exists and have high functional significance 
[9, 11]. Other examples of protein complexes localizing on the lysosomal membrane include:  
v-ATPase (vacuolar-type ATPase) complex [12], Ragulator complex [13], BORC1 (BLOC-1-
related complex) [14], HOPS (homotypic fusion and protein sorting) [15], CORVET (class C core 
vacuole/endosome tethering) [16], and AP (adaptor protein) complexes, assemblies of SNAREs 
(soluble NSF attachment protein receptors), and the ESCRT (endosomal sorting complex 
required for transport) complex [17].  The mentioned complexes fulfill a variety of functions such 
as the regulation of lysosomal transport, fusion with other vesicles, repairing lysosomes, and 
transport of proteins, among others [2]. Further, given the large number of substances degraded 
by lysosomes and provided to the cell, one must assume that other regulatory processes beyond 
mTORC1 rely on lysosomal and cytosolic protein interactions. An assumption further supported 
by the view of lysosome's diverse and vital role beyond degradation and metabolic signaling in 
other biological processes like repair of the plasma membrane, antigen presentation, exocytosis, 
cell adhesion, and apoptosis. Apart from this, lysosomes have been shown to build membrane 
contact sites with other organelles, including endoplasmic reticulum [18], Golgi complex [19], 
peroxisomes [20], and mitochondria [21] (Figure 1). Based on the diversity of lysosomal 
functions, it has to be assumed that yet unknown interaction partners of known and unknown 
complexes, as well as among the lysosome and other organelles are yet to be discovered. 

  

Figure 1: Draft of the 
lysosomal proteome. 
Classification of the 
lysosomal proteome 
into intraluminal, 
membrane and 
lysosome 
associated/interacting 
proteins. Localization 
and number of 
members for each of 
the protein classes and 
complexes have been 
indicated in the boxes. 
Abbreviations: 
ESCRT: endosomal 
sorting complex 
required for transport; 
HOPS: homotypic 
fusion and protein 
sorting; CORVET: class 
C core 
vacuole/endosome 
tethering; CHEVI: class 
C homologs in 
endosome–vesicle 
interaction; LYNUS: 
lysosomal nutrient 
sensing machinery; 
PM: plasma 
membrane; LE: late 
endosomes. Figure has 
been copied from [1].  



– Introduction– 

 - 3 - 

1.2 Lysosomal Storage Disorders 
Genetic mutations have been described for almost all lysosomal hydrolases in humans, leading 
to the accumulation of the corresponding intermediates of the affected degradation pathways in 
lysosomes [22]. These diseases are therefore referred to as lysosomal storage diseases (LSDs). 
Due to the large number of hydrolases, more than ~70 of these diseases are known, with an 
estimated cumulative prevalence of 1/5000 live births [22]. For example, defects in the enzymes 
that degrade glycosaminoglycans lead to the accumulation of glycosaminoglycan fragments that 
cannot be degraded - a subset of LSDs grouped into the mucopolysaccharidoses. Diseases 
include, for example, "Hurler disease" & "Hunter disease", in which a defect in alpha-L 
iduronidase or iduronate-2-sulfatase results in accumulation of dermatan sulfate and heparan 
sulfate, respectively [23]. Another important subgroup of LSDs results from the defect of 
sphingolipid degrading enzymes, with diseases such as "Gaucher disease", "Fabry disease", and 
“metachromatic leukodystrophy”. In Gaucher disease, reduced activity of the enzyme beta-
glucocerebrosidase results in the accumulation of glucocerebrosides [24]. In Fabry disease, 
reduced activity of the enzyme α-galactosidase A results in the accumulation of the sphingolipid 
globotriaosylceramide, affecting a variety of organs [25]. In metachromatic leukodystrophy, the 
deficiency of the enzyme arylsulfatase A leads to the accumulation of sulfatides within tissues, 
destroying the nervous system's myelin sheath [26]. The severity of LSDs is based on the level 
of impairment of lysosomal function, demonstrating the central role of the lysosome in overall cell 
homeostasis. Therefore, it is not surprising that the lysosome also plays a role in diseases such 
as Parkinson's and Alzheimer's disease, as well as cancer, infections, and obesity (reviewed in 
[22]). The severe course of LSDs often leads to the death of patients in childhood. By far, the 
majority of lysosomal diseases can only be treated symptomatically. However, a few disorders 
such as Gaucher disease or metachromatic leukodystrophy can be treated by enzyme 
replacement or gene therapy, respectively [27, 28]. These treatments result in a considerable 
improvement of the clinical course of these disorders. 

1.2.1 Niemann-Pick type C 

The autosomal recessive metabolic disease Niemann-Pick type C (NPC) belongs to the group 
of lysosomal lipid storage disorders. NPC is lethal in the first 5-20 years of life and has a 
prevalence of 1/120,000 live births [22, 29]. Symptoms of NPC include ataxia, epilepsy, 
dysphagia, deformity of the hands, visual disturbances, depression, muscle hypotonia, and 
increasing dementia [30]. NPC disease is currently not treatable, where the cause in 95 % of 
patients is a defect in the NPC1 protein (5 % NPC2). It has been shown that the accumulation of 
unesterified cholesterol within lysosomes presents the main feature of the disease [30]. NPC1 is 
a lysosomal transmembrane protein, while NPC2 localizes within the lumen of lysosomes. The 
functional interaction of both proteins is essential for the intracellular transport of cholesterol from 
lysosomes to the endoplasmic reticulum (ER). Low-density lipoproteins (LDLs) particles are 
transported into the cells via receptor-mediated endocytosis. The cholesterol esters they contain 
are hydrolyzed by a lysosomal acid lipase to cholesterol that binds to NPC2. NPC2 then transfers 
cholesterol to the sterol-sensing domain of the N-terminal part of NPC1, which transfers the 
cholesterol through the lysosomal membrane to the ER [31, 32]. If NPC1 is absent, cholesterol 
cannot be transported and accumulates, leading to the disease. 
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1.3 Lysosomal Proteomics 
For the investigation of the lysosomal proteome on a large and unbiased scale, proteomics 
approaches have proven their strength [1]. Proteomics is defined as the large-scale study of 
proteins originating from different samples, such as tissue extracts, whole-cell lysates, or 
subcellular enriched fractions [33]. In large scale mass spectrometry based proteomics 
approaches, lysosomal proteins are inherently difficult to be reproducibly identified/quantified due 
to their low abundance [34]. For example, it has been estimated that lysosomal proteins 
contribute only to ~0.2 % of the cellular protein mass in HeLa cells [35]. Furthermore, expression 
levels of individual lysosomal proteins such as LAPTM4A have been further estimated to be 
~3000 copies/cell compared to GAPDH, which is 38,000x higher. This is not unexpected, 
especially considering the low number of lysosomes (~hundreds/cell) compared to other 
organelles such as mitochondria with 1000-2000/cell, contributing to 20 % of the cellular volume 
[35-37]. Hence, for successful comprehensive lysosomal proteomics, either lysosomal 
enrichment or the development of targeted MS approaches is a prerequisite. 

 Different techniques have been employed to enrich lysosomes and lysosomal proteins: 
1) Density gradient centrifugation, wherein a first step, low-speed centrifugation is applied to 
separate nuclei, intact cells, and debris from the organelles, followed by the separation of 
individual organelle fractions via ultracentrifugation. In addition, different types of matrices can 
be applied to further improve the enrichment of lysosomes such as sucrose, Nycodenz, and 
Percoll [38]. 2) Superparamagnetic iron oxide nanoparticles (SPIONs) containing an iron oxide 
core covered with biocompatible substances like dextran, utilized to enrich lysosomes from cells 
grown in cell culture. SPIONs are unspecifically endocytosed by the cells and reach the 
lysosomes via the endocytic route, allowing lysosome enrichment within a strong magnetic field 
[10, 39, 40]. 3) Immunoprecipitation (IP) in which immobilized antibodies on beads bind to 
surface-exposed antigens of lysosomal tagged overexpressed membrane proteins such as 
LAMP1-2x/3xFLAG [41, 42], and TMEM192-3xHA tag, which can be used to pull down 
lysosomes [43].  

Each of these methodologies comes with its advantages and disadvantages (reviewed in 
[1]). One of the advantages of the SPIONs and IP approach is that lysosomal proteins are 
enriched significantly (up to 100 fold) compared to density gradient centrifugation approaches 
while contaminating proteins from other organelles are depleted [44]. However, the IP approach 
has the disadvantage that lysosome enriched fractions contain broken lysosomes, while the 
SPIONs approach allows for the enrichment of intact lysosomes (up to 80 % intact status). 
Hence, lysosomes enriched via SPIONs allow for the analyzes of the intact lysosomal proteome, 
enabling among others, structural analyzes of lysosomal proteins and their interaction partners 
in a native state.  

The efficiency of lysosome enrichment can be assessed by screening marker proteins 
specific for lysosomes and contaminants arising from other organelles by western blotting. The 
integrity of lysosomes can be assessed by enzymatic assays, such as the beta-hexosaminidase 
assay in combination with detergents [45]. The combination of a successfully enriched lysosome 
sample and its measurement on state-of-the-art mass spectrometers allows to comprehensively 
study the lysosomal proteome [1, 43, 46, 47].  
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1.4 Mass Spectrometry 
Mass-spectrometry (MS) refers to a method for measuring molecular masses or, more 
specifically, mass to charge ratios (m/z) of ions, presented as a mass spectrum. MS is used to 
measure a large variety of molecules, particles, and chemical compounds to study their physical, 
chemical, or biological properties [48]. In a typical MS experiment, solid, liquid, or gas samples 
have to be ionized. To do so, various ionization strategies can be applied , such as chemical 
ionization (CI), fast atom bombardment (FAB), atmospheric-pressure photoionization (APPI), 
atmospheric-pressure chemical ionization (APCI), electrospray ionization (ESI) [49], or matrix-
assisted laser desorption ionization (MALDI) [50]. The latter two ionization strategies are 
especially beneficial for ionizing macromolecules such as proteins, peptides, lipids, or sugars, as 
these, for example among others, overcome the hurdle of molecules being fragmented during 
ionization. Ions are then transferred to different mass analyzers, such as Fourier-transform ion 
cyclotron resonance (FTICR), sector fields, time-of-flight analyzers (TOFs), ion traps (ITs), 
quadrupoles (QPs), and Orbitraps (OTs). These analyzers, central to the technology, differ from 
each other strongly in design and performance and can stand alone as well as combined in 
tandem to extract their strengths [48, 51]. 

1.4.1 Proteomics Workflow  
Generally, MS-based proteomics experiments can be grouped into “top-down” proteomics 
analyzing full-length proteins and “bottom-up” proteomics, where proteins are digested into 
peptides and analysed (Figure 2). While MALDI-TOF, for example, is usually used to analyze 
samples of low complexity, samples of higher complexity are usually measured with a liquid 
chromatography (LC) system via ESI coupled to a high-resolution tandem mass spectrometer 
(MS/MS) [52]. In a typical proteomics experiment, proteins from a sample (e.g., cells, subcellular 
fractions, or tissues) are digested to peptides applying a protease such as trypsin. Due to the 
high complexity of samples, usually, those are fractionated via chromatographic or 
electrophoretic methods, either on protein or peptide level. Samples, for example, can be 
separated by applying size exclusion chromatography (SEC) or strong cation exchange (SCX) 
chromatography fractionating proteins or peptides based on their size or either charge. 
Electrophoresis-based fractionation methods such as sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE), for example, separates proteins based on their size, while 
OFFGEL electrophoresis, on the other hand, separates proteins or peptides according to their 
isoelectric points [52, 53]. 

 
 

Figure 2: Scheme of a typical mass 
spectrometry-based proteomics 
workflow. Samples derived from tissue 
or cells are lysed, proteolytically digested 
and protein/peptide mixture fractionated 
via size exclusion chromatography 
(SEC), strong cation exchange 
chromatography (SCX), or 
electrophoresis-based fractionation 
methods. Fractionated non-digested 
proteins are digested with a protease like 
trypsin, and peptides are separated via a 
nano-LC chromatography system. 
Separated peptides are subjected to 
mass spectrometric analysis, where 
peptides are ionized and analyzed with 
specific algorithms for protein 
identification. 
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1.4.2 Liquid Chromatography Mass Spectrometry 
After fractionation, peptides generated by proteolytic cleavage are usually separated by 
reversed-phase liquid chromatography, coupled to a tandem mass spectrometer (LC-MS/MS). 
Applying a solvent gradient with increasing organic content, peptides are eluted from LC columns 
in order of their hydrophobicity [53, 54]. At the needle of the chromatographic column, the liquid 
is vaporized in the ion source, and peptides are ionized via a strong electric potential [49]. 
Subsequently, peptide ions enter the MS through a transfer capillary into the vacuum system, 
where they are guided and manipulated via electric fields. Dependent on the applied mass 
analysers, differing in how they determine the mass-to-charge (m/z) ratios of peptides, the mass 
spectrometer generates a mass spectrum. The mass spectrum records the signal intensity of the 
ion at each value on a mass/charge (m/z) scale (representing units of Dalton/charge) [51]  
(Figure 2). 

1.4.3 Peptide Fragmentation and Identification 
The resulting MS1 scans with their respective m/z values can be matched to peptide masses of 
in silico digested proteins deposited in a database for protein identification, known as “peptide 
mass fingerprinting” (usually applied in MALDI-TOF experiments). However, the disadvantage of 
this approach is that it fails to recognize novel peptides [48]. Fragmentation of selected precursor 
masses (MS1) into fragment ions (MS2), on the other hand, allows for de novo sequencing, i.e., 
that peptide amino acid sequences can be determined. Different fragmentation methods can be 
applied (reviewed in [55]), such as collision-induced dissociation (CID), where peptide 
fragmentation is induced by collisions with an inert gas (such as argon or helium) in a collision 
cell of a mass spectrometer. Other fragmentation methods include higher-energy C-trap 
dissociation (HCD), a variation of CID using a higher radio frequency (RF) voltage, where ions 
are fragmented within the HCD cell and stored inside the C-trap before getting injected into the 
Orbitrap. In contrast, fragmentation approaches such as electron transfer dissociation induce 
fragmentation by transferring electrons to higher charge state cationic molecules, an approach 
preferably used to study post-translational modifications (PTMs) [55, 56]. The resulting fragment 
ions can be used to identify the amino-acid sequence by determining the mass differences 
between neighboring peaks in a series, differing from its neighbor by one amino acid [51]. Based 
on the Roepstorff–Fohlmann–Biemann nomenclature, the resulting ions can be classified into a, 
b, c (charge is retained on the amino-terminal fragment), and x, y, z (charge is retained on the 
carboxy-terminal fragment) ions (Figure 3). Fragmentation of amide bonds between amino acids 
resulting in b and y ions present the most common and informative ions. 

Figure 3: Scheme of a chemical structure of a peptide representing 
the Roepstorff–Fohlmann–Biemann nomenclature upon 
fragmentation. Peptide fragmentation is induced by collisions with an inert 
gas leading to bond breakage, resulting in “a”, “b”, “c” ions when the charge 
is retained by the amino-terminal fragment or “x”, “y” and “z” ions when it is 
retained by the carboxy-terminal fragment. Ions are labelled from the 
original amino terminus am, bm and cm. Consequently, they are also labeled 
from the original carboxyl terminus z(n-m), y(n-m), x(n-m).. n-m equals to the 
number of R groups these ions contain, while n is the total number of 
residues, or R groups in the peptide and m is the number of R groups that 
the corresponding a-, b- or c-ion would contain [51]. 
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The identification of proteins based on MS2 spectra is more definite than those achieved 
by peptide mass fingerprinting, as in MS2 based approaches, in addition to the peptide mass, 
the peak pattern in MS2 spectrum provides information on the peptide sequence. The fact that 
only an extremely small proportion of the potential peptide amino-acid sequences actually exist 
in nature makes database searching easier than de novo sequencing. A MS2 spectrum may not 
include enough information to extract the entire amino-acid sequence unambiguously, but it may 
contain enough information to match it uniquely to a peptide sequence in the database based on 
the observed and predicted fragment ions [51, 53]. In the most commonly applied database 
approach, “probability-based matching” calculated in silico digested fragments from peptide 
sequences are compared with observed peaks. A score is calculated for each identified protein 
from this comparison, reflecting a statistical significance of the match between the observed 
spectrum and sequence contained in a database [57].  

1.4.4 Quantification 
Mass spectrometry does not allow to extract quantitative information among different proteins 
based on the intensity of the signal of a peptide ion itself. This is due to different reasons, such 
as that upon digestion of a protein, peptide generation is dependent on the accessibility of 
cleavage sites. Further, peptide solubility, and ionization efficiency of each peptide, contribute 
significantly to differences in signal intensities [51]. However, as these factors are reproducible 
among the same peptides, relative amounts of proteins can be determined among experiments. 
Various MS-based quantification methods have been developed, where a distinction is made 
between “label-free” and “labeled” approaches [58] (Figure 4). A popular metabolic-based 
quantification method in this context is SILAC ("stable isotope labeling by amino acids in cell 
culture") [59]. In such an experiment, one cell population is cultured in SILAC culture medium 
containing, for example, heavy isotope-labeled versions of lysine and arginine (13C, 15N) 
(originally developed for leucine). In contrast, the other population is grown in a medium 
containing non-labeled amino acids. Typically, both of these isotopically labeled amino acids are 
used to ensure that upon proteolytical digestion of proteins with trypsin, most peptides contain at 
least one of the labeled amino acids [58]. Labeled and non-labeled cells can then be combined, 
processed, and analysed. The signal intensities of the heavy and light isotope-labeled peptides, 
therefore, allow relative quantification of the proteins reducing run to run variability, ion 
suppression, and saving measurement time [59]. However, the SILAC approach has 
disadvantages, as it does not allow to compare multiple differentially treated samples (usually up 
to 3) due to limited labeling combinations available. Further labeling of samples derived from 
humans is not possible, while high costs are involved for the generation of SILAC in vivo animal 
models [60, 61].  

As alternatives, workflows for post-biosynthetic labeling of proteins and peptides are 
available (Figure 4). In majority of the cases, N-hydroxysuccinimide (NHS) chemistry is applied 
to modify the N-terminal amino group of proteins and peptides and side chains of lysines. 
Examples of such reagents are tandem mass tags (TMT) [62] or isobaric tags for relative and 
absolute quantitation (iTRAQ) [63]. To study absolute amounts of proteins the AQUA (absolute 
quantification of proteins) [64] approach can be applied. For this, isotope-labeled synthetic 
standards are mixed into a protein digest to retrieve information on endogenous peptide amounts 
in the samples. Workflows applying different labeling strategies overall allow more accurate 
quantification and save measurement time since the samples can be combined and analysed 
simultaneously after labeling. 
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Label-free methods, on the other hand, enable the quantification of hundreds or 
thousands of samples without the expense of labeling reagents (Figure 4). In such an approach, 
mass spectrometric signal intensity for peptides/fragment ions are directly compared between 
the samples. In the most frequently used untargeted technique, data-dependent acquisition 
(DDA), all peptides within a certain mass are fragmented [65]. In DDA mode, fragmentation is 
based on the selection of the most intense peptide ions in MS1, which are then fragmented via 
MS/MS. However, as DDA approaches are biased towards the fragmentation of highly abundant 
peptides, the collected data may contain missing values, especially for the low abundant 
peptides. On the other hand, targeted acquisition strategies collect peptide and fragment ion data 
consistently, allowing for precise and sensitive quantification. However, such approaches like 
single, multiple, or parallel reaction monitoring (SRM, MRM, PRM) are confined to a narrow, 
preset selection of peptides and limited to a predefined number of proteins per run [66]. Data-
independent acquisition (DIA) is another label-free quantificational approach in this context, in 
which data from all detectable fragment ions in a sample are acquired systematically and 
consistently [67, 68]. The operation of the mass-spectrometer in a DIA mode circumvents the 
problem of being biased towards highly abundant peptides. The acquisition strategy methodically 
covers the entire MS1 scan range collecting comprehensive MS2 spectra, enabling more 
reproducible and robust quantification covering a wide dynamic range [69]. 

However, data analysis of DIA data is a challenging task, as the resulting fragment ion 
spectra are highly complex. Because the fragment ions in DIA spectra may possibly come from 
numerous precursor ions (any precursor ion present in the m/z range from which the DIA 
spectrum was produced), the direct relationship between a precursor ion and its fragment ions is 
lost [68]. Classical DIA data analysis are based on a targeted analysis applying spectral libraries 
of peptides. A peptide spectral library is a database with the collection of curated, annotated, and 
non-redundant peptide spectra extracted from LC-MS/MS runs. It serves as consensus 
templates for peptide/protein identification using the correlation of the template with experimental 
spectra [68, 70]. Experimentally identified peptides hence can be quantified if present in the 
spectral library.  

 

Figure 4: Scheme of 
common quantitative 
proteomic 
approaches. Boxes 
represent samples, 
showing at which stage 
samples are combined. 
Dashed lines indicate 
steps at which 
experimental variation 
and therefore 
quantification errors can 
occur. Modified from 
[52]. 
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1.5 Cross-linking Mass Spectrometry 
One of the promising methods to screen and identify interaction partners on a large, unbiased 
scale for a given protein, organelle, or whole cell lysate/tissue is cross-linking mass spectrometry 
(XL-MS) [71-73]. Cross-linking refers to a chemical process to cross-link two or more molecules 
via a covalent bond [71]. XL-MS was initially mainly applied for protein structure analysis, 
supplementing well-established techniques such as X-ray crystallography, nuclear magnetic 
resonance (NMR) spectroscopy, and electron microscopy (EM) [71]. However, compared to 
other commonly used approaches like co-immunoprecipitation and proximity labeling (e.g., by 
biotinylation) - for which often the interactome of one specific protein is investigated in a given 
study - the main advantage of cross-linking experiments is the unbiased application on a large 
scale [74]. Furthermore, the covalent bond between two peptides in a cross-linking experiment 
is physical proof for the direct interaction of the respective proteins. At the same time,  
co-immunoprecipitation or enrichment after proximity labeling often only indicates the presence 
in the same cellular compartment. 

Numerous chemical strategies for protein cross-linking have been proposed, including 
targeting carboxyl groups of glutamic acid, aspartic acid, and the protein C-terminus, as well as 
sulfhydryl groups of cysteine. However, the functional groups targeted by most cross-linkers are 
primary amines that are present in lysine residues and at the protein N-terminus [74]. For these 
groups, homobifunctional N-hydroxysuccinimide (NHS)-esters are usually employed. In recent 
studies, amine-specific cross-linkers are often preferred over other reagents. This is primarily 
due to the widespread commercial availability of NHS-ester-based cross-linkers and their high 
reaction specificity, and the relatively even distribution and high prevalence of lysine residues on 
the surface of most proteins [72, 74]. Dependent on the length of the spacer between the 
functional groups of a given cross-linker, amino acids in a range of 5-35 Å distance can be linked  
(Figure 5). For a successful cross-link reaction between two interacting proteins, first and 
foremost, the functional amino groups of both proteins must be in the range of the cross-linker's 
length. Furthermore, reaction parameters such as pH, cross-linker/protein ratio, and incubation 
time and temperature must be determined for individual biological samples [72, 73]. In the ideal 
case, the successful establishment of the reaction leads to a covalent bond between two different 
proteins resulting in an inter-link. Alternatively links within the same protein leads to an intra-link, 
also called loop link, in which two reactive amine groups of one and the same protein are linked 
together. In the any case, the cross-linker can hydrolyze, and a mono-link is formed, i.e., a 
chemical modification of a lysine residue corresponding to the cross-linker [75] (Figure 5). 

 
The field of cross-linking faces two major challenges: 1) low abundance of cross-linked 

peptides in complex samples and 2) data analysis for the reliable identification of cross-links [76]. 
Current estimations propose that in a typical experiment only 0.1 % of the peptides are cross-

Figure 5: Scheme of the cross-
linking approach. Application of 
cross-linkers for the screening and 
identification of covalent or transient 
interactions between different 
proteins. Inter cross-links are 
indicated in grey, while intra cross-
links originating from lysine 
residues cross-linked within the 
same protein in red.  
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linked [75]. This is probably due to a low number of lysine residues present in the right distance 
to produce a cross-link and partial hydrolyzation of the cross-linker, resulting in undesired 
modifications of peptides rather than inter-peptide cross-links. Aside from biotin-labeled cross-
linkers, which allow for affinity enrichment of cross-linked peptides [77], the currently most 
common approach to deal with the low abundance of cross-linked peptides is the enrichment by 
size exclusion chromatography (SEC) [78] or strong cation exchange chromatography (SCX) 
[76]. These approaches allow for the separation of cross-linked peptide pairs from their 
unmodified counterparts based on differences in size or charge, increasing the relative 
abundance of cross-linked species in specific chromatographic fractions. 

Analysis of LC-MS/MS data from non-cleavable cross-linkers like bissulfosuccinimidyl 
suberate (BS3) and disuccinimidyl suberate (DSS), the quadratic expansion of the computational 
search space (“n-square problem”), presents a major issue [76]. One attempt to overcome the  
n-square problem is based on the development of MS-cleavable cross-linkers [79, 80] in 
combination with novel cross-link search algorithms [72, 76]. MS-cleavable cross-linkers allow, 
after initial fragmentation of the cross-linked peptide pairs, for individual fragmentation of the 
contained peptides either on the MS2 or MS3 level. This allows for the determination of the 
precursor mass of the individual peptides reducing the search space significantly [76, 81]. 

To date, several types of MS2 cleavable cross-linkers have been developed, of which 
disuccinimidyl sulfoxide (DSSO) [79] and disuccinimidyl dibutyric urea (DSBU) [80] are used 
frequently in the field of protein-protein interaction analysis (Figure 6). Both compounds include 
a preferential cleavage site in the spacer arm producing signature fragment ions during 
fragmentation. Identifying cross-links from such data depends on high-quality MS2 spectra 
containing signature peaks for the respective MS-cleavable cross-linker. Commonly used 
algorithms relying on such indicative ions are MeroX [82] and XlinkX [73, 76] (Figure 6). As the 
identification of cross-links by these algorithms is directly proportional to the presence of the 
signature peak pairs, and the quality of MS2 spectra, a variety of MS2 methods have been 
evaluated for samples cross-linked by DSSO and DSBU [81, 83]. Results show fragmentation 
methods tailored towards a certain cross-linker, in combination with the respective algorithm, 
strongly enhance the depth and accuracy of cross-link identification in complex samples. 

 
Figure 6: Chemical structure and fragmentation scheme of MS-cleavable cross-linker disuccinimidyl sulfoxide 
(DSSO) and disuccinimidyl dibutyric urea (DSBU). Both cross-linker belonging to the homobifunctional N-
hydroxysuccinimide (NHS)-esters target primary amines of lysine residues and the N-terminus of proteins within a 
range of 5-35 Å with a MS cleavable spacer in the middle, which is unique to each of the cross-linker resulting in a 
unique mass difference of signature peaks upon fragmentation of cross-linked peptides.
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2. Dissertation Rationale 
To study the diverse roles of organelle proteins on a large scale in an unbiased way, MS-based 
proteomics approaches have proven their strength [84]. To date, >60 studies (reviewed in [1]) 
have investigated the lysosomal proteome by MS, the majority relying on various lysosomal 
enrichment procedures due to the low abundance of lysosomal proteins (e.g. [35-37]). However, 
despite the numerous lysosomal proteomics studies, no systematic comparison of the individual 
enrichment approaches was performed. Therefore, I compared the four most common lysosome 
enrichment strategies and differentially evaluated protein abundance, distribution, and 
contaminant proteins arising from organelles other than the lysosome (Chapter 1 [44]). I identified 
the application of SPIONs as the optimal enrichment approach. Subsequently, this method was 
used to optimize lysosomal MS-sample preparation by comparing different proteolytic digestion 
protocols, fractionation of peptides, desalting, and MS acquisition strategies (Chapter 1 [34, 85]).  

Certain lysosomal proteins and complexes (e.g. mTORC1) have been investigated in 
great detail [13, 86]. However, it is unclear how many complexes involving lysosomal proteins 
exist and whether more complexes have functional significance similar to the mTORC1 complex. 
Recent developments in cross-linking mass spectrometry (XL-MS) allow the characterization of 
protein interactions and structures across different biological systems on a large, unbiased scale 
[77, 87-90]. One of the approach's strengths is that cross-linker like disuccinimidyl sulfoxide 
(DSSO) allows to investigate proteins and their interactions in their native state [91, 92], providing 
an ideal tool for the investigation of lysosomes. A cross-link study's success depends on multiple 
key steps, many of which have been optimized in the past [71, 72, 74, 81, 83]. Yet, even though 
the control of a successful cross-link reaction belongs to one of the key steps, it is mainly 
confirmed by visual inspection of band shift patterns in coomassie/silver-stained gels. However, 
these approaches have limitations when it comes to the validation of individual cross-linked 
proteins or limited sample amounts. Further, the question of whether cross-linkers can penetrate 
the organelle membranes in an active state is actively debated in the field, with no accessible 
tools to visualize cross-linked proteins in a cell. Hence, to better characterize and validate cross-
link reactions, I raised antibodies against the cross-linker DSSO and DSBU in rabbits (Chapter 2 
[93]). I further purified, characterized, and applied them for visualizing cross-links in vivo and 
immunoprecipitation of cross-link modified proteins. The results and tools obtained from chapter 
1 and 2 were subsequently used to cross-link lysosome enriched fractions presenting the first 
lysosomal cross-linking interactome draft, which validated existing protein crystal/cryo-EM 
structures, and allowed to propose novel protein models (Chapter 3 [94]). 

The half-life of lysosomal proteins has only been determined by classical biochemical 
methods for a few selected proteins. Therefore, based on the established lysosome proteomics 
strategies, I further investigated aspects of protein turnover in a more comprehensive approach 
determining protein half-lives of lysosome enriched fractions applying the pulse (p) stable isotope 
labeling by amino acids in cell culture (SILAC) data-independent acquisition (DIA) MS/MS 
approach [95] (Chapter 4) . Furthermore, to investigate degradational routes of proteins on a 
large scale, protein half-lives were compared under five different perturbational states. 
Conditions included the inhibition of proteasomal activity (bortezomib treatment) and conditions 
affecting lysosomal function, such as the impairment of autophagosome-lysosome fusion  
(ATG5-KO), cathepsin D activity (pepstatin A treatment), cholesterol homeostasis (NPC1-KO), 
and protein glycosylation (multiple glycosylation machinery related genes knock out (MGM-KO)). 
The overall workflow was visualized (Figure 7).  
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Figure 7: Schematic illustration of the thesis rationale. Four different lysosome enrichment methods were 
compared to a whole-cell lysate using the data-independent acquisition (DIA) (Chapter 1). Antibodies against the 
cross-linker DSSO and DSBU were generated, purified, and applied in western blot and immunocytochemistry 
experiments (Chapter 2). Lysosome enriched fractions were cross-linked to investigate protein interactions and 
structures (Chapter 3). Half-lives of lysosome enriched fractions were determined applying the pulse stable isotope 
labeling by amino acids in cell culture (SILAC) DIA approach (Chapter 4). Abbreviations: SDGC: Sucrose density 
gradient centrifugation, SPIONs: Superparamagnetic iron oxide nanoparticles, TMEM192: Transmembrane protein 
192, IP: Immunoprecipitation, DSSO: disuccinimidyl sulfoxide, DSBU: and disuccinimidyl dibutyric urea. 
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3. Chapter 1: Establishment of Lysosome Enrichment 
and Sample Preparation 
1 Part one of this chapter has been published: [Singh, J., Kaade, E., Muntel, J., Bruderer, R., 

Reiter, L., Thelen, M., Winter, D. (2020). Systematic comparison of strategies for the 
enrichment of lysosomes by data independent acquisition. Journal of proteome research, 
19(1), 371-381].  

• For the online version of the paper, visit: https://doi.org/10.1021/acs.jproteome.9b00580 
• The supporting information, including supplementary tables, are available at: 

https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00580 
• Remark: The first publication within the scope of chapter 1 has been done by me as the 

only first author and SHOULD BE CONSIDERED for this cumulative doctoral 
dissertation.  

 
2 Part two of this chapter has been published: [Ponnaiyan, S., Akter, F., Singh, J., Winter, D. 

(2020). Comprehensive draft of the mouse embryonic fibroblast lysosomal proteome by mass 
spectrometry-based proteomics. Scientific data, 7(1), 1-13].  
• For the online version of the paper and supporting information, visit: 

https://doi.org/10.1038/s41597-020-0399-5 
• Remark: The second publication within the scope of chapter 1 SHOULD NOT BE 

CONSIDERED for this cumulative doctoral dissertation, as the majority of the work has 
been done by the first two co-authors. The publication has been attached in the 
supplement under section 8.1. 

 
3 Part three of this chapter has been published: “[Mosen, P., Sanner, A., Singh, J., Winter, D. 

(2021). Targeted Quantification of the Lysosomal Proteome in Complex Samples.  
Proteomes, 9(1), 4]. 
• For the online version of the paper, visit: https://doi.org/10.3390/proteomes9010004 
• The supporting information including supplementary tables are available at: 

https://www.mdpi.com/2227-7382/9/1/4/s1 
• Remark: The third publication within the scope of chapter 1 SHOULD NOT BE 

CONSIDERED for this cumulative doctoral dissertation, as the majority of the work has 
been done by the first two co-authors. The publication has been attached in the 
supplement under section 8.2. 
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3.1 Introduction 
The success of comprehensive shotgun proteomics approaches depends on multiple factors like 
sample complexity, adequate sample preparation, and dependent on the goal of a study and 
experimental design, adapted MS acquisition strategies [96]. While whole-cell proteome 
analyses containing 12,000 proteins exceed the resolving ability of single-shot proteomics 
approaches, subcellular proteome approaches decrease the sample complexity to 500-4000 
proteins within a typical compartment [96]. Biochemical research has led to the development of 
highly efficient methods that allow for the enrichment of subcellular compartments up to  
90-95 %. However, despite the significant enrichment of organelles such as mitochondria or 
nuclei, in-depth MS analysis of such fractions still led to the identification of proteins from other 
cellular compartments [97].  

Compared to other organelles such as mitochondria with 1000-2000/cell, lysosomes with 
~100/cell are of relatively low abundance, making their enrichment a prerequisite to allow for in-
depth proteomic analysis [35, 62]. Although multiple lysosome enrichment approaches have 
been developed, it has so far not been determined how they affect results of proteomic analysis 
of lysosomes. Therefore, in chapter 1, I compared four lysosome enrichment approaches:  

1) Generation of an organelle-enriched pellet via 20,000×g centrifugation (OEP) 
2) A two-step sucrose density gradient centrifugation approach (SDGC) 
3) Enrichment by superparamagnetic iron oxide nanoparticles (SPIONs) 
4) Immunoprecipitation using a 3xHA tagged version of the lysosomal transmembrane protein 

192 (TMEM-IP).  

I determined enrichment and depletion efficiencies for lysosomal and contaminant 
proteins for each enrichment strategy and compared the data to a whole-cell lysate dataset using 
the data-independent acquisition (DIA) strategy. The DIA approach allowed me to reproducibly 
identify and quantify proteins across all five conditions [44].  

In addition, to assessing different lysosome enrichment approaches, colleagues of our 
group and I further systematically evaluated MS sample preparation protocols. The comparison 
included different strategies for the concentration of lysosome enriched fractions, proteolytic 
digestion, desalting, and fractionation approaches for peptides, and evaluating different  
LC gradient lengths. We assessed four different strategies, including in-gel digestion, filter aided 
sample preparation (FASP), and in-solution digestion applying urea and RapiGest [85]. 
Moreover, colleagues and I further assessed the impact of two different targeted MS acquisition 
strategies (DIA and parallel reaction monitoring (PRM)) for the analysis/quantification of the 
lysosomal proteome from samples from different sample complexity [34].  
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ABSTRACT: In mammalian cells, the lysosome is the main organelle for the
degradation of macromolecules and the recycling of their building blocks. Correct
lysosomal function is essential, and mutations in every known lysosomal hydrolase
result in so-called lysosomal storage disorders, a group of rare and often fatal
inherited diseases. Furthermore, it is becoming more and more apparent that
lysosomes play also decisive roles in other diseases, such as cancer and common
neurodegenerative disorders. This leads to an increasing interest in the proteomic
analysis of lysosomes for which enrichment is a prerequisite. In this study, we
compared the four most common strategies for the enrichment of lysosomes using
data-independent acquisition. We performed centrifugation at 20,000 × g to
generate an organelle-enriched pellet, two-step sucrose density gradient
centrifugation, enrichment by superparamagnetic iron oxide nanoparticles (SPIONs), and immunoprecipitation using a
3xHA tagged version of the lysosomal membrane protein TMEM192. Our results show that SPIONs and TMEM192
immunoprecipitation outperform the other approaches with enrichment factors of up to 118-fold for certain proteins relative to
whole cell lysates. Furthermore, we achieved an increase in identified lysosomal proteins and a higher reproducibility in protein
intensities for label-free quantification in comparison to the other strategies.
KEYWORDS: lysosomes, lysosome enrichment, quantification, mass spectrometry, superparamagnetic iron oxide nanoparticles,
sucrose density gradient centrifugation, TMEM192-3xHA immunoprecipitation, data-independent acquisition, organelle, proteomics

■ INTRODUCTION
The correct function of mammalian cells depends on the
ability to recycle macromolecules and organelles on a
continuous basis, maintaining a constant turnover.1 The
central cellular compartment for this task is the lysosome, a
lytic membrane-enclosed organelle containing a variety of
hydrolytic enzymes that catalyze the degradation of a variety of
substances such as proteins, lipids, sugars, and nucleic acids.2

Dysfunction of these hydrolases can result in numerous
disorders such as lysosomal storage diseases (LSDs),2,3

cardiovascular disorders,4 cancer,5 and neurological diseases.6

The group of LSDs comprises ∼50 disorders3 characterized by
the accumulation of undegraded macromolecules in lysosomes.
This material results in an impairment of lysosomal function,
which, in the majority of cases, leads to a severe phenotype in
the affected patients. Due to the direct relationship of
lysosomal hydrolases and the respective LSD, their enzymatic
activites and roles in the degradation of the respective
macromolecules have been investigated in a variety of studies.2

For a long time, the lysosome has been regarded as a purely
digestive and unregulated organelle. In recent years, however,
it is becoming clearer that it functions as a recycling organelle
and actively transports the generated molecules such as
monosaccharides, amino acids, or lipids into the cytosol,

making them available for biosynthetic or oxidative processes.7

Furthermore, a regulatory network is located at the lysosomal
membrane controlling metabolically relevant signaling cascades
with mTORC18 being its most prominent example.9

Due to the emerging role of lysosomes in cellular signaling
and a variety of disorders, there has been an increasing interest
in the analysis of lysosomal proteins. To this day, ∼160 bona
fide lysosomal proteins have been defined in molecular biology
studies as well as ∼30 lysosomal-associated proteins from
which a significant amount is related to the mTORC1
complex.10,11 Furthermore, 683 proteins have been associated
with lysosomal or late endosomal localization in gene ontology
(GO) databases (http://pantherdb.org/).
For the analysis of lysosomal proteins by mass spectrometry,

the enrichment of lysosomes is a prerequisite. Common
methods applied for this purpose are subcellular density
gradient fractionation,12 delivery of superparamagnetic iron
oxide nanoparticles (SPIONs)13 to lysosomes by unspecific
endocytosis, and immunoaffinity enrichment of lysosomes
through tagged membrane proteins.8,14
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In density gradient centrifugation approaches, which are
probably the most commonly used method for subcellular
fractionation, lysosomes are included in one of the subfractions
obtained. A major disadvantage of most gradient centrifugation
approaches is the contamination of the lysosome-containing
fraction with other organelles, especially with mitochondria
and peroxisomes.15,16 Therefore, numerous approaches have
been developed to increase the purity of such lysosome-
enriched fractions. This includes, for example, the admin-
istration of Triton-WR1339 to rats, which leads to a change in
density of lysosomes derived from the liver of these animals,15

and the combination of this approach with iTRAQ allowing for
the quantification of the extent of protein relocalization.17

Furthermore, different substances for the formation of the
gradient have been introduced including Histodenz,12

Metrizamide,18 Nycodenz,19 and Percoll.20

The isolation of lysosomes by unspecific fluid-phase
endocytosis of SPIONs in combination with magnetic columns
presents another method frequently used for the enrichment of
lysosomes.13 This approach has been applied successfully in
numerous studies for the investigation of lysosomes by mass
spectrometry including the relative quantification of lysosomal
proteins with stable isotope labeling by amino acids in cell
culture (SILAC) and label-free quantification, as well as
lipidomics studies.10,21

For the immunoprecipitation of lysosomes with tagged
membrane proteins, two constructs have been applied so far.
While the initial version of this approach utilized a variant of
the lysosomal-associated membrane protein 1 (Lamp1) fused
to a red fluorescent protein-FLAG tag construct at its cytosolic
tail (LAMP1-RFP-FLAG),8 the improved version consists of a
3xHA-tagged version of the transmembrane protein 192
(TMEM192-3xHA).14 This approach has been applied for
the proteomic,14 metabolomic,22 and lipidomic23 analysis of
lysosomes.
Despite the use of the individual approaches for the

enrichment of lysosomes in a multitude of studies, no
systematic evaluation of their efficiency has been performed
so far. In the current study, we compared the four most
common strategies for the enrichment of lysosomes using mass
spectrometry-based proteomics. We evaluated the performance
of the individual methods relative to each other, comparing the
abundance/distribution of lysosomal and total proteins, as
determined by data-independent acquisition (DIA).

■ EXPERIMENTAL SECTION

Cell Culture and Enrichment of Lysosomes
Tissue culture plates were coated by poly-L-lysine (0.5 mg/ml
in phosphate-buffered saline (PBS)) for 10 min at 37 °C.
Human embryonic kidney cells (HEK 293) were seeded on
these plates and cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 100
IU/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine
at 37 °C, and 5% CO2. Dependent on the sample preparation
method, different numbers of cells/plates were used.
Whole Cell Lysates

One 10 cm plate of 6 × 106 HEK 293 cells/plate was seeded in
DMEM and incubated for 48 h. The cells were washed twice
with ice-cold phosphate-buffered saline (PBS), and the plate
was scraped off in 1 mL of ice-cold PBS, transferred to a micro
tube, and centrifuged at 600 × g for 10 min at 4 °C. The
supernatant was discarded, the pellet was resuspended in lysis

buffer (20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 0.5
mM dithiothreitol (DTT) (Sigma-Aldrich), 0.4% NP-40,
containing complete EDTA-free protease-inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany), pH 7.4), and the
cells were lyzed at an amplitude of 40 with three cycles of 30 s
each using a sonicator (Bioruptor plus, Seraing, Belgium) at 4
°C. Subsequently, proteins were extracted by acetone
precipitation (4:1 v/v), and the pellet was stored at −20 °C
until further use.
Organelle-Enriched 20,000 × g Pellets (OEP)

Three 10 cm plates of 6 × 106 HEK 293 cells/plate were
seeded in DMEM and incubated for 48 h. The cells were
washed twice with ice-cold PBS, and the plate was scraped off
in 2 mL of isolation buffer (250 mM sucrose, 10 mM HEPES,
1 mM CaCl2, 1 mM MgCl2, 1.5 mM MgAc, 1 mM DTT, 1 ×
PIC). Afterward, the cells were pooled, disrupted using a 15
mL douncer with 25 strokes, and centrifuged at 600 × g for 10
min at 4 °C. The supernatant was transferred to another tube,
and the pellet was resuspended in 3 mL of isolation buffer,
dounced with 25 strokes, and centrifuged at 600 × g for 10 min
at 4 °C. The post nuclear supernatants (PNS) were pooled,
centrifuged at 20,000 × g for 30 min at 4 °C, and the pellet was
stored at −20 °C.
Sucrose Density Gradient Centrifugation (SDGC)

Ten 10 cm plates of 6 × 106 HEK 293 cells/plate were seeded
in DMEM and incubated for 48 h. Cells were washed thrice
(twice with ice-cold PBS and once with 250 mM sucrose
buffer), and the plate was scraped off in 1 mL of 250 mM
sucrose buffer. Subsequently, the cells were pooled and
centrifuged at 600 × g for 5 min at 4 °C. The pellet was
resuspended in 3 mL of 250 mM sucrose buffer, dounced in a
5 mL douncer with 30 strokes and centrifuged at 800 × g for
10 min at 4 °C. The PNS was recovered and loaded on top of a
sucrose density gradient which was prepared as follows (from
bottom to top): 2 mL of 35% Histodenz in 250 mM sucrose, 2
mL of 17% Histodenz in 250 mM sucrose, and 3 mL of 6%
Percoll in 250 mM sucrose. The gradient was centrifuged at
70,000 × g for 35 min at 4 °C; the second interphase was
collected and used for a subsequent gradient centrifugation.
For this, the recovered interphase was mixed with 0.879 mL of
80% Histodenz forming the first layer of the new density
gradient. On top of this solution, 2 mL of 17% Histodenz in
250 mM sucrose, 2 mL of 5% Histodenz in 250 mM sucrose,
and 1 mL of 250 mM sucrose were added. The gradient was
then centrifuged at 70,000 × g for 35 min at 4 °C resulting in
one lysosome containing an interphase band, which was
collected. Subsequently, proteins were extracted from this
sample by acetone precipitation (4:1 v/v), and the pellet was
stored at −20 °C until further use.
Superparamagnetic Iron Oxide Nanoparticles (SPIONs)

Three 10 cm plates of 6 × 106 HEK cells/plate were seeded in
DMEM supplemented with 10% (v/v) magnetite dextran
solution (EndoMAG40, Liquids Research, North Wales, UK)
and incubated for 24 h. Afterward, the cells were washed thrice
with PBS to remove the magnetite dextran and resupple-
mented with DMEM followed by incubation for 24 h.
Subsequently, the cells were washed twice with ice-cold PBS,
scraped in 2 mL of isolation buffer, pooled, and dounced with
25 strokes in a 15 mL douncer, followed by centrifugation at
600 × g for 10 min at 4 °C. The pellet was resuspended in 3
mL of isolation buffer, dounced with 25 strokes, and
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centrifuged at 600 × g, and the PNS was combined with the
first PNS. Lysosome isolation was performed at room
temperature using Miltenyi LS columns (Miltenyi Biotech,
Auburn, CA) in combination with the Quadro MACS magnet
(Miltenyi Biotech). The columns were equilibrated with 1 mL
of 0.5% (w/v) BSA in PBS by gravity flow. Then, the PNS was
passed through the column, and the column was washed three
times with 1 mL of isolation buffer and removed from the
magnet; lysosomes were eluted two times in 1 mL of isolation
buffer using a plunger. The eluates were centrifuged at 20,000
× g for 30 min at 4 °C, the supernatant was discarded, and the
pellet was stored at −20 °C.
Immunoprecipitation (TMEM-IP)

For the generation of HEK 293 cells stably expressing
TMEM192-3xHA, cells were transfected with a plasmid
containing TMEM192-3xHA and a puromycin resistance
gene using the Turbofect reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s
instructions. Following puromycin selection with a previously
determined concentration of 2 μg/mL culture medium, single
cell clones were selected and propagated, and expression of
TMEM192-3xHA was verified by Western blot. pLJC6-3XHA-
TMEM192 was a gift from David Sabatini (Addgene plasmid
no. 104434; http://n2t.net/addgene:104434; RRID: Addgene
104,434).
Two 15 cm plates of 11 × 106 HEK 293 cells/plate stably

expressing TMEM192-3xHA were seeded in DMEM and
incubated for 48 h. The cells were washed twice, scraped in 1
mL of ice-cold PBS, and centrifuged at 1000 × g for 2 min at 4
°C, and the cell pellet was resuspended in 1 mL of isolation
buffer (136 mM KCl, 10 mM KH2PO4, pH 7.25)/plate.
Subsequently, the cells were dounced with 20 strokes in a 2 mL
douncer and the PNS was incubated with prewashed 100 μL of
anti HA magnetic beads (Thermo Fisher Scientific) for 5 min
on an overhead rotator. The supernatant was removed, and the
beads were washed gently three times with 500 μL of isolation
buffer using a DynaMag spin magnet (Thermo Fisher
Scientific). Finally, proteins were extracted by incubating the
beads for 10 min with ice-cold lysis buffer (40 mM HEPES, 1%
Triton X-100, 10 mM β-glycerol phosphate, 10 mM
pyrophosphate, 2.5 mM MgCl2, pH 7.4) and precipitated by
acetone precipitation (4:1). The pellet was then stored at −20
°C.
The efficiency of lysosome enrichment and lysosomal

integrity was assessed using the β-hexosaminidase assay24

with/without addition of 1% Triton X-100 (final concen-
tration). Furthermore, the protein concentration of the
individual samples was determined using the DC protein
assay (BioRad, Hercules, CA, USA).25

MS Sample Preparation

For each sample, 100 μg of protein was denatured with a
freshly prepared solution of 8 M urea/100 mM triethylammo-
nium bicarbonate (TEAB) (Sigma-Aldrich, St. Louis, MO,
USA), reduced with 10 mM DTT at 56 °C for 30 min, and
alkylated with 20 mM chloroacetamide (Merck KGaA,
Darmstadt, Germany) at RT for 30 min. The reaction was
quenched by adding 10 mM DTT. The samples were diluted
1:2 with 100 mM TEAB, rLysC (Promega, Mannheim,
Germany) was added at an enzyme-to-protein ratio of 1:100
(w/w), and the samples were incubated at 37 °C overnight.
Subsequently, the urea concentration was diluted to 1.6 M,
trypsin (Promega) was added at an enzyme-to-protein ratio of

1:100 (w/w), and the samples were incubated at 37 °C for 8 h.
The resulting peptides were desalted using STAGE-tips26

assembled with Empore C18 reversed-phase material (3 M, St.
Paul, MN), dried using a vacuum centrifuge, and finally stored
at −20 °C until further use.
LC-ESI-MS/MS

Peptides were reconstituted in 5% ACN (AppliChem)/5% FA
(Sigma-Aldrich) and analyzed using a nano-UHPLC-Dionex
Ultimate 3000 system connected to an Orbitrap Fusion Lumos
mass spectrometer (both Thermo Fisher Scientific). For DDA
analyses, each sample material from all three biological
replicates was pooled before the analysis. For all analyses, 1
μg of the sample was loaded directly on a 50 cm reversed-
phase analytical column at a flow rate of 600 nL/min using
100% solvent A (0.1% FA in water). The columns were
produced in-house as follows: spray tips were generated from
360 μm outer diameter/100 μm inner diameter fused silica
capillaries using a P-2000 laser puller (Sutter Instruments,
Novato, CA) and packed with 1.9 μm ReprosilPur AQ C18
particles (Dr. Maisch, Ammerbuch-Entringen, Germany).
Peptide separation was performed with 240 min (DDA) and
120 min (DIA) linear gradients from 5−35% solvent B (95%
ACN, 0.1% FA) at a flow rate of 300 nL/min. MS1 spectra
were acquired in the Orbitrap mass analyzer from m/z 375−
1200 at a resolution of 60,000 and with a dynamic exclusion of
120 s fragmenting charge states between 2+ to 4+. Peptides
were fragmented using higher energy collisional dissociation
(30%) fragmentation, and MS2 scans were acquired at a
resolution of 30,000 in the Orbitrap analyzer. The precursor
isolation width was set to m/z 1.6 with an automatic gain
control of 4 × 105 and 5 × 105 and maximum injection times
of 50 and 54 ms for the MS1 and MS2 scans, respectively. For
DIA, MS1 scans were acquired with a resolution of 120,000, an
AGC target setting of 5 × 105, and a maximum injection time
of 20 ms covering a mass range of 375 to 1200 m/z. The MS1
scan was followed by 36 static MS2 DIA segments. The DIA
segment isolation width was adjusted to 24.1 m/z to cover the
same mass range as the MS1 scan including a 0.5 m/z overlap.
The MS2 scans were acquired with a resolution of 30,000, an
AGC target setting of 1 × 10,6 and a maximum injection time
of 60 ms. The HCD collision energy was set to 27%. This
window design resulted in a total cycle time of 3.44 s for the
120 min gradient length.
Data Analysis

For library generation, DDA MS*.raw files were analyzed using
the Pulsar search engine available in the Library perspective of
Spectronaut27 (version: 13.2.19). The human Uniprot data-
base was used (UniProt database proteome ID: UP000005640,
release date: 11.06.2019 with 21,155 entries). DDA and DIA
MS*.raw files were analyzed using the default parameters27

(enzyme: trypsin, mass tolerances were defined dynamically by
the Pulsar algorithm, fixed/variable modifications: carbamido-
methylation at cysteine/oxidation at methionine; number of
allowed missed cleavages: 2; 3 to 6 fragment ions per peptide
were selected based on intensity to build the library). An initial
search was performed to assess unspecific carbamylation of
lysine residues and peptide N-termini, which was found to be
<3%. In subsequent searches, the modification was not
considered. For retention time alignment, the high-precision
iRT concept (dynamic) was applied.27 Mass tolerances for
matching of precursor and fragment ions as well as peak
extraction windows were determined automatically by
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Spectronaut. The precursor information was only utilized in
peak detection. Interference correction was enabled. Data were
normalized using local regression normalization, and the
results were filtered with 1% FDR on the precursor and
protein level (q-value <0.01).28 The Spectronaut project was
uploaded to Pride (PXD015098) and can be viewed using the
freely available Spectronaut Viewer. For unsupervised cluster-
ing and determination of p-values, the post analysis pipeline of
Spectronaut was used with its default parameters (distance
metric: Manhattan Distance; linkage strategy: Ward’s method;
multiple testing correction: Storey’s method).

■ RESULTS AND DISCUSSION
For the analysis of lysosomal composition and function, it is
important to recover as many lysosomes as possible, that they
stay intact during the process, and that the enriched fractions
contain as few contaminating proteins as possible originating
from other organelles. To determine which of the currently
available methods meets these requirements in the most
complete way, we compared four different enrichment
strategies that are frequently used for cells grown in tissue
culture (Figure 1A). As a benchmark, we chose a crude
enrichment strategy, which is the centrifugation of the PNS at
20,000 × g termed in the following as the organelle-enriched
pellet (OEP), as this should result in the most complete
recovery and intact ratio of lysosomes. We compared this
method to a two-step sucrose density gradient centrifugation
(SDGC) approach employing Histodenz and Percoll.12

Furthermore, we included two enrichment strategies developed
specifically for lysosomes. In the SPIONs13 approach, which is
based on the endocytosis of dextran-coated nanoparticles and

their delivery to the lysosomal compartment, lysosomes
containing these particles are isolated using magnetic columns.
In the TMEM192-3xHA immunoprecipitation14 strategy
(TMEM-IP), cells stably expressing a 3xHA-tagged version
of the lysosomal membrane protein TMEM192 are used for
lysosome isolation by anti-HA antibodies immobilized on
magnetic beads.
Assessment of Lysosomal Yield

To allow for the reproducible enrichment of lysosomes by
TMEM-IP, we initially generated HEK 293 cells stably
expressing TMEM192-3xHA and confirmed expression of the
protein by Western blotting analysis (Figure S1). We then
performed lysosome enrichment with each of the individual
methods in three independent biological replicates and
assessed the recovery and intact ratio of lysosomes using
enzymatic assays for β-hexosaminidase activity,10 an enzyme
residing in the lysosomal lumen (Figure 1B−E). In these
assays, values of enzymatic activity without the addition of
Triton X-100 (lysosomal membrane is intact) present ruptured
lysosomes, and values after addition of Triton X-100 present
the total lysosomal population (β-hexosaminidase is released
from all lysosomes in the sample). The difference between
both values represents the fraction of intact organelles. Due to
the different amounts of starting material for the individual
approaches (1.8 × 107, 6 × 107, 1.8 × 107, and 3.5 × 107 cells
for OEP, SDGC, SPIONs, and TMEM-IP, respectively), we
normalized the values for each approach on the input fraction
(PNS) treated with Triton X-100 (Table S1). We then
calculated the percentage of intact lysosomes contained in the
input fraction we recovered for the individual approaches.

Figure 1. (A) Schematic representation of the workflows for the four lysosome enrichment methods. (B−E) Normalized β-hexosaminidase activity
assays for each of the four enrichment methods and the respective fractions. Samples treated with Triton X-100 are shown in black and without in
gray. Shown are average values (n = 3) and standard deviation. Lysate: whole cell lysate; OEP: organelle-enriched pellet; SDGC: sucrose density
gradient centrifugation; SPIONs: superparamagnetic iron oxide nanoparticles; TMEM-IP: TMEM192-3xHA immunoprecipitation; I: input; SN:
supernatant; FT: flow through; W: wash; E: eluate; G1: interphase gradient #1; G2: interphase gradient #2; β-hex: β-hexosaminidase; and PNS:
postnuclear supernatant.
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On average, we were able to retrieve 79% (OEP, Figure 1B),
7% (SDGC, Figure 1C), 47% (SPIONs, Figure 1D), and 81%
(TMEM-IP, Figure 1E) of the intact lysosomes contained in
the starting material in the lysosome-enriched fraction. Due to
the variations in isolation efficiency, different amounts of
starting material have to be used for the individual approaches
to yield similar amounts of lysosomes. The highest number of
cells is needed for SDGC, followed by TMEM-IP and SPIONs,
while the OEP can be generated with the lowest amount of
input material. As we only needed 1 μg of protein for each
analysis, the different yields did not affect our performance as
all methods resulted in a sufficient amount of material.
However, if higher amounts of material are desired for further
studies, for example, addressing the distribution of proteins
across lysosomal subcompartments (lumen, membrane, and
lysosome-associated), this may present a limitation for the
individual approaches. Furthermore, the price for lysosome
isolation varies substantially based on the method employed.
When only taking the material used for lysosome isolation into
account, the OEP and SDGC samples are virtually for free
while one isolation by TMEM-IP (∼$100 excluding VAT) is
approximately 3 times as expensive as the SPION-based
isolation (∼$33 excluding VAT).
In the lysosome-enriched fractions, 85, 80, and 85% of

lysosomes were intact for OEP, SDGC, and SPIONs,
respectively, indicating that the lysosomal damage resulting
from the individual approaches was comparable. No
conclusion could be made for the TMEM-IP samples as
elution from the anti-HA beads is performed by using Triton
X-100, which disrupts the lysosomal membrane. Since only the
enrichment of intact lysosomes results in β-hexosaminidase
activity, also for the TMEM-IP, a comparable or higher
integrity can be assumed. While the OEP sample contained

virtually no lysosomes in the supernatant, the SPION and
TMEM-IP samples showed losses of 25 and 11%, respectively.
These data indicate that the OEP and the TMEM-IP are the
most efficient methods for the recovery of lysosomes from the
starting material. When further considering the numbers of
cells used (by normalizing the obtained β-hexosaminidase
activity in the eluate fraction on the cell number, Table S1);
however, it becomes apparent that SPIONs and OEP (which
resulted in similar values) outperform the TMEM-IP and
SDGC by 1.8-, and 6-fold, respectively. This is due to the fact
that for both the TMEM-IP and the SDGC, the douncing of
cells has to be performed in relatively small volumes at high
cell densities as a highly concentrated sample is used as the
starting material. This results in a reduced yield of lysosomes as
the douncing efficiency of cells is lower at higher cell densities,
representing a drawback of these approaches in their current
version. For the SPION and OEP approaches, this limitation
does not apply since lysosomes are concentrated from a high-
volume input sample. However, also for these approaches, a
minimum density of cells has to be used for douncing as the
intactness of lysosomes negatively correlates with increasing
sample volume. Therefore, if small amounts of cells or tissue
are to be analyzed, a compatible low-volume douncer has to be
utilized and the conditions must be optimized for the
individual sample. This also presents a limitation for the
applicability of all these approaches to low-abundant samples
as alternative approaches would have to be applied to release
intact lysosomes from cells. Furthermore, we observed higher
amounts of intact lysosomes in the flow through of the
SPION-enriched samples. This is probably related to
lysosomal populations that do not receive SPIONs within
the pulse-chase conditions used for our experimental setup.

Figure 2. (A−C) Number of identified (A) total, (B) lysosomal GO-annotated, and (C) lysosomal bona fide proteins for the whole cell lysate and
the four enrichment strategies. Shown are average values (n = 3) and standard deviation. (D−F) Overlap of identified (D) total, (E) lysosomal GO-
annotated, and (F) lysosomal bona fide proteins for the four enrichment strategies. Lysate: whole cell lysate; OEP: organelle-enriched pellet;
SDGC: sucrose density gradient centrifugation; SPIONs: superparamagnetic iron oxide nanoparticles; and TMEM-IP: TMEM192-3xHA
immunoprecipitation.
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DIA Analysis of Lysosome-Enriched Fractions

We subsequently performed in-solution digestion for the
individual eluate fractions of the different enrichment methods
as well as a whole cell digest, which we included as a reference
sample. For the generation of a spectral library, we analyzed all
samples initially by 240 min LC−MS/MS DDA runs. The
library, generated by the Pulsar algorithm integrated in the
Spectronaut software, covered 6966 proteins, 96,268 peptides,
and 122,259 precursors. Subsequently, we analyzed three
independent biological replicates for each of the five
approaches by 120 min gradients and DIA followed by data
analysis with Spectronaut (Table S2).
The whole cell lysate resulted, as expected, in the highest

number of protein identifications (on average 6329 proteins),
followed by the OEP (6086 proteins), TMEM-IP (5890
proteins), SPIONs (5586 proteins), and SDGC (4689
proteins) (Figure 2A). While it was not surprising to us that
the whole cell lysate resulted in the highest number of
identified proteins, we did not expect to find higher numbers of
proteins in the TMEM-IP and SPION samples compared to
SDGC as one would assume that the first two should be the
more specific approaches. Among the proteins covered with
the individual enrichment approaches, we observed an overlap
of 68.4%, with the majority being contributed by the SPION
and TMEM-IP samples, which shared 85%.
As the analysis of lysosomal proteins was the main goal of

our efforts, we further focused on proteins with known
lysosomal localization in the datasets (Figure 2B,C). First, we
compared the proteins to such which contained the term
“lysosome” in their GO annotation (www.pantherdb.org, 683
proteins in total, Table S3). In the individual samples, we were
able to identify on average between 353 and 391 of these
proteins (Figure 2B). As this list also contains a high number
of proteins that are annotated to be lysosomal based on
similarities to other proteins, we further used a short list of
bona fide lysosomal and lysosome-associated proteins, which
have all been shown to be of lysosomal origin in molecular
biology experiments (187 proteins in total, Table S3).10 For
this list, relative to the whole cell lysate, we observed an

average increase of 12% for the identification of lysosomal
proteins for SPIONs and TMEM-IP, whereas no significant
increase could be observed for the OEP and SDGC methods
(Figure 2C). The identified lysosomal proteins for the TMEM-
IP are in agreement with a previously published study
employing a similar experimental setup (Figure S2).14

We further validated the overlap of identified total, GO-
annotated, and bona fide lysosomal proteins for the four
enrichment methods (Figure 2D−F). As expected, we
observed the highest discrepancy on the level of identified
total proteins and with a decreasing size of the population
analyzed, also the differences decreased. While for the GO-
annotated list, the OEP sample still was able to contribute a
few proteins not covered by the other approaches, the SDGC
sample failed to provide any orthogonality irrespective of
which list was used. The highest number of unique
identifications for both lysosomal protein lists was contributed
by SPIONs and the TMEM-IP. To assess the reproducibility of
the approaches, we furthermore investigated the variability of
signal intensities for the identified protein groups in the
biological replicates of the respective samples (Figure S3A,
gray bars). With 4568 and 3783 identifications with CVs <
20% and < 10%, respectively, the SPION method out-
performed the other enrichment strategies significantly.
Especially for protein identifications with a CV < 10%, a
strong increase was observed. SPIONs identified 5.9-, 5.9-,
2,6-, and 1.7-fold more proteins with CVs < 10% compared to
the whole cell lysate, SDGC, OEP, and TMEM-IP,
respectively. This shows that despite the use of DIA, the
enrichment of lysosomes has a beneficial effect on the
generated datasets. This is probably due to the increase in
signal intensity, especially for low-abundant lysosomal proteins.
This is also confirmed by the average coefficient of variation as
well as the dynamic range of variation among the enrichment
strategies (Figure S3B), which is lowest for the SPION-
enriched samples.
Based on these results, we conclude that the TMEM-IP and

SPIONs result in the highest number of identified total and
lysosomal proteins, while the data generated by the latter are

Figure 3. (A) Unsupervised clustering of the quantitative values for the whole cell lysate and the lysosome enrichment methods. Each column
represents one individual replicate for the respective method, the color code depicts the normalized intensity of the individual proteins. (B) PCA
plot with two defined standardized principal components PC1 and PC2 for the whole cell lysate and the four enrichment methods. (C) PCA
loading plot visualizing the individual protein IDs and their GO category. Lysate: whole cell lysate; OEP: organelle-enriched pellet; SDGC: sucrose
density gradient centrifugation; SPIONs: superparamagnetic iron oxide nanoparticles; and TMEM-IP: TMEM192-3xHA immunoprecipitation.
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more reproducible. Therefore, if high-quality label-free
quantification data are of importance, SPIONs or TMEM-IP
is the method of choice. If only identification of lysosomal
proteins is desired and high CV values are of no concern, the
OEP sample presents the best compromise between effort and
result quality as it is more cost-effective than SPIONs and
TMEM-IP and no stable cell lines have to be generated.
Furthermore, for samples that cannot be specifically enriched
for lysosomes, the DIA analysis of OEP samples allows an
increased performance compared to whole cell lysates for the
majority of lysosomal proteins. These are, for example, low
abundant cells, tissue samples from animal models or patients,
cells that do not actively deliver SPIONs to the lysosomal
compartment, or such that cannot be stably transfected with
TMEM192-3xHA.
Individual Enrichment Methods Yield Distinct Protein
Populations

Initially, to assess the overall quality of the quantitative dataset,
we generated a heat map clustered in a row- and column-wise
manner for all data points with high confidence (Figure 3A).
For the individual methods, we observed a highly reproducible
clustering of intensities among the independent biological

replicates. Furthermore, we were able to identify for each
method protein populations showing a unique pattern
indicating that functionally connected protein groups were
enriched in the individual datasets.
To further assess these differences and determine how many

variables are contained in the dataset, we performed a principal
component analysis (PCA). The PCA plot (Figure 3B) shows
that the two principal components PC1 and PC2 explained
31.8 and 26.9% of the variance in the dataset. As the replicates
of the individual enrichment strategies are clustered closely
together, the main variance in the dataset (PC1) can be
explained based on the different enrichment strategies
themselves. At this point, we did not consider more principal
components as PC1 and PC2 already allowed for a good
separation of the samples. Considering the TMEM-IP, for
example, PC1 explains the difference to the SDGC method,
whereas PC2 accounts for the difference to the whole cell
lysate.
Subsequently, we investigated which proteins (classes) drove

the separation between the enrichment strategies. For this
analysis, we extracted the PC1 and PC2 loadings for each
protein (individual contribution of each protein to the

Figure 4. (A−G) Change in protein abundance for three distinct marker proteins of seven individual organelles and large cellular structures for the
whole cell lysate and the different enrichment methods. The y axis shows the average summed intensity for the three replicates. H) Overview of
enriched proteins (log 2 ratio > 0.58,q < 0.05 compared to the lysate) assigned to organelles. Lysate: whole cell lysate; OEP: organelle-enriched
pellet; SDGC: sucrose density gradient centrifugation; SPIONs: superparamagnetic iron oxide nanoparticles; and TMEM-IP: TMEM192-3xHA
immunoprecipitation.

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.9b00580
J. Proteome Res. 2020, 19, 371−381

377



– Chapter 1: Establishment of Lysosome Enrichment and Sample Preparation – 

 - 22 - 

 
  

separation in the respective principal component), plotted
them, and colored the proteins according to their GO
annotation (Figure 3C). This analysis revealed that nuclear
proteins were depleted from the sample in all approaches and
that SDGC was especially efficient in the enrichment of
mitochondria. PC2 separated the TMEM-IP and SPIONs from
the whole cell lysate, and the analysis of protein loadings
(Figure 3C) showed that this separation was primarily driven
by lysosomal proteins and to a minor extent by proteins
originating from the Golgi apparatus. By correlating the
organelle-specific protein population distribution (Figure 3C)
with the different enrichment approaches (Figure 3B), it
further is becoming apparent that the highest enrichment of
lysosomal proteins was achieved by the SPION and the
TMEM-IP methods, which show a similar profile.
Quantification of Organelle Abundance

To further investigate the efficiency of the individual
approaches, we quantified the extent of organelle enrichment
based on the label-free quantification values for the individual
proteins. As base line, we applied the intensities obtained for
the whole cell lysate. Initially, we plotted the summed
intensities of three marker proteins for a specific subcellular
population (Figure 4A−G and Table S1). For the lysosomal
proteins LAMP1 (membrane), CTSD (luminal), and LAM-
TOR1 (membrane-anchored), we observed an increase in
signal intensity for all enrichment methods with the highest
values for SPION and TMEM-IP samples ranging from 14- to
59-fold. When considering the summed intensities of bona fide
lysosomal proteins that were identified in all samples analyzed,
this increase ranged from 2.4- to 28-fold dependent on the
enrichment method (Figure S4). While the representative
nuclear proteins decreased for all enrichment methods, only
SDGC was able to reduce the amount of some of the selected
ER proteins, while at the same time, it was the only approach
resulting in a strong increase for mitochondrial markers. This is
probably due to similar densities of lysosomes and
mitochondria, which therefore cannot be separated by the
applied gradient. Endosomes and the proteasome were
efficiently depleted by all approaches except the TMEM-IP,
which furthermore resulted in an increase in signal intensity for
the Golgi apparatus marker proteins.
We then extended these analyses to the whole protein

population and generated volcano plots for the proteins
assigned with the respective GO categories (Figure S5 and
Table S4). Shown is the average q-value and log 2 fold-change
(relative to the whole cell lysate) across three biological
replicates with a significance cutoff of 0.05 for the q-value
(multiple testing corrected p-value) and 0.58 for the absolute
log 2 fold-change. In these analyses, SPIONs and TMEM-IP
show a bigger proportion of significantly enriched lysosomal
proteins compared to the OEP and SDGC samples.
Furthermore, the enrichment of mitochondrial proteins was
further confirmed for the SDGC samples. In all four methods,
we found a paucity for the majority of nuclear proteins.
Based on these data, we calculated how many proteins

assigned to a specific organelle were enriched (log 2 ratio >
0.58, q < 0.05) compared to the lysate by each method to
obtain a global picture of the enrichment for individual
organelles (Figure 4H and Table S4). The size of the
organelle-specific section of each stacked bar represents the
number of proteins assigned to the specific organelle for the
respective approach. For the OEP and the SDGC samples, we

observed roughly similar values for all organelles, with the
exception of mitochondria, matching the previous results. For
the SPION and TMEM-IP samples, we obtained similar results
for the majority of organelles with an equal performance for
the enrichment of lysosomal proteins. The only outliers were
proteins originating from the Golgi apparatus, which were
overrepresented for the TMEM-IP and for such originating
from mitochondria, which were higher for SPIONs. While the
overabundance of Golgi apparatus-related proteins is in well
accordance with the single protein intensities (Figure 4D), the
discrepancies in mitochondrial proteins were not apparent for
our selected marker proteins (Figure 4B). The higher
abundance of mitochondrial proteins in the SPION dataset
could be due to the different isolation methods utilized for the
individual approaches: SPION-containing lysosomes are
isolated using columns, which are packed with a dense bed
of metal beads. This structure could retain the mitochondria
due to interactions with its surface or due to the fluidic
properties of the packing bed, which should not be the case for
the TMEM-IP anti-HA beads, for which microtubes in
combination with a magnet are used. The increased abundance
of Golgi apparatus-related proteins for the TMEM-IP could be
either due to the presence of the protein in this location or in
vesicles derived from it. In total, the results obtained for
SPIONs and TMEM-IP were surprisingly similar, which is also
reflected in the >85% overlap in identified proteins for both
methods (Figure 2D). This indicates that the majority of
unspecifically enriched proteins are associated to the lysosomes
and are not due to the columns/beads used as the two
approaches utilize different workflows for enrichment.
Analysis of Lysosomal Integrity

Based on the β-hexosaminidase assays, a significant number of
lysosomes were already ruptured during the process of cell lysis
by douncing. Furthermore, the relatively broad distribution of
fold-change values for individual lysosomal proteins in the
volcano plots (Figure S5), especially for the SPION and
TMEM-IP samples, indicates different enrichment factors for
distinct proteins. This could be due to (i) the presence of
certain lysosomal proteins at cellular compartments other than
the lysosome, (ii) the selective enrichment of lysosomal (sub)
fractions, or (iii) the loss of lysosomal proteins during the
enrichment procedure, possibly due to a dissociation of
associated complexes or by the release of luminal proteins
caused by the rupture of the lysosomal membrane.
As such discrepancies may result in data that do not reflect

the lysosomal composition properly, we further investigated
this by plotting the intensity ratios of a subset of lysosomal
proteins for each of the enrichment methods relative to the
whole cell lysate (Figure 5A−C). For this analysis, we utilized
the list of bona fide lysosomal proteins (Table S3)10 and
identified all proteins in our datasets, which were detected in
each of the enrichment methods (70 proteins). Since we were
able to recover the majority of intact lysosomes in the OEP, we
used the ratio of OEP/whole cell lysate as a benchmark and
compared the other three isolation methods in relation to it.
For the SDGC samples, the enrichment factor was for most

proteins slightly higher than the OEP, which is in agreement
with our previous analyses (Figure 4). We observed, however,
a higher variability for the intensity of lysosomal proteins and
for several a lower enrichment factor (Figure 5A). Compared
to the OEP, both the SPIONs (Figure 5B) and the TMEM-IP
(Figure 5C) resulted in significantly higher enrichment factors
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(up to 118-fold) for the majority of lysosomal proteins. The
TMEM-IP, however, resulted in a higher variability and, in
certain instances, even in lower enrichment values than the
OEP samples. We hypothesized that this may be either due to
the dissociation of associated protein complexes or because of
the recovery of broken lysosomes by the TMEM-IP as
immunoprecipitation of the tagged membrane protein does
not require the lysosome to be intact, while for SPIONs, only
intact lysosomes containing the magnetic nanoparticles should
be retained on the column. We therefore further compared the
signal intensities of lysosomal proteins identified in SPION and
TMEM-IP samples (Figure 5D). These data show that, with a
few exceptions, all proteins showing a differential abundance
are overrepresented in the SPION samples.
To further follow up on this effect, we extracted entries from

our list of bona fide lysosomal proteins that were identified by
both approaches (137 in total) and subsequently performed a

binary comparison (Figure S6A). We applied an arbitrary
cutoff of 2-fold for up- or downregulation and investigated
which proteins were affected. We identified 36 proteins that
were overrepresented in the SPION samples and seven
proteins that were more abundant in the TMEM-IP (Table
S5). The proteins with higher intensities in the TMEM-IP did
not follow a clear pattern including five membrane proteins
and two luminal hydrolases. The group of proteins with a
higher abundance in the SPION sample, however, included 18
proteins belonging to the lysosome-associated complexes
vATPase and mTORC1, 10 luminal hydrolases, and only 8
membrane proteins. This included TMEM-192, which is
probably retained on the HA beads upon elution of lysosomes
with Triton X-100. Strikingly, while the members of the
mTORC1 complex associated with the membrane by a lipid
anchor (Rheb and LAMTOR1) were similar in abundance for
both approaches, all cytosolic parts of the complex (with the
exception of LAMTOR 2/3) were overrepresented in the
SPION sample (Figure S6B). Also, for the vATPase complex,
all cytosolic subunits were more intense for the SPION sample
as well as one of the inter-membrane subunits with a large
cytosolic domain (Figure S6C). These data suggest that the
isolation of lysosomes by TMEM-IP results in a loss of
lysosome-associated as well as luminal proteins. This could
either be due to rupture of the organelle during the isolation
process, a change in lysosomal properties as a result of
TMEM192-3xHA expression, or dissociation of the associated
proteins because of the buffers employed in the isolation
procedure. Aside from the associated complexes, we did not
observe major differences in the abundance of known
lysosomal proteins between the individual approaches. There-
fore, based on these experiments, we have the impression that
neither the use of SPIONs nor of TMEM-192-3xHA strongly
influences the composition of lysosomes in the HEK 293 cells
used in this study.

■ CONCLUSIONS
In the current study, we evaluated four different approaches for
the generation of lysosome-enriched fractions and their
analysis by DIA. While OEP and SDGC allow for an increase
in signal intensity for lysosomal proteins, they do not result in
higher identification numbers compared to the whole cell
lysate. This is probably due to the DIA analysis of the sample
as even in the highly complex whole cell lysate, a sufficient
amount of fragment ions is identified to allow for the
identification of lysosomal proteins. For SPIONs and
TMEM-IP, we achieved a significant enrichment of lysosomal
proteins (up to >100-fold increase in signal intensity for
selected proteins), a better coverage of the lysosomal
proteome, and a more robust quantification with markedly
lower CV values compared to the more complex samples. This
shows that, despite the application of DIA, the enrichment of
lysosomes with these approaches is beneficial for the
generation of highly reproducible data and to maximize
coverage for lysosomal proteins. While both methods seem
to achieve similar results, the TMEM-IP results in a higher
recovery of intact lysosomes from the starting material but
overall in a lower yield. Furthermore, it exhibits a higher
variability in protein abundance compared to the whole cell
lysate. This seems mainly to be due to the loss of proteins in
lysosome-associated complexes as well as luminal hydrolases.
Therefore, the isolation of lysosomes by SPIONs is able to

Figure 5. (A−C) Ratio of the summed protein abundances for the
individual enrichment methods and the whole cell lysate for bona fide
lysosomal proteins detected in all analyses. Lysosomal proteins were
plotted based on their OEP/lysate fold-change ratio. (D) Ratio of the
summed protein abundances for SPIONs divided by TMEM-IP.
Lysate: whole cell lysate; OEP: organelle-enriched pellet; SDGC:
sucrose density gradient centrifugation; SPIONs: superparamagnetic
iron oxide nanoparticles; and TMEM-IP: TMEM192-3xHA immu-
noprecipitation.
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yield the highest number of lysosomes per starting material and
is able to preserve their integrity in the most efficient way.
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Figure S1: Western-blot verification for the stable expression of TMEM192-3xHA in 
HEK 293 cells. 20 µg of whole cell lysate for HEK 293 cells stably transfected with 
TMEM192-3xHA and HEK 293 cells transiently transfected with GFP were separated by a 10 
% SDS-PAGE for 1.5 h at 120 V. Proteins separated on the gels were transferred to a 
nitrocellulose membrane using semi-dry electro blotter. The membrane was incubated in 5 % 
nonfat dry milk in tris buffer saline containing 0.05 % tween (TBS-T) for 1 h at RT. The 
membrane was incubated o/n at 4 °C with a primary anti HA antibody (1:2000) (self-made), 
washed 3x for 10 min at RT with TBS-T and incubated with a secondary goat anti mouse 
antibody (1:5000) (Millipore, AP180P) for 60 min at RT. Membrane was again washed 3x for 
10 min at RT with TBS-T before developing the blot. Protein expression signal was detected 
using the enhanced chemiluminescence (ECL) kit (Bio-Rad Laboratories, Inc. (Hercules, CA, 
USA)), visualized with the FUSION SOLO 4M system, and illustrated/analyzed by the 
FusionCapt advance software. 
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S-3 
 

 
Figure S2: Comparison of TMEM-IP data with a published dataset. Comparison of data 
generated in this study from lysosomes isolated by TMEM-IP with a published dataset 
generated by Wyant et al.1 for A) total B) lysosomal GO-annotated and C) lysosomal bona fide 
IDs. Venn diagram were generated with the BioVenn tool by Hulsen et al. 2008.2  
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S-4 
 

 
Figure S3: Variability of signal intensities for the individual datasets. Total numbers of 
identified proteins (black), proteins identified with a CV ≤ 20% (light grey) and a CV ≤ 10% 
(dark grey) for the individual datasets. B) Average CVs for the datasets of the individual 
methods. Lysate: whole cell lysate; OEP: organelle enriched pellet; SDGC: sucrose density 
gradient centrifugation; SPIONs: superparamagnetic iron oxide nanoparticles; TMEM-IP: 
TMEM192-3xHA immunoprecipitation. 
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S-5 
 

 
Figure S4: Summed abundances of 70 bona fide lysosomal proteins detected in all 
samples. Shown are the average values (n=3) plus standard deviation for the summed 
abundance of signal intensities of bona fide lysosomal proteins for the individual samples. Only 
proteins which were quantified in each of the conditions were used for this analysis. Lysate: 
whole cell lysate; OEP: organelle enriched pellet; SDGC: sucrose density gradient 
centrifugation; SPIONs: superparamagnetic iron oxide nanoparticles; TMEM-IP: TMEM192-
3xHA immunoprecipitation. 
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S-6 
 

 
Figure S5: Enrichment factors for individual proteins detected with the four methods of 
lysosome enrichment relative to the whole cell lysate. Shown are the fold-change ratios of 
proteins passing the threshold for significant regulation with a q-value (multiple tested corrected 
p-value) > 0.05 and an absolute log2 ratio > 0.58 for A) OEP, B) SDGC, C) SPIONs and D) 
TMEM-IP. Candidates were classified based on their GO subcellular localization annotation 
among to the following categories: lysosome, endosome, nucleus, mitochondria, endoplasmic 
reticulum, Golgi apparatus, cytosol, proteasome, ribosome and cytoskeleton. OEP: organelle 
enriched pellet; SDGC: sucrose density gradient centrifugation; SPIONs: superparamagnetic 
iron oxide nanoparticles; TMEM-IP: TMEM192-3xHA immunoprecipitation.  
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S-7 
 

 
Figure S6: Variability in protein abundance between SPIONs and TMEM-IP. A) 
Abundance ratio values (log2) calculated for the summed intensities of bona fide lysosomal 
proteins (Table S3) quantified in the SPIONs and the TMEM-IP samples. Based on a 2-fold 
change cut off, 7 proteins were up- and 35 proteins downregulated in the TMEM-IP relative to 
SPIONs. The proteins were grouped based on their properties classifying them in: lysosomal 
associated, luminal or membrane bound. The majority of downregulated proteins consisted of 
members of the mTORC1 complex (B) and the vATPase complex (C). For the mTORC1 and 
vATPase complex, proteins were further classified in such being lysosomal membrane 
associated (A) or membrane bound (M) (Table S5). 
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3.4 Conclusion  
For the analysis of lysosomal composition and function, it is important that as many lysosomes 
as possible are recovered in an intact state and that the enriched fractions contain as few 
contaminating proteins derived from other organelles as possible. Hence, I compared four 
frequently applied lysosome enrichment methods. As a reference, I chose a crude enrichment 
strategy centrifuging the post-nuclear supernatant (PNS) at 20,000×g, referred to as organelle-
enriched pellet (OEP), because this should result in the most complete recovery and intact ratio 
of lysosomes. I further compared this method with a two-step sucrose density gradient 
centrifugation (SDGC) approach using Histodenz and Percoll. Additionally, I included two 
enrichment strategies specifically developed for lysosomes. In the superparamagnetic iron oxide 
nanoparticles (SPIONs) procedure, based on the endocytosis of dextran-coated nanoparticles 
and their delivery to the lysosomal compartment, lysosomes containing these particles are 
isolated using magnetic columns. In the TMEM192-3xHA immunoprecipitation (TMEM-IP) 
strategy, cells stably expressing a 3xHA-tagged version of the lysosomal membrane protein 
TMEM192 were used for lysosome isolation by anti-HA antibodies immobilized on magnetic 
beads (Figure 1A).  

Applying the β-hexosaminidase enzymatic activity assay, I assessed the recovery and 
intact ratio of lysosomes. On average, I was able to recover 79 % (OEP), 7 % (SDGC), 47 % 
(SPIONs), and 81 % (TMEM-IP) of the intact lysosomes contained in the starting material  
(Figure 1B-E). In the lysosome-enriched final fractions used for further quantitative analysis,  
85, 80, and 85 % of the lysosomes were intact for OEP, SDGC, and SPIONs, respectively, 
indicating that lysosomal damage by each approach was comparable (Figure 1B-E). Due to the 
application of the detergent Triton-X-100 during the elution process of TMEM-IP samples, no 
conclusion could be drawn on the intact status. However, since only the enrichment of intact 
lysosomes leads to β-hexosaminidase activity, comparable or higher integrity can also be 
assumed for TMEM-IP. 

Utilizing the label-free quantification DIA-MS/MS approach, I further investigated to what 
extent the different methods cause differences in the proteomic composition of lysosomal 
proteins. As a reference sample for the calculation of enrichment factors, a whole cell lysate 
(WCL) sample was included. As expected, the WCL samples resulted on average in the highest 
number of protein identifications (6,329) followed by the OEP (6,086), TMEM-IP (5,890), SPIONs 
(5,586), and SDGC (4,689) (Figure 2A). However, as the analysis of the lysosomal proteome 
was my main goal, I further compared the number of lysosomal proteins based on an extended 
(683) and a list of biologically validated (187) proteins. A comparison to the first extended list for 
the individual samples resulted on average between 353 and 391 of these proteins, while 
applying the second more stringent list, I observed an increase of 12 % for the identification of 
lysosomal proteins for SPIONs and TMEM-IP when compared to WCL (Figure 2B, C). In 
contrast, no significant increase could be observed for the OEP and SDGC methods. SPIONs 
and the TMEM-IP contributed the highest number of unique identifications for both lysosomal 
protein lists (Figure 2 E, F). 

To further assess the reproducibility of the enrichment approaches, I further examined 
the variability of signal intensities (protein abundance) for the identified protein groups in the 
biological replicates of the respective samples. With 4,568 and 3,783 identifications with a  
CV < 20 % and < 10 %, respectively, the SPION method was superior to the other enrichment 



– Chapter 1: Establishment of Lysosome Enrichment and Sample Preparation – 

 - 34 - 

strategies (Figure S3 A). In particular, a significant increase was observed in protein 
identifications with a CV < 10 %. SPIONs identified 5.9-, 5.9-, 2.6-, and 1.7-fold more proteins 
with CVs < 10 % than WCL, SDGC, OEP, and TMEM-IP, respectively. This demonstrates that 
despite the widespread belief that enrichment approaches are unnecessary while using DIA, my 
results show that lysosome enrichment is beneficial for generating highly reproducible data and 
maximizing coverage for lysosomal proteins (Figure S3 A, B). This is most likely due to the 
increase in signal intensity, especially for low abundant lysosomal proteins. 

Based on the conclusion that TMEM-IP and SPIONs yield the highest number of identified 
lysosomal proteins, while the data generated with the latter are more reproducible, I additionally 
identified individual proteomic differences among the enrichment strategies. By applying a heat 
map and principal component analysis (PCA), I showed that the two principal components PC1 
and PC2 explain 31.9 and 27 % of the variance in the data set (Figure 3A, B). Since the 
replicates of the individual enrichment strategies showed a close clustering, the main variance in 
the dataset (PC1) could be explained by the different enrichment strategies themselves. To 
define driving factors causing the separation between the enrichment strategies, PC1 and PC2 
loadings for each protein (individual contribution of each protein to the separation in each PC) 
were extracted and plotted according to their subcellular annotation. The analysis revealed an 
efficient depletion of nuclear proteins for all enrichment approaches, while in particular SDGC 
yielded samples in which contaminating mitochondrial proteins were enriched (Figure 3C).  

Further, the analysis showed an efficient enrichment (abundance) of lysosomal proteins 
for the TMEM-IP and SPIONs with enrichment factors of 14-59-fold for selected lysosomal 
proteins such as LAMP1 and CTSD compared to the total cell lysate (Figure 4A). Besides that, 
I was able to show an overrepresentation of Golgi apparatus-related proteins for the TMEM-IP, 
which is probably a result due to the presence of the protein in this location or in vesicles derived 
from it (Figure 4D). 

In a final analysis, I further assessed the unique differences of the lysosomal proteome 
among the enrichment strategies, as differences might arise due to 1) the presence of certain 
lysosomal proteins in cellular compartments other than the lysosome, 2) selective enrichment of 
lysosomal (sub)fractions, or 3) loss of lysosomal proteins during the enrichment procedure. For 
the analysis, intensity ratios of 70 lysosomal proteins for each of the enrichment methods relative 
to the WCL sample were plotted, in which the abundance ratio of OEP/WCL served as a 
benchmark. Most importantly, the analysis revealed significantly higher enrichment factors (up to 
118-fold) for the majority of lysosomal proteins for the SPIONs and TMEM-IP (Figure 5A-C). 
However, for the latter a higher variability and for some lysosomal proteins, even lower 
enrichment values compared to the OEP samples could be observed. To further investigate the 
finding, the protein abundance of 137 lysosomal proteins identified in both methods were 
compared, showing an underrepresentation of lysosome-associated complexes in the TMEM-IP 
samples (Figure 5D). This might be a result of several factors such as rupture of the organelle 
during the enrichment process, alteration of lysosomal features due to TMEM192-3xHA 
expression, or the applied buffers leading to the dissociation of associated proteins during the 
isolation procedure (Figure S6 A-C). However, aside from proteins associated with lysosomal 
complexes, no major differences could be observed among both methodologies. As a result, it 
was concluded that enrichment applying SPIONs yields the maximum number of lysosomes with 
intact ratios of 80 % in the enriched fractions and an efficient and reproducible coverage of the 
lysosomal proteome.  
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4. Chapter 2: Antibody Generation Against  
Cross-Linkers 
4 This chapter has been published: [Singh, J., Ponnaiyan, S., Gieselmann, V., Winter, D. 

(2021). Generation of Antibodies Targeting Cleavable Cross-Linkers. Analytical Chemistry, 
93(8), 3762-3769].  

• For online version of the paper, visit: https://doi.org/10.1021/acs.analchem.0c04043 
• The supporting information including supplementary tables is available at: 

https://pubs.acs.org/doi/10.1021/acs.analchem.0c04043 
• Remark: The publication within the scope of chapter 2 has been done by me as the only 

first author and SHOULD BE CONSIDERED for this cumulative doctoral dissertation. 
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4.1 Introduction 
Protein complexes and protein-protein interactions (PPIs) belong to one of the key functional 
modules of cells [74]. Numerous biological processes in cells involve tightly regulated transient, 
non-covalent, and highly stable covalent interactions controlling cellular events. Numerous 
approaches have been developed to study PPIs and structures, one of them being cross-linking 
mass-spectrometry (XL-MS), a method, which proved its potential by supplementing well-
established techniques such as X-ray crystallography, nuclear magnetic resonance (NMR) 
spectroscopy, and electron microscopy (EM) [71]. Functional groups targeted by most cross-
linkers like the commercially available cross-linker disuccinimidyl sulfoxide (DSSO) [79] and 
disuccinimidyl dibutyric urea (DSBU) [80] are primary amines, which are present in lysine 
residues and at the protein/peptide N-terminus [53]. Dependent on the length of the spacer 
between the functional groups of a cross-linker, amino acids in various distances can be linked 
[74, 98]. Although the XL-MS approach has been successfully applied to provide structural 
insights of individual protein complexes [90, 99], as well as on a large scale targeting 
interactomes of different organelles [76, 87, 98, 100], evaluation of cross-linking sample 
preparation still presents a major issue.  

Especially for in vivo cross-linking studies, including tissue extracts, or intact organelles, 
the membrane permeability of a cross-linker is a key factor. Although the hydrophobic nature of 
the commercially available cross-linkers DSSO and DSBU should allow them to penetrate the 
membranes efficiently, a low penetration efficiency has been reported [81]. Additionally, the 
validation of whether a cross-link reaction was successful or not might be further aggravated by 
limited amounts of samples for testing purposes. 

Compared to cross-linking studies on nuclei, where cross-linkers diffuse through the 
nuclear pore complex into the nucleus (=efficient cross-linking of nuclear proteins), lysosomes 
are membrane-enclosed organelles, which hamper cross-linking efficiency. Hence, to establish 
and validate the cross-linking of lysosome enriched fractions, I generated cross-linker specific 
antibodies presenting a novel approach for identifying, validating, and visualizing cross-linker 
modified proteins. The antibodies developed were further used to establish lysosomal cross-
linking. 
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ABSTRACT: Chemical cross-linking has become a powerful tool
for the analysis of protein structures and interactions by mass
spectrometry. A particular strength of this approach is the ability to
investigate native states in vivo, investigating intact organelles, cells,
or tissues. For such applications, the cleavable cross-linkers
disuccinimidyl sulfoxide (DSSO) and disuccinimidyl dibutyric
urea (DSBU) are gaining increasing popularity, as they allow for
the analysis of complex mixtures. It is inherently difficult to follow
the reaction of cross-linkers with proteins in intact biological
structures, stalling the optimization of in vivo cross-linking
experiments. We generated polyclonal antibodies targeting DSSO-
and DSBU-modified proteins, by injection of cross-linked bovine
serum albumin (BSA) in rabbits. We show that the cross-linker-
modified BSA successfully triggered an immune response, and that
DSSO- and DSBU-specific antibodies were generated by the animals. Using affinity-purified antibodies specific for the individual
cross-linkers, we demonstrate their application to the detection of cross-linker-modified proteins in Western blot and
immunocytochemistry experiments of intact and permeabilized cells. Furthermore, we show their ability to immunoprecipitate
DSSO/DSBU-modified proteins and provide evidence for their affinity toward water-quenched dead-links. These antibodies provide
a valuable tool for the investigation of proteins modified with the cross-linkers DSSO and DSBU.

Protein complexes are considered as key functional
modules in cells, being elementary for a plethora of

biological processes.1 Identification of such complexes, and the
underlying protein−protein interactions (PPIs), is the basis for
a better understanding of cellular function. The current
method of choice for the investigation of PPIs on a large
scale is mass spectrometry-based proteomics, as it allows for
the unbiased identification and quantification of thousands of
proteins from a given sample.2 Numerous approaches have
been developed to study PPIs in cells and tissues, with co-
immunoprecipitation3 and proximity labeling4 being currently
used most frequently. In recent years, cross-linking mass
spectrometry (XL-MS), which was initially mainly applied to
structural studies of purified proteins and protein complexes, is
increasingly utilized for the identification of PPIs. Major factors
for this development are novel cross-linkers5−8 and algorithms
for the analysis of XL-MS data,2,9,10 facilitating the analysis of
more complex samples. The applicability of these tools has
been shown in several recent studies addressing samples of
increasing complexity, ranging from isolated organelles to
whole cells or tissues.11−15 Currently, the commercially
available cleavable cross-linkers disuccinimidyl sulfoxide
(DSSO)5 and disuccinimidyl dibutyric urea (BuUrBu/
DSBU),6 which are targeting primary amines present in lysine
residues and at protein N-termini, are among those used most
widely in the field.16

For the analysis of complex samples by XL-MS, several key
steps are decisive for the success of the experiment and have
therefore been optimized in various studies. This includes the
cross-linking of proteins, their proteolytic digestion, the
enrichment of cross-linked peptides, their analysis by LC-
MS/MS, and the identification/assignment of cross-links.17−19

Among these steps, the control of the cross-linking reaction is a
key element, as reaction efficiencies can vary between samples,
and the amount of cross-linked peptides is decisive for the
success of the experiment. Currently, the efficiency of cross-
linking reactions is mainly assessed by the visual interpretation
of band shift patterns in coomassie/silver-stained SDS-PAGE
gels. This strategy comes with certain limitations related to the
abundance and complexity of samples, as the ability to visualize
and identify individual protein bands is a prerequisite.
Furthermore, for labeling of intact organelles, cells, or tissues,
it cannot be distinguished if the cross-linker passed the
membrane in an active state and reacted with intracellular
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proteins, as the identity of proteins which reacted with the
cross-linkers is only revealed in the final MS experiment.
In comparison to other approaches, however, the unique

feature of XL-MS lies in the ability to label proteins in their
natural environment in vivo, facilitating the analysis of PPIs
and protein structures in the native state.20 For such in vivo XL
experiments, it is elementary to be able to cross-link proteins in
intact organelles, cells, or tissues, for which membrane
permeability of the cross-linker is a decisive feature.20 In
principle, due to the hydrophobic nature of DSSO and DSBU,
a certain membrane permeability should be given, but a low
penetration efficiency has been reported in a recent study,
based on the number and localization of identified cross-
links.21 Further analysis of the membrane permeability of
cross-linkers, and optimization of protocols toward a better
cross-linking efficiency in vivo, is inherently difficult. This is
due to the fact, that the assessment of the subcellular
localization of DSSO/DSBU labeling is currently limited to
the final readout after mass-spectrometric analysis. As such
mass-spectrometric experiments are highly laborious and
usually present the final stage of the experiment, the
possibilities for optimization of cross-linking parameters in
vivo are currently strongly limited. To allow for a better
development of in vivo cross-linking methods, additional tools
allowing for direct detection/visualization of proteins which
reacted with the cross-linkers like Western blotting and
immunocytochemistry would be a valuable addition to the
toolbox. For several protein modifications, such as methylated/
acetylated/β-hydroxybutyrated lysine, phosphorylated tyrosine,
or biotinylated amino acids, specific antibodies are available
enabling such experiments.22−26 For cross-linking experiments,
however, only the protein interaction reporter (PIR) cross-
linker, which includes a biotin molecule, and can be detected
by Western blot and immunocytochemistry, presents to our
knowledge such options orthogonal to mass spectrometric
analyses.27,28

In the current study, we raised antibodies, which specifically
recognize DSSO- and DSBU-modified proteins, in rabbits. We
demonstrate the specificity of these antibodies toward the
individual cross-linkers and their purification and character-
ization and apply them for the visualization of cross-linker-
modified proteins in Western blotting and immunocytochem-
istry experiments. Finally, we show that the antibodies can be
utilized for the immunoaffinity enrichment of DSSO/DSBU-
modified proteins and that they show a preference toward
water-quenched dead-links.

■ EXPERIMENTAL SECTION
Antigen Generation and Antibody Production. Bovine

serum albumin (BSA, Sigma-Aldrich, Seelze, Germany) was
cross-linked at a concentration of 2 mg/mL in two
independent reactions with 9.5 mM (500× molar excess) of
either DSSO or DSBU (both Thermo Fisher Scientific,
Darmstadt, Germany, 50 mM stock solutions were prepared
in DMSO) in 100 mM sodium phosphate (pH 7.5), 150 mM
NaCl for 30 min at room temperature (RT). The reactions
were quenched with 20 mM Tris-HCl (pH 8.0), and DSSO/
DSBU-linked BSA was combined in a 1:1 (w/w) ratio. Two
rabbits were immunized five times (on day 1, 20, 30, 40, and
61) with 500 μg of the mixture (application by subcutaneous
injection, performed by Pineda Antibody Service, Berlin,
Germany). Antisera of the immunized animals were collected
prior to immunization (pre-immune serum) and 60, 90, 120,

150, and 180 days (final bleeding) after immunization.
Antisera were supplemented with 0.05% NaN3 (final
concentration) and stored at 4 °C.

Affinity Column Generation and Antibody Purifica-
tion. Porcine pancreas lipase (PPL, Sigma-Aldrich), was cross-
linked in two independent reactions at a concentration of 1
mg/mL with 1 mM (50× molar excess) of either DSSO or
DSBU (50 mM stock solutions were prepared in DMSO) in
100 mM sodium phosphate (pH 7.5), 150 mM NaCl for 30
min at room temperature (RT). The reactions were quenched
with 20 mM Tris-HCl (pH 8.0), concentrated with 30 kDa
molecular weight cutoff spin filters (Amicon-YM30, Merck
Millipore, Darmstadt, Germany), and buffered to 0.1 M MES
[2-(N-morpholino)ethansulfonic acid], 150 mM NaCl, pH 4.7
(coupling buffer). Cross-linked PPL was coupled to Carbox-
yLink resin (Thermo Fisher Scientific, Darmstadt, Germany)
using 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hy-
drochloride according to the manufacturer’s protocol (EDC,
BioRad, Germany). Briefly, 20 mg of DSSO or DSBU cross-
linked PPL in 4 mL of coupling buffer containing 480 mg of
EDC was incubated with 8 mL of CarboxyLink resin (16 mL
of slurry) by end-over-end rotation at 25 rpm for 3 h, at RT.
Subsequently, the columns were washed with 50 mL 1 M
NaCl, and stored in 1× phosphate buffer saline (PBS), 0.05%
NaN3 at 4 °C until further use.

Antibody Purification, Storage, and Biotinylation.
Affinity columns were equilibrated with 50 mL of 100 mM 2-
[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES) pH 7.5 and 20 mL of 10 mM glycine/HCl pH
2.5, and the pH value of the column was adjusted by 10 mM
HEPES/OH pH 8.8. The diluted antiserum (50 mL in total,
diluted 1:5 with 10 mM HEPES/OH pH 7.5) was applied to
the DSSO column and the flow-through was passed over the
DSBU column. Individual columns were washed with 50 mL of
10 mM HEPES/OH pH 7.5, 20 mL of 500 mM NaCl, and 50
mL of 10 mM HEPES/OH pH 7.5. Antibodies were eluted
with 10 mL of 100 mM glycine/HCl pH 2.5 and collected in
15 mL tubes containing 1 mL of 500 mM NaCl, 1 M HEPES/
OH pH 8.0. Columns were re-equilibrated by 10 mM HEPES/
OH pH 7.5. Antibody-containing eluate fractions were
concentrated using 30 kDa molecular weight cutoff spin filters
(Amicon-YM30, Merck Millipore), rebuffered to 100 mM
sodium phosphate pH 7.5, 150 mM NaCl, 30% glycerol, and
stored at −80 °C until further use. Affinity-purified antibodies
were modified using EZ-Link Sulfo-NHS-LC-biotin (Thermo
Fisher Scientific) at a 100-fold molar excess, or with
bissulfosuccinimidyl suberate (BS3, Thermo Fisher Scientific)
at a 100-/500-fold molar excess, at 500 rpm in a thermomixer
for 45 min at RT and the reaction quenched with 20 mM Tris-
HCl pH 8.0.

Cell Culture, Digitonin Treatment, and Cross-Linking.
Human embryonic kidney (HEK293) and NIH/3T3 cells were
cultivated in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal calf serum (FCS), 100 IU/mL
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine at
37 °C and 5% CO2. For in vivo cross-linking experiments,
5000 NIH/3T3 cells/well were seeded in 24-well plates
containing 12 mm coverslips, cultivated for 24 h, and washed
twice with ice-cold PBS. Digitonin treatment was performed
with 10 μg/mL digitonin (Sigma-Aldrich) in PBS for 2 min on
ice. Subsequently, cells were washed with PBS at RT and
incubated with 5 mM DSSO or DSBU in PBS for 10 min at
RT. The cross-link reaction was quenched with 20 mM Tris-
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HCl pH 8.0, and the cells were washed with PBS and fixed
with 4% paraformaldehyde for 20 min at RT. For in vitro cross-
linking experiments, 6 × 106 HEK293 cells were seeded per 10
cm plate, cultivated for 48 h, washed twice with ice-cold PBS,
and harvested by scraping in 1 mL of ice-cold PBS. The cell
suspension was transferred to a microtube and centrifuged at
600g for 10 min at 4 °C, the supernatant was discarded, and
the cell pellet was resuspended in 2 mL of cross-linking buffer
[10 mM HEPES/OH pH 7.5, 1 mM CaCl2, 1 mM MgCl2, 1.5
mM Mg(CH3COO)2, containing complete EDTA-free pro-
tease-inhibitor cocktail (Roche, Mannheim, Germany)]. Cells
were mechanically disrupted using a sonicator (Bioruptor Plus,
Seraing, Belgium) with three cycles of 30 s each (amplitude:
40) at 4 °C. The cell lysate, BSA, PPL, and chicken ovalbumin
(COA, Sigma-Aldrich) were cross-linked at a protein
concentration of 1 mg/mL with 1 mM (cell lysate) or 10
mM (BSA, PPL, COA) DSSO or DSBU, respectively, for 30
min at RT. The reactions were quenched with 20 mM Tris-
HCl pH 8.0 and the samples concentrated with 10 kDa
molecular weight cutoff spin filters (Amicon-YM10, Merck
Millipore), rebuffered to 100 mM sodium phosphate (pH 7.5),
150 mM NaCl, and stored at 4 °C until further use.
Co-immunoprecipitation of Cross-Linked Proteins via

Streptavidin. Biotinylated antibodies were incubated with the
cross-linked samples at a ratio of 1:2.5 (w/w) overnight with
end-over-end rotation at 25 rpm, 4 °C. The next day,
streptavidin sepharose high performance beads (GE Health-
care) were added to the samples at a ratio of 1:5 (slurry to
sample, v/v) and incubated for 3 h with end-over-end rotation
at 25 rpm, 4 °C. Samples were centrifuged at 1000g, 4 °C, and
supernatants transferred to a new tube. Subsequently, the
beads were washed three times with 200 μL of ice-cold PBS
each, centrifuged at 1000g, 4 °C, and transferred to new tubes.
Antibody−protein complexes were eluted from the beads by
incubation for 10 min at 95 °C in 20 μL of 2% β-
mercaptoethanol, 4% SDS, 20% glycerol, 2% bromophenol
blue, and 120 mM Tris-HCl (pH 7.4).
Western Blotting. Proteins were separated by SDS-PAGE

on 10% polyacrylamide gels and transferred to a nitrocellulose
membrane (0.45 μm pore size) using a semidry electroblotter
(Bio-Rad, Hercules, CA). The membrane was blocked in 5%
nonfat dry milk in 1× Tris-buffered saline pH 7.4 containing
0.05% Tween-20 (TBS-T) for 1 h at RT. The membrane was
incubated overnight at 4 °C with the anti-DSSO or anti-DSBU
primary antibody diluted 1:2000 in 5% nonfat dry milk in
1×TBS-T, washed three times for 10 min at RT with TBS-T,
and incubated with the secondary HRP-coupled goat anti-
rabbit antibody (1:5,000, #111-035-003, Dianova, Hamburg,
Germany) diluted in 5% nonfat dry milk in 1×TBS-T for 60
min at RT. The membrane was washed again three times for

10 min at RT with TBS-T, and protein signals were detected
using the enhanced chemiluminescence (ECL) kit (Bio-Rad)
and visualized with a FUSION SOLO 4 M system followed by
analysis by FusionCapt advance software (both).
For the investigation of purified DSSO and DSBU

antibodies, membranes were incubated 1:5000 with the goat
anti-rabbit antibody (IgG heavy chain, #111-035-046,
Dianova) and 1:5,000 with the mouse anti-rabbit HRP
conjugate (IgG light chain, #211-032-171, Dianova). Bio-
tinylation efficiency of antibody fractions was assessed using
streptavidin HRP, 1:10 000 (#21126, Thermo Fisher Scien-
tific).

Immunocytochemistry. For immunocytochemistry, all
steps were carried out at RT. Coverslips containing fixed cells
were washed three times with PBS, permeabilized with 0.1%
Triton X-100 in PBS for 10 min, and blocked using 10%
normal goat serum (NGS) in PBS for 1 h, followed by
incubation with anti-DSSO or anti-DSBU antibodies (1:50 in
2% NGS) overnight at 4 °C. Subsequently, cells were further
washed three times with PBS, incubated with Cy3-conjugated
goat-anti rabbit secondary antibody, (1:400, #111-165-003,
Dianova) diluted in 2% NGS for 1 h in the dark at RT, and
coverslips were washed twice with PBS and once with water.
Subsequently, coverslips were mounted on glass slides using
DAPI Fluoromount G (Thermo Fischer Scientific) and kept
for drying at RT. Images were taken using an Axiovert 200 M
microscope equipped with an AxioCamMR3 (both Zeiss,
Oberkochen, Germany).

■ RESULTS AND DISCUSSION
Cross-Linking and Antibody Generation. For a variety

of protein modifications, antibodies serve as valuable tools for
detection and enrichment.25,29,30 For the generation of such
antibodies, animals typically are injected with a peptide or
protein containing the respective modification, which then
triggers an immune response.31 Subsequently, these (poly-
clonal) antibodies are purified from the animal’s serum (Figure
1). We argued that proteins modified with cross-linkers could
exhibit a sufficient immunogenic potential for the generation of
specific antibodies. Along this line, we attempted the
generation of antibodies against the commercially available
cross-linkers DSSO and DSBU, which are frequently used in
the community for complex mixtures, as they provide a simple
approach for such samples. We modified bovine serum
albumin (BSA) with either DSSO or DSBU, analyzed the
cross-linking efficiency by SDS-PAGE (Figure S1A), and
characterized the modified proteins by in-solution digestion
and LC-MS/MS (Supporting Information). For DSSO/
DSBU-modified BSA, we identified 46/32 cross-links, 113/
86 water-quenched dead-links, and 12/34 Tris-quenched dead-

Figure 1. Generation of cross-linker-specific antibodies in rabbits. Animals were immunized with an equimolar mixture of disuccinimidyl sulfoxide
(DSSO) and disuccinimidyl dibutyric urea (DSBU)-cross-linked BSA and antisera were collected at different time points. Individual antibody
populations were affinity purified and concentrated.
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links, respectively, at 1% FDR indicating a successful cross-link
reaction (Figure S1B, Table S1). After collection of pre-
immune sera, we immunized three rabbits with an equimolar
mixture of DSSO- and DSBU-modified BSA. We collected
antisera from these animals 60, 90, 120, 150, and 180 day
postimmunization and tested their reactivity against DSSO/
DSBU-modified BSA, chicken ovalbumin (COA), and porcine
pancreas lipase (PPL) in Western blot experiments. For all
combinations of proteins and cross-linkers, the antisera showed
a strong reactivity (Figure 2 A, Figure S1C), while the pre-
immune serum did not result in any detectable signals (Figure
S1D), confirming the successful immunization of the animals
against both DSSO and DSBU.
While we observed a signal in the non-cross-linker-modified

control samples of BSA and COA, the antiserum did not
recognize unmodified PPL. This was probably due to the use
of cross-linker-modified BSA as carrier protein for immuniza-
tion, as, in addition to the cross-linker-specific modifications,
the unmodified BSA protein itself acted immunogenic,
resulting in antibodies which also recognize the unmodified
protein. Due to the sequence homology of BSA and COA
(42%), BSA-specific antibodies are likely to recognize both
proteins. For all three proteins, we detected signals at and
above the molecular weight of the unmodified protein, which is
in line with the assumption that the incubation with the
respective cross-linker should result either in modified
monomers (intra-links and dead-links) or multimers (addi-
tional interlinks) of the proteins.
Antibody Purification. Because we immunized the

animals with a mixture of DSSO/DSBU-modified BSA, and
therefore both antibodies were present in their serum, we
subsequently purified the respective antibody populations by
affinity chromatography. As we determined no cross-reactivity
of our antisera with unmodified PPL, we generated two
individual affinity columns utilizing PPL modified with either

DSSO or DSBU, respectively. Initially, we determined the
column binding capacity with 50 mL of 1:5 diluted antiserum.
We collected the flow-through fractions (every 10 mL) as well
as the eluate and tested their reactivity in Western blot
experiments against PPL which was modified with either
DSSO or DSBU (Figure 2 B, Figure S2A/B). For both cross-
linkers, we started to observe antibodies in the flow-through
fraction after loading of 20 mL with intensities reaching their
maximum after 40 mL. Also, for the eluate fraction, we
observed a strong signal, indicating that the respective
antibodies were successfully affinity-purified from the anti-
serum, and that they retained their activity. Utilizing 40 mL of
input for each purification step, we generated enriched
fractions of the individual antibodies. From each individual
animal, we obtained 11−12 mg for each the anti-DSSO and
-DSBU antibody, respectively, indicating a comparable
immune reaction toward both cross-linkers. We further
investigated the possibility of cross-reactivity between both
antibody species. For this purpose, we performed Western blot
experiments detecting PPL modified with DSBU with anti-
DSSO antibodies and vice versa (Figure S2C/D). For both
populations of purified antibodies, we did not observe any
cross-reactivity, indicating that the respective cross-linker-
specific groups (sulfoxide group of DSSO and urea group of
DSBU) are sufficiently different to be recognized exclusively by
the respective antibody.

Characterization of Purified Antibodies. Subsequently,
we determined the purity of the enriched antibodies by SDS-
PAGE, confirming the depletion of the majority of serum
proteins (Figure 2C). We identified proteins at ∼160, 110, 55,
and 25 kDa for both the anti-DSSO and -DSBU eluate
fractions, corresponding to the molecular weights of the intact
antibody as well as dimers and monomers of the heavy and
light chains, respectively, confirming the purity of our
antibody-containing fractions. Subsequently, we confirmed

Figure 2. Performance evaluation and affinity purification of cross-linker-specific antibodies. (A) Western blot analysis of 10 μg of bovine serum
albumin (BSA), porcine pancreas lipase (PPL), and chicken ovalbumin (COA), modified with DSSO or DSBU, respectively, utilizing rabbit
antisera. Non-cross-linker-modified proteins served as control sample (Cntrl.). For full blots, see Figure S1C. (B) Affinity purification of DSSO/
DSBU-specific antibodies from rabbit antisera. DSSO-/DSBU-modified PPL was immobilized via its carboxyl groups to the stationary material,
followed by purification of antisera. Aliquots were withdrawn from the flow-through of the affinity column after every 10 mL (at 10, 20, 30, 40, and
50 mL) and applied in Western blot experiments for the detection of 10 μg of DSSO-/DSBU-modified PPL. Bound antibodies were eluted by
acidic pH. For full blots, see Figure S2. (C) Analysis of 10 μg of purified antibody fractions (anti-DSSO/DSBU) by SDS-PAGE. (D) Confirmation
of antibody class by Western blotting with an IgG-specific antibody (heavy chain: HC, light chain: LC). For full blots, see Figure S3A. (E)
Detection of cross-links in 10 μg of DSSO-/DSBU-modified HEK293 whole cell lysates using purified antibodies. Non-cross-linker-modified cell
lysates served as control sample (Cntrl.). (F) Investigation of antibody sensitivity using cross-linker-modified PPL. Numbers indicate the total
protein amount utilized for the Western blots. For full blots, see Figure S3B.
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both antibodies to be of immunoglobulin G (IgG) type
(Figure 2D, Figure S3A), which are the result of somatic
hypermutation and affinity maturation due to repeated antigen
exposure and usually exhibit an affinity and maturation higher
than that of IgMs.32 Finally, we tested the ability of the
antibodies to react with different types of cross-linker protein
conjugates and their limit of detection. Using DSSO- or
DSBU-modified HEK293 whole cell lysates, respectively, we
observed a strong signal over the whole molecular weight range
for both antibodies, indicating that antibody binding is
irrespective of protein sequence and solely dependent on the
cross-linker (Figure 2E). Using a dilution series of DSSO- or
DSBU-modified PPL, we determined a limit of detection of
∼10 ng/mL for the anti-DSBU antibody while it was in the
range of ∼50 ng/mL for the anti-DSSO antibody (Figure 2F,
Figure S3B).
Application to Immunoprecipitation. Cross-linking

reactions result typically in low yields, and the enrichment of
cross-linked proteins or peptides presents a promising avenue
to increase the number of identified cross-links in mass
spectrometry experiments.7 We therefore tested the applic-
ability of our cross-linker-specific antibodies in immunopreci-
pitation experiments. Initially, we tried several commonly used
strategies for the covalent immobilization of proteins to
different types of beads based on the targeting of primary
amines (CnBr- and NHS-activated agarose beads) as well as
protein A/G beads in combination with bissulfosuccinimidyl

suberate (BS3) and performed immunoprecipitation experi-
ments using either cross-linker-modified protein- or peptide-
samples. All protocols, however, resulted in the inactivation of
our antibodies, as we were not able to detect cross-linker-
modified proteins by Western blot with these antibodies
anymore (Figure S4A/B). Furthermore, we were unable to
immunoprecipitate cross-linker-modified proteins (data not
shown) or peptides (Supporting Information, Figure S4C,
Table S2) with antibodies immobilized on these beads. We
currently hypothesize that this could be due to a certain degree
of affinity of our antibodies’ antigen binding sites to the
reagents/reactive groups used for the coupling of proteins to
the beads, as most cross-linkers exhibit a certain resemblance
to DSSO/DSBU in their structure. This would result in
preferential cross-linking of the antigen binding site (either
within the domain or to the beads), therefore quenching the
antibodies’ affinity. The only strategy with which we were able
to retain a sufficient amount of antibody activity, as determined
by Western blot experiments, was their biotinylation with a
monovalent biotin-NHS ester (Figure S4A/B), facilitating their
enrichment with streptavidin beads. After confirmation of
antibody biotinylation by Western blot (Figure S4D), we
performed immunoprecipitation experiments (Figure 3A) of
cross-linker-modified proteins (Figure 3B−E, Figures S5 and
S6) and peptides (Figure S7A, Table S3) by streptavidin
affinity enrichment of the biotinylated antibodies. We were
able to immunoprecipitate both BSA (Figure 3B/C, Figure S5)

Figure 3. Immunoprecipitation of cross-linker-modified proteins. (A) Workflow for the immunoprecipitation of cross-linker-modified proteins
utilizing biotinylated antibodies. (B/C/D/E) Western blot analysis for the immunoprecipitation of cross-linker-modified BSA and HEK293 whole
cell lysates. Biotin ± indicates biotinylation of antibodies by a monovalent biotin-NHS ester. The left panels show the results using biotinylated
antibodies, and the right panels the results from a control experiment using nonbiotinylated antibodies. (B) BSA modified with DSSO; (C) BSA
modified with DSBU; (D) HEK293 whole cell lysate modified with DSSO; (E) HEK293 whole cell lysate modified with DSBU. Samples shown are
input (IN), supernatant after immunoprecipitation (SN), wash fraction (W), eluate (E1), streptavidin beads (E2), and protein molecular weight
marker (M). For each of the input fractions, 10 μg of protein was loaded on the gel. All other fractions were normalized to the input fractions to
yield the same percentage of sample loading. Wash fractions were excluded due to their high salt content. Full blots and images recorded with
different exposure times are included in Figures S5 and S6.
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and proteins from HEK293 whole cell lysates (Figure 3C/D,
Figure S6) which were modified with DSSO or DSBU. In
comparison to a control sample containing nonbiotinylated
antibodies, we observed both reduced abundance in the
supernatant of the input fraction and increased abundance in
the eluate fraction, indicating a cross-linker-specific enrichment
of proteins. Surprisingly, despite its higher sensitivity in
Western blot experiments (Figure 2F), the DSBU antibody
performed less well in comparison to the DSSO antibody in
these experiments. The enrichment of these proteins can either
be related to residue to residue cross-links (inter- or intra-
links) or dead-links. To further discriminate between these
possibilities, we performed immunoprecipitation experiments
with a library of cross-linked synthetic peptides33 and analyzed
the eluate fractions by LC-MS/MS. In addition to the
biotinylated antibodies bound to streptavidin beads (Figure
S7A, Table S3), we furthermore utilized our antibodies in
combination with molecular weight cut-off spin filters (Figure
S7B, Table S4), as this allows to use the antibodies in their
unmodified form. While we were not able to immunoprecipi-
tate any cross-linked peptides in these analyses, we observed

for both the biotin- and spin filter-immobilized antibodies
almost exclusively water quenched dead-links (only one Tris-
quenched dead-link was identified) in the eluate fraction, while
no cross-linker-modified peptides were found in control
samples (Figures S7A/B, Tables S3/S4). These results show
that the antibodies’ main affinity is directed toward water-
quenched dead-links, which also presented the main fraction of
cross-linker-modified peptides detected in the analysis of the
BSA used for immunization of the rabbits (Figure S1B, Table
S1). A likely reason for this specificity is that the antibodies
generated by the rabbit’s immune system toward water-
quenched dead-links were most efficient in targeting the cross-
linker-modified BSA while those which bound interlinks were
less effective (as also less interlinks were present per BSA
molecule and they are less exposed). As the main purpose of
the immune system is the removal of the antigen, antibodies
with a more efficient binding behavior were produced in
highest quantities resulting in a natural selection for the
production of antibodies against water-quenched dead-links.
Therefore, to produce antibodies which are specific for
interlinks, another dead-link free immunization material

Figure 4. Immunocytochemistry analyses of cross-linker-modified cells. (A) NIH/3T3 cells modified with DSSO or DSBU and stained with the
respective antibody. (B) NIH/3T3 cells treated with digitonin and modified with DSSO and DSBU followed by staining with the respective
antibody. (C) NIH/3T3 cells modified with DSSO or DSBU and incubated only with the secondary antibody.
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would have to be utilized such as, for example, exclusively
interlinked synthetic peptides.
Application to Immunocytochemistry. The majority of

cross-link experiments published to date were performed with
disrupted cells. While this is certainly due to practical reasons
(it is easier to adjust experimental parameters in cell lysates
rather than intact cells) another likely factor is that intact
membranes present a natural barrier for the diffusion of many
reactive cross-linkers. Even if the cross-linker itself is
membrane permeable, it is highly likely that its reactive groups
interact with membrane proteins, lipids, and sugars.
Furthermore, current protocols for the assessment of DSSO/
DSBU reactions upstream of mass spectrometric analysis do
not allow investigation of the cellular localization of the cross-
linking reaction, as they usually solely rely on molecular weight
patterns in SDS-PAGE. We therefore evaluated the use of our
antibodies for the investigation of cross-linking reactions in
living NIH/3T3 cells by immunocytochemistry (Figure 4).
Initially, we incubated intact cells with DSSO or DSBU and
processed them for immunocytochemistry with the affinity-
purified antibodies at different cross-linker concentrations
(Figure S8). We observed for both DSSO and DSBU
predominantly labeling of proteins located at the plasma
membrane, as almost no other labeled cellular structures were
observable. This confirms a limited diffusion of reactive
DSSO/DSBU across the plasma membrane, which is probably
due to their interaction with primary amines in lipids or
proteins which are localized at the outside/inside of the plasma
membrane (Figure 4A).21 To increase membrane permeability,
we treated cells with digitonin, a steroidal saponin which
results in reversible permeabilization of the plasma membrane.
Cells which were incubated with DSSO or DSBU after
digitonin treatment showed a striking difference in subcellular
structures which could be visualized by our DSSO/DSBU-
specific antibodies (Figure 4B). Incubation of unmodified cells
with the anti-DSSO/DSBU antibodies did not result in any
signal at the same exposure time, confirming that they are
specific for cross-linker-modified proteins (Figure 4C). These
experiments show that permeabilization of the plasma
membrane allows for diffusion of reactive cross-linkers into
the cell, as only cross-linkers which are covalently bound to
cellular structures are retained during the sample preparation
steps for microscopy. Therefore, permeabilization reagents
present an attractive way to facilitate efficient cross-linking of
cellular proteins in vivo. Furthermore, these data demonstrate
that our antibodies can be utilized for the monitoring of the
reaction of DSSO and DSBU with living cells, providing a tool
for the optimization of conditions for in vivo experiments with
these cross-linkers.

■ CONCLUSION
Our results demonstrate the feasibility of DSSO/DSBU-
specific antibody generation in rabbits. The obtained antibod-
ies show an excellent performance in Western blotting and
immunocytochemistry experiments. For immunoprecipitation
experiments, the antibodies are able to retain peptides which
are modified with water-quenched dead-links, as well as cross-
linker-modified proteins (most likely also through water-
quenched dead-links). These results imply that the antibodies
generated by cross-linked BSA are specific for water-quenched
dead-links. To obtain interlink specific antibodies, a different
type of material would probably have to be utilized for
immunization. However, especially for the cross-linking of

intact cells or tissues, these antibodies provide a valuable tool,
as they allow for the investigation of reactivity and (sub-)
cellular distribution of DSSO and DSBU. As cross-linker-
accessible proteins will always receive a mixture of cross-linked
reaction products (intra-, inter-, and dead-links), the
information for which (sub)cellular locations receive water-
quenched dead-links is of high interest, as it allows for the
characterization of reaction conditions. Therefore, these
antibodies present a valuable tool for the optimization of in
vivo cross-linking experiments.
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Proteolytic digestion of DSSO and DSBU cross-linked BSA 

Cross-linked BSA was precipitated with acetone (1:4 v/v) overnight at -20 °C and the 

protein pellet denatured in freshly prepared 8 M urea/100 mM triethylammonium 

bicarbonate (TEAB) for 30 min at 37 °C. Proteins were reduced with 10 mM 

dithiothreitol (DTT, final concentration) at 56 °C for 30 min, and alkylated with 20 mM 

chloroacetamide (final concentration) at room temperature for 30 min, followed by 

quenching of the reaction with 10 mM DTT. Subsequently, samples were diluted with 

100 mM TEAB to a concentration of 4 M urea and rLysC (Promega, Mannheim, 

Germany) was added at an enzyme to protein ratio of 1:100 (w/w). Proteins were 

digested overnight at 37 °C, samples further diluted with 100 mM TEAB to 1.6 M urea, 

and trypsin (Promega, Mannheim, Germany) was added at a ratio of 1:50 (w/w). After 

digestion for 10 h, peptides were desalted using Oasis HLB cartridges (Waters, Milford, 

MA), the eluate fraction dried in a vacuum centrifuge, and stored at -20 °C until further 

use. 

Peptide immunoprecipitation of DSSO cross-linked library with streptavidin 

beads 

DSSO biotinylated antibodies were incubated with the DSSO cross-linked peptide 

library1 at a molar ratio of 1:2 overnight with end-over-end rotation at 25 rpm, 4 °C. The 

next day, streptavidin sepharose high performance beads (GE Healthcare) were added 

to the samples at a ratio of 1:5 (slurry to sample, v/v), and incubated for 3 h with end-

over-end rotation at 25 rpm, 4 °C. Samples were centrifuged at 1,000 x g, 4 °C and 

supernatants transferred to a new tube. Subsequently, the beads were washed three 

times with 200 µl of ice-cold PBS each, centrifuged at 1,000 x g, 4 °C, and transferred 

to new tubes. Antibody-peptide complexes were eluted from the beads by applying 0.1 

% TFA, followed by desalting of the fractions with stage-tips.2  
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Peptide immunoprecipitation of DSBU cross-linked library with a molecular 

weight cut off filter approach 

DSBU antibodies were incubated with the DSBU cross-linked peptide library1 at a 

molar ratio of 1:3 overnight with end-over-end rotation at 25 rpm, 4 °C. The next day, 

samples were passed through a 30 kDa molecular weight cut off filter (Merck Millipore), 

the membrane washed 3x with 200 µl of ice-cold PBS at 14,000 x g and the antibody-

peptide complexes were eluted from the filter by applying 0.1 % TFA, followed by 

desalting of the fractions with stage-tips. 

LC-MS/MS and data analysis 

LC-MS/MS analyses were conducted with a nano-UHPLC-Dionex Ultimate 3000 

system coupled to an Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher 

Scientific, Bremen, Germany). Analytical columns were produced in-house as follows: 

spray tips were generated from 360 μm outer diameter and 100 μm inner diameter 

fused silica capillaries using a P-2000 laser puller (Sutter Instruments, Novato, CA) 

and packed with 1.9 μm Reprosil AQ C18 particles (Dr. Maisch, Ammerbuch, Germany) 

to a length of 50 cm. Peptides were dissolved in 5 % ACN/5 % FA and 1 µg was loaded 

directly on the analytical column at a flow rate of 600 nl/min in 95 % solvent A (0.1 % 

FA in water). Peptides were separated with a 120 min linear gradient from 5 % - 35 % 

solvent B (90 % ACN/ 0.1 % FA), eluting peptides ionized in the positive ion mode at 

a cone voltage of 2 kV, and survey scans acquired in the Orbitrap mass analyzer at 

m/z 375-1600 and a resolution of 120,000. Automatic gain control (AGC) and maximum 

injection time settings were set to standard (system setting the recommended target in 

an automated fashion per scan type) and auto, respectively, dynamic exclusion was 

set to 45 sec. Peptides were fragmented using stepped HCD with normalized collision 

energies of 26 % ± 5 % with an AGC setting of standard and a maximum injection time 

of 70 ms with a cycle time set to 5 sec (top speed). MS2 scans were acquired in the 
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Orbitrap mass analyzer with a dynamic mass range set to normal and a resolution of 

30,000 fragmenting peptides with charge states ≥ 3+.  

Thermo *.raw files were analyzed by Proteome Discoverer 2.4 (Thermo Fisher 

Scientific, Bremen, Germany) utilizing the XlinkX node (Proteome Discoverer Version 

2.4) with the following settings: precursor ion mass tolerance: 10 ppm; Orbitrap 

fragment ion mass tolerance: 20 ppm, fixed modification: carbamidomethyl (cysteine); 

variable modification: oxidation (methionine); number of allowed missed cleavage 

sites: 2; minimum peptide length: 5 amino acids; cross-linking site: lysine. Data were 

searched against a cRAP database containing the BSA sequence and common 

contaminants (262 entries, Max Planck Institute of Biochemistry, Martinsried URL: 

https://lotus1.gwdg.de/mpg/mmbc/maxquant_input.nsf/7994124a4298328fc125748d

0048fee2/$FILE/contaminants.fasta) and the published Cas9 library of synthetic 

peptides.1 Data were searched with a false discovery rate of 1 % at cross-linked 

peptide spectra level matching a minimum score threshold of 40. The Proteome 

Discoverer XlinkX workflow was divided by the “XlinkX filter” node into two branches 

including a standard peptide search and a cross-link search. Spectra containing 

indicative reporter ions were searched by the node “XlinkX search” employing a MS2 

search option. Spectra which did not contain reporter ions were searched using 

Sequest HT for the identification of unmodified peptides, dead-end links (H2O 

hydrolyzed, as well as Tris quenched) applied as dynamic modifications at lysines. 
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Figure S1: Verification of BSA cross-linking with DSSO/DSBU followed by LC-
MS/MS analysis of antigen, and initial rabbit antisera tests. A) Verification of cross-
linking by DSSO and DSBU for BSA by SDS-PAGE. BSA was cross-linked at a 
concentration of 2 mg/ml with 9.5 mM (500x fold molar excess) of either DSSO or 
DSBU for 30 min at RT, and quenched with 20 mM Tris-HCl. For each sample, 10 µg 
were separated by SDS-PAGE and stained by coomassie brilliant blue. The band shift 
of cross-linked relative to the native BSA (control sample) confirms the successful 
reaction. B) LC-MS/MS analysis of cross-linked BSA depicting cross-links, and dead-
links (modified with H2O and Tris) for DSSO and DSBU modified BSA, respectively. 
C/D) Western-blot analysis of 10 µg of DSBO/DSBU cross-linked and unmodified 
(Cntrl.) standard proteins (BSA, PPL, COA). Membranes were incubated overnight at 
4 °C with the pre- or antiserum diluted 1:2000 in 5 % non-fat dry milk in Tris buffer 
saline containing 0.05 % tween. C) Detection of cross-linked proteins with pre-serum 
obtained prior to immunization of animals. D) Detection of cross-linked proteins with 
antiserum obtained after immunization of animals. DSSO: disuccinimidyl sulfoxide; 
DSBU: 1,3-bis-(4-oxo-butyl)-urea group; BSA: bovine serum albumin; PPL: porcine 
pancreas lipase; COA: chicken ovalbumin; Cntrl.: control. 
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Figure S2: Evaluation of binding capacity for antibody affinity column 
purification and cross-reactivity of purified antibodies. A/B) Western blot analysis 
of flow-through and eluate fraction for the affinity purification of antisera obtained from 
rabbits immunized with DSSO/DSSU cross-linked BSA. Initially, antisera were passed 
through the DSSO affinity column. Subsequently, the flow-through fractions of this 
column were pooled and passed through the DSBU affinity column. A) Fractions 
obtained from the application of antisera to an affinity column containing DSSO cross-
linked PPL coupled to the stationary phase through carboxyl group specific linkage. B) 
Fractions obtained from the application of the pooled flow-through fractions to the 
affinity column containing DSBU cross-linked PPL. C) Investigation of the specificity of 
antibodies purified by the DSSO specific column. D) Investigation of the specificity of 
antibodies purified by the DSBU specific column. DSSO: disuccinimidyl sulfoxide; 
DSBU: 1,3-bis-(4-oxo-butyl)-urea group; PPL: porcine pancreas lipase; FT: flow 
through; AB: Antibody. 
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Figure S3: A) Confirmation of antibody class by western-blotting with an IgG specific 
antibody (left panel antibody specific for IgG heavy chains, right panel antibody 
detecting light chains). B) Investigation of antibody sensitivity using cross-linked PPL. 
Numbers indicate the total protein amount loaded on the respective lane of the SDS-
PAGE gels used for the western-blots in ng. DSSO: disuccinimidyl sulfoxide; DSBU: 
1,3-bis-(4-oxo-butyl)-urea group; PPL: porcine pancreas lipase. 
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Figure S4: Determination of antibody activity following treatment by BS3 and 
NHS-biotin and peptide immunoprecipitation via CnBr and ProtA beads. A/B) 
Investigation of antibody activity following chemical modification. BS3 treatment of 
antibodies resembles the BS3-mediated coupling of antibodies to beads with primary 
amines on their surface. A) Individual western-blot analyses of DSSO cross-linked PPL 
by purified DSSO antibodies, which were unmodified, treated with either a 100x or 
500x molar excess of BS3, or with a monovalent biotin NHS-ester. B) Individual 
western-blot analyses of DSBU cross-linked PPL by purified DSSO antibodies, which 
were unmodified, treated with either a 100x or 500x molar excess of BS3, or with a 
monovalent biotin NHS-ester. C) DSSO cross-linked peptide library was incubated with 
CnBr and protein A DSSO antibody coupled beads in a 2:1 molar ratio overnight. 
Beads were washed and eluted applying acidic conditions on the subsequent day, 
followed by LC-MS/MS analysis of the input and eluate fractions for each of the 
coupling strategies for cross-links, water and Tris quenched dead-links. D) Western-
blot analysis for the investigation of antibody biotinylation by a monovalent biotin NHS-
ester using a streptavidin-HRP conjugate. BS3: Bissulfosuccinimidyl suberate, CnBr: 
Cyanogen bromide, ProtA: protein A, DSSO: disuccinimidyl sulfoxide; DSBU: 1,3-bis-
(4-oxo-butyl)-urea group; PPL: porcine pancreas lipase; AB: antibody; WB: western 
blot. 
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Figure S5: Complete western-blots for immunoprecipitation of cross-linked BSA 
with different exposure times. A-F). Biotin +/- indicates biotinylation of antibodies by 
a monovalent biotin-NHS ester. The left panels show the results using biotinylated 
antibodies, the right panels the results from a control experiment using non-biotinylated 
antibodies. A-C) BSA cross-linked with DSSO depicting different exposure times. D-F) 
BSA cross-linked with DSBU depicting different exposure times. Samples shown are: 
Input (IN), supernatant (SN) after immunoprecipitation, wash (W) fraction, eluate (E), 
and protein molecular weight marker (M). 
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Figure S6: Complete western-blots for immunoprecipitation of cross-linked 
HEK293-lysate with different exposure times. A-F). Biotin +/- indicates biotinylation 
of antibodies by a monovalent biotin-NHS ester. The left panels show the results using 
biotinylated antibodies, the right panels the results from a control experiment using 
non-biotinylated antibodies. A-C) HEK293-lysate cross-linked with DSSO depicting 
different exposure times. D-F) HEK293-lysate cross-linked with DSBU depicting 
different exposure times. Samples shown are: Input (IN), supernatant (SN) after 
immunoprecipitation, wash (W) fraction, eluate (E1), streptavidin beads (E2) and 
protein molecular weight marker (M). 
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Figure S7: Immunoprecipitation of DSSO and DSBU cross-linked peptide 
libraries with streptavidin beads and a molecular with cut off approach. A) The 
DSSO cross-linked peptide library was incubated with biotinylated DSSO antibodies in 
a 2:1 molar ratio overnight. Streptavidin beads were added on the subsequent day, 
washed and eluted applying acidic conditions, followed by LC-MS/MS analysis of the 
input and eluate fraction. Generated data were searched for cross-links as well as 
water-/Tris-quenched dead-links. B) The DSBU cross-linked peptide library was 
incubated with and without DSBU antibodies (+AB/-AB) in a 3:1 molar ratio overnight. 
On the subsequent day, samples were passed through a 30 kDa molecular weight cut 
off filter, washed, and peptides eluted applying acidic conditions. LC-MS/MS analysis 
was carried out for equal percentages of the input, flow-through, wash, and eluate 
fraction as well as a sample containing 4x of the eluate fraction. Generated data were 
searched for cross-links as well as water-/Tris-quenched dead-links. 
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Figure S8: Immunocytochemistry of DSSO cross-linked NIH/3T3 cells at four 
different concentrations. A) 2 mM B) 5 mM C) 10 mM and D) 20 mM followed by 
staining with the purified DSSO antibody. 
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4.4 Conclusion 
To better characterize and validate cross-link reactions, I attempted to generate antibodies 
against the commercially available cross-linkers DSSO and DSBU. To do so, I modified the 
protein bovine serum albumin (BSA) with either DSSO or DSBU and assessed the cross-linking 
efficiency via SDS-PAGE and LC-MS/MS (Figure S1 A, B). Both methodologies showed a 
successful modification leading to the identification of 46/32 cross-links, 113/ 86 water-quenched 
dead-links, and 12/34 Tris-quenched dead-links, for DSSO and DSBU, respectively. The 
generated cross-link mixture was subsequently applied in an equimolar ratio to immunize rabbits, 
from which antisera were collected 60, 90, 120, 150, and 180-day postimmunization (Figure 1). 

The pre-immune- and anti-sera were further tested for their reactivity in western blot 
experiments against DSSO/DSBU modified BSA, chicken ovalbumin (COA), and porcine 
pancreas lipase (PPL) (Figure 2A, Figure S1 C, D). The results showed a strong reactivity of 
the antisera against all three proteins, whereas the pre-immune sera resulted in no detectable 
signal, confirming the successful immunization. As I immunized the rabbits with a mixture of 
DSSO/DSBU-modified BSA, resulting in both antibodies' presence in their serum, I further 
developed an affinity liquid chromatography approach utilizing DSSO/DSBU modified PPL to 
purify the respective antibody populations. Applying 40 mL of 1:50 (v/v) diluted antisera, I 
successfully retrieved the respective antibodies in the eluate fractions (Figure 2B,  
Figure S2 A, B). I obtained 11 and 12 mg of the anti-DSSO and -DSBU antibodies, respectively, 
indicating a comparable immune response to both cross-linkers. The possibility of cross-reactivity 
among both purified antibody populations was excluded by western blot experiments by detecting 
DSBU-modified PPL with anti-DSSO antibodies and vice versa (Figure S2 C, D). The results 
showed that both cross-linkers were sufficiently different from being recognized exclusively by 
the respective antibody.  

I further assessed the purity of the individual antibody populations via SDS-PAGE 
verifying a successful depletion of most serum proteins, as well as the presence of the 
characteristic bands for the heavy and light chain of the antibodies at 55 and 25 kDa  
(Figure 2C). Additionally, I characterized the type of antibody to be immunoglobulin G (IgG), 
resulting from somatic hypermutation and maturation due to repeated antigen exposure  
(Figure 2D). To further assess the capability of the antibody to react with different types of cross-
linker-protein conjugates, I applied DSSO- and DSBU-modified HEK293 whole-cell lysates. The 
results showed a strong signal across the entire molecular weight range for both antibodies, 
indicating that antibody binding is independent of protein sequence and solely dependent on the 
cross-linker (Figure 2E). Utilizing a dilution series of DSSO/DSBU modified PPL, I was further 
able to determine the limit of detection for the DSSO antibody in the range of 50 ng/mL and  
10 ng/mL for the DSBU antibody (Figure 2F). 

As cross-linking reactions typically result in low yields, enrichment of cross-linked proteins 
or peptides presents a promising way to increase the number of cross-links identified in mass 
spectrometry experiments. Therefore, I tested the applicability of the antibodies for 
immunoprecipitation of cross-linker modified proteins applying various commonly used 
strategies. Those included but were not limited to strategies targeting primary amines (CnBr- and 
NHS-activated agarose beads) and protein A beads. However, as all conventional protocols led 
to the inactivation of the antibodies, I developed an alternative strategy by first biotinylating the 
respective antibodies, followed by their immunoprecipitation via streptavidin (Figure 3A,  
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Figure S4 A, B). Applying this approach, I was able to successfully immunoprecipitate BSA and 
HEK293 whole cell lysate proteins modified with DSSO and DSBU (Figure 3B-E). I further used 
this strategy for immunoprecipitation of DSSO and DSBU modified peptides, however, the LC-
MS/MS analysis results revealed that the antibody's major activity is directed toward water-
quenched dead-links (Figure S4 C, Figure S7 A, B). As the water-quenched dead-links made 
the majority of cross-linker modified peptides applied for the immunization of the rabbits  
(Figure S1 B), a likely reason for their specificity to those is their high abundance. Hence, it was 
concluded that for the generation of antibodies specific for inter-links, a dead-link-free sample 
has to be applied for the immunization of rabbits.   

 Since existing protocols for assessing cross-link reactions before mass spectrometry 
analysis exclusively depend on changes of the molecular weight of proteins via SDS-PAGE, I 
utilized the antibodies to investigate the cellular localization of the cross-link reaction in live 
NIH/3T3 cells by immunocytochemistry experiments. For this, intact cells were modified with 
either DSSO or DSBU and incubated with the respective antibodies. The results showed 
predominant labeling of proteins localized to the plasma membrane leading to the conclusion of 
limited membrane permeability of both cross-linkers (Figure 4A). This was since intact cellular 
membranes present a natural barrier for the diffusion of cross-linkers, even though the cross-
linker is membrane permeable, as its reactive groups will most likely react to membrane proteins, 
lipids, and sugars. Therefore, in my final experiment, before cross-linking, the cells were treated 
with digitonin leading to reversible permeabilization of the plasma membrane. After digitonin 
treatment, the results revealed a striking difference showing subcellular structures that could now 
be visualized with the DSSO/DSBU-specific antibodies (Figure 4B). Results of unmodified cells 
with the anti-DSSO/DSBU antibodies resulted in no signal at the same exposure time, indicating 
that they are specific for cross-linker-modified proteins (Figure 4C). 

Overall, I was able to show that rabbits immunized with cross-linked BSA (immunogenic 
carrier protein) can be used to generate DSSO/DSBU-specific antibodies. The affinity-purified 
antibodies were successfully applied in western blotting and immunocytochemistry experiments. 
The antibodies retained peptides modified with water-quenched dead-links and cross-linker-
modified proteins in immunoprecipitation assays (most likely also through water-quenched dead-
links). These findings suggest that antibodies generated against cross-linked BSA are selective 
for water-quenched dead-links. A new type of immunogenic carrier protein, such as one with no 
dead-links, would most likely have to be used for future immunization approaches to develop 
cross-link (intra and inter-links)-specific antibodies. Yet, the developed antibodies are beneficial 
for the quality control of cross-linking of intact cells or tissues, as they enable the investigation of 
DSSO and DSBU reactivity and (sub-)cellular distribution. Given that cross-linker-accessible 
proteins will always acquire a mixture of cross-linked reaction products (intra-, inter-, and dead-
links), knowing which (sub)cellular sites receive water-quenched dead-links is crucial for 
determining reaction conditions. 
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5.1 Introduction 
The lysosomal proteome can be divided into luminal, membrane-associated and integral 
membrane proteins. While luminal proteins are primarily involved in the degradation of lysosomal 
substrates, the membrane acts as an interface between the lysosome and the cell, fulfilling 
various functions. These include, but are not limited to, lysosomal acidification, nutrient 
transport/sensing, lysosomal transport, and vesicle fusion [2]. While certain proteins and 
complexes have been investigated in great detail [101], the function, structure, and interaction 
partners of a significant number of lysosomal proteins have not been analyzed yet. Cross-linking 
mass spectrometry (XL-MS), a strategy to covalently link proteins on a large, unbiased scale, 
provides an ideal tool for investigating lysosomal protein interactions. In combination with state-
of-the-art bioinformatic approaches, like interactive computational modeling, novel protein 
conformations can be further determined [71, 73].  

Compared to other methods such as X-ray crystallography, XL-MS has the major 
advantage that transient interactions can be analyzed in addition to stable protein complexes. 
Moreover, the cross-link reaction is possible under physiological conditions, which favors the 
analysis of functionally relevant protein interactions [78]. The interest in cross-linking 
methodology is continuously increasing, especially due to technological advances regarding 
available mass spectrometers and analysis software [76, 82]. Publications demonstrate the 
successful use of the methodology for the structural elucidation of simple systems, such as the 
RNA polymerase II-TFIF complex [102]. With the development of new innovative cross-linkers 
and algorithms for automated data analysis, the study of protein-protein interaction in very 
complex samples, such as whole-cell lysates, is also possible [76]. Also, the study of protein 
interactions in whole organelles was performed in multiple studies [77, 87, 100]. In one of the 
studies, the mitochondrial membrane was successfully reconstructed using XL-MS, a large 
number of protein interactions were identified, and new unknown interactions were postulated 
[77]. The current study used XL-MS to investigate endosome/lysosome enriched fractions 
applying the MS-cleavable cross-linker disuccinimidyl sulfoxide (DSSO) and presents the first 
cross-linking dataset of human endolysosomal proteins. 
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SUMMARY 
 
Lysosomes are well-established as the main cellular organelles for the degradation of 
macromolecules and emerging as regulatory centers of metabolism. They are of crucial 
importance for cellular homeostasis, which is exemplified by a plethora of disorders related to 
alterations in lysosomal function. In this context, protein complexes play a decisive role, regulating 
not only metabolic lysosomal processes, but also lysosome biogenesis, transport, and interaction 
with other organelles. Using cross-linking mass spectrometry, we analyzed lysosomes and early 
endosomes. Based on the identification of 5,376 cross-links, we investigated protein-protein 
interactions and structures of lysosome- and endosome-related proteins. In particular, we present 
evidence for a tetrameric assembly of the lysosomal hydrolase PPT1 and heterodimeric/-
multimeric structures of FLOT1/FLOT2 at lysosomes and early endosomes. For FLOT1-/FLOT2-
positive early endosomes, we identified >300 proteins presenting putative cargo, and confirm the 
latrophilin family of adhesion G protein-coupled receptors as substrates for flotillin-dependent 
endocytosis.  
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INTRODUCTION  
Lysosomes, the central lytic organelles of mammalian cells, are of crucial importance for cellular 
homeostasis. This is underscored by the detrimental consequences resulting from impairment of 
lysosomal function: mutations in genes encoding lysosomal proteins are causative for a group of 
around 70 rare and frequently devastating diseases, so-called lysosomal storage disorders 
(LSDs). Moreover, lysosomal dysfunction has been demonstrated in a number of more common 
conditions, including neurodegenerative diseases and cancer (Fraldi et al., 2016; Platt, 2018).  

In addition to the long-known role of lysosomes in the degradation of intra- and extracellular 
substrates, more recent findings place them at the center of metabolic signaling. The major player 
in this context is the mammalian target of rapamycin complex 1 (mTORC1), whose activity is 
regulated at the lysosomal surface. This regulation is mediated by several protein complexes 
located in/at the lysosomal membrane, which integrate the activity of major signaling pathways, 
as well as the concentration of various metabolites (Shin and Zoncu, 2020). Furthermore, protein 
complexes were shown to play a role in other lysosome-related processes, such as their transport, 
direct interaction with other cellular compartments, gene regulation, immunity, cell 
adhesion/migration, and plasma membrane repair (Ballabio, 2019) 

For most of these functions, protein-protein interactions at the lysosomal membrane play 
a decisive role. Nutrient sensing and activation of mTORC1 is regulated by the interaction of at 
least 30 individual proteins (Liu and Sabatini, 2020), and lysosomal motility is controlled by the 
reversible association to microtubules through dynein and kinesin by several adaptor/scaffold 
complexes, such as BLOC1-related complex (BORC) (Cabukusta, 2018). The core feature of 
lysosomes, their acidic pH, is maintained by the 1.25 MDa vacuolar-type ATPase (V-ATPase) 
complex, which consists of 35 subunits (17 unique proteins), and catalyzes the transport of protons 
across the lysosomal membrane (Wang, 2020). Delivery of certain lysosomal proteins is achieved 
by members of the homotypic fusion and protein sorting (HOPS) (Garg et al., 2011), the class C 
core vacuole/endosome tethering (Corvet) (Balderhaar, 2013), as well as adaptor protein (AP) 
complexes, and the endosomal sorting complex required for transport (ESCRT) mediates repair 
of lysosomal membranes (Skowyra et al., 2018).  

Also, for the interactions of lysosomes with other organelles, protein complexes play an 
essential role. This includes fusion events with cargo delivery vesicles such as endosomes, 
phagosomes, and autophagosomes (Cheng et al., 2010), exocytosis at the plasma membrane 
(Reddy et al., 2001), or direct interactions with the endoplasmic reticulum (Levin-Konigsberg et 
al., 2019), the Golgi apparatus (Hao et al., 2018) peroxisomes (Chu et al., 2015), RNA granules 
(Liao et al., 2019), and mitochondria (Wong, 2018). The latter facilitates, for example, the 
exchange of small molecules and was shown to regulate events such as mitochondrial fusion and 
fission (Ballabio, 2019).  

The majority of protein complexes that facilitate these processes are poorly characterized, 
and novel members/interactors are continuously being identified. Given the central role of 
lysosomes in metabolic regulation, and the high number of cellular structures they interact with, it 
is highly likely that several functionally important interactors of lysosomal proteins are still 
unknown. Although structural data are available for a number of lysosomal luminal proteins and 
complexes in/at its membrane, three-dimensional information is still lacking for a significant 
fraction of the lysosomal proteome. The majority of existing structural data originates from 
crystallography experiments, heavily relying on affinity-purified proteins, or fragments thereof, 
from pro- or eukaryotic overexpression systems, and crystallization in vitro. The applicability of 
these structures to the in vivo situation remains, therefore, in some instances, questionable 
(Niedzialkowska et al., 2016).  

A promising avenue to identify unknown interactions of lysosomal proteins, and to reveal 
new insights into their structure under physiological conditions, is chemical cross-linking in 
combination with mass spectrometry-based proteomics (XL-LC-MS/MS) (O'Reilly and Rappsilber, 
2018). In cross-linking experiments, a chemical linker forms covalent bonds between certain 
amino acids such as lysine. In subsequent MS analyses these bonds are identified, providing 
direct proof for the interaction of proteins within a certain distance constraint, defined by the type 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2022. ; https://doi.org/10.1101/2022.01.12.475930doi: bioRxiv preprint 



– Chapter 3: Lysosomal Interactomics and Structural Perspectives – 

 - 64 - 

 
  

of cross-linker (Yu and Huang, 2018). This allows for the identification of protein-protein 
interactions (PPIs), and hence localization, with high confidence. Compared to other commonly 
used approaches, such as immunoprecipitation (IP), proximity labeling (Kim and Roux, 2016) or 
lysosome-enrichment (Muthukottiappan and Winter, 2021), such data provide superior spatial 
evidence. Furthermore, the distance constraints of the cross-linker can serve as a basis for the 
molecular modeling of proteins and their complexes. This allows supplementing well-established 
techniques such as nuclear magnetic resonance (NMR), X-ray crystallography, or cryo-electron 
microscopy (cryo-EM), compensating for missing/incomplete data, and validating predicted 
protein structures (Barysz, 2018).  

So far, XL-LC-MS/MS experiments have been performed for samples of varying 
complexity, ranging from individual proteins (Chen, 2010) and multi-subunit complexes (Albanese, 
2020; O'Reilly et al., 2020), to whole organelles (Fasci, 2018; Schweppe et al., 2017) and 
cell/tissue lysates (Chavez et al., 2019; Liu et al., 2015). Dedicated analysis of lysosomal proteins 
by cross-linking has not been performed to date, which is certainly related to the fact that 
lysosomal proteins are of low abundance (estimated 0.2 % of cellular protein mass (Itzhak et al., 
2017; Valm et al., 2017)).  

In the current study, we present the first cross-linking dataset of the endolysosomal 
compartment of HEK293 cells, applying the MS-cleavable cross-linker disuccinimidyl sulfoxide 
(DSSO) to lysosome-/early endosome-enriched fractions. We present an interaction map of 
lysosomal proteins, of which we verify selected PPIs by co-IP and validate/extend existing protein 
structures. Based on the cross-linking data and computational modeling, we further propose 
higher-order structures for PPT1 and flotillin assemblies. Finally, by affinity purification and MS 
analysis of flotillin-positive early endosomes, we investigate the putative cargo of these vesicles. 
 
RESULTS  
Cross-Linking Mass Spectrometry Analysis of Lysosome Enriched Fractions  
In mammalian cells, the majority of lysosomal proteins are of relatively low abundance, and whole-
cell XL-LC-MS/MS studies typically cover only a fraction of the lysosomal proteome (Figure S1A). 
A way to overcome this limitation is lysosome enrichment, which we showed to increase signal 
intensities for certain lysosomal proteins up to 100-fold relative to whole cell lysates (Singh et al., 
2020). Accordingly, we enriched lysosomes by superparamagnetic iron oxide nanoparticles 
(SPIONs, Figure 1A), and established cross-linking conditions for lysosome-enriched fractions 
utilizing the MS-cleavable cross-linker DSSO (Kao et al., 2011). Due to a limited membrane 
permeability of DSSO (Singh et al., 2021), we cross-linked lysosomes both in an intact (IT) and 
disrupted (DR) state, and determined optimal reaction conditions by silver staining and western 
blot (Figure S1B, C). Subsequently, we enriched lysosomes from 384 plates of HEK293 cells 
across three biological replicates, and assessed lysosomal intactness, recovery, and enrichment 
(Figure 1B, 1C). Using a non-cross-linked fraction of each sample, we acquired an LC-MS/MS 
reference dataset. In total, we identified 4,181 proteins, of which 474 were assigned the term 
“lysosome” based on GO terms and UniProt classifiers in >3 runs, indicating an excellent 
performance of lysosome enrichment (Akter, 2020). To assess the quantitative distribution of 
lysosomal proteins in our samples, we utilized these data to estimate absolute protein abundances 
by intensity-based absolute quantification (iBAQ) (Schwanhausser et al., 2011). This revealed a 
three-fold overrepresentation of lysosomal protein abundance relative to the whole dataset  
(Figure 1D). 

We cross-linked lysosome enriched fractions in both the IT and DR state, followed by their 
proteolytic digestion, strong cation-exchange (SCX) peptide fractionation, and analysis by LC-
MS/MS (Figure 1A). Analysis of the XL-LC-MS/MS dataset with XlinkX (Klykov et al., 2018) 
resulted in the assignment of 6,580 cross-link spectral matches, originating from 4,294 cross-
linked peptides. Out of the 2,467 unique residue-to-residue cross-links, 524 identifications (270 
intra links between different residues of the same protein and 254 inter-links between two different 
proteins) originated from 111 proteins assigned to the lysosomal compartment (Figure 1E, Figure 
S1D-H). Interestingly, only 25 % of cross-links were found both in the IT and the DR state, while 
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the latter contributed a larger fraction to the dataset, further demonstrating the limited membrane 
permeability of DSSO (Figure 1F). A similar distribution was observed for the cross-links identified 
for non-lysosomal proteins contained in the dataset (Figure S1D). Strikingly, while cross-link 
spectral matches (CSMs) of cytosolic proteins were almost equally distributed between both 
conditions, 91 % of the dataset’s CSMs assigned to lysosomal luminal proteins were identified in 
samples cross-linked in the DR state (Figure 1G).  

As lysosomal proteins are expressed at a dynamic abundance range encompassing three 
orders of magnitude (Akter, 2020), we further correlated CSMs, peptide spectral matches (PSMs), 
and iBAQ values. Even though higher abundant proteins tended to yield more CSMs, we did not 
identify a strong correlation between cross-link identification and protein abundance, showing that 
our dataset also covered proteins of low expression levels (Figure 1H, Figure S1I). When we 
compared the average iBAQ abundance for proteins involved in intra- and inter-links, we observed 
a tendency towards the identification of more intra-links in higher abundant proteins, which was 
less pronounced for lysosomal proteins (Figure S1J, K).  

Finally, we investigated the distribution of CSMs across a short-list of lysosomal 
proteins/complexes (Muthukottiappan and Winter, 2021). Most categories showed an equal 
distribution between DR and IT samples, with the exception of proteins involved in lysosomal 
substrate degradation (93 %), heat shock proteins (70 %), and annexins (75 %), for which more 
cross-links were annotated in the DR sample (Figure S1L).  
Characterization of the Human Lysosomal Interactome 
Based on all inter-links contained in the dataset, we constructed a network of 1,008 proteins 
engaged in 1,023 interactions, of which 254 involved lysosomal proteins (Figure 2A,  
Figure S2A-C). Comparison to known interactions revealed an overlap of ~30 %, confirming the 
validity of our dataset. While 34 % of interactions of non-lysosomal proteins were included in 
STRING, only 26 % of potential lysosomal PPIs have been reported previously (Figure 2B). We 
classified lysosomal PPIs based on the interacting subcellular compartment, revealing an 
overrepresentation of nuclear and cytoplasmic/cytoskeletal proteins (Figure 2C). With respect to 
lysosomal and lysosome-associated proteins, we identified the highest numbers of PPIs for the V-
ATPase, the flotillins, mTORC1, and the syntaxins (Figure 2D, E, Figure S2D, E).  

For the V-ATPase, we detected most PPIs for the D subunit of its soluble V1 part 
(ATP6V1D). This may be related to the capability of V1 to dissociate from the lysosomal 
membrane-embedded V0 part, which was shown to be involved in the regulation of V-ATPase 
activity (Maxson and Grinstein, 2014), exposing the D subunit to interactions. The cross-link of 
ATP6V1D with frizzled 9 (FZD9), a member of the WNT signaling pathway, sparked our interest. 
FZD9 was shown to be sorted to late endosomes/lysosomes after its internalization by endocytosis 
(Grainger et al., 2019), and the ATP6AP2 subunit of the V-ATPase was reported to interact with 
FZD8 (Cruciat et al., 2010). We therefore investigated the validity of this PPI by co-IP, confirming 
both the observed interaction of ATP6V1D with FZD9, as well as interaction with other subunits of 
the complex (Figure 2F).  

We further investigated the interaction of FLOT1, FLOT2, and GNB4, for which we 
identified an inter-link with FLOT2. We were able to co-IP FLOT1 and FLOT2, which are known to 
form heterooligomers (Babuke et al., 2009), as well as GNB4 with its direct interactor FLOT2 as 
well as with FLOT1, indicating binding of GNB4 to FLOT1/FLOT2 heteromeric assemblies  
(Figure 2G).  

As we observed 18 different PPIs for FLOT1 and FLOT2, we further investigated their 
distribution across both proteins. While FLOT1/FLOT2 inter-links were detected across most of 
the regions predicted to form a helical structure (amino acids 193-365 and 213-362 for FLOT1 and 
FLOT2, respectively) (Rivera-Milla et al., 2006), the interaction with other proteins occurred almost 
exclusively in confined sections of < 100 amino acids (Figure 2H, I). While the equal distribution 
of inter-links shows that no sequence-dependent bias towards cross-link detectability exists, 
localization of the majority of PPIs to a distinct part of the proteins suggests the presence of 
FLOT1/FLOT2 interaction hotspots.  
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Structural Integration of Cross-Linker Distance Constraints Suggests a Tetrameric 
Assembly of PPT1 In Vivo 
Cross-links between different amino acids provide distance information (the length of DSSO links 
is ~35 Å) that is helpful to validate (or infer) protein structures (Kastritis et al., 2017). Initially, we 
used TopoLink (Ferrari et al., 2019) to match 161 unique cross-links to the resolved structures of 
34 lysosomal and lysosome-associated proteins, confirming the validity of our dataset. The 
remaining 64 cross-links assigned to lysosomal proteins could not be integrated, as the respective 
regions have not been resolved yet. We matched these cross-links either to homology models 
based on available PDB structures from other organisms using SWISS-MODEL (Waterhouse et 
al., 2018), or to predicted AlphaFold models which became available during the preparation of this 
manuscript (Jumper et al., 2021) (Figure 3A, Figure S3). 

The complex for which we identified the highest number of cross-links was the V-ATPase, 
a 35-mer assembly of 17 unique proteins (Wang, 2020), of which 13 were covered in our dataset. 
While the soluble V1 part (eight different proteins) yielded 26 cross-links, only three were identified 
for the membrane-embedded V0 section (seven different proteins). After confirmation of the V1 
part’s correct stoichiometry through the individual subunit’s iBAQ values in the non-cross linked 
dataset (A3B3E3G3D1F1C1H1) (Figure 3B), we mapped the identified cross-links to a recently 
published structure determined by cryo-EM (Wang, 2020). Out of the 29 unique cross-links 
identified, 21 could readily be integrated into the published structure, while 8 originated from 
regions that were so-far structurally not resolved (Figure 3C). For these sections, we integrated 
the predicted full-length protein models by AlphaFold, aligning them with the published V-ATPase 
sub-unit structures in the complex, based on the identified cross-links (Figure 3D). In this 
combined model, we cover ~95 % of the V-ATPase sequence, and 90 % of cross-links fulfil 
DSSO’s distance constraints. The remaining three cross-links were inter-links of the A and E 
subunit of the V1 part, which undergo conformational changes during ATP hydrolysis (Wang, 
2020). 

With respect to mTORC1, we identified most cross-links for proteins related to Ragulator, 
a lysosomal membrane-associated complex that is crucial for mTORC1 activity (Shin and Zoncu, 
2020). For the N-terminal region of LAMTOR1, we identified three cross-links of the same lysine 
residue with different amino acids of LAMTOR3. Two of them violated DSSO’s distance 
constraints relative to the crystal structure obtained in the presence of the Ragulator-associated 
RAG GTPases (De Araujo, 2017), indicating cross-linking of an alternative state, possibly 
representing Ragulator in the absence of RAG GTPases (Figure S3J). We further identified three 
intra-links from RRAGA that originated from the same lysine residue at its C-terminus, cross-linked 
to three different amino acids (Figure S3K. This could be related to a high flexibility of this region 
of the protein, which is in accordance with the fact that it could not be covered in a previous 
crystallization study (Su et al., 2017). 

Of the 161 lysosomal cross-links identified, 21 exceeded DSSO’s distance constraint 
(Figure 3E). Surprisingly, nine of them originated from PPT1, a member of the palmitoyl protein 
thioesterase family. The current PPT1 crystal structure (3GRO) resembles a homodimeric 
assembly of two identical subunits (Figure 3F). Strikingly, while all 11 PPT1 intra-links fulfilled the 
distance constraints of this structure, the inter-links exceeded them, indicating the possibility of an 
alternative oligomerization state. This possibility is in line with a previous study, detecting the 
maximal enzymatic activity of PPT1 at a complex size of >100 kDa (Lyly et al., 2007). We therefore 
used HADDOCK to perform restraint-based docking for the monomeric subunits of PPT1, 
extracted from 3GRO. This resulted in the prediction of a tetrameric PPT1 model, which fulfills the 
distance constraints for all 18 PPT1 cross-links (Figure 3G, H). 
 
Proposal of a Heterodimeric FLOT1/FLOT2 Model Featuring Extended Alpha-Helical 
Domains 
We identified the highest number of cross-links for the two members of the flotillin family, FLOT1 
and FLOT2, which were also overrepresented in the proteomic dataset of the lysosome-enriched 
fraction (Figure 1H). FLOT1 and FLOT2 are lipid raft-associated proteins, which are present in 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2022. ; https://doi.org/10.1101/2022.01.12.475930doi: bioRxiv preprint 



– Chapter 3: Lysosomal Interactomics and Structural Perspectives – 

 - 67 - 

In order to elucidate if the structural assembly of FLOT1 and FLOT2 differs between early 
endosomes and lysosomes, we performed cross-linking of early endosome-enriched fractions. To 
increase the number of FLOT1-/FLOT2-positive endosomes, we co-transfected cells with FLAG-
tagged FLOT1 and FLOT2, as their overexpression was shown to increase the number of FLOT-
positive endosomes (Babuke et al., 2009; Frick et al., 2007). After confirmation of their correct 
localization (Figure S5A, B), we established SPIONs pulse-chase conditions for the enrichment of 
early endosomes (Figure 5C). Analysis of the early endosome-enriched fraction by western blot 
and LC-MS/MS verified the presence of marker proteins such as EEA1, the clathrin chains CLTA, 
CLTB, and CLTC, as well as the RAB-GTPases RAB5, RAB11, and RAB14. Furthermore, we 
detected FLOT1 and FLOT2, while markers for other organelles were depleted (Figure 5D). We 
then performed enrichment of early endosomes from FLOT1/-FLOT2-FLAG overexpressing 
HEK293 cells, established their cross-linking followed by SCX fractionation and investigated them 
by XL-LC-MS/MS (Figure 5E, Figure S5C-F). Importantly, western blot analysis of FLOT1/FLOT2 
aggregation in response to different amounts of DSSO showed that the concentration we used for 
cross-linking of lysosome-enriched fractions does not result in over-cross-linking (Figure S5D), 
further supporting the validity of these data. In total, we identified 1,081 cross-links from 414 
unique proteins (Figure 5F, Figure S5G). This early endosome dataset contains 15 unique cross-
links for FLOT1 and FLOT2, which all matched to our predicted FLOT1-FLOT2 heterodimer within 
DSSO’s distance constraints, and from which 80 % overlapped with the cross-linking dataset from 
lysosome-enriched fractions (Figure 5G). These data indicate that early endosome- and 
lysosome-localized flotillins assemble in a similar way.  

It has been shown previously, that flotillins form higher-order assemblies (Solis et al., 2007; 
Stuermer et al., 2001). We therefore performed blue native (BN)-PAGE experiments to investigate 
the size distribution of FLOT1/FLOT2 structures in a native and a cross-linked state (Figure 5H, 
Figure S5H). These analyses revealed that a significant amount of both FLOT1 and FLOT2 
migrates at a range corresponding to a tetrameric assembly, while smaller fractions migrated at 
sizes consistent with higher-order structures exceeding 1 MDa. The cross-linking samples, which 
were generated with the same reaction conditions as the early endosome and lysosome 
experiments, presented with the same complex sizes, indicating that the cross-link data represent 
the native state.  

Based on the combined 32 unique cross-links from the lysosome- and endosome-cross-
linking datasets, we further investigated possible structures for higher-order assemblies. All of our 
attempts to model the tetrameric structure did not lead to a plausible outcome. We further 
addressed the structures exceeding 1 MDa, which were stabilized by cross-linking with DSSO 
(Figure 5H). We utilized the structure of rat major vault protein (Mvp), which assembles into the 
3.7 MDa rat liver vault (PDB: 4V60), as template for a higher-order hetero-oligomeric 
FLOT1/FLOT2 model, as Mvp shares several structural properties with flotillins. A key feature in 
this context are the N-terminal PHB and the 42-turn-long cap-helix domains, which are crucial for 
stabilizing the particle (Tanaka, 2009). We used the rat liver vault structure as a template for 
building a model based on FLOT1/FLOT2 hetero-oligomers, proposing a 38-mer structure, which 
could represent one of many possible higher-order assemblies of the FLOT1/FLOT2 heterodimer 
(Figure 5I). Important features of this structure are the exposed ring of 
palmitoylation/myristoylation sites, the central arrangement of PDZ domains, and the two rings of 
phosphotyrosine (pY) residues. While the pY sites known for FLOT1/FLOT2 interaction 
(Y160/Y163) are located at the inside of the structure, the sites possibly involved in PPI regulation 
(Y238/Y241) are located at its outside, making them accessible to kinases even after formation of 
the higher-order structure.  

 
Analysis of Flotillin-Endosome Cargo Reveals an Overrepresentation of Membrane 
Proteins and Receptors 
Flotillins have been proposed as defining structural components of an endocytic pathway 
independent of clathrin and caveolin (Frick et al., 2007; Glebov et al., 2006) and were shown to 
co-localize with early endosomes (Gorbea et al., 2010). In agreement with these findings, we 
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nearly every type of vertebrate cell, and are highly conserved among organisms (Rivera-Milla et 
al., 2006). We confirmed their co-enrichment with lysosomes by western blotting (Figure 4A) and 
co-localization by immunostaining (Figure 5A), which is in agreement with previous EM studies 
detecting FLOT1 at the lysosomal surface (Kaushik et al., 2006; Kokubo et al., 2003). It is well-
established, that FLOT1 and FLOT2 form heterodimers with a 1:1 stoichiometry (Frick et al., 
2007), but only partial structural information is available from NMR analyses of the N-terminal 
region of mouse Flot2, as purification of the full-length proteins is problematic (Dempwolff et al., 
2016). 

Our dataset contains 29 unique cross-links for FLOT1 and FLOT2, including 11 intra- and 
22 inter-links. In a first step, we predicted individual secondary structures for both FLOT1 and 
FLOT2 (Figure 4B) using PSIPRED (Jones, 1999) For the N-termini, this resulted in a cluster of 
beta-sheets, which is in accordance with their sequence homology to the 
stomatin/PHB/flotillin/HflK/C (SPFH) domains and the Flot2 NMR structure. The middle section 
features an extended α-helical region that is interrupted once in the case of FLOT2, while the C-
terminus forms one beta-sheet and several short helices for both proteins. We further calculated 
coiled-coil probabilities for the helical regions with PCOILS (Zimmermann et al., 2018) with window 
sizes of 14, 21, and 28 amino acids (Figure 4B). Dependent on the region of both proteins, 
windows of 14 and 28 amino acids delivered the best results, with slightly different patterns for 
FLOT1 and FLOT2. Matching of our data to full-length structural models from AlphaFold showed 
an excellent agreement and all identified cross-links confirmed the predicted structures.  

Subsequently, we built heterodimeric models using ColabFold (Mirdita et al., 2021), 
containing closely aligned highly similar structures for both flotillins. In particular, they feature a 
globular N-terminal region consisting of SPFH domains (residues 1-162 of FLOT1 and FLOT2), a 
central linear α-helical region (residues 163-341 of FLOT1 and 163-350 of FLOT2), and a  
C-terminal α-helical coiled-coil structure (residues 342-427 of FLOT1 and 351-426 of FLOT2). The 
SPFH domains of both FLOT1 and FLOT2 present with antiparallel β-sheets, with six repeats 
each, and four partially exposed α-helices, forming an ellipsoidal-like globular domain (Figure 4C, 
Figure S4). Based on the fact that the major helices were not interrupted, and that the C-terminus 
was in its most compact state, we selected model four, which was also supported by all 
FLOT1/FLOT2 cross-links detected (Figure 4C, Figure S4C).  

We integrated several structural features which are known for both flotillins into our model 
(Figure 4C). The S-palmitoylation and N-myristoylation sites, which are crucial for membrane-
association of both flotillins (Neumann-Giesen et al., 2004), are located at the SPFH domain’s 
membrane interfaces. The tyrosine phosphorylation sites, which were shown to be crucial for 
flotillin-mediated endocytosis and FLOT1/FLOT2 interaction (Bach and Bramkamp, 2015; Riento 
et al., 2009), are surface-exposed and in proximity to a basic motif (HQR) on the respective other 
flotillin. Moreover, the PDZ3 domains of both flotillins strongly co-localize, forming a combined 
feature, and the EA-rich motifs, which were predicted to mediate flotillin oligomerization (Rivera-
Milla et al., 2006; Solis et al., 2007), are distributed along the length of the central α-helical region 
(Kwiatkowska, 2020). Interestingly, the putative interaction hotspot (Figure 2 H, I) locates around 
the major bend observed in this structure, containing one tyrosine residue (Y238/Y241) in its 
center. These residues are located in highly conserved sequence motifs (A-X-A-X-L-A-pY-X-L-Q 
with X: [D/Q or E/Q]), possibly presenting a regulatory switch for FLOT1/FLOT2 PPIs. 

 
Flotillins Assemble in Similar Higher Order Structures at Lysosomes and Endosomes 
While FLOT1 was detected previously at the cytosolic face of lysosomes by EM (Kaushik et al., 
2006; Kokubo et al., 2003) assemblies of both FLOT1 and FLOT2 were only shown for the plasma 
membrane or early endosomes, where they play a role in clathrin-independent endocytosis 
(Gorbea et al., 2010; Stuermer et al., 2001). In line with these findings, we detected FLOT1 and 
FLOT2 to partially co-localize with the plasma membrane and lysosomes of HeLa and HEK293 
cells (Figure 5A, B). In these analyses, we also observed numerous FLOT1/FLOT2 punctae, which 
did not co-localize with lysosomes, presenting putative FLOT1/FLOT2-positive endosomes.  
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in vivo (Go et al., 2021; Liao et al., 2019) In contrast to cross-linking, proximity biotinylation only 
allows to determine the presence of a protein within a defined radius relative to the respective 
fusion construct. It cannot identify, however, if two proteins are directly interacting, or which 
residues/domains are close to each other. This is exemplified by a recent study utilizing LAMP1, 
LAMP2, and LAMP3 fused to BirA* for investigation of the lysosomal proteome (Go et al., 2021) 
Comparison of the interaction partners identified for all three constructs revealed that only 8-18 % 
were unique, while the others were enriched in at least two datasets. Therefore, the interactome 
presented in this study provides a level of detail that is unprecedented for the analysis of lysosomal 
PPIs.  

Another common approach for the investigation of protein interactions is co-IP, which we 
used to investigate two PPIs of members of the largest interaction networks, namely the 
FLOT1/FLOT2 complex and the V-ATPase complex. We selected the interaction of ATP6V1D with 
FZD9, a G-protein coupled multi-pass transmembrane receptor for WNT2 (Karasawa et al., 2002), 
as another member of this family, FZD8, was previously identified to interact with ATP6AP2. 
Intriguingly, it was shown in this study that correct V-ATPase function, and accordingly acidification 
of the lysosome, is necessary for WNT signaling, and that interaction of FZD8 with the V-ATPase 
complex plays a decisive role (Hermle et al., 2010). The direct interaction of ATP6V1D and FZD9 
identified in this study substantiates this functional connection of WNT signaling and lysosomal 
acidification. A possible role could be related to lysosomal acidification. V-ATPase can only acidify 
lysosomes when the V0 part, which is integrated in the lysosomal membrane, pairs with the 
cytosolic V1 part. The independently assembled V1 part (Wang, 2020) can reversibly dissociate 
from V0, and this appears to be a process that can be regulated through different types of stimuli 
(Maxson and Grinstein, 2014). Similarly, it is conceivable that frizzled proteins could control V1/V0 
V-ATPase assembly, and thus possibly regulate lysosomal acidification, and hence WNT 
signaling.  

Another major lysosomal complex covered in our dataset was mTORC1. Among others, 
we detected cross-links for the interaction of the same lysine in the N-terminal region of LAMTOR1 
with different residues of LAMTOR3. Both proteins are members of the Ragulator complex, whose 
interaction with the RAG-GTPases regulates mTORC1 activity (Zhang et al., 2017). It was shown 
previously that the N-terminal region of LAMTOR1 could not be crystallized without the RAG 
GTPases, implicating that it could exist in an unordered state under these circumstances (De 
Araujo, 2017). Matching of the three cross-links to the Ragulator crystal structure determined in 
the presence of RAG GTPases fulfilled only for one of them DSSO’s distant constraints. A possible 
explanation for the other two cross-links is that they originate from a state where Ragulator was 
not interacting with the RAG GTPases, indicating an alternative structure of the LAMTOR1 N-
terminal region in situ.  

The observation of several overlength cross-links, when matched to a structure determined 
from overexpression or in vitro experiments, can indicate that it does not present the native form 
of a protein (or it’s complex). In our dataset, the inter-links matched to the dimeric model of PPT1 
(PDB: 3GRO) were responsible for 43 % of overlength cross-links, while all intra-links matched 
the published structure. Importantly, our proposed tetrameric PPT1 model satisfied all distance 
constraints. This is in line with previous findings, detecting the majority of enzymatic activity in size 
exclusion chromatography fractions correlating with the molecular weight of a tetrameric assembly 
(Lyly et al., 2007). The observed discrepancy to the crystallography-based structure could be 
related to the expression system utilized (Spodoptera frugiperda), as it lacks the capability to 
glycosylate PPT1 properly. It was shown previously, that glycosylation-deficient PPT1 variants are 
devoid of enzymatic activity, which was attributed to improper folding (Bellizzi et al., 2000; Lyly et 
al., 2007).  

The flotillins, which yielded the highest number of cross-links, were reported in several 
studies to interact with a large variety of proteins at different subcellular locations, and to be 
involved in a plethora of processes (Bodin et al., 2014). FLOT1 has been demonstrated to play a 
role in clathrin/caveolin-independent endocytosis (Glebov et al., 2006), and the cargo of such 
FLOT1-positive endosomes has been shown to be delivered to lysosomes (Fan et al., 2019; 
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detected their co-enrichment with endosomes (Figure 5C, D). To investigate the putative cargo of 
FLOT1-/FLOT2-positive early endosomes, we combined early endosome enrichment from 
HEK293 cells overexpressing FLAG-tagged FLOT1/FLOT2 and immunoprecipitation of FLAG-
positive intact vesicles (Figure 6A). Subsequently, we analyzed the resulting fractions by label-
free quantification (Figure S6A-D). Based on 5,089 protein groups quantified across all conditions, 
we were able to define protein populations that were enriched/depleted in FLOT1-/FLOT2-positive 
endosomes relative to the total cellular pool of early endosomes (Figure 6B). Importantly, the 
FLOT1-/FLOT2-depleted population of early endosomes contained the clathrin chains CLTA and 
CLTC, EEA1, and the endosome-related GTPases RAB5 and RAB11, confirming a separation of 
clathrin- and flotillin-containing early endosomes. We confirmed these findings by co-
immunostaining of EEA1 with endogenous and overexpressed FLOT1/FLOT2 in HeLa and 
HEK293 cells, showing that FLOT1-/FLOT2-positive vesicles present a distinct population from 
EEA1-positive endosomes (Figure S6E). 

The enriched population, which presents potential cargo of FLOT1-/FLOT2-positive early 
endosomes, consists of 328 proteins. GO-enrichment analysis revealed an overrepresentation of 
membrane proteins (Figure S6F), which is in agreement with a potential role of flotillins in the 
endocytosis and vesicular transport of plasma membrane proteins, demonstrated previously e.g. 
for NPC1L1 (Ge et al., 2011; Meister and Tikkanen, 2014). We subsequently performed STRING 
analyses to sub-classify the potential cargo proteins (Figure 6C). They contained both receptor 
tyrosine kinases and G-protein coupled receptors (50 receptors total), seven members of the 
solute carrier (SLC) family of transporters, and 13 members of the transmembrane protein (TMEM) 
family.  
 One group of receptors that sparked our interest was the latrophilins, as we detected all 
three members of this G protein-coupled receptor subfamily (LPHN1, LPHN2, and LPHN3) to be 
significantly enriched in FLOT1-/FLOT2-positive endosomes (Figure 7A). We confirmed their co-
localization to FLOT1-/FLOT2-positive endosomes by immunofluorescence in HeLa and HEK293 
cells (Figure 7 B, Figure S7). To further investigate the relation between FLOT1/FLOT2 and 
LPHN1/LPHN2/LPHN3, we performed IP experiments. We were able to co-IP all latrophilins with 
both flotillins, implicating not only the presence of latrophilins at FLOT1-/FLOT2-positive 
endosomes, but also a direct interaction (Figure 7C). 
 
DISCUSSION 
In the current study, we present the first XL-LC-MS/MS analysis of lysosome-enriched fractions. 
In comparison to whole-cell studies, we detected significantly higher numbers of cross-links for 
proteins reported previously to be related to the lysosome. This was especially the case for bona 
fide lysosomal proteins, which are localized in/at the organelle (Thelen et al., 2017). When 
considering this shortlist, we identified >100-fold more cross-links compared to previously 
published whole-cell studies (Chavez et al., 2019; Liu et al., 2015). A probable key factor in this 
context is our starting material, consisting of SPIONs-enriched lysosomes, as, relative to the total 
proteome, lysosomal proteins are typically of low abundance (estimated 0.2 % of cellular protein 
mass (Itzhak et al., 2016)). With respect to individual lysosomal proteins, we did not observe a 
strong correlation of their abundance and the number of cross-links identified. We identified, for 
example, no cross-links for the lysosome-associated membrane glycoproteins 1/2 (LAMP1 and 
LAMP2), which were estimated to contribute 50 % of lysosomal protein mass (Eskelinen et al., 
2004) and were among the most abundant lysosomal proteins in our dataset. Also, for the 
lysosomal luminal hydrolase CTSD, which was detected with the third-highest iBAQ value in the 
whole dataset, only two unique cross-links were detected, while we found the same number for 
the low abundant protein CHID1 (~275-fold less abundant).  
 Based on the identified cross-links, we generated a protein interaction network containing 
70 % potential novel PPIs. Compared to other approaches, cross-linking allows identifying 
interacting residues between individual proteins in situ. An approach able to generate data under 
similar near-native conditions is proximity biotinylation, utilizing e.g., BirA* or APEX2, which have 
been used in two different studies to investigate the lysosomal (surface) proteome and interactome 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2022. ; https://doi.org/10.1101/2022.01.12.475930doi: bioRxiv preprint 



– Chapter 3: Lysosomal Interactomics and Structural Perspectives – 

 - 71 - 

 
  

in vivo (Go et al., 2021; Liao et al., 2019) In contrast to cross-linking, proximity biotinylation only 
allows to determine the presence of a protein within a defined radius relative to the respective 
fusion construct. It cannot identify, however, if two proteins are directly interacting, or which 
residues/domains are close to each other. This is exemplified by a recent study utilizing LAMP1, 
LAMP2, and LAMP3 fused to BirA* for investigation of the lysosomal proteome (Go et al., 2021) 
Comparison of the interaction partners identified for all three constructs revealed that only 8-18 % 
were unique, while the others were enriched in at least two datasets. Therefore, the interactome 
presented in this study provides a level of detail that is unprecedented for the analysis of lysosomal 
PPIs.  

Another common approach for the investigation of protein interactions is co-IP, which we 
used to investigate two PPIs of members of the largest interaction networks, namely the 
FLOT1/FLOT2 complex and the V-ATPase complex. We selected the interaction of ATP6V1D with 
FZD9, a G-protein coupled multi-pass transmembrane receptor for WNT2 (Karasawa et al., 2002), 
as another member of this family, FZD8, was previously identified to interact with ATP6AP2. 
Intriguingly, it was shown in this study that correct V-ATPase function, and accordingly acidification 
of the lysosome, is necessary for WNT signaling, and that interaction of FZD8 with the V-ATPase 
complex plays a decisive role (Hermle et al., 2010). The direct interaction of ATP6V1D and FZD9 
identified in this study substantiates this functional connection of WNT signaling and lysosomal 
acidification. A possible role could be related to lysosomal acidification. V-ATPase can only acidify 
lysosomes when the V0 part, which is integrated in the lysosomal membrane, pairs with the 
cytosolic V1 part. The independently assembled V1 part (Wang, 2020) can reversibly dissociate 
from V0, and this appears to be a process that can be regulated through different types of stimuli 
(Maxson and Grinstein, 2014). Similarly, it is conceivable that frizzled proteins could control V1/V0 
V-ATPase assembly, and thus possibly regulate lysosomal acidification, and hence WNT 
signaling.  

Another major lysosomal complex covered in our dataset was mTORC1. Among others, 
we detected cross-links for the interaction of the same lysine in the N-terminal region of LAMTOR1 
with different residues of LAMTOR3. Both proteins are members of the Ragulator complex, whose 
interaction with the RAG-GTPases regulates mTORC1 activity (Zhang et al., 2017). It was shown 
previously that the N-terminal region of LAMTOR1 could not be crystallized without the RAG 
GTPases, implicating that it could exist in an unordered state under these circumstances (De 
Araujo, 2017). Matching of the three cross-links to the Ragulator crystal structure determined in 
the presence of RAG GTPases fulfilled only for one of them DSSO’s distant constraints. A possible 
explanation for the other two cross-links is that they originate from a state where Ragulator was 
not interacting with the RAG GTPases, indicating an alternative structure of the LAMTOR1 N-
terminal region in situ.  

The observation of several overlength cross-links, when matched to a structure determined 
from overexpression or in vitro experiments, can indicate that it does not present the native form 
of a protein (or it’s complex). In our dataset, the inter-links matched to the dimeric model of PPT1 
(PDB: 3GRO) were responsible for 43 % of overlength cross-links, while all intra-links matched 
the published structure. Importantly, our proposed tetrameric PPT1 model satisfied all distance 
constraints. This is in line with previous findings, detecting the majority of enzymatic activity in size 
exclusion chromatography fractions correlating with the molecular weight of a tetrameric assembly 
(Lyly et al., 2007). The observed discrepancy to the crystallography-based structure could be 
related to the expression system utilized (Spodoptera frugiperda), as it lacks the capability to 
glycosylate PPT1 properly. It was shown previously, that glycosylation-deficient PPT1 variants are 
devoid of enzymatic activity, which was attributed to improper folding (Bellizzi et al., 2000; Lyly et 
al., 2007).  

The flotillins, which yielded the highest number of cross-links, were reported in several 
studies to interact with a large variety of proteins at different subcellular locations, and to be 
involved in a plethora of processes (Bodin et al., 2014). FLOT1 has been demonstrated to play a 
role in clathrin/caveolin-independent endocytosis (Glebov et al., 2006), and the cargo of such 
FLOT1-positive endosomes has been shown to be delivered to lysosomes (Fan et al., 2019; 
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Stuermer et al., 2001). Furthermore, FLOT1 was detected at the lysosomes’ cytosolic face 
(Kaushik, Kokuba). In accordance with these findings, we detected and verified the interaction of 
FLOT1/FLOT2 with guanine-nucleotide-binding protein subunit beta-4 (GNB4), a beta subunit of 
heterotrimeric G-proteins (Ruiz-Velasco et al., 2002). Variants of GNB4 were shown to cause 
Charcot–Marie–Tooth disease (Soong et al., 2013), and downregulation of GNB4 levels has been 
found in Gaucher Disease, a lysosomal storage disorder (Pawlinski et al., 2021) Association of 
GNB4 with lysosomes was implicated in a previous study (Schroder et al., 2007), and a yeast two-
hybrid screen revealed its direct interaction with LAMP2 (Haenig et al., 2020) which co-localizes 
with FLOT1 and the lysosomal surface (Kaushik). Taken together, these data provide strong 
evidence that the lysosomal localization of GNB4 is mediated through interaction with the flotillins. 

With respect to the structure of flotillins, only rudimentary information existed based on 
NMR analysis of the mouse Flot2 N-terminal region (PDB: 1WIN). For the remaining protein, until 
recently, the predicted structure featured a 180° turn in the central helix of both flotillins resulting 
in direct interaction of the proteins’ N- and C-terminal domains (Rivera-Milla et al., 2006). The 
recently predicted FLOT1 and FLOT2 AlphaFold structures disagree with this model, predicting 
an extended helix with a bend in its middle for both of the proteins. This is supported by the cross-
links detected in our dataset. We did not observe long-distance intra-links, which would be 
indicative for the proximity of distant regions of the proteins, and the inter-links of both proteins 
behave in unison, confirming intermolecular interactions along an extended region of the 
heterodimer.  

We detected interaction with GNB4, among others, in the putative interaction hotspot, 
which localized in both flotillins to the major bend in the extended alpha-helical structure. 
Intriguingly, both the FLOT1 and the FLOT2 tyrosine residue located in this structure were 
reported in PhosphoSitePlus (Hornbeck et al., 2015) to be phosphorylated in >30 studies. 
Therefore, they could present a potential regulatory element for PPIs, e.g., to discriminate 
interactions regulated by tyrosine kinase- or G-protein-coupled-receptor signaling, as it was shown 
previously that flotillins are involved in both types of signaling pathways (Sugawara et al., 2007) 

Multiple heptad coiled-coil motifs in both flotillins are known to favor higher-order protein 
structures (Grigoryan and Keating, 2008; Woolfson et al., 2012). In agreement with these 
characteristics and previously published results (Babuke et al., 2009; Solis et al., 2007), we 
identified different levels of higher-order flotillin structures, ranging from an abundant tetrameric 
assembly to assemblies exceeding 1MDa. Motivated by these findings, we generated a multi-
heterodimeric model for the high molecular weight flotillin complex. Based on the close interaction 
of the FLOT1/FLOT2 PDZ3 binding motif, which is known to play a role in the assembly of large 
multiprotein complexes in stomatins (Hung and Sheng, 2002), and the reported 39-mer higher-
order structure of rat liver vault protein (Tanaka, 2009), which shares characteristic features with 
the flotillins, we propose a model for a multimeric FLOT1/FLOT2 complex. A potential function for 
such an assembly could be the formation or transport of flotillin-positive endosomes (Glebov et 
al., 2006).  

Except for a few proteins (Meister and Tikkanen, 2014), no substrates for flotillin-mediated 
endocytosis are known to date. Our analysis of its putative cargo identified >300 proteins, including 
a large number of membrane proteins and receptors. Among those, the latrophilins stood out, as 
all three members of this family of adhesion G protein-coupled receptors (Langenhan et al., 2016) 
were found to be significantly enriched. Furthermore, we observed both their co-localization and 
interaction with both flotillins, providing evidence for direct interaction, possibly in the course of 
flotillin-mediated endocytosis.  
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KEY RESOURCES TABLE 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Goat anti LIMP2 (1:2000)  R&D systems # AF1966-SP 
Goat anti mouse IgG HRP 
coupled (1:5000) 

Dianova # 115-035-044 

Goat anti Rabbit IgG (H+L)-
Cy3 (1:400) 

Dianova #111-165-144 

Goat anti rabbit IgG HRP 
coupled (1:5000) 

Dianova # 111-035-003 

Goat anti-Mouse IgG (H+L)-
Alexa Fluor 488 (1:400) 

Thermo Fisher 
Scientific 

# A-11029 

Mouse anti ACT2 (1:4000) Sigma-Aldrich # A5316 
Mouse anti ATP6V1B2 
(1:1000) 

Santa Cruz  # SC166045 

Mouse anti CANX (1:20,000) Proteintech # 66903-1-AP 
Mouse anti FLOT1 (1:200)  BD Biosciences # 610821 
Mouse anti FLOT2 (1:1500) Proteintech # 66881-1-Ig 
Mouse anti FLOT2 (1:200) BD Biosciences # 610383 
Mouse anti FZD9 (1:1500) Proteintech # 67023-1-Ig 
Mouse anti GAPDH (1:2500) Cell signaling # 5174 
Mouse anti GM130 (1:1000) BD Biosciences # 610822 
Mouse anti LAMP2 (1:1000) Hybridoma Bank # H4B4 
Rabbit anti ATP6V1A1 
(1:2000) 

Thermo Fisher 
Scientific 

# PA5-29191 

Rabbit anti ATP6V1D 
(1:1000) 

Proteintech # 14920-1-AP 

Rabbit anti CTSD (1:1000) Proteintech # 21327-1-AP 
Rabbit anti DSSO (1:5000) Self-made (Singh et al., 2021) 
Rabbit anti EEA1 (1:200) Cell signaling # 2411  
Rabbit anti FLOT1 (1:2000) Proteintech # 15571-1-AP 
Rabbit anti FLOT1 (1:200) Cell signaling # 18634 
Rabbit anti GNB4 (1:2000) Proteintech # 11978-2-AP 
Rabbit anti LAMP2 (1:400) Thermo Fisher 

Scientific 
# PA1-655 

Rabbit anti LAMTOR1 
(1:1000) 

Sigma-Aldrich # HPA002997 

Rabbit anti LPHN1 (1:200) Thermo Fisher 
Scientific 

# PA5-77475 

Rabbit anti LPHN2 (1:100) Novus biologicals #NBP2-58704 
Rabbit anti LPHN3 (1:200) Novus biologicals #NLS1138 
Rabbit anti RRAGA (1:1000) Cell signalling # 4357 
Rabbit anti SDHA (1:800) Proteintech # 14865-1-AP 
Rabbit anti TUBA (1:2000) Rockland  # 600-401-880 
Rat anti FLAG-HRP coupled 
(1:10,000) 

Sigma-Aldrich # SAB4200119 

Chemicals, Peptides, and Recombinant Proteins 
2-[4-(2-Hydroxyethyl)- 
1-piperazinyl]-ethanesulfonic 
acid (HEPES) 

Merck  # 110110 

3xFLAG peptide Sigma-Aldrich # F4799 
Acrylamide/bis-acrylamide Merck # A3669 
Ammonium persulfate (APS) Merck # A3678 
Calcium chloride (CaCl2) Carl Roth Gmbh # 5239.1 
Chloracetamide (CAA) Thermo Fisher 

Scientific 
# 79-07-2 

cOmplete, EDTA-free 
protease inhibitor cocktail 
(PIC) 

Merck # 04693132001 
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Coomassie Brilliant Blue  

G-250 

Thermo Fisher 

Scientific 

# 800830 

Dithiothreitol (DTT) Merck # 10197777001 

Ethylenediaminetetraacetic 

acid (EDTA) 

Merck # E9884 

Formic acid (FA) Thermo Fisher 

Scientific  

# 13454279 

 

Glycerol Merck # 104094 

L-Glutamine  Thermo Fisher 

Scientific 

# 25030024 

Magnesium acetate (MgAc) Merck  # M5661 

Magnesium chloride (MgCl2) Sigma-Aldrich  # 7786-30-3 

Methanol Carl Roth Gmbh # 8388.6 

Methanol (MeOH) Merck  # 1060071000 

PageBlue protein staining 

solution 

Thermo Fisher 

Scientific  

# 24620 

Penicillin-Streptomycin 

(10,000 U/mL) 

Thermo Fisher 

Scientific 

# 15140122 

Phenylmethylsulfonyl fluoride 

(PMSF) 

Thermo Fisher 

Scientific 

36978 

Poly-L-lysine hydrobromide 

(PLL) 

Sigma-Aldrich # P1524 

rLysC  Promega # V1671 

ROTI Mount FluorCare DAPI Carl Roth GmbH # HP20.1 

Sodium deoxycholate (SDC) Thermo Fisher 

Scientific 

# 89904 

Sodium Dodecyl Sulfate 

(SDS) 

Merck # 11667289001 

Tetramethylethylenediamine 

(TEMED) 

Carl Roth GmbH # 2367.1 

Triethylamine AppliChem 

GmbH  

# 471283 

Triethylammonium 

bicarbonate (TEAB) 

Sigma-Aldrich # T7408 

Trifluoroacetic acid (TFA) Biosolve  # 202341 

Tris(hydroxymethyl)aminome

thane (TRIS) 

Sigma-Aldrich # 252859 

Triton X-100 Sigma-Aldrich # T8787 

Trypsin Promega # V5111 

Critical Commercial Assays 
DC-protein assay kit BioRad # 5000111 

Dulbecco’s modified Eagle 

medium (DMEM) 

Gibco  # 11960044 

Dulbecco’s phosphate-

buffered saline (DPBS) 

Gibco  # 14190144 

Enhanced 

chemiluminescence (ECL) kit 

BioRad # 1705060 

Fetal calf serum (FCS) Gibco  # 10270106 

Fluorometric peptide assay 

kit 

Thermo Fisher 

Scientific 

# 23290 

Silver Stain Kit Thermo Fisher 

Scientific 

# 24612 

Deposited Data 
Cross-link MS data  http://proteomecentral.proteomexchange.org; 

ProteomeXchange: PXD030532 

Reviewer account details: 

Username: reviewer_pxd030532@ebi.ac.uk 

Password: 26lOifDq 
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Structural Models  
(PPT1 and FLOT1-FLOT2) 

 Supplementary fike (ZIP) – Includes all relevant 
models (PDBs), docking parameters and modeling 
output 

Unprocessed gel images 
presented in this 
manuscript can be found at 

 Additional proofs 

Experimental Models: Cell lines 
HEK293 ATCC # CRL-1573 
HeLa ATCC # CCL-2 
Recombinant DNA 
Plasmid: Human flotillin 1 
Myc-DDK-tagged 

OriGene # RC200231 

Plasmid: Human flotillin 2 
Myc-DDK-tagged 

OriGene # RC220884 

Softwares and algorithms 
BLAST (2.9.0) (Camacho et al., 

2009) 
https://ncbiinsights.ncbi.nlm.nih.gov/2019/04/02/bl
ast-2-9-0-now-available-with-enhanced-support-
for-new-database-format-and-improved-
performance/ 

ColabFold (1.2.0) (Mirdita et al., 
2021) 

https://colabfold.mmseqs.com 

Common Repository of 
Adventitious Proteins  
(cRAP database; January 
2012) 

GPM https://www.thegpm.org/crap/index.htmL 

Crystallography and NMR 
system (CNS) (1.3) 

(Brunger, 2007) http://cns-online.org/v1.3/ 

Cytoscape (3.8.0) (Shannon, 2003) https://cytoscape.org 
 

FusionCapt advance (0.84) Vilber Lourmat https://www.vilber.com/fusion-fx/ 
Ggplot2 (3.3.2)  (Wickham, 2019) https://www.tidyverse.org/blog/2020/03/ggplot2-3-

3-0/ 
GraphPad Prism (6.01) GraphPad https://www.graphpad.com/scientific-

software/prism/ 
HADDOCK (2.2) (Van Zundert et 

al., 2016) 
https://haddock.science.uu.nl/services/HADDOCK
2.2/haddock.php 

Mascot (2.5.1) 
 

Matrix Science http://www.matrixscience.com/ 

MaxQuant (2.0.3.0) (Cox and Mann, 
2008) 

https://www.maxquant.org 

Openxlsx (4.1.5) Open source https://www.rdocumentation.org/packages/openxls
x/versions/4.2.3 

PCOILS (Zimmermann et 
al., 2018) 

https://toolkit.tuebingen.mpg.de/tools/pcoils 

Proteome discoverer (2.4) Thermo Fisher 
Scientific 

https://www.thermofisher.com/order/catalog/ 
Thermo Fischer product/OPTON-30946#/OPTON-
30946 

PSIPRED (Jones, 1999) http://globin.bio.warwick.ac.uk/psipred/ 
PyMol (2.3) Schrödinger, LLC https://pymol.org/2/ 
R (4.0.2)  R Core Team, 

2020 
https://www.r-project.org 

RStudio (1.3.1056) 
 

R Core Team, 
2020 

https://www.rstudio.com/products/rstudio/downloa
d/ 

SCWRL (4.0) (Krivov et al., 
2009) 

http://dunbrack.fccc.edu/SCWRL3.php/ 

Spectronaut (14.7.20) Biognosys https://biognosys.com/shop/spectronaut 
STRING (11.0) (Szklarczyk et al., 

2019) 
https://string-db.org 

SWISS-MODEL 
(September 2021) 

(Waterhouse et 
al., 2018) 

https://swissmodel.expasy.org 
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Tidyverse (1.3.0) Open source https://www.tidyverse.org/blog/2019/11/tidyverse-
1-3-0/ 

TopoLink (05.06.2019) (Ferrari et al., 
2019) 

http://leandro.iqm.unicamp.br/topolink/lovoalign.sht
ml 

UniProt  
(May 2019) 

Open source https://www.uniprot.org 

Viridis (0.5.1). Open source http://guix.gnu.org/packages/r-viridis-0.5.1/ 
xiVIEW (Graham et al., 

2019) 
https://www.rappsilberlab.org/software/xiview/ 

XlinkX node Proteome 
Discoverer (2.4) 

(Klykov et al., 
2018) 
Thermo Fisher 
Scientific 

https://www.thermofisher.com/order/catalog/ 
Thermo Fischer product/OPTON-30946#/OPTON-
30946; https://www.hecklab.com/software/xlinkx/ 

Zen (3.4) Carl Zeiss 
microscopy 
GmbH 

https://www.zeiss.de/mikroskopie/produkte/mikros
kopsoftware/zen.html 

Other 
Anti-FLAG beads Thermo Fisher 

Scientific 
# A36798 

Anti-FLAG beads (magnetic) Thermo Fisher 
Scientific 

# A36797 

DexoMAG40 (SPIONs) Liquids Research 
LTD 

# BKS25 

DynaMag 2 magnet Thermo Fisher 
Scientific 

# 12321D 

Empore C18 reversed-phase 
material 

3M Bioanalytical 
Technologies 

# 2215 

LS columns  Miltenyi Biotech # 130-042-401 
Nitrocellulose membrane 
(0.45 µM) 

Amersham # GE10600002 

Orbitrap Fusion Lumos mass 
spectrometer  

Thermo Fisher 
Scientific 

n.a. 

P-2000 laser puller (Sutter 
Instruments)  

Sutter 
Instruments 

n.a. 

PolySULFOETHYL A column 
(150x1.0 mm/5 µm particles) 

PolyLC # 101SE05 

Polyvinylidene fluoride 
(PVDF) membrane (0.45 µM) 

Amersham # GE10600121 

Protein A agarose beads Thermo Fisher 
Scientific 

# 15918014 

QuadroMACS magnet  Miltenyi Biotech # 130-090-976 
ReproSil-Pur C18 AQ, 1.9 μm 
particles  

Dr. Maisch # r119.aq 

Sep-Pak C18 cartridges Waters # WAT054955 
TurboFect Thermo Fisher 

Scientific 
# R0531 

UltiMate 3000 RSLCnano 
UHPLC system 

Thermo Fisher 
Scientific 

n.a. 
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METHOD DETAILS 
 
Cell culture and enrichment of lysosomes 
Tissue culture plates (10 cm) were coated with 0.5 mg/mL poly-L-lysine (PLL) in 1x phosphate-
buffered saline (PBS) for 20 min at 37 °C. On each plate, 6 x 106 HEK293 cells were seeded in 
full medium supplemented with 10 % (v/v) superparamagnetic iron oxide nanoparticles (SPIONs) 
solution (DexoMAG40) and incubated for 24 h. Subsequently, cells were washed three times with 
pre-warmed PBS, fresh full medium was added, and cells were incubated for 24 h. Prior to 
harvesting, cells were washed twice with ice-cold PBS, scraped off the plates in 2 mL each of ice-
cold isolation buffer (250 mM sucrose, 10 mM HEPES-NaOH pH 7.4, 1 mM CaCl2, 1 mM MgCl2, 
1.5 mM MgAc, 1x cOmplete EDTA-free protease-inhibitor cocktail), and pooled. Cell suspensions 
from four plates each were dounced with 25 strokes in a 15 mL dounce homogenizer, and nuclei 
as well as intact cells were pelleted by centrifugation for 10 min at 600 x g, 4 °C. The supernatant 
(post-nuclear supernatant, PNS) was transferred to a new tube, the pellet resuspended in 3 mL of 
isolation buffer, and dounced and centrifuged again. The supernatant from this step was combined 
with the first one, and the pooled PNS was used for lysosome enrichment using LS columns in 
combination with a QuadroMACS magnet. Columns were equilibrated with 1 mL 0.5 % (w/v) 
bovine serum albumin (BSA) in PBS, the combined PNS of two cell culture plates was applied to 
one column, and the flow through was collected. After three washing steps with 1 mL isolation 
buffer each, columns were removed from the magnet, and lysosomes were eluted twice in 1 mL 
of isolation buffer using a plunger. Individual eluate fractions were centrifuged for 30 min at 20,000 
x g, 4 °C, the supernatants were discarded, the pellets were resuspended in isolation buffer, and 
for each biological replicate, the pellets from 64 plates were pooled. Protein concentrations were 
determined using the DC protein assay. The efficiency of lysosome enrichment and lysosomal 
integrity was assessed using the β-hexosaminidase assay (Wendeler, 2009). Fractions obtained 
from lysosome enrichment (25 µL each) were combined with 8 µL of 10 % Triton X-100 or 8 µL of 
PBS, followed by the addition of 50 µL reaction solution (100 mM sodium citrate pH 4.6, 0.2 % 
(w/v) BSA, 10 mM para-nitrophenyl-N-acetyl-2-B-D-glucosaminide) in a 96 well plate format. 
Subsequently, the plate was incubated for 15 min at 37 °C, and 200 µL of stop solution (0.4 M 
glycine-HCl, pH 10.4) was added to the sample. Absorbance was measured at 405 nm on a 
microplate reader.  
 
Transfection of cells and enrichment of FLOT1-/FLOT2-positive early endosomes 
64 tissue culture plates were coated with PLL (0.5 mg/mL), HEK293 cells were seeded at a density 
of 3.5 x 106 cells/plate, and cultivated as described above. After 24 h, cells were transfected with 
6 μg of plasmid (1:1 mixture of FLOT1-FLAG and FLOT2-FLAG or GFP) using TurboFect. After 4 
h, the cell culture medium was replaced, and cells were incubated for 48 h. For enrichment of 
endosomes, SPIONs solution was added to the cells (10 % (v/v) final concentration) for a pulse 
period of 5 min. Subsequently, cells were washed with pre-warmed PBS and fresh full medium 
was added. Following a 5 min chase, the plates were placed on ice and endosomes were enriched 
following the same procedure as for the enrichment of lysosomes (see above). For IP of FLOT1-
FLAG/FLOT2-FLAG-positive endosomes, obtained eluate fractions (1 mL each) were 
subsequently incubated with magnetic anti-FLAG beads (80 µL) on an end-over-end rotator at 4 
°C for 4 h. Beads were separated from samples by magnetic force (DynaMag 2 magnet), 
supernatants were transferred to new tubes, and the beads were washed three times with 500 µL 
PBS. For elution, beads were incubated with 150 µL of 150 ng/µL 3x FLAG peptide in 1x TRIS 
(hydroxymethyl) aminomethane buffered-saline (TBS, pH 7.6) for 30 min at 600 x g, 4 °C in a 
thermomixer. Subsequently, beads were separated from samples by magnetic force and eluate 
fractions transferred to a new tube. Protein concentrations were determined using the DC protein 
assay. 
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Cross-linking of samples 
For lysosome- and early endosome-enriched fractions, a portion of the eluate containing 500 µg 
and 200 µg protein, respectively, was transferred to a new tube. Intact organelles were pelleted 
by centrifugation for 30 min at 20,000 x g, 4 °C, the supernatant discarded, and the pellets 
resuspended in isolation buffer at a protein concentration of 1 mg/mL. Lysosomal samples were 
cross-linked in two states (intact and disrupted) while endosomal samples were cross-linked only 
in the intact state. For disruption of lysosomes, resuspended samples were lyzed with a sonicator 
(Bioruptor Plus) at an amplitude of 40 with 3 cycles of 30 sec each. All samples were cross-linked 
at final DSSO concentrations of 5, 2, 1, 0.5, 0.25 mM for investigation of the optimal cross-linker 
concentration (DSSO titration). For the XL-LC-MS/MS experiments of both lysosome- as well as 
endosome-enriched fractions, a final concentration of 0.25 mM DSSO was applied. After addition 
of DSSO, the cross-link reaction was allowed to proceed for 30 min at room temperature, and 
quenched by the addition of TRIS-HCl pH 8.0 (20 mM final concentration). Subsequently, proteins 
were precipitated by addition of acetone at a ratio of 4:1 (v/v) and incubation overnight at -20 °C. 
The next day, samples were centrifuged for 20 min at 20,000 x g, 4 °C, the supernatant was 
discarded, the pellet washed twice with ice-cold acetone, air-dried, and stored at -80 °C until 
further use.  
 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
Polyacrylamide gels were prepared in-house. Both running and stacking gels were prepared with 
10 % (w/v) SDS, 40 % (v/v) acrylamide, 10 % (w/v) ammonium persulfate (APS), and 1 % (v/v) 
tetramethylethylenediamine (TEMED), while 1.5 M TRIS-HCl pH 8.8 and 0.5 M TRIS-HCl pH 6.8 
was used for running and stacking gels, respectively. Laemmli buffer (Laemmli, 1970) (4x stock, 
240 mM TRIS-HCl pH 7.4, 4 % (v/v) β-mercaptoethanol, 8 % (w/v) SDS, 40 % (v/v) glycerol, 4 % 
(w/v) bromophenol blue) was added to samples (1x final concentration) followed by incubation for 
10 min at 56 °C. Gel electrophoresis was performed at 80-140 V for up to 1.5 h. Gels were either 
stained overnight with Coomassie Brilliant Blue G-250 or with a Silver Stain Kit.  
 
Immunoprecipitation of endogenous proteins 
HEK293 cells were seeded at a density of 6 x 106 cells/10 cm plate and cultivated for 48 h in full 
medium. Cells were washed twice with ice-cold PBS, scraped off the plate in 1 mL of ice-cold 
PBS, transferred to a microtube, and centrifuged for 10 min at 600 x g, 4 °C. The supernatant was 
discarded and the pellet resuspended in 300 µL of RIPA lysis buffer (50 mM TRIS-HCl pH 7.4, 
150 mM NaCl, 1 % Triton X-100, 0.1 % (w/v) SDS, 0.5 % (w/v) sodium deoxycholate (SDC), 
1x cOmplete EDTA-free protease-inhibitor cocktail, 1 mM EDTA). Samples were incubated on ice 
for 30 min and passed through a 25 Gauge needle every 10 min. Subsequently, the lysate was 
cleared by centrifugation for 15 min at 20,000 x g, 4 °C, transferred to a new pre-cooled microtube, 
and protein concentrations were determined using the DC protein assay. For each sample, lysate 
containing 1.6 mg of protein was incubated with 3 µg of antibody overnight by end-over-end 
rotation at 4 °C. The next morning, 60 µL of Protein A beads were added to each sample, followed 
by end-over-end incubation for 1 h at 4 °C. Beads were pelleted by centrifugation for 5 min at 
1000 x g, 4 °C, supernatants transferred to new tubes, and beads were washed three times with 
500 µL of ice-cold PBS. Proteins were eluted from the beads by incubation in 2x Laemmli buffer 
for 30 min at 45 °C. 
 
Blue native polyacrylamide gel electrophoresis (BN-PAGE) 
Gradient gels (4-13 %) were prepared with a gradient mixer and overlaid with a stacking gel (Table 
1). Samples were supplemented with solubilization buffer (10 mM HEPES-NaOH pH 7.4, 1 % (v/v) 
digitonin, 2 mM EDTA, 50 mM NaCl, 10 % (v/v) glycerol, 1 mM phenylmethylsulfonyl fluoride 
(PMSF)) and loading dye (10 mM Bis-TRIS-HCl pH 7.0, 0.5 % (w/v) Coomassie Brilliant Blue G-
250, 50 mM ε-amino n-caproic acid), and loaded to the gel placed in a pre-cooled gel chamber. 
The anode buffer was 50 mM Bis-TRIS-HCL pH 7.0 and the cathode buffer 50 mM Tricine pH 7.0, 
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15 mM Bis-TRIS-HCl pH 7.0, 0.2 % (w/v) Coomassie Brilliant Blue G-250. The temperature of the 
gel chamber was maintained at 4 °C and electrophoresis was performed at 50 V for 20 h. 

Table 1: BN-PAGE gel setup 
 Separating gel Stacking gel 
Component 4 % 13 % 3,5 % 
3x gel buffer (55 mM Imidazole, 1.5 M 6-Amino n-caproic 
acid) [mL] 

2 2.5 1 

Acrylamide/bis-acrylamide AB-3 mix (49.5 % T, 3 % C) [mL] 0.5 1.9 0.2 
Glycerol [g] - 1.5 - 
10 % (w/v) APS [μL] 33.3 37.5 25 
TEMED [μL] 3.3 3.7 2.5 
Water [mL] 3.5 1.5 1.7 
Total [mL] 6 7.5 3 

 

Western blotting 
Proteins were transferred to nitrocellulose or polyvinylidene fluoride (PVDF) membranes using a 
semi-dry or wet electro blotter for 1 h or 2 h at 200 mA/membrane. Membranes were blocked in 
5 % non-fat dry milk in TBS containing 0.05 % (v/v) Tween 20 (TBS-T) for 1 h at RT followed by 
incubation with primary antibodies overnight at 4 °C (for dilutions of individual antibodies see key 
resource table). The next day, membranes were washed three times with TBS-T for 10 min at RT 
followed by incubation with secondary antibody (for dilutions of individual antibodies see key 
resource table) for 60 min at RT. Subsequently, membranes were washed three times for 10 min 
at RT with TBS-T, and the blots were developed. Protein expression signals were detected using 
the enhanced chemiluminescence (ECL) kit, visualized with the FUSION SOLO 4M system, and 
analyzed by the FusionCapt advance software. 
 

Immunofluorescence microscopy  
HeLa and HEK293 cells were seeded in 12-well plates at a density of 2 x 104 and 40 x 104 cells 
per well, respectively. For HEK293 cells, glass coverslips were coated using PLL (0.5 mg/mL). 
Cells were cultured for 36 h after seeding. Cells were transfected with 1 µg of plasmid (1:1 mixture 
of FLOT1-FLAG and FLOT2-FLAG) using TurboFect. After 4 h, the medium was replaced with 
fresh full medium and cells were incubated for 48 h. For staining, cells were washed using PBS 
and fixed with ice-cold methanol at -20 °C for 20 min. After fixation, cells were washed twice with 
PBS and blocked with 2 % BSA in PBS for 1 h at RT. Blocked cells were stained with primary (for 
dilutions of individual antibodies see key resource table) overnight at 4 °C in a humid chamber. 
Subsequently, cells were washed three times with TBS for 5 min each and incubated with 
secondary antibodies (for dilutions of individual antibodies see key resource table) for 1 h at RT 
in the dark. Coverslips were washed three times with TBS for 5 min each, rinsed once with distilled 
water, and mounted on specimen slides using ROTI Mount FluorCare DAPI. Images were 
acquired using an Axiovert 200 M microscope equipped with an AxioCam705 camera. Images 
were prepared using the ZEN software. 
 

Mass spectrometry sample preparation 
Precipitated proteins were resuspended in 100 µL of freshly prepared 8 M urea/100 mM 
triethylammonium bicarbonate (TEAB) and incubated for 45 min at 600 rpm, 37°C. Disulfide 
bridges were reduced with 4 mM DTT (final concentration) at 56 °C for 30 min, alkylated with 8 mM 
chloroacetamide (final concentration) at RT for 30 min (Müller and Winter, 2017), and the reaction 
was quenched by the addition of 4 mM DTT. Subsequently, samples were diluted 1:1 with 100 mM 
TEAB, rLysC was added at an enzyme-to-protein ratio of 1:100 (w/w), and proteolytic digestion 
was performed at 37 °C overnight. The following day, the urea concentration was reduced to 1.6 M 
by addition of 100 mM TEAB, trypsin was added at an enzyme-to-protein ratio of 1:100 (w/w), and 
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the samples were incubated at 37 °C for 8 h. The resulting peptides were desalted using 50 mg 
Sep-Pak C18 cartridges, dried using a vacuum centrifuge, and stored at -80 °C until further use. 
 
Strong cation-exchange (SCX) chromatography fractionation 
SCX fractionation was performed with an UltiMate 3000 RSLC HPLC chromatography system in 
combination with a PolySULFOETHYL A column (150 mm x 1 mm, 5 µm particle size). Desalted 
peptides (500 µg each) were reconstituted in 20 µL of SCX solvent A (20 % acetonitrile (ACN), 10 
mM KH2PO4 pH 2.7), loaded to the analytical column with 100 % SCX solvent A, and eluted with 
increasing amounts of SCX solvent B (500 mM KCl, 20 % ACN, 10 mM KH2PO4 pH 2.7) at a flow 
rate of 50 µL/min. The gradient was as follows (adapted from (Klykov et al., 2018)) 0-42 min: 0-2 
% B; 42-50 min: 2-3 % B; 50-60 min: 3-8 % B; 60-70 min: 8-20 % B; 70-80 min: 20-40 % B; 80-86 
min: 40-90 % B; 86-90 min: 90 % B; 90-91 min: 0 % B; 91-120 min: 0 % B. Eluting peptides were 
collected with a fraction collector, individual fractions dried using a vacuum centrifuge, 
resuspended in 20 µL of 5 % ACN, 5 % formic acid (FA), and desalted using C18 STAGE-tips 
(Rappsilber et al., 2007). STAGE tip eluates were dried using a vacuum centrifuge, resuspended 
in 5 % ACN, 5 % FA, and peptide concentrations were determined with a quantitative fluorometric 
peptide assay.  
 
Liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-
MS/MS) 
Dried peptides were resuspended in 5 % ACN, 5 % FA and analyzed using an UltiMate 3000 
RSLCnano UHPLC system coupled to an Orbitrap Fusion Lumos mass spectrometer. From each 
sample (25 % of the total amount for individual SCX fractions, 1 µg of non-cross-linked samples) 
were loaded on a 50 cm C18 reversed-phase analytical column at a flow rate of 600 nL/min using 
100 % solvent A (0.1 % FA in water). For analytical column preparation, fused silica capillaries 
(360 μm outer diameter, 100 μm inner diameter) were used to generate spray tips using a P-2000 
laser puller. Tips were packed with 1.9 μm ReproSil-Pur AQ C18 particles to a length of 50 cm. 
Peptide separation was performed with 120 min (SCX fractions) and 240 min (non-cross-linked 
samples) linear gradients from 5-35 % solvent B (90 % ACN, 0.1 % FA) at a flow rate of 
300 nL/min. MS1 spectra were acquired in the Orbitrap mass analyzer from m/z 375-1,575 at a 
resolution of 60,000. For peptide fragmentation, charge states from 3+ to 8+ for cross-linked 
samples and 2+ to 5+ for non-cross-linked samples were selected, and dynamic exclusion was 
defined as 60 sec and 120 sec for 120 min and 240 min gradients, respectively.  
Cross-linked samples were either analyzed with an MS2-MS3-MS2 strategy (Liu et al., 2017) or 
with a stepped collision energy approach (Stieger, 2019), where ions with the highest charge state 
were prioritized for fragmentation. For both methods, MS2 scans were acquired at a resolution of 
30,000 in the Orbitrap analyzer with a dynamic mass window. In case of stepped collision energy, 
peptides were fragmented using higher collision dissociation (HCD) with 21, 26, and 31 % 
normalized collision energy (NCE). For the MS2-MS3-MS2 fragmentation method, sequential 
collision-induced dissociation (CID) and electron-transfer dissociation (ETD) spectra were 
acquired for each precursor. The precursor isolation width was set to m/z 1.6 with standard 
automatic gain control and automatic maximum injection time. The NCE for CID-MS2 scans were 
set to 25 % and calibrated charge-dependent ETD parameters enabled. MS3 scans were triggered 
by a targeted mass difference of 31.9721 detected in the MS2 scan. The MS3 scan was performed 
in the ion trap part of the instrument with CID at 35 % NCE with a normalized automatic gain 
control (AGC) target of 300 %. 
Data independent acquisition (DIA) analyses were performed with the same instrumental setup 
as described above. For each sample, 1 µg of peptides were loaded directly on a reversed-phase 
analytical column packed with 3 μm ReprosilPur AQ C18 particles to a length of 40 cm and 
separated with 120 min linear gradients. After acquisition of one MS1 scan 24 static window DIA 
MS2 scans were performed. MS1 scans were acquired in the Orbitrap analyzer from m/z 350-
1200 at a resolution of 120,000 with a maximum injection time of 20 msec and an AGC target 
setting of 5 x105. MS2 scans were defined to cover the MS1 scan range with 36 scan windows of 
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24.1 m/z each, resulting in an overlap of 0.5 m/z and a cycle time of 3.44 sec. Peptides were 
fragmented by HCD with an NCE of 27 %, and spectra were acquired in the Orbitrap analyzer with 
a resolution of 30,000, a maximum injection time of 60 msec, and an AGC target setting of 1x106. 
 
Proteome Discoverer analysis 
Thermo *.raw files from cross-linked samples were analyzed using Proteome Discoverer, utilizing 
Mascot and XlinkX for peptide identification. The following settings were used for both algorithms: 
precursor ion mass tolerance: 10 ppm; Orbitrap fragment ion mass tolerance: 20 ppm; ion trap 
fragment ion mass tolerance: 0.5 Da; fixed modification: carbamidomethylation at cysteine; 
variable modification: oxidation at methionine; enzyme: trypsin; number of allowed missed 
cleavage sites: 2; minimum peptide length: 5 amino acids; cross-linking site: lysine (K) and N-
terminus of proteins. Data were searched against UniProt Homo sapiens (Entries: 20,365) in 
combination with the common repository of adventitious proteins (cRAP) database containing 
common contaminants. The Proteome Discoverer workflow was split into two branches with a 
cross-link and standard peptide search. MS2 spectra containing DSSO reporter ions were 
analyzed with pre-defined “MS2-MS2-MS3” and “MS2” search options using XlinkX. Peptide 
identifications were accepted with a minimum XlinkX score of 40 and filtered at false discovery 
rates (FDRs) of 1 % and 5 % at the cross-linked peptide spectrum level. Cross-links were exported. 
Spectra, which did not contain reporter ions were searched using Mascot. Identified peptides were 
filtered at 1 % FDR on the peptide level using Percolator and proteins exported at 1 % FDR. Only 
high confidence peptide identifications were considered and data exported. Data from both 
algorithms were further analyzed applying different software packages (R, Excel, GraphPad 
Prism, STRING, Cytoscape, xiVIEW, TopoLink, PSIPRED, PCOILS, and PyMol) 
 
MaxQuant analysis 
Thermo *.raw files from non-cross-linked samples were analyzed using MaxQuant (Cox and 
Mann, 2008) for determining iBAQ values (Schwanhausser et al., 2011). The following settings 
were used: precursor ion mass tolerance: 4.5 ppm; Orbitrap fragment ion mass tolerance: 20 ppm; 
fixed modification: carbamidomethylation at cysteine; variable modifications: oxidation at 
methionine, acetylation at protein N-terminus, and deamidation at asparagine (N) as well as 
glutamine (Q); enzyme: trypsin; number of allowed missed cleavage sites: 2; minimum peptide 
length: 5 amino acids. Data were searched against UniProt Homo sapiens (Entries: 20,365) in 
combination with the cRAP database containing common contaminants. Data was filtered at 1 % 
FDR on the peptide level and protein level and exported, followed by analysis with different 
software packages (Excel and GraphPad Prism). 
 
Spectronaut analysis 
Thermo *.raw DIA files from FLOT1-FLAG+FLOT2-FLAG-transfected HEK293 cells were 
analyzed using Spectronaut. Initially, hybrid spectral libraries were generated from both DDA and 
DIA files with the Pulsar search engine integrated into Spectronaut, applying the following 
parameters: precursor ion mass tolerance: dynamic; Orbitrap fragment ion mass tolerance: 
dynamic; fixed modification: carbamidomethylation at cysteine; variable modifications: oxidation 
at methionine, acetylation at protein N-terminus and deamidation at asparagine (N) as well as 
glutamine (Q); enzyme: trypsin; number of allowed missed cleavage sites: 2; minimum peptide 
length: 5 amino acids. Data were searched against UniProt Homo sapiens (Entries: 20,365) in 
combination with the cRAP database containing common contaminants. For each peptide, the 3 - 
6 most abundant b/y ions were selected for library generation, dependent on their signal intensity. 
Dynamic retention time alignment was performed based on the high-precision indexed retention 
time (iRT) concept (Bruderer, 2016). Mass tolerances (precursor and fragment ions) as well as 
peak extraction windows were defined automatically by Spectronaut. Normalization was disabled 
and data filtered at 1 % FDR on the peptide and protein level (q-value < 0.01). High confidence 
identifications were exported, followed by analysis with different software packages (R, Excel, 
STRING, Cytoscape, and GraphPad Prism).  
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Structural analysis 
Protein sequences were obtained from UniProt and searched using BLAST against protein 
database (PDB) entries with an E-value of 0.0001. In case no reference structure for Homo 
sapiens was available, structures from other organisms were obtained from the SWISS-MODEL 
repository (Waterhouse et al., 2018), and/or predicted structures from the AlphaFold protein 
structure database were used (Jumper et al., 2021). Amino acid numbering was adjusted to 
UniProt entries, identified cross-links were mapped and topologically evaluated with TopoLink 
(Ferrari et al., 2019), and visualized using PyMol.  
 
Molecular docking 
Protein structure perturbation and optimization was performed with SCWRL (Krivov et al., 2009) 
and restraint-based docking with HADDOCK (Van Zundert et al., 2016) as well as CNS (Brunger, 
2007). Distance constraints of identified cross-links (20 ± 10 Å) were used to limit the possible 
interaction search space, applying unambiguous restraint distances on C-beta (except for glycine, 
for which C-alpha was used). In line with the default HADDOCK protocol, 500 initial restraints-
based complex models were generated, followed by their rigid-body energy minimization. For the 
best 100 models, semi-flexible refinement in torsion angle space was performed, followed by 
molecular dynamics refinement in explicit water. Generated models were evaluated based on the 
weighted sum of electrostatic and van der Waals energies, complemented by the empirical 
desolvation energy. Based on these parameters, the ten best-scoring models were reported. 
Finally, models were further clustered within a 5 Å pairwise root mean square deviation, and the 
lowest energy model of each cluster reported. Results were visualized using PyMol.  
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
Spectronaut results were analyzed using R (R Core Team, 2020) applying the integrated 
development environment RStudio. For data importing, tidying, transforming and statistical 
modeling Tidyverse (Wickham, 2019) and R base packages were used. Results were exported 
using Openxlsx and visualized by Ggplot and Viridis. Protein signal intensities were initially log2-
transformed for data quality assessment and visualization. Missing values were replaced by "NA", 
while imputation of missing values was omitted. Subsequently, data from individual replicates of 
the experimental conditions (GFP, SPIONs, and SPIONs+IP) were categorized into three 
populations as follows: background (three valid values in all three conditions), SPIONs-specific 
(no valid GFP value and ≥ 2 valid values in SPIONs or SPIONs+IP) and SPIONs “on/off” (≥ 2 valid 
values in only one SPIONs condition and no valid value in other conditions). Subsequently, non-
logarithmic data of the individual data sets were normalized on the signal intensities of FLOT1 and 
FLOT2 in the respective datasets, while the GFP sample was not normalized, followed by log2 
transformation of all datasets. Proteins with ≥ 2 valid values in each dataset were compared using 
a two-sided unpaired t-test. On/off proteins were defined as significant and their p-values set to 
zero; while p-values of proteins not matching any of the two conditions were set to one. P-value-
adjustment was performed according to Benjamini-Hochberg (Benjamini and Hochberg, 1995) 
and proteins with a q-value ≤ 0.05 were considered differently enriched. Significantly enriched 
proteins were submitted to protein-protein interaction and enrichment analysis with STRING 
(Szklarczyk et al., 2019) while the entire list of proteins found in the experiment was defined as 
background gene set. Networks (type: full) were generated, in which the edges indicate both 
functional and physical protein associations. 
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FIGURE TITLES AND LEGENDS 
 
Figure 1: Cross-linking mass spectrometry analysis of lysosome-enriched fractions. 
A) Experimental workflow for the XL-LC-MS/MS analysis of lysosome-enriched fractions.  
B) Normalized β-hexosaminidase activities for individual fractions from lysosome enrichment by 
SPIONs. Shown are average values (n=3, +STDEV).  
C) Western blot analysis of lysosome-enriched fractions for contamination by other organelles. 
Lysosome: lysosomal proteins (CTSD, LAMP2, LIMP2, and LAMTOR1). Other: Golgi-apparatus 
(GM130), cytoskeleton (TUBA), cytosol (GAPDH), endoplasmic reticulum (CANX), mitochondria 
(SDHA). 
D) Summed iBAQ abundances for proteins identified in lysosome-enriched fractions in ≥ 3 
replicates.  
E) Classification of unique cross-linked residue pairs. 
F) Proteins detected in non-cross-linked lysosome enriched fractions (proteome) and unique 
lysosomal cross-linked residue pairs (interactome) for DR and IT samples. 
G) Localization of CSMs for 68 lysosomal proteins cross-linked in the DR and IT state. Cytosolic: 
proteins located at the cytosolic face of lysosomal membrane; Lumen: lysosomal luminal proteins. 
H) Correlation of cross-link identification and protein abundance for lysosomal proteins. CSMs and 
PSMs represent summed values of the analysis of 6 replicates (DR and IT).  
Abbreviations: SPIONs: superparamagnetic iron oxide nanoparticles; DR: disrupted; IT: intact; 
SCX: strong cation-exchange; IN: input; FT: flow through; W: wash; EL: eluate; WCL: whole cell 
lysate; iBAQ: intensity based absolute quantification; XL: cross-links; CSMs: cross-link spectral 
matches; PSMs: peptide spectral matches. 
See also: Figure S1. 
 
Figure 2: The human lysosomal interactome. 
A) PPIs identified in the XL-LC-MS/MS dataset. Lysosomal proteins (blue dots), non-lysosomal 
proteins (grey dots), and PPIs (grey lines) are indicated. 
B) Matching of PPIs to the STRING database.  
C) Numbers of proteins from distinct subcellular localizations interacting with lysosomal proteins.  
D/E) Interaction networks of the V-ATPase (D) and the flotillin (E) complex.  
F) Co-IP of ATP6V1D and FZD9. ATP6V1B2 and ATP6V1A1 are known members of the V-
ATPase complex; LAMP2 is a lysosomal membrane protein. Control: empty beads. 
G) Co-IPs of FLOT1, FLOT2, and GNB4. RRAGA is a lysosomal membrane-associated protein. 
Control: empty beads. 
H/I) Site frequency distribution for identified FLOT1 (H) and FLOT2 (I) cross-links. Site frequency 
represents the percentage of cross-links detected in bins of 20 residues each. The region indicated 
by red dots represents the PHB domain.  
Abbreviations: CY: cytoplasm; CK: cytoskeleton; NC: nucleus; ER: endoplasmic reticulum; GA: 
Golgi apparatus; PM: plasma membrane; LS: lysosome; OT: others; NK: not known; IN: input; SN: 
supernatant; W: wash; EL: eluate; X: empty lane. 
See also: Figure S2. 
 
Figure 3: Cross-link-based structural refinement of the V-ATPase and PPT1 complex. 
A) Matching of cross-links to the crystal structure of lysosomal alpha-galactosidase A (GLA). 
B) Average iBAQ abundances for individual V-ATPase subunits based on the analysis of 
lysosome-enriched fractions in a non-cross-linked state. 
C) Cross-links identified for individual V-ATPase subunits. Structurally resolved regions are 
colored grey, unresolved regions white. 
D) Refined structure of the V-ATPase complex. Identified cross-links were integrated in the V-
ATPase cryo-EM structure (Wang, 2020). Missing regions were supplemented with predicted 
structures from AlphaFold based on the identified cross-links.  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2022. ; https://doi.org/10.1101/2022.01.12.475930doi: bioRxiv preprint 



– Chapter 3: Lysosomal Interactomics and Structural Perspectives – 

 - 84 - 

 
  

E) Distances for mapped cross-links to crystal structures and AlphaFold models for lysosomal 
proteins. Bin size: 2.5 Å. 
F) Reported homodimeric human PPT1 structure (PDB: 3GRO). 
G/H) Tetrameric PPT1 model representing the most favorable energetic state and fulfilling DSSO’s 
distance constraints for all 18 cross-links. A, B, C, and D indicate individual subunits. 
Abbreviations: DR: disrupted; IT: intact; RS: resolved structure; AF: AlphaFold. 
See also: Figure S3. 
 
Figure 4: Proposed model for a heterodimeric FLOT1-FLOT2 complex. 
A) Western blot analysis of lysosome-enriched fractions. CTSD is a lysosomal luminal and 
LAMP2, a lysosomal transmembrane protein. 
B) Identified cross-links, predicted secondary structures (PSIPRED), and coiled-coil probabilities 
(PCOILS) for FLOT1 and FLOT2. 
C) Heterodimeric FLOT1/FLOT2 interaction model representing the lowest energy state and 
satisfying the distance constraints of all cross-links. The model was generated using HADDOCK 
based on predicted monomeric AlphaFold structures.  
Abbreviations: WCL: whole cell lysate; EL: eluate; PHB: prohibitin homology domain; SPFH: 
stomatin/PHB/flotillin/HflK/C domain; WND: window; EA: glutamic acid/alanine; PZD3: 
postsynaptic density protein-95/discs large/zonula occludens-1. 
See also: Figure S4. 
 
Figure 5: Investigation of higher-order flotillin assemblies in lysosome- and early 
endosome-enriched fractions. 
A/B) Immunostaining of HeLa and HEK293 cells for FLOT1, FLOT2, and the lysosomal marker 
LAMP2.  
C) Analysis of FLOT1/FLOT2 in early endosomes. SPIONs pulse treatment time course followed 
by endosome enrichment, chase times are indicated. Pre-CTSD serves as a marker for early 
endosomes. 
D) Western blot analysis of early endosome fractions with marker proteins for different subcellular 
compartments: Cytosol (ACTG2 and GAPDH), cytoskeleton (TUBA), endoplasmic reticulum 
(CANX), and mitochondria (SDHA).  
E) Experimental workflow for early endosome enrichment and XL-LC-MS/MS analysis. 
F) Overview of early endosome cross-linking dataset. 
G) Overlap of unique FLOT1/FLOT2 cross-links for XL-LC-MS/MS analyses of early endosome- 
and lysosome-enriched fractions.  
H) Western blot analysis of BN-PAGE separated FLAG-IP eluates with/without cross-linking by 
DSSO. IN/EL refers to fractions of FLAG-IP. 
I) Nominated lowest energy model for the FLOT1/FLOT2 heteromeric 38-mer.  
Abbreviations: DSSO: disuccinimidyl sulfoxide; M: marker; IN: input; WA: wash; EL: eluate; WCL: 
whole cell lysate; SPIONs: superparamagnetic iron oxide nanoparticles; SCX: strong cation-
exchange; LS: lysosome; EE early endosome; EA: glutamic acid/alanine; PZD3: postsynaptic 
density protein-95/discs large/zonula occludens-1. 
See also: Figure S5. 
 
Figure 6: Identification of potential cargo of FLOT1-/FLOT2-positive early endosomes. 
A) Western blot analysis of FLAG-FLOT1/FLOT2 in early endosome-enrichment (SPIONs) and 
intact endosome-IP fractions.  
B) Data dependent acquisition (DIA)-based protein abundance fold-change ratios of 
SPIONs/SPIONs+IP fractions (n=3). Significantly different proteins are indicated. Cut offs: q-
value: 0.05, fold change: 1.5.  
C) STRING-based PPI analysis of proteins overrepresented in SPIONs+IP fraction. Node size 
corresponds to DIA signal intensity and line thickness to PPI confidence score. 
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Abbreviations: SPIONs: superparamagnetic iron oxide nanoparticles; IP: immunoprecipitation; 
IN: input; SN: supernatant; FT: flow through; WA: wash; EL: eluate; PPI: protein-protein 
interaction. 
See also: Figure S6. 
 
Figure 7: Latrophilins are a putative cargo of FLOT1-/FLOT2-positive early endosomes. 
A) Average DIA abundances for LPHN1, LPHN2, LPHN3, CLTA, EEA1, and RAB5C (n=3, 
+STDEV). Significance based on Student’s unpaired two-sided t-test: ∗	(p < 0.05), ∗∗	(p < 0.01),  
∗∗∗	(p < 0.001).  
B) Co-immunostaining of HeLa cells for FLOT1, FLOT2, LPHN1, LPHN2, and LPHN3. 
C) Co-IP of FLOT1 and FLOT2 with LPHN1, LPHN2, and LPHN3. LDLR serves as a control for 
plasma membrane and clathrin-mediated endocytosis.  
Abbreviations: SP (SPIONs): superparamagnetic iron oxide nanoparticles; IP: 
immunoprecipitation; IN: input; WA: wash; EL: eluate. 
See also: Figure S7. 
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Figure S1: Cross-linking mass spectrometry analysis of HEK293 lysosome-enriched 
fractions. Related to Figure 1. 
A) Identified cross-links for lysosomal and lysosome-related proteins. Proteins are categorized in 
two groups: GO: proteins which are related to lysosomes based on their categorization in gene 
ontology databases, also including proteins which are not important for lysosomal function; MC 
manually curated list of proteins which are localized in/at lysosomes (Thelen et al., 2017) and 
known to play a role in lysosomal function. Numbers from the published whole proteome cross-
linking studies were extracted from the respective supplementary tables. Cross-links assigned to 
both GO and MC were further subcategorized based on the protein’s location at the lysosome  
B) Silver-stained SDS-PAGE gel of lysosome-enriched fractions cross-linked with the indicated 
amounts of DSSO in a disrupted and intact state at a protein concentration of  
1 µg/µL. For each sample, 2.5 µg of protein were loaded to the gel. Control samples were treated 
with DMSO. Based on the band pattern, the optimal concentration of DSSO was determined to be 
0.25 mM (final concentration), as the application of higher amounts resulted in a shift of band 
patterns. Especially with respect to the lower molecular weight region, less bands were observed, 
while the high molecular weight region (containing cross-linked proteins) increased in intensity, 
which is indicative for protein aggregates resulting from over-cross-linking. Shown are two 
separate SDS-PAGE analyses (performed under the same conditions) for samples cross-linked 
in the intact and the disrupted state, individual gels are indicated by a dashed grey line. 
C) Western blot analysis of samples described in (B) for the visualization of cross-linker-modified 
proteins using an in-house produced antibody which shows immunoreactivity against water-
quenched DSSO (Singh et al., 2021). For each sample, 1 µg of protein was loaded to the gel. 
Shown are two separate western blot analyses (performed under the same conditions) for samples 
cross-linked in the intact and the disrupted state, individual gels are indicated. 
D) Overlap in proteins, which are not categorized as lysosomal based on their GO term, identified 
in mass spectrometric analyses of lysosome-enriched fractions in the disrupted and the intact 
state. Proteome: proteins identified in analyses of non-cross-linked samples; Interactome: unique 
cross-links identified in analyses of cross-linked samples. 
E/F) Distribution of identified CSMs in LC-MS/MS analyses of SCX-fractionated tryptic digests of 
lysosome-enriched fractions cross-linked in a disrupted (E) and intact (F) state. Since later eluting 
SCX fractions contain the majority of higher charged cross-linked tryptic peptides, only SCX 
fractions 20-40 were analyzed by LC-MS/MS. Shown are average values (n=3, +STDEV). 
G/H) Distribution of identified cross-links from the analysis of lysosome-enriched fractions cross-
linked in the disrupted and the intact state. Shown are numbers identified in the disrupted/intact 
state, and how many cross-links were assigned as intra- or inter-links, for cross-links identified in 
the whole dataset (G) and such assigned to lysosomal proteins (H). 
I) Correlation of cross-link identification and protein abundance for all non-lysosomal proteins. 
Proteins are sorted based on their average iBAQ abundance (Schwanhausser et al., 2011) in the 
LC-MS/MS analysis of non-cross-linked samples. Average iBAQ abundances as well as total 
numbers of unique cross-links, CSMs, and PSMs are shown. Values are based on the analysis of 
(n=3) each for lysosome-enriched fractions in the intact and disrupted state. 
J/K) Distribution of iBAQ abundances for all (J) and lysosomal proteins (K) for which intra- or inter-
links were detected. Values are based on the LC-MS/MS analysis of non-cross-linked lysosome-
enriched fractions in the disrupted and the intact state. Only proteins for which cross-links were 
identified in the respective state were considered. Shown are combined values from three 
independent replicates, the median is indicated by a line and the average by “+”. 
L) Categorization of the 1,415 CSMs identified for 68 lysosomal proteins. Proteins were assigned 
to previously defined categories of lysosomal proteins (Akter, 2020). 
Abbreviations: IDs: identifications; LM: lumen; MB: membrane; CF: cytosolic face; GO: gene 
ontology; MC: manually curated; DSSO: disuccinimidyl sulfoxide; DMSO: dimethyl sulfoxide; C: 
control (no DSSO); M: protein marker; iBAQ: intensity based absolute quantification; SCX: strong 
cation exchange; XL: cross-link; PSMs: peptide spectral matches; CSMs: cross-link spectral 
matches; HSPs: heat shock proteins.
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Figure S2: Analysis of protein-protein interactions in lysosome-enriched fractions. 
Related to Figure 2. 
A-C) Protein-protein interaction networks based on cross-links identified between two different 
proteins (inter-links, 1,023 in total). Lysosomal proteins are highlighted as large blue filled circles 
while non-lysosomal proteins are depicted as small grey dots. Interactions were extracted from 
the entire XL-LC-MS/MS dataset from disrupted and intact lysosomes. Based on the number of 
interactors involved in a particular network, data were grouped into different classes: A) ≥ 5 
interactors, B) ≥3 interactors, C) binary interactions. The networks were generated using 
Cytoscape. 
D) Protein-protein interaction networks for proteins related to mTORC1; subcellular localization of 
interactors is indicated by color. The networks were generated using Cytoscape. 
E) Protein-protein interactions identified for Syntaxin 7 (STX7), subcellular localizations of 
interactors are indicated by color. The network was generated using Cytoscape. 
Abbreviations: LS: lysosome; NC: nucleus; PM: plasma membrane; CS: cytoskeleton; ER: 
endoplasmic reticulum. 
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Figure S3: Integration of cross-links into resolved structures and AlphaFold models of 
lysosomal and lysosome-associated proteins. Related to Figure 3. 
A) Integration of cross-links into the RS of beta-hexosaminidase subunit alpha (HEXA).  
B) Integration of cross-links into the RS of Beta-hexosaminidase subunit beta (HEXB).  
C) Integration of cross-links into the RS of cathepsin D (CTSD). 
D) Integration of cross-links into the RS of cathepsin C (CTSC). 
E) Integration of cross-links into the RS of annexin A2 (ANXA2).  
F) Integration of cross-links into the AF (Jumper et al., 2021) model of the large neutral amino 
acids transporter small subunit 1 (SLC7A5).  
G) Integration of cross-links into the RS of the complex of GNB1, GNG2, and GNAI1.  
H) Integration of cross-links into the homology model of syntaxin 7 (STX7).  
I) Integration of cross-links into the homology model of syntaxin 8 (STX8).  
J) Integration of cross-links into the RS of the Ragulator complex (LAMTOR1-5) in the presence 
of RRAGA and RRAGC.  
K) Integration of cross-links into the AF model of Ras-related GTP-binding protein A (RRGA).  
L) Integration of cross-links into the RS of heatshock protein 8 (HSPA8).  
M) Integration of cross-links into the RS of heatshock protein 5 (HSPA5).  
N) Integration of cross-links into the mixed model based on the RS and the AF model for heatshock 
protein 90B1 (HSP90B1). Magenta structures were extracted from AlphaFold while grey/blue 
structures are based on crystal or cryo-EM structures retrieved from PDB.  
Legend: Inter-links (cross-links between two different proteins or two subunits of the same protein) 
are shown in black, and intra-links (cross-links within the same protein) are shown in red. 
Overlength cross-links (>35 Å) are indicated.  
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Figure S4: Quality assessment of different AlphaFold-based ColabFold models of the 
FLOT1/FLOT2 heterodimeric complex. Related to Figure 4. 
A) Visualization of depth and diversity of the multiple sequence alignment (MSA). 
B) Predicted local distance difference test (plDDT) assessing local structural confidence of the 
different models. LDDT is a metric that evaluates local distance differences between all heavy 
atoms in a model, including validation of stereochemical plausibility. It ranges from 0 to 100, where 
100 is the most confident. 
C) Five highest scoring ColabFold models for the FLOT1-FLOT2 heterodimer. Color coding of 
individual structural features is based on their plDDTs per residue. 
D) Inter-chain predicted aligned error (PAE), which aims to evaluate the position error at residue 
x, if the predicted and the true structures were aligned on residue y. It indicates the pairwise 
confidence of the respective prediction and ranks the models. 
Abbreviations: MSA: multiple sequence alignment; plDDT: predicted local distance difference 
test; PAE: predicted aligned error
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Figure S5: Investigation of higher order FLOT1/FLOT2 assemblies and XL-LC-MS/MS 
analysis of early endosomes. Related to Figure 5. 
A/B) Immunostaining analysis of HeLa and HEK293 cells transfected with FLOT1-FLAG+FLOT2-
FLAG. Analyses were performed with anti-FLOT1 and anti-FLOT2 antibodies, co-localization with 
lysosomes was assessed through the lysosomal marker protein LAMP2. 
C) Western blot analysis for verification of FLOT1-FLAG, FLOT2-FLAG, and FLOT1-
FLAG+FLOT2-FLAG expression and enrichment by FLAG-IP.  
D) Western blot analysis for determination of the optimal DSSO concentration for the cross-linking 
of SPIONs-enriched early endosomes from FLOT1-FLAG+FLOT2-FLAG transfected HEK293 
cells. Early endosome-enriched fractions were cross-linked with the indicated amounts of DSSO 
at a protein concentration of 1 µg/µL followed by SDS-PAGE and anti-FLAG western blot. For 
each sample, 5 µg of protein were loaded to the gel. The non-cross-linked control sample (C) was 
treated with DMSO. Efficient cross-linking of FLOT1/FLOT2 complexes was judged by detection 
of the anti-FLAG band pattern. These analyses revealed that application of > 0.25 mM DSSO 
resulted in a near-quantitative loss of the FLOT1/FLOT2 monomers (~55 kDa) with almost 
exclusive detection of higher molecular weight assemblies (>180 kDa) and increasing amounts of 
protein aggregates which did not enter the separation gel.  
E) Silver staining-based determination of the optimal DSSO concentration for the cross-linking of 
SPIONs-enriched early endosomes from FLOT1-FLAG+FLOT2-FLAG transfected HEK293 cells. 
Samples were generated and cross-linked as described in (D) followed by SDS-PAGE and silver 
staining of the gel. For each sample, 2.5 µg were loaded. The optimal DSSO concentration was 
determined to be 0.25 mM (final concentration), as the application of higher DSSO amounts 
resulted in reduced intensities in the low molecular weight region, indicating possible over cross-
linking which could result in protein aggregates. Therefore, in accordance to the western blot 
results (see D), 0.25 mM DSSO was chosen. 
F) Verification of presence of FLOT1 and FLOT2 in SPIONs-enriched early endosomes from 
FLOT1-FLAG+FLOT2-FLAG overexpressing HEK293 cells prior to the XL-LC-MS/MS 
experiment. Loading amount: 10 % of each fraction.  
G) Interaction networks based on cross-links identified in the XL-LC-MS/MS dataset for DSSO-
treated early endosome-enriched fractions from FLOT1-FLAG+FLOT2-FLAG-overexpressing 
HEK293 cells. In total, 324 inter-links were identified. FLOT1 and FLOT2 are highlighted in orange. 
The network was generated using Cytoscape. 
H) Coomassie staining of a BN-PAGE analysis of anti-FLAG-IP eluate fractions from HEK293 cells 
transfected with FLOT1-FLAG or FLOT2-FLAG. Input and eluate fractions were analyzed in an 
untreated and a DSSO-cross-linked state. Control cells were transfected with GFP. Loading 
amounts: IN: 50 µg, EL: 25 % of eluate fraction.  
Abbreviations: DSSO: disuccinimidyl sulfoxide; DMSO: dimethyl sulfoxide; PNS: post nuclear 
supernatant; M: marker; IN: input; SN: supernatant; FT: flow through; WA: wash; EL: eluate; C: 
control (no DSSO); IP: immunoprecipitation; BN-PAGE: blue native polyacrylamide gel 
electrophoresis; GFP: green fluorescent protein.  
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Figure S6: Determination of flotillin vesicular cargo. Related to Figure 6. 
A) Workflow for the enrichment of early endosomes by SPIONs and the subsequent enrichment 
of FLOT1-/FLOT2-positive early endosomal subpopulations by FLAG-IP. HEK293 cells were 
double-transfected with FLOT1-FLAG+FLOT2-FLAG, control cells with GFP. All samples were 
analyzed by LC-MS/MS using DIA.  
B) Analysis of protein abundances in DIA datasets of SPIONs-enriched early endosomes and 
FLAG-IP-enriched FLOT1-/FLOT2-positive early endosomes. Shown are combined values from 
three independent biological replicates, the median is indicated by a line, the average is marked 
with a “+”.  
C) Unsupervised clustering of protein abundances from three independent biological replicates for 
SPIONs-enriched early endosomes and FLAG-IP-enriched FLOT1-/FLOT2-positive early 
endosomes. Color coding correlates with the intensity of individual proteins.  
D) PCA for all SPIONs-enriched early endosomes, FLAG-IP-enriched FLOT1-/FLOT2-positive 
early endosomes, and GFP-transfected control cells. Four individual principal components were 
used (PC1 and PC2, as well as PC3 and PC4).  
E) Immunostaining analysis of HeLa and HEK293 cells. FLOT1, FLOT2, and EEA1 was analyzed 
both in untransfected cells as well as such transfected with FLOT1-FLAG+FLOT2-FLAG. A 
potential co-localization of FLOT1 and FLOT2 with the early endosome marker EEA1 was 
investigated.  
F) GO enrichment analysis applying STRING for proteins which are overrepresented in FLOT1-
/FLOT2-positive early endosomes. Results from the GO-category cellular component, as well as 
the UniProt keywords transmembrane and transmembrane helix are shown. Bubble size 
correlates with the number of proteins assigned to an individual category. Shown are p-values 
corrected for multiple testing within each category using the Benjamini–Hochberg procedure (cut 
off < 0.05) representing the significance of enrichment (n=3). 
Abbreviations: SPIONs: superparamagnetic iron oxide nanoparticles; DIA: data independent 
acquisition; IP: immunoprecipitation; PCA: principal component analysis; adj.: adjusted; GO: gene 
ontology. 
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Figure S7: Latrophillins co-localize with FLOT1 and FLOT2 in punctate 
stainings. Related to Figure 7. 
Immunostaining analysis of HEK293 cells for FLOT1 and FLOT2 in combination with 
LPHN1, LPHN2, or LPHN3. Dependent on the combination of antibodies, different 
degrees of co-localization can be observed.  
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5.3 Publication: Supporting Information 

Supplementary tables for chapter 3 were not published online and will be only published after 
the peer review process. Supplementary tables can be accessed from the provided CD.  

o Table S1: List of lysosomal proteins 
o Table S2: Protein IDs & iBAQ values (LEF) 
o Table S3: Cross-links (LEF) 
o Table S4: Distance constraints cross-links  
o Table S5: Protein IDs & iBAQ values (EEF) 
o Table S6: Cross-links (EEF) 
o Table S7: Flotillin positive endosome cargo 
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5.4 Conclusion 
In the presented study, I analysed the lysosomal interactome on a large, unbiased scale and 
characterized lysosome-associated protein structures, as currently only for 69 % of the lysosomal 
human Gene Ontology (GO) annotated proteins structural information is accessible. Available 
protein structures elucidated by applying crystallography or cryo-electron microscopy 
experiments mostly depend on overexpression constructs from pro- or eukaryotic organisms. 
Therefore, the applicability of such structures resembling in vivo conditions frequently lacking 
post translational modifications (PTMs) remains to a certain extent questionable. Therefore, to 
provide a more comprehensive picture on lysosomal interactions and structures resembling near 
native physiological cellular conditions, I applied the MS-cleavable disuccinimidyl sulfoxide 
(DSSO) cross-linker to lysosome-enriched fractions of HEK293 cells, as existing studies failed to 
cover the majority of low abundant lysosomal proteins (Figure 1A, Figure S1 A). 

In a first step, I verified the integrity of lysosomes through a β-hexosaminidase assay and 
their enrichment by western blot (Figure 1B, C). I further applied LC-MS/MS to assess the overall 
coverage of the lysosomal proteome resulting in the identification of 4,181 proteins, of which 474 
were lysosomal, indicating an efficient coverage. The assessment of protein abundance of 
samples applying the label-free intensity-based absolute quantification (iBAQ) approach resulted 
in a ~3-fold overrepresentation for the average abundance of lysosomal proteins compared to 
the whole dataset, further verifying the successful enrichment of the lysosomal proteome  
(Figure 1D, Table S1, S2). Subsequently, lysosome enriched fractions were divided into two 
fractions and cross-linking conditions optimized applying DSSO (Figure S1 B, C). One fraction 
was mechanically disrupted, representing the disrupted (DR) fraction while the other represented 
the intact (IT) status of the lysosomes. Followed by their cross-linking, samples were 
proteolytically digested and cross-linked peptides enriched via strong cation exchange 
chromatography (SCX) and samples measured via LC-MS/MS (Figure 1A, Figure S1 D-F). The 
analysis resulted in the assignment of 6,580 cross-link spectral matches, originating from 4,294 
cross-linked peptides covering 524 cross-links (intra and inter-links) involving lysosomal proteins 
located to 111 lysosomal proteins (Figure 1E, Figure S1 G, H, Table S3). Furthermore, the LC-
MS/MS results verified the limited membrane permeability of DSSO as only 26 % of cross-links 
were found both in the IT and the DR state, while the latter contributed a bigger fraction to the 
dataset (Figure 1F). Along this line, further analysis revealed that 91 % of the dataset’s CSMs 
assigned to lysosomal luminal proteins were identified in samples cross-linked in the DR state, 
while the remaining CSMs were equally distributed among the IT and DR datasets (Figure 1G). 
Additionally, I showed that despite the identification of on average more CSMs for higher 
abundant proteins, those did not show a strong correlation with protein abundance, ensuring that 
the dataset also covered proteins of low abundance (Figure 1H, Figure S1 I). Additional analysis 
revealed a trend towards the identification of intra-links for higher abundant proteins compared 
to inter-links, whereas for the lysosomal proteome the effect was not that pronounced  
(Figure S1 J, K). The cross-linking dataset primarily covered proteins located at the cytosolic 
face of the lysosomal membrane, further demonstrating the inaccessibility of the lysosomal 
lumen by the cross-linker (Figure S1 L). 

 Overall the data covered 1,008 proteins engaged in 1,023 interactions, from which 254 
(inter-links) were lysosomal (Figure 2A, B, Figure S2 A-C, Table S3). Based on this I further 
classified lysosomal interactors in five distinct subcellular categories, of which the majority were 
assigned to the cytoplasm/cytoskeleton and nucleus (Figure 2C). Most interactions identified 
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among the lysosomal proteins were associated with the v-ATPase complex, the two flotillins 
(FLOT1 and FLOT2), Ragulator complex, and syntaxins (Figure 2D, E, Figure S2 E, F). To verify 
the identified interactions biologically, I performed co-immunoprecipitation experiments for two 
unknown novel interactions. For the identified interaction of ATP6V1D with FZD9, a member of 
the WNT signaling pathway, I successfully co-immunoprecipitated FZD9 and ATP6V1D  
(Figure 2F). Additionally, I successfully co-immunoprecipitated GNB4 with FLOT1 and FLOT2, 
confirming the validity of the cross-linking dataset (Figure 2G). It should be emphasized that both 
co-immunoprecipitations were performed with cells not overexpressing the interaction partners. 
Moreover, analysis of the ~20 different PPIs identified for both flotillin proteins revealed an 
interaction hotspot between the amino acids 200-300 of the sequence (Figure 2H). 

 The distance constraints of DSSO (up to ~35 Å) allow for the investigation of protein 
structures by, on the one hand, validating structurally defined regions and, on the other hand 
facilitating molecular modeling of such originating from regions that were not resolved so far. In 
total, I mapped 161 unique cross-links to high-resolution crystal structures of 34 lysosomal 
proteins (Figure 3A, Figure S3 A-N, Table S4). As 64 lysosomal cross-links could not be 
mapped due to unresolved, flexible regions of the crystal/cryo-EM structures, I validated them 
based on homology and AlphaFold models. Applying the iBAQ approach, I first verified the 
stoichiometry of the 35meric v-ATPase complex (Figure 3B). Subsequently, I supplemented 
missing amino acid regions of the resolved cryo-EM structure with the predicted topology by 
AlphaFold and validated the structure covering ~95 % of the v-ATPase sequence  
(Figure 3C, D, Table S4).  

The Ragulator complex consists of five subunit proteins (LAMTOR1-5) acting as a 
guanine nucleotide exchange factor (GEF) for the Rag GTPase heterodimer (RagA/B-RagC/D) 
complex. Hereby, Ragulator complex converts Rags to their active state, in which RagA/B are 
loaded with guanosine triphosphate (GTP) and RagC/D are bound to guanosine diphosphate 
(GDP) and thereafter Rags complex localizes mTORC1 at the lysosomal surface. The identified 
cross-links for the complex for instance suggested that in the absence of the RAG GTPases, the 
N-terminal region of LAMTOR1 exists in an unordered state, indicating a certain flexibility of this 
region in vivo (Figure S3 J).  

Out of the 161 mapped cross-links, 21 cross-links exceeded the distance constraint of 
DSSO, from which strikingly 9 originated from the same protein palmitoyl protein thioesterase 1 
(PPT1) (Figure 3E). These high number of overlength cross-links suggested a higher 
oligomerization state, contrary to the proposed homodimeric PPT1 crystal structure (Figure 3F). 
Hence, I performed restraint-based docking analysis, which resulted in the prediction of a novel 
tetrameric PPT1 model fulfilling the distance constraints for all 18 PPT1 cross-links identified 
(Figure 3G, H). The tetrameric model was further supported by a previous study demonstrating 
maximal enzymatic activity of PPT1 at a complex size >100 kDa, in line with the molecular weight 
of the proposed tetrameric model. 

 Since structural information was limited for the flotillin proteins, I applied various 
algorithms to predict their secondary structure (Figure 4B). The results showed a cluster of beta-
sheets and alpha helices at the proteins’ N and C-termini, which were in line with the recently 
predicted AlphaFold models. As flotillins frequently assemble as hetero-oligomers with a 
postulated 1:1 stoichiometry, I applied the identified 29 unique cross-links among those proteins 
to propose the first heterodimeric flotillin model (Figure 4C). The N-terminal region of the model 
consists of antiparallel β-sheets, with six repeats each, and four partially exposed α-helices, 
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forming an ellipsoidal-like globular domain. PTMs such as the S-palmitoylation and  
N-myristoylation sites crucial for the membrane association of flotillin were located towards the 
membrane interface, while phosphorylation sites were surface exposed.  

As flotillins were also detected in the plasma membrane and early endosomes  
(Figure 5A, B), I further investigated whether and to which extent flotillin on lysosomes and early 
endosomes exhibit the same structure. In order to do so, I optimized the enrichment of early 
endosome fractions containing flotillin (Figure 5C), as well as other early endosomal marker 
proteins (EEA1, CLTA, CLTB, CLTC) via LC-MS/MS (Table S5) and verified depletion of proteins 
from other cellular compartments (Figure 5D). Along this line, appropriate transfection as well as 
cross-linking conditions were established, showing correct localization and efficient cross-linking 
of flotillin (Figure S5 A-D). Applying the established methods (Figure 5E, Figure S5E), XL-LC-
MS/MS analysis revealed that flotillins localizing to the lysosome and early endosome have the 
same structural orientation (Figure 5F, G, Figure S5 G, Table S6). As further distinctive 
structural characteristics such as the presence of the PDZ3 domains, EA-rich motifs, and highest 
number of identified cross-links suggested a higher order flotillin structure, I performed a blue 
native electrophoresis experiment determining its overall size (Figure 5H, Figure S5 H). The 
results showed that most of the complex resides as a tetramer, while a substantial amount of the 
protein was engaged in higher-order assemblies of > 1 MDa, which was in line with published 
size estimations via EM. Additionally, based on a published template of a protein structure with 
a similar N-terminal conserved domain to flotillins, a heterooligomeric flotillin model was 
proposed consisting of 38 subunits (Figure 5I). 

 To further investigate a possible function of the 38mer and its role in endocytosis, I 
enriched for flotillin vesicles by first enriching an early endosome fraction (SPIONs), followed by 
immunoprecipitation (IP) of C-terminal tagged flotillin particles (Figure S6 A). I verified the double 
enrichment of flotillin particles via western blot (Figure 6A) and label-free quantified differences 
among the early endosome enriched fraction (SPIONs) and double enriched flotillin particles 
(SPIONs+IP) applying DIA-LC-MS/MS (Figure S6 B-D). I identified 5,089 proteins quantified 
across all datasets, from which I was able to define protein populations that were depleted or 
enriched in FLOT1/FLOT2-positive endosomes relative to the whole pool of early endosomes 
(Figure 6B, Table S7). The results showed a depletion of early endosome marker in the 
SPION+IP sample, further validating the depletion of early endosomal proteins in this fraction. In 
total, I was able to identify 328 proteins that were either exclusively present in the SPIONs+IP 
fraction, or significantly upregulated compared to the SPIONs-enriched early endosomes, 
presenting the potential cargo of flotillin particles. The potential cargo consisted of various protein 
categories such as 50 receptors, including receptor tyrosine kinases and G-protein coupled 
receptors (Figure 6C). Strikingly, for instance, all three members of latrophilins a conserved 
subfamily of G-protein-coupled receptors were identified to be significantly overrepresented in 
the SPIONs+IP dataset (Figure 7A). To further investigate whether all three members of the 
latrophilin family are endocytosed in a flotillin dependent manner, I performed 
immunofluorescence microscopy (HEK293 and HeLa cells) verifying co-localization, as well co-
IPs verifying the interactions (Figure 7B, C, Figure S7).  
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6. Chapter 4: Turnover of Lysosomal and Lysosome 
Associated Proteins 
6 The presented results in chapter 4 have not been published yet, as the manuscript is under 

preparation. Please find below all the authors involved in this project:   
• Singh, J., Stepath, M., Dang, H.M., Möller, C., Muchamedin, A., Hardt, R., Bernhardt, O., 

Gandhi, T., Bruderer, R., Reiter, L., Eisenacher, M., Vakhrushev, S., Gieselmann, V., 
Winter, D. 

• Remark: The presented results within the scope of chapter 4 has been done by me as 
the only first author and SHOULD BE CONSIDERED for this cumulative doctoral 
dissertation. 

• Supplementary tables for chapter 4 can be accessed from the provided CD. 
o Table S1: List of lysosomal proteins 
o Table S2: Protein half-lives 
o Table S3: Phosphoproteomics dataset 
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6.1 Introduction 
Cellular homeostasis depends on a balance of macromolecule synthesis and degradation, 
commonly referred to as “turnover” [103]. The turnover of a protein is defined as the time required 
for both degradation and resynthesis of half of the proteins at the given cellular state, also defined 
in terms of half-life (T1/2) [95]. The metabolic state of a cell has to be separated between a “steady-
state” and those perturbated undergoing a dynamic change within experiments. The general 
assumption at a steady state is that 1) all proteins have a net change in protein level equaling to 
zero, which implies 2) that the number of molecules produced equals the number of proteins 
degraded. Hence, under a steady state the constant “degradation rate” simply equals to the time 
it takes to remove the existing protein pool by half. However, when a new steady state is reached 
after perturbation, the proteins might be expressed at very different levels than before. Yet, its 
half-life will only be different if the constant degradation rate changes. In other words, this means 
that changes in protein synthesis alone will not change/affect proteins degradation rate, but rather 
only its abundance [95]. Interdependencies between synthesis, degradation, and overall 
proteome level are shown and further discussed [95] (Figure 8).  

 
Figure 8: Schematic illustration of interdependencies between parameters of turnover. At a steady-state of a 
cell, the assumption is that the amount of protein synthesized equals the amount of protein degraded, leading to the 
constant “total protein” (T) in blue. Usually, in such experiments, cells are cultured in SILAC (stable isotope labeling in 
cell culture) medium containing amino acids labelled with light (L) isotopes and switched to SILAC medium containing 
amino acids labelled with heavy (H) isotopes for different time periods. From this, either linear regression or ratio-
based models can be generated by building ratios between heavy (green) / light (red) (“synthesis rate” / “degradation 
rate”) labeled protein intensities representing the “half-live (T1/2)”. The asterisks highlight the constant “degradation 
rate” at the same level (resulting to the same half-live), however, absolute protein amount could change as the constant 
synthesis rate changes. Copied and modified from [95].   
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The half-live is not only an intrinsic feature of a particular protein but is among others also 
dependent on the cell type, post-translational modifications, organelle affiliation, cellular 
environment, and can range between few seconds to several weeks [104, 105]. The turnover is 
constant under a steady-state; however, synthesis and degradation rates can be adjusted to 
external or internal stimuli based on dynamic responses. Such proteostatic mechanisms belong 
to one of the crucial cellular processes, ensuring the maintenance of functional proteins at their 
respective locations, as well as proper concentrations by removing aged and misfolded proteins 
from the cellular protein pool [95]. In eukaryotic cells, degradation of proteins is either carried out 
via the ubiquitin proteasome degradation pathway or via lysosomal proteolysis. Lysosomes 
receive their cargo via vesicles such as fusion of endocytic vesicles and autophagosomes with 
lysosomes [101].  

Proteomic studies in the majority of experiments aim to screen for differentially regulated 
proteins across various cellular states. However, the analysis of synthesis and degradation rates 
over time would provide another layer of crucial information to quantitatively proteomic 
approaches, especially as the regulation of the proteome to various stimuli is a dynamic process 
[104]. For instance, with the application of “pulse-chase experiments” with isotope-labeled amino 
acids, protein turnover can be investigated. Classically, such experiments are performed with 
radioactive amino acids and immunoprecipitation of the protein of interest, restricting individual 
analyses to the investigation of single proteins. On the other hand, pulse stable isotope labeling 
by amino acids in cell culture (pSILAC), combined with mass spectrometry (MS) based 
proteomics, enables the study of protein half-lives on a global scale [104, 106]. In an ideal case, 
the experimental setup would allow determining quantitative proteome differences, the 
determination of half-lives, and tracking synthesis and degradation rates separately.  

One of the commonly applied approaches for the determination of half-lives includes the 
generation of protein abundance ratios between the SILAC heavy and light channels 
(heavy/light). In order to additionally determine synthesis and degradation rates, the experimental 
setup has to be extended with the inclusion of a SILAC medium channel [104], or by combining 
pSILAC with isobaric labeling further discussed in the review [95]. In conventional pSILAC 
approaches, the biggest challenge is related to the experimental variability arising from sample 
preparation and MS measurements. To circumvent the issue, pSILAC can be combined with data 
independent acquisition (DIA) MS/MS, allowing to reproducibly label-free quantify the individual 
channels over time. The combination of pSILAC with DIA MS/MS, hence allows to determine 
half-lives of proteins as well as the constants synthesis and degradation rates separately, an 
approach which has been yet recently only proposed, although not applied [107].  

6.1.1 Aims of the Study 
Following goals were covered within this project: 

• Investigation of protein half-lives of HEK293 WT cells with a focus on lysosomal proteins. 
• Establishment of conditions impairing lysosome and proteasome function. 
• Extending the investigation of protein half-lives under five different perturbational states. 
• Generation of a phosphoproteomic resource dataset of lysosome enriched fractions for 

future protein half-life correlation analysis. 
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6.2 Materials and Methods 
For a more detailed list please refer to the key resource table and method section of chapter 3. 

6.2.1 Consumables and Equipment 
• Analytical balance, Sartorius (Göttingen, Germany) 
• Balance scale, PC4400 digital top load precision, Mettler Toledo (USA) 
• Bis-Tris (4-12 %) gradient gel, Thermo Fisher Scientific (Bremen, Germany) 
• Cation-SR EmporeTM Extraction Disks, Supelco Merck KGaA (Darmstadt, Germany) 
• C18 octadecyl EmporeTM Extraction Disks, Supelco Merck KGaA (Darmstadt, Germany) 
• Cell counter, automatic cell counter Nano EnTek (St. Ingbert, Germany) 
• Cell culture dishes (100 cm), Sarstedt (Nümbrecht, Germany) 
• Cell Scraper (25 cm), Sarstedt (Nümbrecht, Germany) 
• Centrifuge, Eppendorf 5424 R (Hamburg, Germany)  
• Centrifuge, Heraeus Labofuge 400 (Hanau, Germany) 
• Clean bench, CA/R6 Clean Air (Minneapolis, USA) 
• Counting chamber, Fuchs-Rosenthal, marienfeld superior (Laida-Koenigshoven, 

Germany) 
• Cryovials, Nalgene Nunc (Wiesbaden, Germany) 
• Glassware (beakers, bottles, measurement cylinders) Carl Roth GmbH and Co. KG 

(Karlsruhe, Germany) 
• Ice-machine, Ziegra (Isernhagen, Germany) 
• Incubator, Heracel 240i (Bremen, Germany) 
• Incubator, VWR collection INCU-line digital mini incubator (Leuven, Belgien) 
• Orbitrap Fusion Lumos mass spectrometer, Thermo Fisher Scientific (Bremen, 

Germany). 
• Microcentrifuge, MiniStar silverline, VWR (Leuven, Belgien) 
• Micropipette, Eppendorf (Wesseling-Berzdorf, Germany) 
• Microplate 96-well, BD Falcon (Heidelberg, Germany)  
• Microplate reader, Genios Tecan (Männedorf, Switzerland) 
• Microscope Zeiss Axio Lab A1, Carl Zeiss (Oberkochen, Germany) 
• Miltenyi LS column, Miltenyi Biotec (Bergisch Gladbach, Germany) 
• Parafilm, Pechiney Plastic packaging (Brampton, Canada) 
• Pasteur pipettes (230 mm), BRAND (Wertheim, Germany) 
• pH-Meter, Calimatic 761, Knick (Berlin, Germany)  
• Pipette tips, maximum recovery, Axygen (Union City, USA)  
• Plastic conical tubes (15 ml / 50 ml), Sarstedt (Nümbrecht, Germany) 
• Plastic pipette (5 ml / 10 ml / 25 ml), Sarstedt (Nümbrecht, Germany) 
• Plates (96-well), BD falcon (Heidelberg, Germany) 
• PowerPac basic power supply, Biorad Laboratories GmbH (Munich, Germany)  
• Quadro MACS miltenyi magnet, Miltenyi Biotec (Bergisch Gladbach, Germany) 
• ReproSil-Pur 120 C18-AQ, 1.9 μm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany 
• Shaking water baths, Thermolab (Burgwedel, Gernmany) 
• Sonicator, BRANSON 2510, Branson (Danbury, USA) 
• Thermomixer Comfort, Eppendorf (Wesseling-Berzdorf, Germany) 
• Vortex, Ika vortex 3, Merck KGaA (Darmstadt, Germany) 

6.2.2 Chemicals and Solutions 
• 1,4-Dithiothritol (DTT), Sigma (Seelze, Germany)  
• 3-(N-morpholino)propanesulfonic acid (MOPS), Merck KGaA (Darmstadt, Germany) 
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• 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, AppliChem (Darmstadt, Germany)  
• Acetic acid, Biosolve (Dieuze, France) 
• Acrylamide, Merck KGaA (Darmstadt, Germany) 
• Ammonium acetate (AA), Merck KGaA (Darmstadt, Germany) 
• Ammonium persulfate (APS), Carl Roth GmbH and Co. KG (Karlsruhe, Germany) 
• Bio-Rad DCTM protein assay reagent kit, BioRad (Hercules, USA)  
• Bovine serum albumin (BSA), Sigma (Seelze, Germany) 
• Calcium chloride (CaCl2), Merck KGaA (Darmstadt, Germany) 
• Chloroacetamide, Merck KGaA (Darmstadt, Germany) 
• Dimethyl sulfoxide (DMSO), Sigma-Aldrich (Munich, Germany)  
• Dulbecco’s modified Eagle’s media (DMEM), without L-glutamine and sodium pyruvate 

Invitrogen Gibco (Paisley, UK)  
• Dulbecco’s phosphate-buffered saline (DPBS), without magnesium (Mg) and calcium 

(Ca), Gibco (Paisley, UK) 
• EDTA-free Protease Inhibitor Cocktail (Mini), Merck KGaA (Darmstadt, Germany) 
• Ethanol, Hoffman Lamson (Bentleyville, USA) 
• Ethylenediaminetetraacetic acid (EDTA), Sigma (Seelze, Germany) 
• Fetal calf serum (FCS), Invitrogen, Gibco (Paisley, UK) 
• Formic acid (FA), Biosolve (Dieuze, France) 
• Glycine, Carl Roth GmbH and Co. KG (Karlsruhe, Germany) 
• Instant Blue colloidal Coomassie stain (Thermo Fisher Scientific (Rockford, USA) 
• L-glutamin, Sigma (Seelze, Germany) 
• Magnesium acetate (MgAc), Merck KGaA (Darmstadt, Germany) 
• Magnesium chloride (MgCl2), Merck KGaA (Darmstadt, Germany) 
• Magnetite dextran (magnetic / pulse media) coated 10 nm particle, Liquids Research Ltd 

(Bangor, UK)  
• Methanol, Merck KGaA (Darmstadt, Germany) 
• N,N,N’,N’-Tetramethylethylenediamine (TEMED), Carl Roth GmbH and Co. KG 

(Karlsruhe, Germany) 
• PageRule prestained protein ladder (Marker - 10 - 180 kDa), Thermo Fisher Scientific 

(Rockford, USA) 
• Para-nitrophenyl-N-acetyl-2-B-D-glucosaminide (β-hex substrate), Merck KGaA 

(Darmstadt, Germany) 
• Pepstatin A, PanReac AppliChem (Germany) 
• Potassium chloride (KCl), Merck KGaA (Darmstadt, Germany) 
• Potassium phosphate (K2HPO4), Merck KGaA (Darmstadt, Germany) 
• Sodium chloride (NaCl), Merck KGaA (Darmstadt, Germany) 
• β-mercaptoethanol, Merck KGaA (Darmstadt, Germany) 
• Sucrose, Carl Roth GmbH and Co. KG (Karlsruhe, Germany) 
• Trifluoric acid (TFA), Biosolve (Dieuze, France) 
• Triton-X-100, Carl Roth GmbH and Co. KG (Karlsruhe, Germany) 
• Trypsin, Invitrogen, Gibco (Paisley, UK) 

6.2.3 Software 
• FusionCapt Advance Solo 4 (Vilbert Lourmat (Collégien, France)) 
• GraphPad Prism (San Diego, CA, USA) 
• MaxQuant (Max Planck Institute of Biochemistry (Planegg, Germany)) 
• Proteome Discoverer (Thermo Fisher Scientific (Waltham, USA)) 
• R studio (R Core Team, 2020) 
• Spectronaut (Biognosys (Schlieren, Switzerland)) 
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6.2.4 Methods 
6.2.4.1 Pulse Stable Isotope Labelling by Amino Acids in Cell Culture (pSILAC)  
Poly L-lysine (PLL) (0.5 mg/mL in phosphate buffered saline (PBS)) was used to coat 42 tissue 
culture plates / condition (10 cm dishes) for 20 min at 37 °C. Subsequently, plates were washed 
three times with pre-warmed PBS and human embryonic kidney cells 293 (HEK293) (6x106 cells 
/ 10 cm dish) seeded on PLL coated plates and cultured for 48 h at 37 °C and 5 % CO2 in stable 
isotope labelling by amino acids (SILAC) Dulbecco’s modified essential media (DMEM) 
supplemented with dialyzed fetal calf serum (FCS-10 % v/v) + glutamine (2 mM) + penicillin  
(100 IU/mL) + streptomycin (100 µg/mL), light or 13C6

15N2 labeled lysine, and 87.8 mg/mL light or 
13C6

15N4 labeled arginine. Per experimental condition in total 42x 10 cm dishes with 6x106 
HEK293 cells were seeded, corresponding to 7 time points with three biological replicates / time 
point (2 plates / time point). Cells were seeded in SILAC media containing amino acids labeled 
with light isotopes supplemented with 10 % (v/v) magnetite dextran solution (superparamagnetic 
iron oxide nanoparticles (SPIONs)) and incubated for 24 h at 37 °C and 5 % CO2. To remove the 
magnetite dextran solution, cells were washed three times with pre-warmed PBS before being 
re-supplemented with SILAC DMEM and incubated for 24 h. Cells were washed three times with 
pre-warmed PBS and the SILAC media containing amino acids labeled with light isotopes was 
replaced with SILAC medium containing amino acids labelled with heavy isotopes for 1, 2, 4, 8, 
16, and 32 h, whereas the time point 0 h served as a control (no SILAC medium containing amino 
acids labelled with heavy isotopes). 

6.2.4.2 Enrichment of Lysosomes 
Please refer to the method section of chapter 3. 

6.2.4.3 β-hexosaminidase Activity Assay 
Please refer to the method section of chapter 3. 

6.2.4.4 Pepstatin A Treatment and Cathepsin D Activity Assay 
HEK293 cells (3.5x106 / 10 cm dish) were treated and incubated with 40 µM Pepstatin A (PSTA 
- dissolved in DMSO) for 48 h at 37 °C and 5 % CO2, while the control cells were not treated with 
PSTA (supplemented with the same amount of DMSO). Subsequently, cells were harvested and 
lysed in ice-cold lysis buffer (500 mM NaCl, 50 mM Tris – HCl, 2 % Triton X-100, 0.4 % sodium 
dodecyl sulfate (SDS), pH 7.4) for 30 min on ice, centrifuged (20,000 x g), followed by protein 
measurement of the supernatant (DC-assay). 10 µL of samples with equal protein amounts  
(10 µg) were loaded onto a black 96-well plate, followed by the addition of 90 µL of acetate buffer 
(500 mM sodium acetate, 1 mM EDTA, 0.05 % Brij35, pH 4.0) and 11.11 µL of the substrate 
MCA-GKPILFFRLK-D-NH2 (final concentration: 20 µM) to each sample. The plate was incubated 
for 6 h at 37 °C. The fluorescence was measured at an excitation wavelength of 330 nm and an 
emission wavelength of 405 nm at 37 °C on a Tecan pro microplate reader (number of reads 3). 
Activity assays were performed in three biological replicates. Data analysis was performed in 
GraphPad Prism and Excel, where the readings were normalized against the control sample. 
Performed by H.D. 

6.2.4.5 Bortezomib Treatment and Proteasome Activity Assay 
The experimental setup was based on the “Proteasome 20S Activity Assay Kit” (Sigma-Aldrich, 
Munich, Germany). HEK293 cells (80,000 / well) were seeded in a 96-well plate. After 24 h, cells 
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were treated with 100 nM Bortezomib (BTZ), while the control cells were not treated with BTZ. 
After the treatment, 100 µL of the proteasome assay loading solution was added to each well. 
The plate was incubated overnight at 37 °C and protected from light. The fluorescence was 
measured at an excitation wavelength of 490 nm and an emission wavelength of 525 nm at  
37 °C on a Tecan pro microplate reader (number of reads 3). Activity assays were performed in 
three biological replicates. Data analysis was performed in GraphPad Prism and Excel, where 
the readings were normalized against the control sample. Performed by H.D. 

6.2.4.6 Cell Viability Assay 
The experimental setup was based on the “MTT cell viability assay” (Thermo Fisher, Rockford, 
USA). HEK293 cells (40,000 / well) were seeded in a 96-well plate. After 24 h, cells were treated 
with 100 nM BTZ and incubated for different time lengths (32, 16, 8, 4, 2, and 1 h) at 37 °C and 
5 % CO2. Control cells were not treated with BTZ. After the treatment, DMEM was discarded, 
and 50 µL FCS-free DMEM and 50 µL MTT Reagent were added to each well. A blank consisting 
of FCS-free DMEM and MTT reagent was prepared. The plate was incubated at 37 °C for 3 h. 
After the incubation, 150 µL of MTT solvent was added to each well and the plate was shaken 
on an orbital shaker for 15 min. The absorbance was measured at 590 nm on a Tecan pro 
microplate reader (number of reads 3). Data analysis was performed in GraphPad Prism and 
Excel, where the readings were normalized against the control sample. Performed by H.D. 

6.2.4.7 Generation of a CRISPR-Cas9 Niemann-Pick type C1 Gene Knock out  
Cell Line 
HEK293 cells (150,000 / well) were seeded in a 24-well plate in DMEM supplemented with fetal 
calf serum (FCS-10 % v/v) + glutamine (2 mM) + penicillin (100 IU/mL) + streptomycin (100 
µg/mL) and grown for 24 h at 37 °C and 5 % CO2. For transfection, clustered regularly interspaced 
short palindromic repeats ribonucleic acid (crRNA - target sequence: ATGGTGCAGT 
TCGTGTTATACGG; protospacer adjacent motif (PAM): CGG, Exon: 9), tracerRNA and Cas9 
plasmids (all three from Dharmacon (Horizon, Cambridge, UK)) were dissolved in 10 mM Tris-
HCl (pH 7.5) buffer to a final concentration of 10 μM, 10 μM and 100 ng/μL, respectively. All three 
reagents were mixed together and incubated for 30 min at room temperature. Prior to 
transfection, the mixture of crRNA, tracerRNA, Cas9 plasmid, and DharmaFECT transfection 
solution (Dharmacon) were added to 500 µL DMEM media, resulting in final concentrations of  
50 nM, 50 nM, 2 ng/μL and 6 ng/μL. Subsequently, cells were transfected and incubated with the 
mixture for 48 h at 37 °C and 5 % CO2, while for control purposes (negative control) one well was 
only supplemented with the Cas9 plasmid. Following transfection, the DMEM medium was 
replaced against fresh DMEM media supplemented with 2 µg/mL puromycin (except the negative 
control) and the cells again incubated for 48 h at 37 °C and 5 % CO2. After 48 h, cells were diluted 
(1:5) in DMEM media supplemented with puromycin (2 µg/mL) and further cultivated for 24 h at 
37 °C and 5 % CO2. Followed by the limiting dilution, singly selected cells were cultured to 90 % 
confluency and split to three 96 well plates, while two were frozen at -80°C in DMEM media  
(20 % FCS, 10 % DMSO) and the other was lysed in 50 µL lysis buffer (1 mM CaCl2, 3 mM MgCl2,  
1 mM EDTA, 0.2 mg/mL Proteinase K, 1 % Triton X-100 and 10 mM Tris-HCl) to extract genomic 
DNA. Polymerase chain reaction (PCR) was performed followed by sequencing and western blot 
analysis to verify the clones with a knock out of the NPC1 gene. Performed in parts with the 
assistance of A.M.  
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6.2.4.8 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
Please refer to the method section of chapter 3. 

6.2.4.9 Western-blotting 
Please refer to the method section of chapter 3. 

6.2.4.10 Proteolytic Digestion 
Please refer to the method section of chapter 3. 

6.2.4.11 Peptide Assay 
The experimental setup was based on the protocol “Pierce Quantitative Fluorometric Peptide 
Assay” by Thermo Fisher. In brief, a peptide assay standard was diluted freshly in the following 
concentrations: 1000; 500; 250; 125; 62.5; 31.3; 15.6 and 7.8 µg/mL. The peptides, dissolved in 
5 % ACN, were diluted 1:10. 10 µL of each sample and standard were pipetted into a black 96-
well microtiter plate. To each well 70 µL of fluorometric peptide, assay buffer were added, and 
afterwards, 20 µL of fluorometric peptide assay reagent were added to each well. The microtiter 
plate was incubated for 5 min at RT. The fluorescence was measured using a Tecan Pro 
microplate reader applying an excitation wavelength of 390 nm, and an emission wavelength of 
475 nm. Data analysis was performed in Excel. 

6.2.4.12 Phosphopeptide Enrichment 
Phosphopeptides were enriched from 1.8 mg of urea in solution digested, Oasis cartridges 
desalted lysosome enriched protein digest by the SMOAC (Sequential enrichment using Metal 
Oxide Affinity Chromatography) approach. The procedure utilizes both the High-SelectTM TiO2 
Phosphopeptide Enrichment kit (Thermo Scientific, Darmstadt) and the High-SelectTM Fe-NTA 
Phosphopeptide Enrichment kit (Thermo Scientific, Darmstadt). Briefly, for TiO2 enrichment the 
sample was reconstituted in 150 µL of the provided binding/equilibration buffer and then loaded 
on an equilibrated TiO2 spin tip and passed through two times for 5 min by centrifugation at 
1000xg. Then the spin tip was washed with 20 µL binding/equilibration buffer followed by 20 µL 
wash buffer at 3,000xg for 2 min each. The wash procedure was repeated once. Finally, the spin 
tip was washed once with 20 µL water and then eluted 2x with 50 µL phosphopeptide elution 
buffer. The eluate was immediately dried in a vacuum centrifuge to avoid phosphopeptide 
degradation. For the subsequent Fe-NTA enrichment, the combined flow-through and wash 
fractions from the TiO2 enrichment were dried in a vacuum centrifuge, dissolved in 200 µL of 
binding/wash buffer and applied to an equilibrated IMAC spin column. The sample was mixed 
with the IMAC resin by column tapping and incubated for 30 min to allow phosphopeptide binding. 
Sample mixing was repeated every 10 min. After centrifugation at 1,000xg for 30 sec, the IMAC 
column was washed three times with 200 µL of binding/wash buffer, followed by 200 µL water. 
Finally, phosphopeptides were eluted with 2x100 µL elution buffer and afterwards immediately 
dried in a vacuum centrifuge. Samples were subsequently resuspended in 20 µL of  
5 % ACN / 5 % FA from which 25 % were measured on the Orbitrap Fusion Lumos. Data analysis 
was performed via Proteome Discoverer and MaxQuant. Performed in parts with the assistance 
of R.H. 

6.2.4.13 Liquid Chromatography Electrospray Ionization Mass Spectrometry 
Please refer to the method section of chapter 3. 
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6.2.4.14 Spectronaut Analysis 
Please refer to the method section of chapter 3. Modifications: For the generation of a spectral 
library, in the labeling setting the “Labelling Applied” option was enabled, as well as the SILAC 
labels (“Arg10” and “Lys8”) were specified in the second channel. To ensure a complete 
heavy/light labeling of the whole library the “In-Silico Generate Missing Channels” option in the 
workflow settings was enabled. Data were exported from Spectronaut in a csv. format and further 
processed in software including Excel, Prism, R-studio. 

6.2.4.15 Normalization and Post Data analysis 
Data from Spectronaut was imported and analyzed using R Version 4.0.2 (R Core Team, 2020) 
with the integrated development environment RStudio (Version 1.3.1056). For data importing, 
tidying, transforming and statistical modeling tidyverse [108], and R base packages were used. 
Computed linear and nonlinear models were tidied with “Broom” (R-package). Advanced 
normalization steps (normalization between arrays) were performed using “limma” [109] with 
BiocManager to manage Bioconductor packages. For data visualization “ggplot2” (R-package) 
was utilized. First, protein groups and the corresponding non-normalized signal intensities of the 
individual MS2 channels (MS2 channel 1 = light, and MS2 channel 2 = heavy) were imported. 
Next, explicit and implicit missing values were replaced by zero value. Implicit missing values 
were made transparent by pivoting steps between long and wide data format. Based on these 
results the sum of both individual channels was computed and defined as total signal for each 
protein group and condition. Here, a condition consists of a treatment and a time point. All non-
zero intensities were log2 transformed and otherwise left unchanged. After inspection of the 
resulting intensity distributions, all processed intensities, which had values lower than one, were 
considered as signal noise and replaced by “NA”. Data was filtered based on the total intensities 
and only entries with at least two valid values within a condition were kept. Subsequent data 
normalization was conducted based on the total intensities. Normalization methods (e.g.: non-
normalized (log2 transformed), quantile, median scaling, Loess) were separately fit for each 
treatment. Resulting normalization factors were applied to transform (normalize) the intensities 
of light and heavy channel individually. All normalization approaches assume that the majority of 
total expressions (i.e. summed protein amount of light (degradation) and heavy (synthesis)) is 
stable across the analyzed time points. Based on the visual inspection of a variety of descriptive 
statistical measures (e.g.: corresponding MA plots, PCA plots, boxplots, histograms) the 
normalization results were compared to one another and to the non-normalized log2 transformed 
data. Based on these findings, quantile normalization showed the best and most reasonable 
performance in removing technical biases. Following analysis was conducted based on quantile 
normalized data. Half-lives were estimated by fitting linear models to the data. Here, the half-life 
is defined as time at which the amount of light and heavy labeled protein per protein group are 
equal. In this case, the ratio of the intensities between the non-logarithmic intensities of the two 
channels is one. In brief, the ratios of the non-logarithmic intensities (heavy/light) were computed 
and represented the dependent response variable contrary to the time in hours as independent 
explanatory variable. To obtain linearity, the ratios were transposed with the natural logarithm + 
1. Next, linear regression was applied to the prepared data and based on the slope estimates 
and considering the transformed ratios the half-lives were computed. In addition, R² values were 
computed to evaluate the quality of the models. Only for visualization purposes and better 
comparability, the data was scaled to the intensity of the time point zero of the light channels for 
each protein group and treatment. Performed in parts with the assistance of M.S.  
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6.3 Results and Discussion 
6.3.1 Investigation of Protein Half-Lives of HEK293 WT Cells 
As lysosomes are aside from the ubiquitin proteasome degradation pathway, the major 
degradative organelle of the cells, they play a crucial role in maintaining cellular homeostasis by 
degrading proteins [2]. Hence, there is a great interest in a better understanding of their role in 
protein degradation and investigation of their protein half-lives. Numerous large-scale turnover 
studies performed on the whole-cell level did not allow for reproducible half-life determination of 
the low abundant lysosomal proteins [103, 104, 106, 107, 110]. Therefore, to study the role of 
lysosomes in protein degradation as well as half-lives of lysosomal proteins on a large scale, the 
pSILAC DIA MS/MS [107] approach was applied. Due to the overall low abundance of lysosomal 
proteins, lysosomes were enriched by superparamagnetic iron oxide nanoparticles (SPIONs) 
from HEK293 cells, allowing for a comprehensive coverage of the lysosomal proteome [34, 44]. 
Preliminary experiments (results not shown) led to the development of a 48 h workflow from the 
day of cell seeding in SILAC cell-culture growth medium containing amino acids labelled with 
light isotopes (Lys0, Arg0) to the day of lysosome enrichment. The overall workflow was based 
on seven different incubation lengths (0, 1, 2, 4, 8, 16, 32 h) of SILAC medium containing amino 
acids labelled with heavy isotopes (Lys8, Arg10) with three biological replicates per time point 
(Figure 9).  

 
Figure 9: Scheme of pSILAC DIA MS/MS workflow. Lysosome enrichments were performed from HEK293 cells. 
Cells were incubated with superparamagnetic iron oxide nanoparticles (SPIONs) for 24 h (pulse) followed by a 24 h 
chase for delivery to the lysosomes. The bar graph in purple shows the incubation time with medium containing amino 
acids labelled with light isotopes and in green medium containing amino acids labelled with heavy isotopes. On the 
day of enrichment, cells were harvested, homogenized and the post-nuclear supernatant (PNS) passed through 
columns retaining lysosomes in a magnetic field. Lysosomal fractions were proteolytically digested with trypsin, 
samples desalted, and measured on an Orbitrap Fusion Lumos, followed by data analysis. Abbreviations: SPIONs: 
superparamagnetic iron oxide nanoparticles, LC-DIA MS/MS: liquid chromatography data independent acquisition 
tandem mass spectrometry, PNS: post nuclear supernatant. 

MS analysis of enriched lysosomal fractions from HEK293 WT cells (21 DIA and 7 DDA 
runs) resulted in the identification of about 510 lysosomal and 5,600 proteins associated to other 
cellular organelles (Figure 10A, B). To calculate half-lives based on the pSILAC DIA MS/MS 
approach, the assumption is the following: The synthesis rate of a protein is tracked based on 
the increase of SILAC heavy labeled peptides abundances, while the rate of degradation 
corresponds to the decrease of SILAC light labeled peptides abundances. Two methods were 
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proposed for the determination of protein half-lives: 1) In the first method (linear regression 
model), the ratio of SILAC labeled peptide abundances for the heavy and light SILAC channels 
for the respective protein are calculated and plotted against time. The time where the protein 
abundance ratio (heavy/light) equals 1 is defined as the half-life of the protein [111]  
(Figure 10C). In the second method individual SILAC labeled peptide abundances for the heavy 
and light SILAC channels for the respective protein were plotted against the time. The 
intersection point of the two profiles corresponds to the time where 50 % of the protein is turned 
over (=half-life) [103, 106] (Figure 10D). Applying the first method, half-lives for 475 lysosomal 
and 4,173 proteins associated to other cellular organelles were determined resulting in a median 
half-life of 17 and 16 h for the lysosomal and rest of the proteome respectively (Figure 10E, F). 
Further, the top five proteins with the longest and shortest half-lives for non-lysosomal and 
lysosomal proteins were shown (Table 1). 

 
Figure 10: Determination of protein half-lives from lysosome enriched fractions (HEK293-WT cells). A/B) Bar 
graphs showing proteomic data inspection (protein IDs) of lysosome enriched fractions from HEK293-WT cells. 
Lysosomes were enriched from a total of 43 plates of 10 cm HEK293 cells using SPIONs cultured in medium containing 
amino acids labelled with light (L) isotopes and switched to SILAC medium containing amino acids labelled with heavy 
(H) isotopes for different time periods for seven different time points including 0, 1, 2, 4, 8, 16, and 32 h pulse with 
three replicates each. Data represents 21 pSILAC DIA LC-MS/MS runs. Data was analysed in the Spectronaut 
software. C) Determination of protein half-lives applying the linear regression model, where the ratio of SILAC labeled 
peptide abundances for the heavy and light SILAC channels for the respective protein are calculated and plotted 
against time. The time point where the protein abundance ratio of the SILAC heavy/light channels equals 1 is defined 
as the half-life of the protein. D) Determination of protein half-lives by plotting abundances of SILAC labeled protein 
abundances for the heavy and light SILAC channels against the time. The intersection point of the two profiles 
corresponds to the half-life of the protein. E/F) Binned frequency distribution analysis of protein half-lives for identified 
non-lysosomal (other) and lysosomal proteins (Lys), applying a bin range of 5 h on the x-axis, plotted against the 
number of identified proteins (counts). Abbreviations: IDs: identifications, H: heavy, L: light.  
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Table 1: Example of proteins (top 5) with the longest and shortest half-lives for non-lysosomal and lysosomal 
proteins.  

Other half-lives (h) - Longest Lys half-lives (h) -Longest 

Other Time Genes Time 

RPL23 106 CMTM6 81 

H3C1 90 ITFG2 66 

DPYSL5 88 SOD1 64 

SLC18B1 81 CTSL 50 

CKB 75 SGSH 44 

Other half-lives (h) - Shortest Lys half-lives (h) - Shortest 
MRFAP1 1 ATP6AP2 4 

NEO1 1 CTSV 5 

RNF149 2 SPPL2B 6 

MORF4L2 2 GJA1 6 

TGOLN2 2 SLC39A14 6 

6.3.2 Establishment of Conditions Impairing Lysosome and 
Proteasomal Function  
As the majority of performed large-scale turnover studies to date were performed on cells in a 
steady-state, the turnover study was further extended to conditions impairing lysosome and 
proteasome function – Both organelles associated to the two main systems for degradation of 
proteins associated to the autophagy-lysosome pathway and ubiquitin-proteasome system, 
respectively. This includes the impairment of 1) autophagosome-lysosome fusion (autophagy-
related gene 5 – knock out (ATG5-KO) cells), 2) lysosomal degradation (pepstatin A (PSTA) 
treatment), 3) cholesterol homeostasis (Niemann-Pick cholesterol transporter 1 – knock out 
(NPC1-KO) cells), 4) protein glycosylation (multiple glycosylation machinery related genes knock 
out (MGM-KO) cells), and 5) proteasomal degradation (bortezomib (BTZ) treatment). 

6.3.2.1 Verification of ATG5-KO Impairing Autophagosome-Lysosome Fusion 
Substrates targeted for degradation are delivered to the lysosomes by vesicle transport, such as 
through endosomes (for extracellular material), autophagosomes (for intracellular material), or 
alternatively by chaperone mediated autophagy or endosomal microautophagy [2]. To identify 
proteins delivered by the autophagy-lysosome pathway, an ATG5-KO (autophagy-related gene 
5 – knock out) cell line impairing autophagosome-lysosome fusion was used [112]. 
Autophagosomes are formed by the development and growth of a double-layered isolation 
membrane in the cytoplasm, which is enabled by specific autophagy proteins such as the 
microtubule-associated protein light chain 3 (LC3), engulfing cargo to be degraded [113]. 
Followed by the closure of the autophagosomal membrane, the lysosomes and autophagosome 
fuse via the action of different proteins like soluble N-ethylmaleimide-sensitive-factor attachment 
receptors (SNARES) [2]. In this process ATG5 interacts with ATG12 and ATG16 to convert  
LC3-I into a membrane bound form called LC3-II. The conversion of LC3-I into LC3-II is 
accompanied by a change in molecular weight, which is frequently used as a marker for 
autophagy [113]. Thus, knock out of ATG5 blocks autophagy and should lead to a loss of LC3-II 
[112]. This was verified via western blot, while CTSD (lysosomal protein) served as positive 
control showing that equal amounts of samples were loaded on the gel (Figure 11). 
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Figure 11: Verification of ATG5-KO. A) Western blot analysis of ATG5-KO cells by 
comparing LC3-II signal for 12 µg of wild type (WT) and knock out (KO) cells. LC3B 
antibody (detecting LC3-I and LC3-II) dilution 1:1000 (v/v) in 5 % BSA in TBST overnight. 
As a loading control, the membrane was stripped and incubated with the cathepsin D 
(CTSD) antibody (1:2000 (v/v) ratio in 5 % BSA in TBST for 2 h). Abbreviations: WT: 
wild type, ATG5-KO: autophagy related gene knock out 5, CTSD: cathepsin D, BSA: 
bovine serum albumin, TBST: Tris-buffered saline Tween 20. 
 
 

6.3.2.2 Verification of CTSD Inhibition Impairing Lysosomal Degradation 
Cathepsin D (CTSD) belongs to one of the most abundant lysosomal luminal hydrolases with the 
main function to degrade proteins [44, 114]. In order to determine the substrates degraded within 
the lysosomes, lysosomal degradation was impaired applying the inhibitor pepstatin A (PSTA) 
[115]. PSTA inhibits acid proteases such as CTSD and CTSE in a pseudo-irreversible manner 
(i.e. it does not bind covalently to the enzymes), significantly impairing lysosomal protein 
degradation. In order to validate the extent of inhibition, a cathepsin D activity assay was 
performed in lysates of HEK293 cells, which were treated with 40 µM pepstatin A for 6 h (results 
leading to the development of the workflow are not shown). This resulted in a 80 % inhibition of 
the CTSD activity compared to the non-treated control sample (DMSO) (Figure 12). 

Figure 12: Verification of CTSD inhibition.  Bar graph with standard deviation 
showing average readings from three biological replicates for HEK293 cell lysates 
either treated with 40 µM pepstatin A or DMSO (control) for 48 h. Assay readings have 
been normalized against the control. Abbreviations: CTSD: cathepsin D, DMSO: 
Dimethyl sulfoxide, PSTA: Pepstatin A. 
 
 
 
 
 

6.3.2.3 Verification of NPC1-KO Impairing Cholesterol Homeostasis 
Niemann-Pick cholesterol transporter 1 (NPC1) is a lysosomal transmembrane protein involved 
in trafficking of low-density lipoprotein (LDL)-derived cholesterol from lysosomes to the 
endoplasmic reticulum (ER) [31, 32]. A mutation or complete absence of this protein leads to the 
failure of cholesterol transport and its lysosomal accumulation, leading to the Niemann-Pick type 
C1 (NPC1) disease [116]. In order to investigate the underlying disease causing proteomic 
changes upon cholesterol accumulation, a NPC1-KO cell line was generated using the CRISPR-
Cas9 system [117]. The knock out was verified via western blot by detecting NPC1, while TUBA1 
(cytosolic protein) served as a positive control showing that equal amounts of samples were 
loaded on the gel (Figure 13). 

 
Figure 13: Verification of NPC1-KO. Western blot analysis of NPC1-KO cells by 
comparing NPC1 signal for 10 µg of wild-type (WT) and knock out (KO) cells. NPC1 
antibody dilution 1:2000 (v/v) in 5 % BSA in TBST overnight. As a loading control, the 
membrane was stripped and developed with the alpha-tubulin antibody (1:5000 (v/v) ratio 
in 5 % BSA in TBST for 2 h). Abbreviations: WT: wild-type, NPC1-KO: Niemann-pick 
type C1 knock out, TUBA1: alpha-tubulin.  
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6.3.2.4 MGM-KO Cell Line Impairing Protein Glycosylation 
The HEK293 MGM-KO (multiple glycosylation machinery related genes knock out) cell line of 
[C1GALT1C1 (C1GALT1 specific chaperone 1), GNPTAB (N-acetylglucosamine-1-
phosphotransferase subunits alpha/beta), MGAT1 (alpha-1,3-mannosyl-glycoprotein 2-beta-N-
acetylglucosaminyltransferase), and ALG3 (Dol-P-Man:Man(5)GlcNAc(2)-PP-Dol alpha-1,3-
mannosyltransferase)] was kindly provided by our collaboration partners from the University of 
Copenhagen. The applied cell line (termed MGM-KO) in this study has not been published yet 
and was generated specifically for this project. The cell line was used to study whether and to 
which extent the impairment of glycosylation might influence the half-life of especially lysosomal 
proteins. The cell line is limited to produce rather homogenous truncated O-glycosylation 
(GalNAc-alpha1-Ser/Thr) through the knock out of C1GALT1 specific chaperone 1 specific to the 
C1GALT1 gene (A glycosyltransferase primarily responsible to build the core 1 O-glycan Gal-
beta1-3GalNAc-alpha1-Ser/Thr, which serves as precursor for several extended O-glycans). The 
cell line is primarily supposed to express homogeneous mannose 3-5 N-glycan structures without 
mannose-6-phosphate.  

6.3.2.5 Verification of Proteasome Inhibition Impairing Proteasomal Degradation 
Proteins targeted for degradation by the ubiquitin-proteasome system reach the proteasome by 
ubiquitination - A tag of 76 amino acids covalently formed between the C-terminal glycine (G76) 
of ubiquitin and the sidechain of a lysine of its substrate proteins [118]. To determine which 
lysosomal associated proteins are degraded by the proteasome, a workflow for the inhibition of 
proteasomal activity using bortezomib (BTZ) [119] was established. BTZ is a dipeptide with 
leucine containing boronic acid applied for the inhibition of the proteasome, in which the boron 
atom binds chymotrypsin-like sites of the 26S proteasome. In order to validate the extent of 
proteasome inhibition, a proteasome activity assay was performed in lysates of HEK293 cells, 
which were treated with 100 nM for 16 h, as incubations longer than 16 h led to the death of the 
cells. This resulted to a 78 % inhibition of proteasomal activity compared to the non-treated 
control sample (DMSO) (Figure 14). 

 
Figure 14: Verification of proteasome inhibition. A) Bar graph with standard deviation showing average readings 
from three biological replicates for HEK293 cells either treated with 100 nM BTZ or DMSO (control) for 16 h. B) Bar 
graph with standard deviation showing average readings from the cell viability assay for HEK293 cells incubated with 
100 nM BTZ for different time lengths. Assay readings have been normalized against the control (DMSO). 
Abbreviations: DMSO: dimethyl sulfoxide, BTZ: bortezomib.  

6.3.3 Quantification of Lysosome Enrichment and Lysosome Integrity 
The efficiency of lysosome enrichments and their integrity was assessed using  
β-hexosaminidase assays, an enzyme, which resides inside the lumen of intact lysosomes [45]. 
The artificial substrate of this enzyme “para-nitrophenyl-N- acetyl-2-ß-D-glucosaminide” cannot 
pass the lysosomal membrane. Thus, when lysosomes are incubated under isotonic conditions 
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the substrate is inaccessible for the enzyme β-hexosaminidase. Through the treatment of 
lysosomes with detergents such as Triton X-100, the lysosomal membrane can be lysed, leading 
to the release of the enzyme. Thus, activity determination in the presence of Triton X-100 
treatment gives the total activity present in the sample, whereas activity under isotonic conditions 
only represents broken lysosomes. The activity difference (Triton X-100-Isotonic) thus reflects 
the intact lysosomes. β-hexosaminidase activity assays were performed for all six lysosomal 
conditions with three replicates/time points after lysosome enrichment. All 21 enzymatic 
assays/condition were normalized and summarized for each of the seven time points  
(Figure S1-6). The results show normalized enzymatic activity readings for the “input” fraction 
representing the post nuclear supernatant and the eluate fraction representing the lysosome 
enriched fraction. From the comparison of enzymatic activity readings among the different 
conditions from the input fraction one could conclude that overall, the lysosomal yield in the eluate 
fractions among all conditions was quite similar (20-40 %). However, the analysis showed that 
lysosomal integrity varied widely among the different conditions. Especially, for the MGM and 
NPC1-KO conditions, more lysosomes were broken in the input and the eluate indicating more 
fragile lysosomes (Figure 15). 

 
Figure 15: Summary of normalized β-hexosaminidase activity assay readings to compare lysosome 
enrichments and integrity. Shown are mean value for samples incubated with SILAC medium containing amino 
acids labelled with heavy (H) isotopes for different time periods for seven different time points including 0, 1, 2, 4, 8, 
16, and 32 h pulse with three replicates each for each of the six conditions. For each of the individual time points and 
replicates the data was combined. Samples treated with Triton X-100 represent broken lysosomes for the input (=post 
nuclear supernatant) and eluate fractions. Difference in activity readings between the intact and broken status of 
lysosomes represents the lysosomal integrity. Abbreviations: WT: wild-type, ATG5-KO: autophagy related gene 5 
knock out, BTZ: bortezomib, PSTA: pepstatin A, MGM-KO: multiple glycosylation machinery related genes knock out, 
NPC1-KO: Niemann-Pick type C1 knock out. Also see Figure S1-6.   
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6.3.4 Investigation of Protein Half-Lives from Lysosome Enriched 
Fractions 
Determining protein half-lives representing "true" changes under cellular perturbational 
conditions requires more mathematical adjustments than those at a steady state. This open 
problem still needs to be addressed in the field [120]. Dynamic changes have only been 
estimated approximately applying assumptions based on linear rate changes, which most 
probably do not represent the "true" change/response of the dynamically adjusting proteome. 
Yet, the steady-state assumptions were successfully applied to effectively compare relative end-
point synthesis and degradation rates between conditions [103, 105, 121]. One must add, that 
the critical constant degradation rate for determining half-life, corresponding to the time for a 
protein to be reduced from the given existing pool by half, is certainly true for non-dividing cells. 
However, for dividing cells such as HEK293 cells used in this study, this is certainly not true, as, 
with every cell division, the protein pool will be diluted. Hence, in dividing cells, the reduction of 
protein amount is based on a combination of actual degradation and dilution due to cell division 
[122]. Therefore, to calculate the "true" loss of a protein, a dilution factor (=doubling time of cells) 
was considered to determine the degradation rate. Further, categorically, synthesis, and 
degradation rates differ in their mathematical properties. Synthesis is a zero-order process where 
the change is measured in units (protein amount over time). On the other hand, degradation is a 
first-order process, as its rate corresponds to the removal of proteins from an existing pool 
following an exponential decay function [95].  

6.3.4.1 Proteomic Overview and Data Inspection 

Acquired pSILAC DIA MS/MS (138 raw files), and DDA MS/MS runs (48 raw files) were used to 
generate a hybrid peptide spectral library using Pulsar integrated within the Spectronaut 
software. The spectral library contains 236,234 precursors, covering 153,115 unique peptides 
annotated to 8,208 proteins. Followed by the generation of a spectral library, all 138 DIA files 
were analysed in Spectronaut [69]. The final output contained individual quantificational values 
(=protein abundances) for the light and heavy channels for each of the proteins. The data were 
further exported and analysed using in-house-built scripts in R-studio (methods 6.2.4.15). The 
data analysis led to the identification of about 5,500 proteins each modified with SILAC light and 
heavy isotopes showing an efficient labeling across all conditions and time points (Figure 16A). 
The data covered at least 550 lysosomal proteins for all of the lysosome enriched fractions, 
compared to 400 IDs for the whole cell lysate illustrating an efficient coverage of the lysosomal 
proteome, which is line with published studies [34, 44] (Figure 16B). Further, a heatmap was 
applied to visualize clusters of all identified protein IDs in 0, 1, 2, and 3 replicates across all 
conditions and time points indicating a good reproducibility among the respective replicates 
(Figure 16C). The non-normalized protein abundances showed, as expected, a reduction of the 
proteins labeled with SILAC light isotopes (green) (correlation of intensity (log2) on the x-axis) 
and an increase of proteins labeled with the SILAC heavy isotopes over time (Figure 16D). 
Quantificational analyses revealed two major insights: 1) significant differences in median protein 
abundance among the different conditions, 2) outliers, where for example SILAC heavy 
intensities for 16 h are higher than compared to the 32 h for the ATG5-KO, and vice versa for the 
SILAC light intensities (Figure 16E). These discrepancies in quantificational data were not 
surprising due to experimental variations arising from sample handling, but mostly associated to 
factors related to the MS measurements (chromatographic separation, ionization, differences in 
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sensitivity over time). With this, the data remains biased, especially if not measured in the same 
measurement slot, which is however hardly avoidable due to restrictions in measurement times 
and loss of sensitivity over a period of measurement. The initial analysis of the whole dataset led 
to conclusion that although the entirety of the whole dataset shows a good coverage of the whole 
as well lysosomal proteome with efficient labeling and reproducibility on the level of protein 
identification, quantificational biases remain requiring an appropriate  
normalization strategy. 
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Figure 16: Proteomic overview for the pSILAC DIA MS/MS turnover study. A) Bar graph showing proteomic data 
inspection (protein IDs) of whole-cell lysate (WCL) from HEK293 cells serving as a control, as well lysosome enriched 
fractions isolated under six different lysosomal perturbation conditions including: the impairment of autophagosome-
lysosome fusion (ATG5-KO cells), proteasome activity (BTZ treatment), protein glycosylation (MGM-KO), cholesterol 
homeostasis (NPC1-KO), cathepsin activity (PSTA treatment), and wild type (WT). Lysosomes were enriched from a 
total of 294 plates of 10 cm HEK293 cells using SPIONs cultured in medium containing amino acids labelled with light 
(L) isotopes and switched to SILAC medium containing amino acids labelled with heavy (H) isotopes for different time 
periods for seven different time points including 0, 1, 2, 4, 8, 16, and 32 h pulse with three replicates each. Data 
represents 186 LC-MS/MS runs (applying the data-independent acquisition (DIA) and data-dependent acquisition 
(DDA)). Data was analysed in the Spectronaut software and post analysis performed in house-built R-scripts. B) Bar 
graph showing a summary of bar graph A displaying average proteins IDs for all identified proteins, in which proteins 
have been shown for a list of lysosomal gene ontology (GO) annotated proteins (LYS (GO)), and proteins associated 
to other cellular compartments (other). The list of lysosomal proteins associated with the gene ontology list and the 
manually curated list can be viewed under (Table S1). C) Visualization of missing/valid values for all identified 
proteins/condition/time points, where the number of identifications per replicate were color-coded from 0-3. D) 
Histograms showing the normal distribution of data separated on the x-axis based on bins of protein abundance and 
plotted against the number of counts. Each bin visualizes the distribution for the quantified values for the SILAC light 
(green) and heavy channel (orange) over time for each of the conditions and time points (replicates for each of the 
time conditions have been combined). The vertical red line indicates a fix value on the x-axis for a better comparison 
among each of the graphs. E) Box-whisker plots (95 % quantile box/2.5 % +/- whisker, median=line) showing raw 
quantitative values (=protein abundance) for each of the seven-time points for each of the conditions, where the 
replicates have been clustered and visualized for the SILAC light and heavy channel. A red line was inserted for a 
better comparability of protein abundance among the conditions. Abbreviations: R: replicate, IDs: identifications 
(number of identified proteins), Lys: lysosomal, ATG5-KO: autophagy related gene 5 knock out, BTZ: bortezomib, 
MGM-KO: multiple glycosylation machinery related genes knock out, NPC1-KO: Niemann-Pick type C1 knock out, 
PSTA: pepstatin A, WCL: whole cell lysate, WT: wild-type. 

6.3.4.2 Normalization of Proteomic Data Applying a “MasterMix” Approach 

A normalization approach to account for technical biases was developed based on the generation 
and measurement of a "MasterMix". The rationale behind the approach was to pool all 21 
samples for a given condition covering all seven-time points (including its three replicates). 
Subsequently, samples from all seven conditions were measured in triplicates in a randomized 
order in the same measurement slot. This strategy proved to be highly successful, as the 
measured "MasterMix" data showed no measurement artefacts (“batch measurement effects”) 
among the conditions (Figure 17A, B). Hence, normalization factors were calculated from these 
results and applied to the acquired initial dataset showing a normal distributed narrow range of 
factors (Figure 17C). After bioinformatic assessment and validation of different normalization 
approaches, the dataset was normalized (see section 6.2.4.15) showing a steady decrease of 
the SILAC light channel intensities and an increase for the SILAC heavy channel intensities over 
time (Figure 17D). One can further observe that the total intensities after normalization were 
adjusted, as the sum of SILAC light and heavy channel should be the same within a condition 
over the seven-time points. The data after normalization allowed us to compare the conditions 
among each other and revealed: 1) The overall proteome abundance of lysosome enriched 
fractions and whole cell lysate is similar, representing the steady-state and hence excluding 
artifacts (with a high probability) as a result of lysosome enrichment via SPIONs, 2) the highest 
median proteome abundance for the NPC1 condition (total), indicating a major impairment of 
degradational processes (highest light channel), while the synthesis rate (comparable heavy 
channel) seems not to be affected, 3) pepstatin A treated cells with an impaired lysosomal 
degradation revealed a significant proportion of proteins not being able to be degraded (an 
increase of SILAC light channel), visible as outliers in the box whisker plots (Figure 17D). In the 
last step, quality control (QC) criteria were developed and assessed to determine half-lives of 
identified proteins. The QC criteria included the identification of the protein in at least two 
replicates over at least a series of five-time points with a coefficient of variance (CV) threshold of 
50 % (Figure 17E). 
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Figure 17: Normalization strategy for the pSILAC DIA MS/MS turnover study. A) Box-whisker plots (95% quantile 
box / 2.5 % +/- whisker, median=line) showing quantitative values (=protein abundance) for each of the conditions, 
where three replicates have been clustered and visualized for the SILAC light and heavy channel. For these results, 
21 additional LC-MS/MS runs were acquired in which for each of the conditions all of the seven time points across all 
three replicates have been pooled and measured in the same measurement slot to minimize technical variances and 
apply these for normalization purposes. B) For the same dataset, protein IDs across all the seven different conditions 
have been plotted for each of the three replicates. C) Histogram visualizing the range of calculated normalization 
factors (in bins) plotted on the x-axis and matched against the number of valid values on which it has been applied for 
the valid values, including the SILAC light, and heavy channel for the seven conditions. D) Box-whisker plots (95% 
quantile box / 2.5 % +/- whisker, median=line) showing quantitative values (=protein abundance) for each of the 7 time 
points for each of the conditions, where the replicates were clustered and visualized for the SILAC light and heavy 
channel. A red line was inserted for a better comparability of protein abundance among the conditions. E) Color coded 
matrix visualizing the % of fractions passing the coefficient of variation (CV) thresholds for the SILAC light and heavy 
channels. Abbreviations: R: replicate, IDs: identifications (number of identified proteins), ATG5-KO: autophagy 
related gene 5 knock out, BTZ: bortezomib, MGM-KO: multiple glycosylation machinery related genes knock out, 
NPC1-KO: Niemann-Pick type C1 knock out, PSTA: pepstatin A, WCL: whole cell lysate, WT: wild-type.  

6.3.4.3 Determination of Protein Half-lives  
Filtered, normalized values passing the established quality control criteria were used to 
determine protein half-lives for 6,915 proteins across all conditions applying ratio-based linear 
regression models [111] (Figure 18A). The dataset covered 539 lysosomal proteins based on 
the lysosomal gene ontology list (Table S1). In total, across all conditions, out of 48,405  
(6,915 x seven conditions) possible determinable half-lives, the study covered 33,968 including 
2,947 associated to the lysosomal proteome (Figure 18B, Table S2).  

The data showed a wide range of protein half-lives, where for a small number of proteins 
negative half-lives were determined, which could not be true and represent an artifact of missing 
values for the respective SILAC channel. Hence, to compensate for such artifacts, the r-square 
value as a further quality control criterion was introduced. Based on this, the half-lives for the 
lysosomal and rest of the proteome were categorized, eliminating artifacts to a minimum for the 
categories “High” and “Medium” (Med) (Figure 18B-D). One of the most important observations 
was that the half-lives from proteins of the whole cell lysate and lysosome enriched fractions in 
wild type show a similar range, excluding artifacts with a high probability resulting from lysosome 
enrichment via SPIONs. Looking into a narrower range of protein half-lives ranging from a scale 
of 0-50 h, representing the majority of our data, one could observe major differences in protein 
half-lives among the different conditions (Figure 18E, F). 

PSTA treatment for example resulted to the lowest protein half-lives compared to other 
conditions (Figure 18E, F). Interestingly, at the same time a number of proteins appear to be 
more stable upon PSTA treatment, visible as outliers in the box whisker plots (Figure 17D). 
Surprisingly, the ATG5-KO causing a substantial decrease of autophagy did not lead to an overall 
increase in protein half-lives. In contrast, impaired lysosomal cholesterol egress, proteasome 
inhibition and impaired protein glycosylation led to an overall increase in protein half-lives  
(Figure 18E, F).  
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Figure 18: Determination of protein half-lives. A) Line dot graphs show two examples for protein half-life 
determination using linear regression models. The x-axis shows incubation time with media containing amino acids 
labelled with heavy isotopes, while the y-axis shows the normalized, quality controlled (passing CV thresholds) 
abundance ratios log (heavy/light+1). Graphs show: Whole cell lysate (WCL) from HEK293 cells serving as a control, 
and lysosome enriched fractions isolated under six different lysosomal perturbation conditions including the 
impairment of autophagosome-lysosome fusion (ATG5-KO), proteasome activity (BTZ treatment), protein 
glycosylation (MGM-KO), cholesterol homeostasis (NPC1-KO), cathepsin activity (PSTA treatment), and wild type 
(WT). B) Box-whisker plots (95 % quantile box/2.5 % +/- whisker, median=line) show half-lives for all seven conditions. 
Half-lives were categorized into four groups based on the r-square values (R2), where 1 represents the highest possible 
positive linear correlation. C-D) Classification of individual half-lives related to the rest and the lysosomal proteome. 
E) Box-whisker plots (95% quantile box / 2.5 % +/- whisker, median=line) show half-lives for all seven conditions with 
a zoomed scale between 0-50 h. F) Color-coded visualization of proteins with a half-life between 0-50 h. 
Abbreviations: Lys: lysosomal, IDs: identifications, GO: gene ontology, ATG5-KO: autophagy related gene 5 knock 
out, BTZ: bortezomib, MGM-KO: multiple glycosylation machinery related genes knock out, NPC1-KO: Niemann-Pick 
type C1, PSTA: pepstatin A, WCL: whole cell lysate, WT: wild-type. 

6.3.4.4 Investigation of Half-lives of Lysosomal and Lysosomal Associated 
Proteins 
Overall, I was able to determine in average about 510 (in total unique 539) protein half-lives for 
lysosomal and lysosomal associated proteins compared to 277 for the whole cell lysate sample. 
These results were not surprising, as I showed the benefit of enrichment of lysosomes prior to 
DIA analysis significantly improving reproducibility [44], which was crucial for the determination 
of protein half-lives. Binned frequency distribution analysis of protein half-lives associated to 539 
lysosomal proteins showed average half-lives for the WT: 18 h, ATG5-KO: 16 h, PSTA: 17 h, 
BTZ: 70 h, MGM-KO: 23 h, and NPC1-KO: 30 h (Figure 19A-G, Table S2).  
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Figure 19: Determination of half-lives of lysosomal proteins. A-G) Binned frequency distribution analysis for 
identified lysosomal proteins, applying a bin range of 5 h on the x-axis, plotted against the number of identified 
lysosomal proteins for each of the conditions on the y-axis. Classification of half-lives of lysosomal and lysosomal 
associated proteins based on protein class categories (Table S1). Abbreviations: ATG5-KO: autophagy related gene 
5 knock out, BTZ: bortezomib, MGM-KO: multiple glycosylation machinery related genes knock out, NPC1-KO: 
Niemann-Pick type C1 knock out, PSTA: pepstatin A, WCL: whole cell lysate, WT: wild-type. 

BTZ treated samples were particularly interesting, as although no significant differences 
among the median abundance of the individual light and heavy channels could be observed for 
those (Figure 17D), a dramatic increase in half-lives were observed (Figure 18E, F, Figure 19C). 
These observations were in line with a recently published study applying pSILAC DIA MS/MS to 
assess half-lives of proteins after BTZ treatment of primary human foreskin fibroblasts (HFF-1) 
[123]. These results are not surprising, because if the proteasome is inhibited, target proteins 
known to be degraded by the proteasome like HNRNPK, EIF3A, and EIF4A accumulate and 
cannot be degraded [123] (Figure 20A-C). This would imply that upon inhibition of the 
proteasome, no redirection of these proteins for degradation to the lysosomes is possible. Vice 
versa, I also investigated whether proteasomal inhibition affects the turnover of lysosomal 
proteins. The three lysosomal proteins with the most extended half-life upon proteasome 
inhibition are the alpha-subunit of beta-hexosaminidase (HEXA), alpha-glucosidase (GAA) and 
beta-galaktosidase. Common property of these enzymes is that all of them cleave glycosidic 
bonds (Figure 20D-F).  

 
Figure 20: Example of half-life of proteins targeted to be degraded by the proteasome. A-C) Known proteasomal 
targets. D-F) Potential proteasomal targets, among specifically lysosomal proteins. Abbreviations: ATG5-KO: 
autophagy related gene 5 knock out, BTZ: bortezomib, MGM-KO: multiple glycosylation machinery related genes 
knock out, NPC1-KO: Niemann-Pick type C1 knock out, PSTA: pepstatin A, WCL: whole cell lysate, WT: wild-type. 

The half-life of a protein is influenced by factors such as intrinsic (primary amino acid 
sequence features, secondary structure features), functional (relative protein abundance, 
complex association and assembly type, molecular pathway relationships), and contextual 
parameters (subcellular localization, cell/tissue type, and microenvironment) [95]. Hence, a 
similar yet more simplified analysis of average half-lives focusing on a subcategory of manually 
classified lysosomal protein classes was performed. For this I extracted half-lives of lysosomal 
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proteins associated to three different “protein classes” including 10 members of cathepsins 
(proteases), 13 members of the v-ATPase complex, and 4 membrane proteins. Looking into the 
three individual classes of lysosomal proteins, major differences among the half-lives of proteins 
belonging to the same protein class could be observed (Figure 21). The differences in half-lives 
for individual proteins were even more pronounced when compared among the different cellular 
conditions.  

Among all the different enzymes within the lysosomes, cathepsins represent a family of 
lysosomal proteases involved in protein degradation and antigen processing among others 
(reviewed in [114, 124]). All cathepsins identified in my data belong to one of the three family of 
proteases dependent on the type amino acid at their active site, namely: serine protease (CTSA), 
aspartic protease (CTSD), while all other eight members (CTSV, CTSF, CTSO, CTSZ, CTSH, 
CTSC, CTSB, and CTSL) belong to the cysteine proteases. CTSL for example showed to have 
the longest, whereas CTSV showed to have the shortest half-life compared to the other 
cathepsins among almost all conditions (excluding PSTA) (Figure 21). In the ATG5-KO condition 
the half-life of CTSL increased ~40h compared to the WT condition, while CTSV had the same 
half-life. Overall one could conclude that the conditions seem to have specific effects on the half-
life of individual cathepsins, rather than affecting all members in a same way.  

One of the most reproducible findings in turnover studies are that proteins engaged in the 
same complex do not entirely exhibit the same turnover. They are rather typically subclustered 
based on the architecture of the multimeric complex, where studies reported that dynamic 
subunits revealed higher half-lives than “core” subunits stabilizing the complex, such as seen for 
the proteasome [105, 106, 125]. To further follow up on these findings, half-lives for the 13 
different subunits of the 32 multimeric lysosomal v-ATPase complex were compared [86]. The v-
ATPase consists of a membrane integrated V0 part and a V1 part facing the cytosol [86]. Analysis 
revealed overall similar half-lives of the cytosolic facing subunits (ATP6V1A1 and ATP6V1B2 - 
both building the head of the complex with three subunits each) to be the ones with the highest 
with ~20h (Figure 21). Whereas for example all three subunits of the membrane integrated core 
V0 subunit (ATP6V0A2, ATP6V0A2, ATP6V0D1) had similar half-lives of ~16h each. These 
results were in line with the literature, where differences in half-lives for subunits, especially for 
members of large multimembered complexes, are based on their locations. It was reported that 
for certain complexes, specific subunits might be translated in excess, which are then degraded 
to stoichiometric equivalencies [110, 126]. Studies suggest that this might imply that the excess 
of subunits may favor complex formation in one location distinct from the one of its function [106]. 
Especially in the view that v-ATPase as a complex is associated with a wide range of functions 
and different subcellular localizations by the dissociation of the V1 domain (under different stimuli 
reviewed in [127]) apart from the lysosomal membrane, further investigations are needed for 
better mechanistic understandings.  

For the third and last class including four lysosomal associated membrane proteins, 
SCARB2 had the longest half-life among all conditions (Figure 21). Interestingly, the BTZ 
treatment showed to selectively stabilize SCARB1 and 2, indicating that both of the lysosome 
associated membrane proteins might be degraded by the proteasome.  

Overall it can be concluded that the generated large-scale data serves as a valuable 
resource. The data for instance can hint towards different mechanistic processes such as by 
identifying distinctive class of proteins exhibiting different sensitivities to lysosomal proteases or 
endocytic transportation routes.  
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Figure 21: Investigation of half-lives of lysosomal proteins among different protein class subcategories. 
Binned half-life frequency distribution analysis for lysosomal proteins belonging to each of the three classes 
(cathepsins, v-ATPase, and membrane proteins), applying a bin range of 5 h on the x-axis. Abbreviations: ATG5-
KO: autophagy related gene 5 knock out, BTZ: bortezomib, MGM-KO: multiple glycosylation machinery related genes 
knock out, NPC1-KO: Niemann-Pick type C1 knock out, PSTA: pepstatin A, WCL: whole cell lysate, WT: wild-type. 

6.3.5 Comparison of Protein Half-lives Among Our and Published Studies 
A number of large-scale turnover studies have been published [103, 104, 111, 120]. However, 
due to experimental variations / differences across these studies a direct comparison to the data 
presented here is hardly possible. Only the study by Larance et al. [104] is sufficiently similar for 
a direct comparison of data. Since Larance et al. determined half-lives of proteins in Hela cells, 
a comparison of his and our data set allows to reveal cell type specific differences in protein 
turnover. To my knowledge, the presented study comprises the yet most extensive turnover 
dataset with the determination of 33,968 individual half-lives covering 6,915 unique proteins 
under five different perturbation conditions applying the pSILAC DIA MS/MS approach  
(Figure 22A). Whereas all the other studies covered one to two conditions determining ~6000-
12,000 half-lives.  

The comparison of half-lives of 3,125 proteins identified in their HeLa dataset and our 
HEK293 dataset showed a median half-life of 20 and 18 h, with the majority of them having a 
half-life between 20-25 and 15-20 h, respectively (Figure 22B, C). Although the overall half-life 
differences might be marginal between both studies, the hierarchical clustering analysis revealed 
a discrepancy of >15 h for specific clusters of proteins and up to 46 h for individual proteins 
(Figure 22D). Proteins with increased half-life differences in HeLa (>25 h compared to HEK293) 
included the proteins RAPGEF6, MET, POP7, TYSND1, and RRP9. Proteins with increased half-
life differences in HEK293 (>40 h compared to HeLa) included the proteins CIAPIN1, CKB, 
SEPHS1, SDCBP, and SSU72. 

The results are not surprising as previously reported, both cell lines despite having a 
similar proteome, exhibit different expression levels of proteins [128]. Therefore, comparisons 
and conclusions should be taken carefully and assessed critically, especially considering the 
methodological/experimental setup. For instance, the importance of the studied biological system 
for comparison purposes is exemplified by the fact that half-lives for non-dividing primary cells 
such as B-cells exhibit half-lives of >1000 h [105]. Overall it can be concluded that the presented 
data can be further used as a resource to reveal cell type specific differences in protein turnover 
among different cell lines. 
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Figure 22: Comparison of determined 
protein half-lives across published 
studies. A) Comparison of our turnover study 
to published datasets including the study from 
Sehlbach et al. 2008 (HeLa cells) [111], 
Schwannhäuser et al. 2011 (NIH-3T3 cells) 
[103], Larance et al. 2013 (HeLa cells) [104], 
Jovanovic et al. 2015 (bone marrow derived 
dendritic cells) [120] and our study (HEK293 
cells) B-D) For comparison purposes 3,125 
proteins covered by the turnover study 
conducted by Larance et al. 2013 [104] in 
HeLa cells and our study in HEK293 cells 
were compared and visualized B) Violin plots 
displaying half-life distributions and the 
median as white point as well as the 
interquartile range as a black line C) Binned 
frequency distribution of half-lives visualized 
in histograms with their respective counts 
(=protein identifications) D) Unsupervised 
hierarchical clustering of half-lives visualized 
as a heatmap showing lower half-lives in blue 
and longer half-lives in red. 
 

6.3.6 Benefits and Limitation of pSILAC DIA MS/MS for Half-life Determination 
The pSILAC DIA MS/MS approach has the advantage that the experiment could be combined 
with the enrichment of lysosomes using superparamagnetic iron oxide nanoparticles (SPIONs). 
This was a crucial factor in allowing comprehensive coverage of the lysosomal proteome [34, 
44]. DIA MS/MS, in particular, has the benefit that synthesis and degradation kinetics can be 
determined separately on a large-scale, allowing one to study dynamic proteome changes over 
time [107]. In addition, the method allows a comprehensive analysis of the proteome, where the 
applied tracers behave identically to natural amino acids, hence, eliminating the need to modify 
proteins such as in other approaches like fluorescence- or tag-based detections. However, as in 
any other method, limitations do exist: 1) Change of media required for metabolic uptake might 
induce cellular stress, 2) target systems with a slow metabolism might display a limited sensitivity 
for short time points due to low uptake, 3) the assumption, that due to recycling of amino acids, 
heavy signal incorporation may be lower than the actual synthesis rate [74].  

6.3.7 Phosphoproteomics of Lysosome Enriched Fractions 
Post translational modifications (PTMs) such as phosphorylation, glycosylation, acetylation, and 
methylation can influence the structure, stability, and function of proteins in a cell. A recently 
published study for example revealed that certain phosphorylated peptides have a longer half-
live compared to their non-phosphorylated counterparts [107]. In the following section results of 
a phosphoproteomics dataset are presented, which will be used in future analysis to further 
correlate PTMs with protein half-lives.  

Phosphorylation belongs to one of the most dominant PTMs, with an estimated 1/3 of the 
proteome being phosphorylated. Thus, phosphorylation (=attachment of phosphoryl group) plays 
a vital role in numerous cellular processes, including cell proliferation, signaling events, and 
protein-protein interactions [129]. To study the phosphoproteome on a large, unbiased scale, 
mass-spectrometry-based proteomics has proven its strength. The methodology allows to 
identify phosphorylated proteins, pinpoint the phosphorylation sites, and provide quantitative data 
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[130]. Given the multiple functions of lysosomes and their interaction with other cellular 
compartments, phosphoproteomics of lysosomal and lysosome associated proteins may yield 
new insights into sites of dynamic regulation controlling lysosomal function.  

Due to the low abundance of lysosomal proteins and phosphorylated peptides within a 
tryptic digested sample, lysosome enrichment followed by phosphopeptide enrichment was 
performed (Figure 23A). Acquired LC-MS/MS data were analysed using two different proteomic 
analysis software: Proteome Discoverer (PD) and MaxQuant (MQ). Analysis with PD resulted in 
the identification of a total of 3,660 proteins. Based on a list of lysosomal (LYS) gene ontology 
(GO) annotated proteins and a more stringent manually curated (MC) list of lysosomal proteins, 
(part of the LYS (GO)) the data covered 279 lysosomal proteins (Figure 23B, Table S1, S3). 
Peptide groups and peptide spectral matches (PSMs) showed a similar percentage distribution 
as among the identified proteins for the category other cellular compartments and lysosomes 
(Figure 23C, D). From all of identified proteins, 2,683 proteins were found to be phosphorylated 
(Figure 23E). Further assessment of the data revealed that with 86 %, the majority of 
phosphorylation were assigned to serine, followed by threonine and tyrosine with 13 and 1 % 
each (Figure 23F). In its entirety, the data analysis with PD led to the identification of 6,786 
unique phosphorylation sites. In contrast, the analysis with MaxQuant resulted in the 
identification of a higher number of phosphorylated proteins and outnumbered PD with the 
identification of additional 1,879 phosphorylation sites (Figure 23G-I). The identified 
phosphorylation sites were in addition annotated with a site probability score (>75%), serving as 
a quality control criterion for a highly reliable site specification (Figure 23I, Table S3). Further, 
all identified phosphorylation sites were compared to the PhosphoSitePlus database - A source 
for phosphorylation sites reported in the literature. The analysis resulted in an overlap of 93 % 
with previously reported phosphorylation sites verifying our dataset, while 7 % present potential 
novel sites (Figure 23J). 

The 86 phosphorylated lysosomal proteins listed (Table S3) cover not only lysosomal 
proteins but also proteins involved in transmission of signals from and to the lysosomes and 
various vesicular fusion and sorting processes involved in lysosomal movement and biogenesis 
[2]. As far as proper, well known lysosomal enzymes [10] are concerned, phosphorylation can 
be seen for a few soluble intra-lysosomal enzymes (DNAse2, GAA, LIPA, PRCP, CTSC, PLD2). 
These data are difficult to explain, since lysosomal enzymes should not be exposed to kinases 
during their transport from the endoplasmic reticulum (ER). However, the presence of kinases 
active within the ER has been reported [131-133], so that phosphorylation of soluble lysosomal 
enzymes appears possible, yet its functional significance remains to be elucidated. 
Phosphorylation was also found on a number of lysosomal transporters/exchangers. These 
include the sialic acid transporter (Sialin - SLC17A5), SIDT2 which has recently been shown to 
transport RNA/DNA across the lysosomal membrane directly into the lysosome [134, 135], and 
the cobalamin transporter (TCN1). All phosphorylation sites are located on the cytosolic domains 
of these transporters making them accessible for cytoplasmic kinases.  

It is certainly interesting to speculate that phosphorylation may control transport from the 
lysosome to the cytosol and vice versa. Since some of these transporters such as Sialin are 
neither strictly specific for compounds nor for subcellular localization, phosphorylation may 
control transport substrate specificity or localization. For example, Sialin transports sialic acid but 
also glucuronic acid out of the lysosome [136] but it can also locate to the membrane of synaptic 
vesicles where it pumps aspartate and glutamate into the vesicles [137]. Similarly, yet not 
investigated roles of phosphorylation may apply to lysosomal H+/Cl-exchangers CLCN3 and 
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CLCN7/OSTM1. The data set also reveals the extensive phosphorylation of proteins involved in 
lysosomal mediated mTORC1 activity control, which include a wide variety of proteins 
(LAMTOR1, LAMTOR5, DEPDC5, MTOR, TSC2, WDR59, RPTOR, DPTOR, MLST8, and 
RRAG) [138]. Finally, proteins regulating lysosomal positioning (e.g. BORCS6, SPAG) suggest 
that phosphorylation impacts lysosomal positioning. STARD3, STARDNl3 and VAPA are three 
proteins which interact to tether lysosomes to the ER and mediate cholesterol transport from the 
lysosome to the ER [139]. Interestingly all three proteins were found to be phosphorylated 
suggesting that lysosome-ER tethering and cholesterol transport are tightly regulated by kinases. 
Overall the phosphoproteomic data generated will serve as a resource to investigate the role of 
dynamic phosphorylation in the control of various aspects of lysosomal function.  
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Figure 23: Workflow and overview of the lysosomal phosphoproteomic dataset. A) Schematic workflow for the 
enrichment of phosphopeptides from lysosome enriched fractions. Lysosomes were enriched from 50 plates of 10 cm 
HEK203 cells using SPIONs. 1.8 mg of protein from the eluate fraction were proteolytically digested, desalted and 
applied for phosphopeptide enrichment applying the SMOAC (Sequential enrichment using Metal Oxide Affinity 
Chromatography) approach. After enrichment and resuspension, 25 % of the sample have been measured on the 
Orbitrap Fusion Lumos, followed by data analysis on two different software. B-G) Data analysis with Proteome 
Discoverer (PD) and H-J) MaxQuant (MQ). Bar graphs and pie charts showing number and percentage distribution of: 
B) number of all identified proteins C) peptide groups D) peptide spectral matches (PSMs) and E) phosphorylated 
proteins for a list of lysosomal gene ontology (GO) annotated proteins (LYS (GO)) and a more stringent manually 
curated (MC) list of lysosomal proteins (LYS (MC)), as well as proteins associated to other cellular compartments 
(other). Bar graph and pie chart showing the total number and percentage distribution of identified phosphosites 
distributed among F) serine, threonine, and tyrosine (S, T, Y) and G) proteins for a list of lysosomal (GO, MC) and 
other proteins. Bar graphs showing H) number of all identified and phosphorylated proteins. I) Bar graph showing the 
total of identified phosphosites distributed among the list of lysosomal proteins and other as well as those with a site 
probability (SP) of >75% (representing a high confidentiality control factor for correct phosphosite localization). J) All 
identified phosphosites have been further compared to the PhosphoSitePlus to compare their status (known (K) or not 
known (NK). Abbreviations: SPIONs: superparamagnetic iron oxide nanoparticles, LC-MS/MS: liquid 
chromatography mass spectrometry, Ids: identifications, PSMs: peptide spectral matches, PD: Proteome Discoverer, 
Lys: lysosomal, GO: gene ontology, MC: manually curated, MQ: MaxQuant, SP: site probability, PH: phosphorylated, 
K: known, NK: not known. 

6.4 Conclusion and Future Perspectives 
Results showed the successful application of the pSILAC DIA MS/MS approach to determine 
33,968 half-lives for 6,915 proteins. The study presents the so-far most extensive turnover study 
covering a steady-state and different perturbational conditions, including lysosomal and 
proteasomal impairment. The analysis, for instance, revealed significant differences in half-lives 
across conditions, such as a drastic increase of half-lives upon proteasomal inhibition or 
decrease upon cathepsin D inhibition. Analyses indicate a complex interplay of synthesis and 
degradation on protein half-life, where perturbations seem to primarily influence degradation 
rather than synthesis rates. Further, protein half-lives differed significantly dependent among 
others on their protein class subcategory and functions. Investigation of half-lives of subunits of 
the multimeric lysosomal v-ATPase complex for instance revealed a correlation between A and 
B's cytosolic facing V1 subunits (~20 h) and V0 membrane anchored subunits (~16 h) with 
significantly lower half-lives. Such results might imply yet unknown regulatory mechanisms where 
excess translation might be controlled by increased degradation to stoichiometric equivalencies. 
The presented data overall is in line with other large-scale published studies, in which the majority 
of proteins exhibit to have half-lives ranging between 15-25 h.  

The data presented so far are merely descriptive and only scratch the surface of what 
remains to be truly explored in this study. For one, the proteomic comparison for each condition 
compared to the wild-type representing the steady-state needs to be studied, followed by a 
separate examination of synthesis and degradation kinetics. With the implementation of an 
approach to determine synthesis and degradation kinetics separately, the final data analysis is 
under proceeding. Based on this, the final dataset is supposed to include, additionally to the 
presented 33,968 half-lives, similar numbers for synthesis and degradation rates covering about 
6,000 proteins. The dataset will be, among others, subsequently mined for associations to gene 
ontology classes (biological function, subcellular localization, molecular pathway). In an ideal 
case, such an endeavor would elucidate regulatory trends for known protein networks. 
Conversely, identifying similarly functioning proteins with uncorrelated half-lives could open 
pathways in discovering their specific roles. Above all, however, the dataset will aim to investigate 
which proteins are primarily degraded by the proteasome versus the lysosome and allow us 
further to specify the lysosomal cargo and its routes of transportation.  
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Comprehensive draft of the mouse 
embryonic fibroblast lysosomal 
proteome by mass spectrometry 
based proteomics
Srigayatri Ponnaiyan1,3, Fatema Akter1,2,3, Jasjot Singh1 & Dominic Winter  1 ✉

Lysosomes are the main degradative organelles of cells and involved in a variety of processes 
including the recycling of macromolecules, storage of compounds, and metabolic signaling. Despite 
an increasing interest in the proteomic analysis of lysosomes, no systematic study of sample 
preparation protocols for lysosome enriched fractions has been performed to date. In the current 
study, we used samples enriched for lysosomes by paramagnetic nanoparticles and systematically 
evaluated experimental parameters for the analysis of the lysosomal proteome. This includes different 
approaches for the concentration of lysosome-containing fractions; desalting of samples by solid phase 
extraction; fractionation of peptide samples; and different gradient lengths for LC-MS/MS analyses 
of unfractionated samples by data dependent and data independent acquisition. Furthermore, we 
evaluated four different digestion methods including filter aided sample preparation (FASP), in-gel 
digestion, and in-solution digestion using either RapiGest or urea. Using the combined data, we 
generated a benchmark lysosomal proteome data set for mouse embryonic fibroblasts as well as a 
spectral library for the analysis of lysosomes by data independent acquisition.

Background & Summary
Lysosomes are the main degradative compartments of mammalian cells and contain a variety of hydrolases which 
catalyze the breakdown of virtually any cellular macromolecule. Malfunctions of hydrolases leads to the accu-
mulation of their respective substrate, resulting in so-called lysosomal storage disorders (LSDs), a group of about 
50 genetically di!erent but phenotypically connected severe diseases1. Due to the direct relation between lyso-
somal hydrolase malfunction and disease phenotype, this group of enzymes has been thoroughly investigated, 
and the mechanisms of cellular macromolecule degradation in lysosomes are relatively well understood2. While 
no mechanisms for the regulation of lysosomal hydrolases are known, it is becoming more and more apparent 
that lysosomes play an important role in the distribution and regulation of cellular metabolites, and that they 
are signi"cantly involved in cellular signaling, which is regulated e.g. by phoshorylation3. Furthermore, it is by 
now well-established that the impairment of lysosomal function plays o#en a crucial role in more common dis-
eases as e.g. neurodegenerative disorders4 and cancer5. $erefore, there is an increasing interest in the analysis of 
lysosomes.

$e method of choice for the unbiased analysis of organelle-speci"c proteomes is mass spectrometry-based 
proteomics. Due to the low abundance of lysosomal proteins in mammalian cells, their enrichment is a prerequi-
site for proteomic analysis. Generally, it can be di!erentiated if a method aims at analyzing the whole proteome, 
which is divided in subcellular fractions, and lysosomes are one of them6, or if lysosomes are the main target of 
the analysis7.

One of the most commonly used methods for subcellular fractionation is density gradient centrifugation6,8. 
Several discontinuous approaches have been developed for the generation of lysosome enriched fractions using 
Mitrizamide9, Nycodenz10, and Percoll11,12. To further increase speci"city, a change in lysosome density can 
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open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license: 
http://creativecommons.org/licenses/by/4.0/.  



– Supplement – 

 - iv - 

 
 
 
 

2SCIENTIFIC DATA |            (2020) 7:68  | https://doi.org/10.1038/s41597-020-0399-5

www.nature.com/scientificdatawww.nature.com/scientificdata/

be induced e.g. by injection of Triton-WR1339 in animals, which leads to a liver-speci!c change of lysosomal 
density13.

Another commonly used method utilizes the speci!c targeting of magnetic nanoparticles (iron dextran parti-
cles (FeDex14)/superparamagnetic iron oxide nanoparticles (SPIONs15)) to the lysosomal compartment by deliv-
ery through unspeci!c "uid-phase endocytosis. #e particle-containing lysosomes can then be isolated through a 
magnetic !eld. #is approach has been utilized in several studies for comparative proteomics experiments as well 
as lipidomics studies7,16. Recently, another approach has been introduced for the enrichment of lysosomes, the 
immunoprecipitation via tagged lysosomal membrane proteins. #is approach was initially established using a 
RFP-Flag tagged version of the lysosomal membrane protein Lamp117, and later extended to a HA-tagged version 
of TMEM192, which was utilized for the metabolomic and proteomic analysis of isolated lysosomes18,19.

Besides the enrichment of lysosomes as an intact organelle, a unique feature of lysosomal matrix proteins has 
been used extensively for their a$nity puri!cation: their posttranslational modi!cation with mannose 6 phos-
phate (M6P), which acts as a lysosomal targeting signal20 and is removed by the acid phosphatases ACP2 and 
ACP521 in the lysosomal lumen. Lysosomal proteins which are still carrying the M6P residue can be enriched by 
immobilized domains of the M6P receptors MPR46/MPR300, or resins used for the enrichment of phosphopep-
tides, such as IMAC22. #is approach has been applied to mouse embryonic !broblasts de!cient for both MPRs23, 
to human brain and plasma samples24,25, and to 17 individual rat tissues26, revealing novel proteins of potential 
lysosomal origin. Additionally, changes in the lysosomal proteome in a mouse model of Niemann Pick Disease 
Type C27 and in patients a%ected by LSDs of unknown etiology28 were investigated. In order to increase the 
amount of M6P modi!ed proteins, mice and cells de!cient for ACP2 and ACP5 were used in several studies22,29,30.

Despite many studies dealing with the isolation and mass spectrometric investigation of lysosomes, the proto-
cols for their proteomic analysis have not been optimized to date, and sample preparation varies strongly between 
di%erent datasets. In the current study, we used lysosomes isolated from mouse embryonic !broblasts (MEFs) to 
systematically evaluate major steps of sample preparation and mass spectrometric analysis for lysosome-enriched 
fractions. We analyzed LC gradient lengths, solid phase extraction resins, peptide fractionation, and concentra-
tion approaches for lysosomes and lysosomal proteins in combination with protocols for proteolytic digestion 
(Fig. 1a, Table 1). Using these datasets, we generated a high con!dence dra' of the proteome of MEF lysosome 
enriched fractions, and a spectral library for their analysis by data independent acquisition (DIA).

Methods
Cell culture and isolation of lysosomes. Mouse embryonic fibroblasts (MEFs) were cultured in 
Dulbecco’s Modi!ed Eagle Medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 IU/mL peni-
cillin, 100 µg/mL streptomycin, and 2 mM L-glutamine at 37 °C and 5% CO2. For lysosome isolation, 3 × 106 cells 
were seeded per 10 cm plate and cultured in DMEM with 2.5% FCS for 72 h7. To each plate, 1 mL magnetite solu-
tion (EndoMAG40, Liquids Research, North Wales, UK) was added followed by 24 h incubation. Subsequently, 
the medium was exchanged, the cells were washed twice with 1x phosphate bu%ered saline (PBS), and a 24h  
chase was performed in DMEM with 10% FCS. For harvesting, the cells were washed twice with ice-cold 1x PBS 
and scraped o% the plate in 2 mL isolation bu%er (250 mM sucrose, 10 mM HEPES/NaOH pH 7.4, 1 mM CaCl2,  
15 mM KCl, 1 mM MgCl2, 1.5 mM MgAc, 1 mM dithiothreitol (DTT), 1x cOmplete EDTA-free protease inhibi-
tor cocktail (Roche Diagnostics, Mannheim, Germany)) per plate. #e cell suspension was homogenized with a 
15 mL douncer, nuclei and intact cells were pelleted by centrifugation at 4 °C, 600 g for 10 min, and the post-nu-
clear supernatant was transferred to a new tube. #is process was repeated and the post-nuclear supernatants 

Fig. 1 Sample processing work"ow and assessment of lysosomal yield. (a) Work"ow for the sample preparation 
of MEF lysosome enriched fractions for LC-MS/MS analysis. Individual parts of the protocol which were 
evaluated are indicated. (b) Assessment of the e$ciency of lysosome enrichment and lysosomal integrity by 
enzymatic β-hexosaminidase assays. Di%erences in enzymatic activity between control (intact lysosomes) 
and triton treated (disrupted lysosomes) samples allow to determine the amount of intact lysosomes in the 
individual fractions. MEFs: mouse embryonic !broblasts; FASP: !lter aided sample preparation.
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were pooled. !e resulting samples were then passed by gravity through a LS column located in a MidiMACS 
Separator (both Miltenyi Biotech, Auburn, CA). Subsequently, the column was washed with 5 mL isolation bu"er, 
removed from the stand, and the lysosome fraction was eluted by a plunger in 2 × 1 mL isolation bu"er. !e e#-
ciency of lysosome enrichment and lysosomal integrity was assessed using the β-hexosaminidase assay7: lysosome 
samples were incubated with the substrate 4-Nitrophenyl N-acetyl-β-D-glucosaminide in 0.1 M sodium citrate 
bu"er (pH 4.6) containing 0.2% BSA with/without addition of 0.8% Triton X-100 ($nal concentration) at 37 °C 
for 15 min. !e reaction was stopped by addition of 0.4 M glycine (pH 10.4) and the absorbance was measured 
at 405 nm. !e protein concentration was determined using the DC protein assay (BioRad, Hercules, CA)31. For 
pelleting of intact lysosomes, the elution fraction was centrifuged at 4 °C, 20,000 g for 30 min, and the supernatant 
discarded. For protein precipitation, lysosomes were lyzed by addition of 1% Triton X-100 ($nal concentration), 
ice-cold chloroform/methanol (2:1, v/v) was added at a ratio of 5 to 1 (v/v), and the mixture was incubated on 
ice for 1 h. Following centrifugation at 4 °C, 20,000 g for 30 min, the liquid phases were discarded, the protein 
layer was washed with 1 mL ice cold methanol, and centrifuged at 4 °C, 14,000 g for 20 min and the supernatant 
discarded.

In-gel digestion. Samples were denatured and reduced by addition of 1x modified Laemmli buffer32 
(62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5 mM DTT, 0.001% bromophenol blue) and incubation at 
40 °C for 10 min. Proteins were alkylated with 20 mM acrylamide at room temperature (RT) for 30 min in the 
dark, loaded onto a 10% SDS gel, and electrophoresis was performed until the sample had migrated for ~1 cm into 
the separation gel. !e gel was stained with Coomassie brilliant blue and the whole section of the gel containing 
the sample cut into ~1 mm3 cubes. In-gel digestion was performed as described elsewhere33. Brie%y, the gel pieces 
were destained by 30% ACN/0.07 M NH4HCO3, dehydrated by 100% ACN, dried in a vacuum centrifuge, and 
digested with 1 µg trypsin (Promega, Madison, WI) in 0.1 M NH4HCO3 at 37 °C overnight. For the recovery of 
peptides, the supernatant was transferred to a new tube and the gel pieces were incubated consecutively with 
0.1% TFA/50% ACN, 0.1 M NH4HCO3, and 100% ACN. !e supernatants of the individual steps were pooled and 
dried using a vacuum centrifuge.

Urea in-solution digestion. Samples were resuspended in 8 M urea/0.1 M TEAB34, and incubated at RT, 
800 rpm for 45 min. Proteins were reduced with 5 mM DTT ($nal concentration) at 56 °C, 800 rpm for 25 min, 
alkylated with 20 mM acrylamide at RT for 30 min in the dark, and the reaction was quenched by addition of 
5 mM DTT. Subsequently, the concentration of urea was reduced to 4 M, rLys-C (Promega) added at an enzyme 
to protein ratio of 1 to 100, and the sample incubated at 37 °C overnight. Subsequently, the samples were diluted 

Sample Source
Enriched 
Organelle Method

Acquisition 
Strategy Replicates

1 h MEFs Lysosome Gradient DDA 3
2 h MEFs Lysosome Gradient DDA 3
3 h MEFs Lysosome Gradient DDA 3
4 h MEFs Lysosome Gradient DDA 3
6 fractions MEFs Lysosome Fractionation DDA 3
3 fractions MEFs Lysosome Fractionation DDA 3
Unfractionated MEFs Lysosome Fractionation DDA 3
Stage Tip MEFs Lysosome Desalting DDA 3
Oasis MEFs Lysosome Desalting DDA 3
Sep-Pak MEFs Lysosome Desalting DDA 3
In-gel CN MEFs Lysosome Digestion DDA 3
In-gel PN MEFs Lysosome Digestion DDA 3
Urea CN MEFs Lysosome Digestion DDA 3
Urea PN MEFs Lysosome Digestion DDA 3
FASP CN MEFs Lysosome Digestion DDA 3
FASP PN MEFs Lysosome Digestion DDA 3
RapiGest CN MEFs Lysosome Digestion DDA 3
RapiGest PN MEFs Lysosome Digestion DDA 3
0.5 h MEFs Lysosome Gradient DIA 3
1 h MEFs Lysosome Gradient DIA 3
2 h MEFs Lysosome Gradient DIA 3
3 h MEFs Lysosome Gradient DIA 3
4 h MEFs Lysosome Gradient DIA 3

Table 1. Samples analyzed by mass spectrometry. For all analyses, lysosomes isolated from MEFs were used. 
Di"erent methods were applied for sample digestion, desalting, fractionation, liquid chromatography, and 
mass spectrometric data acquisition. Which method parameter  was compared with the individual *.raw $les is 
indicated in the column “Method”. MEFs: mouse embryonic $broblasts; CN: concentration by centrifugation; 
PN: concentration by precipitation; DDA: data dependent acquisition; DIA: data independent acquisition.
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to a !nal concentration of 1.6 M urea with 0.1 M TEAB, trypsin was added at an enzyme to protein ratio of 1 to 
100, and the sample was incubated at 37 °C for 10 h. Finally, the samples were acidi!ed using acetic acid (AcOH, 
0.1% !nal concentration).

Filter aided sample preparation (FASP). Samples were solubilized in 20 µL 4% SDS/0.1 M Tris-HCl, 
pH 7.6 at 40 °C for 5 min, and reduced with 0.1 M DTT (!nal concentration) at 56 °C for 5 min. Subsequently, 
FASP digestion was performed as described elsewhere35 with slight modi!cations. Brie"y, samples were mixed 
with 200 µL of UA (8 M urea/0.1 M TEAB) and added to a !lter unit (Microcons, 30 kDa cut o#, Merck Millipore, 
Darmstadt, Germany). Subsequently, bu#ers were exchanged with UA solution by two consecutive centrifugation 
steps at RT, 14,000 g for 15 min, and proteins were alkylated by addition of 100 µL AA solution (0.05 M acrylamide 
in UA)36 at RT for 20 min. $e !lter units were then washed twice with 100 µl of 0.05 M NH4HCO3 by centrifuga-
tion at 14,000 g for 10 min. Subsequently, 60 µl of 0.05 M NH4HCO3 and 10 µl of trypsin solution (0.1 µg/µl) were 
added and the sample was incubated in a wet chamber at 37 °C overnight. $e digested peptides were recovered 
from the !lter units by centrifugation at 14,000 g for 10 min and subsequent elution with 50 µl 0.5 M NaCl fol-
lowed by centrifugation. Eluted peptides were acidi!ed with AcOH (0.1% !nal concentration).

RapiGest in-solution digestion. Samples were solubilized in 1% RapiGest (Waters, Milford, MA)/0.1 M 
NH4HCO3, pH 7.8 at 37 °C for 45 min and diluted 1:1 with 0.1 M NH4HCO3. Proteins were reduced with DTT 
(5 mM !nal concentration) at 56 °C for 25 min, alkylated with acrylamide (20 mM !nal concentration) at RT for 
30 min, and the reaction was quenched by addition of 5 mM DTT. Samples were further diluted to a !nal con-
centration of 0.1% RapiGest with 0.1 M NH4HCO3 (protein concentration: 1 µg/µL). Proteins were digested with 
trypsin (enzyme to protein ratio of 1 to 100) at 37 °C overnight. $e next day, RapiGest was hydrolyzed by the 
addition of 1% TFA (!nal concentration) and incubation at 37 °C, 800 rpm for 30 min, followed by its precipita-
tion at RT, 20,000 g for 10 min. $e supernatants were transferred to new tubes.

Desalting of peptides. Peptides were desalted either using 10 mg Oasis HLB cartridges (Waters), 10 mg 
Sep-Pak C18 1 cc Vac cartridges (Waters), or Stage Tips37 assembled with 3 M™ Empore™ C18 reversed phase 
material (3 M, St. Paul, MN). Oasis and Sep-Pak cartridges were equilibrated with MeOH, 70% ACN/0.5% AcOH, 
and 0.5% AcOH, the samples loaded, and the cartridges washed three times with 1 mL 0.5% AcOH. Peptides 
were eluted consecutively with 500 µL 30% ACN/0.5% AcOH, 300 µL 50% ACN/0.5% AcOH and 300 µL 70% 
ACN/0.5% AcOH and the eluate fractions were combined. In case of C18 Stage Tips, tip columns were prepared 
with 3 layers of C18 disks in a 200 µL pipette tip. Tip columns were equilibrated sequentially with MeOH, 80% 
ACN/0.5% AcOH, and 0.5% AcOH by centrifugation at 600 g for 1 min. Acidi!ed samples were loaded onto the 
column, washed with 100 µL 0.5% AcOH, and peptides were eluted twice with 20 µL of 80% ACN/0.5% AcOH by 
centrifugation at 600 g for 1min. Eluate fractions were dried using a vacuum centrifuge.

Pipette tip based strong anion exchange (SAX) fractionation of peptides. SAX fractionation was 
performed as described elsewhere38. Brie"y, a pipet tip SAX column was assembled using 12 disks of Empore 
Anion-SR material (3 M) and C18 Stage Tips were generated using 3 disks of Empore C18 material. SAX bu#ers 
were composed of 20 mM AcOH, 20 mM phosphoric acid, and 20 mM boric acid. $e pH of the individual solu-
tions was adjusted to pH 11, 8, 6, 5, 4, and 3 by addition of NaOH. Subsequently, NaCl was added to the !nal 
elution bu#er (pH 3) at a concentration of 0.25 M. SAX columns were equilibrated by sequential addition of 
100 µL of MeOH, 1 M NaOH, and loading bu#er (pH 11), each in combination with subsequent centrifugation 
at 7,000 g for 3 min. Stage Tips were equilibrated with 100 µL of MeOH, 80% ACN/0.5% AcOH, and water. $e 
dried peptide samples were resuspended in 200 µL pH 11 bu#er, loaded on the SAX column, and fractionation 
was performed by centrifugation at 7,000 g for 3 min for each step. $e "ow-through and the individual elution 
fractions were captured on the C18 Stage Tips, which were further washed with 100 µL of 0.5% AcOH, and eluted 
by 80% ACN/0.5% AcOH. $e desalted peptides were dried using a vacuum centrifuge.

UHPLC-MS/MS data acquisition. Analyses were performed using a Dionex Ultimate 3000 system cou-
pled to an Orbitrap Fusion Lumos mass spectrometer (both $ermo Scienti!c, Bremen, Germany). Columns 
were produced in-house as follows: 50 cm spray tips were generated from 360 µm outer diameter/100 µm inner 
diameter fused silica capillaries using a P-2000 laser puller (Sutter Instruments, Novato, CA) and packed with 
1.9 µm Reprosil AQ C18 particles (Dr. Maisch, Ammerbuch-Entringen, Germany). Peptides were resuspended in 
5% ACN/5% FA and loaded on the analytical column at a "ow rate of 600 nL/min, 100% solvent A (0.1% FA in 
water). Subsequently, the separation was performed at a "ow rate of 300 nL/min with 60, 120, 180, and 240 min 
linear gradients from 5–35% solvent B (95% ACN/0.1% FA). Survey spectra were acquired in the Orbitrap mass 
analyzer with a mass range of m/z 375–1,575 at a resolution of 60,000. MS/MS fragmentation was performed 
in the data dependent acquisition mode for charge states between 2–4 by HCD and data were acquired in the 
Orbitrap at a resolution of 30,000. $e cycle time was set to 5 s and the precursor isolation width to 1.6 m/z 
using the quadrupole. For MS1 and MS2 scans, the automatic gain control (AGC) was set to 4 × 105 and 5 × 105, 
respectively. Fragmented ions were excluded from further fragmentation for 30 s, 60 s, 90 s, and 120 s, respectively, 
for the four di#erent gradient lengths. For data-independent acquisition (DIA) analysis of the samples, the fol-
lowing method was applied: One MS1 scan with a resolution of 120,000, an AGC target setting of 5 × 105, and a 
maximum injection time of 20 ms covering a mass range of 350 to 1,200 m/z was performed followed by 18 to 58 
static DIA scans depending on the gradient length (0.5 h: 18 scans, 1 h: 24 scans, 2 h: 36 scans, 3 h: 47 scans, 4 h: 58 
scans). $e isolation window widths were adjusted for each gradient length to cover the same mass range as the 
MS1 scan including a 0.5 m/z overlap (0.5 h: 47.7 m/z, 1 h: 35.9 m/z, 2 h: 24.1 m/z, 3 h: 18.6 m/z, 4 h: 15.2 m/z). $e 
DIA scans were acquired with a resolution of 30,000, an AGC target setting of 1 × 106, and a maximum injection 
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time of 60 ms. !e HCD collision energy was set to 27% and the resulting cycle times based on the window 
designs were as follows for the individual methods: 0.5 h: 1.89 s, 1 h: 2.34 s, 2 h: 3.44 s, 3 h: 4.46 s and 4 h: 5.45 s.

Data analysis – data dependent acquisition (DDA). !ermo *.raw data were analyzed with Proteome 
Discoverer 2.2 (!ermo Fisher Scienti"c, Bremen, Germany) in combination with Mascot (www.matrixscience.
com). For database searching, Uniprot Mus musculus (release 2019_04, 54,425 entries) in combination with the 
cRAP database (#p://#p.thegpm.org/fasta/cRAP/crap.fasta) including common contaminants was used with the 
following parameters: variable modi"cations: oxidation of methionine, acetylation of protein N-termini; "xed 
modi"cation: propionamide at cysteine; mass tolerance: 10 ppm for precursor ions, 50 mmu for fragment ions; 
enzyme: trypsin except proline was the next amino acid; missed cleavage sites: 2. Data were "ltered with a false 
discovery rate (FDR) of 1% at the peptide level using Percolator and proteins were exported with a FDR of 1%. 
Label free quanti"cation was performed using the Minora feature detector node in Proteome Discoverer.

Data processing – data dependent acquisition (DDA). Only high con"dence identi"cations were 
exported to MS Excel for further analyses. Numbers of lysosomal proteins were determined from protein "les by 
comparison to a list of con"rmed lysosomal proteins ("gshare deposit39: Table 9_Lysosomal Protein List) gener-
ated by merging of a manually curated bona "de list6–8,10,19,40–42 and a publicly available gene ontology database 
(www.pantherdb.org). Peptide spectral match (PSM) and peptide numbers were determined from the PSM "les. 
For label free quanti"cation, proteins with an average intensity ratio of log2 > 1 or log2 < 0.5 and a p-value < 0.05 
were considered to be signi"cantly over-/underrepresented. Missed cleavage rates for the individual digestion 
methods were determined from the PSM "les by calculating the number of peptides with one or more missed 
cleavage sites and normalization on the total number of identi"ed peptides. For identi"cation of semi-tryptic 
peptides, database searches were repeated with enzyme speci"city set to semi-trypsin, followed by normalization 
of identi"ed semi-tryptic peptides on the number of total peptides identi"ed.

Data analysis – data independent acquisition (DIA). DIA data were analyzed using the Pulsar43 algo-
rithm available in Spectronaut (Version: 13.2.19, Biognosys, Schlieren, Switzerland). A spectral library was gen-
erated based on the same parameters as de"ned for the analysis of the DDA data with Proteome Discoverer 2.2 
except the mass tolerances, which were assigned dynamically by the Pulsar algorithm. To build the library, 3 to 
6 fragment ions per peptide were selected based on their intensity. All DIA data were analyzed using this library 
in combination with the default settings of Spectronaut. For retention time alignment, the high precision iRT 
concept was applied43. Peak extraction windows, as well as the mass tolerances for the matching of precursor 
and fragment ions, were determined automatically by Spectronaut. For peak detection, a minimum requirement 
of 3 fragment ions was de"ned, whereby precursor information was only used to enhance peak detection. Data 
normalization was performed using local regression localization with enabled interference correction. Data were 
"ltered at 1% FDR on the peptide precursor and protein level applying a Q-value cut-o$ of <0.0144. !e generated 
Spectronaut project "le can be viewed using the freely available Spectronaut viewer.

Data Records
!e mass spectrometry data and analysis "les have been deposited to the ProteomeXchange Consortium (http://
www.proteomexchange.org) via the PRIDE partner repository38. !e DDA dataset includes 75 *.raw "les repre-
senting all experimental conditions (Gradient tests: 4 conditions; Desalting tests: 3 conditions; Fractionation tests: 
3 conditions; Digestion tests: 8 conditions) from three experimental replicates each. !e fractionation dataset 
includes *.raw "les for each individual fraction. !e DIA dataset includes 15 *.raw "les comprising 0.5, 1, 2, 3 
and, 4 h gradient length tests with three replicates each. Furthermore, the dataset includes the result "les originat-
ing from Proteome Discoverer (7x .pdResult "les, 7x pepXML search result "les, 7x .pdStudy "les and 15x MSF 
"les) and one result "le from Spectronaut. In addition, the protein list data from the .pdResult "les are available 
as excel tables for each experiment. !ese individual analyses, as well as the list of con"rmed lysosomal proteins, 
can be accessed through a "gshare deposit39.

Technical Validation
In order to provide a reproducible starting material for all analyses, we generated a large batch of lysosome 
enriched fractions from forty-eight 10 cm dishes of mouse embryonic "broblasts (MEFs) employing superpar-
amagnetic iron oxide nanoparticles (SPIONs)7,15. To assess the purity and the amount of intact lysosomes, we 
performed enzyme activity assays for β-hexosaminidase, a hydrolase residing in the lysosomal lumen. We were 
able to recover ~80% of the intact lysosomes contained in the starting material and the enrichment e&ciency 
of the magnetic column was 62% (Fig. 1b). In the eluate fraction, 77% of lysosomes were intact (determined by 
the di$erence in enzyme activity with/without Triton X-100, Fig. 1b). When enriched by SPIONs, lysosomes are 
eluted from a magnetic column in a rather big volume and therefore the sample needs to be concentrated. For 
this purpose, and the removal of the isolation bu$er which may interfere with tryptic digestion, we employed two 
strategies: 1) the precipitation of all proteins by chloroform/methanol (precipitation samples, PN); and 2) the con-
centration of intact lysosomes by centrifugation (centrifugation samples, CN). For each approach, we prepared 
24 identical aliquots, which were stored at −80 °C until further use and determined the protein concentration for 
one representative aliquot.

Impact of LC gradient length on protein identification. Initially, we determined the impact of the 
LC gradient on the identi"cation rates of peptides and proteins by analyzing 1 µg of urea digested PN sample 
in triplicates with four di$erent gradient lengths (1 h, 2 h, 3 h, and 4 h). In comparison to 1 h gradients (2367 
protein groups on average, 1962 identi"ed in all 3 replicates), an increase in analysis time resulted in an aver-
age gain of 24%, 69%, and 84% proteins groups for the 2 h, 3 h, and 4 h gradients, respectively (Fig. 2a, and 



– Supplement – 

 - viii - 

 
 
 
 

6SCIENTIFIC DATA |            (2020) 7:68  | https://doi.org/10.1038/s41597-020-0399-5

www.nature.com/scientificdatawww.nature.com/scientificdata/

in !gshare deposit39: Table 1_Proteins_Gradient Length). We further focused on a subset of lysosomal and 
lysosome-associated proteins (!gshare deposit39: Table 9_Lysosomal Protein List) in the dataset. "e e#ects 
observed for this group of proteins were less pronounced compared to the whole protein population with a max-
imal increase of 34% (Fig. 2a). When we also took the reproducibility of identi!cation into account, however, 
the di#erence between the 1 h and 4 h gradient increased to 47% (only proteins identi!ed in all 3 replicates). 
Furthermore, the number of peptide spectral matches and unique peptides assigned to lysosomal proteins raised 
by 2.2 fold and 1.9 fold, respectively (Fig. 2b). Also for the whole dataset, we observed similar trends but with 
slightly higher fold-change values (Fig. 2a,b). Compared to the total population of proteins identi!ed in the 

Fig. 2 Evaluation of the impact of gradient length, sample fraction, and desalting on protein identi!cation. 
(a) Analysis of unfractionated tryptic digests of lysosome enriched fractions by LC-MS/MS using di#erent 
gradient lengths (1 h, 2 h, 3 h, and 4 h). Shown are the average numbers of identi!ed total and lysosomal protein 
groups. (b) Average numbers of PSMs and total peptides identi!ed with di#erent gradient lengths for total 
and lysosomal protein groups. (c) Analysis of the impact of peptide fractionation on the number of identi!ed 
total and lysosomal protein groups. (d) Average numbers of PSMs and total peptides identi!ed for the di#erent 
fractionation methods. (e) Evaluation of the impact of di#erent desalting approaches on the numbers of 
identi!ed proteins groups using Stage Tip- or cartridge-based formats. (f) Average numbers of PSMs and total 
peptides for the di#erent desalting methods. Shown are average values of 3 independent replicates + standard 
deviation. 3 F: 3 fractions; 6 F: 6 fractions; UF: unfractionated; PSMs: peptide spectral matches.
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dataset, the reproducibility of identi!cation for lysosomal proteins was higher for all gradient lengths tested, 
reaching to a reproducibility of 94% of proteins detected in all three replicates for the analysis with 4 h gradients.

Impact of peptide fractionation and desalting on protein and peptide identification. With 
~4,350 protein groups on average for the 4 h measurements, the comparison of LC gradients revealed a higher 
complexity of the lysosome-enriched samples than anticipated. We therefore evaluated, if further fractionation 
could improve identi!cation rates as it allows for higher amounts of starting material and the individual fractions 
are of lower complexity. We employed SAX-tip based fractionation35 generating 3 or 6 fractions in three inde-
pendent replicates and analyzed them with linear gradients of 60 min, as well as an unfractionated sample with 
a 4 h gradient (!gshare deposit39: Table 2_Proteins_Fractionation Methods). With regard to the total number of 
identi!ed protein groups, the sample divided into 6 fractions resulted in virtually similar numbers compared to 
the unfractionated sample (4,349 and 4,323 protein groups on average, respectively) while the sample divided into 
3 fractions yielded on average only 3,719 protein groups (Fig. 2c). When considering just the proteins identi!ed in 
all three replicates, the unfractionated sample outperformed both fractionation methods. For our subset of bona 
!de lysosomal proteins, we observed a similar trend with the unfractionated sample yielding the highest number 
of identi!ed lysosomal proteins and the most reproducible results (Fig. 2c). #ese results indicate that the 4 h 
gradient is su$cient for the complexity of the lysosomal fractions and no under-sampling occurs. With respect 
to the number of identi!ed peptide spectral matches (PSMs) for total and lysosomal proteins, the sample divided 
into 6 fractions yielded the best results, and for numbers of unique peptides identi!ed, the unfractionated sample 
performed best (Fig. 2d).

In order to evaluate if desalting in%uences the identi!cation of peptides and proteins, we performed solid 
phase extraction with three di&erent resins and compared the results. #is included a tip-based format using C18 
Stage Tips37 as well as two solid phase extraction cartridges containing di&erent stationary phases: Oasis HLB 
(Hydrophilic-Lipophilic Balance) cartridges, and Sep-Pak C18 cartridges. Using the urea digested PN sample, we 
desalted 10 µg of peptides with Stage Tips, and with both cartridge types 40 µg of peptides in triplicates followed 
by analysis of 1 µg each with 4 h gradients (!gshare deposit39: Table 3_Proteins_Desalting Methods). Desalting 
with Stage Tips resulted in the highest number of lysosomal and total protein groups identi!ed in all 3 replicates, 
followed by Sep-Pak and Oasis, which both delivered similar results (Fig. 2e). For both the whole dataset and the 
lysosomal proteins, however, the Oasis cartridges slightly outperformed both other approaches concerning the 
average number of PSMs and unique peptides (Fig. 2f). Concerning reproducibility, Stage Tip-based desalting 
outperformed both other methods.

Investigation of sample concentration and digestion procedures. Eluate fractions obtained from 
SPIONs enrichment are o'en highly diluted and it is necessary to further concentrate the contained lysosomes 
(or lysosomal proteins). Dependent on the subsequent experiments, it may be required to preserve the organelles’ 
integrity (for example for enzymatic assays) excluding the application of denaturing protein precipitation (PN) 
approaches. Furthermore, precipitation could result in protein aggregates which may not be fully re-solubilized 
during sample preparation for proteomic analysis. #erefore, the pelleting of intact lysosomes by centrifugation 
(CN) is an attractive alternative. #is approach should not result in any solubilization issues and may, as a positive 
side e&ect, lead to the depletion of unspeci!cally enriched soluble proteins, which will not be pelleted. However, 
CN may not succeed in the recovery of all lysosomes (e.g. such damaged during isolation) and proteins interact-
ing weakly with the lysosomal surface may be lost. Furthermore, due to the lack of a denaturation step, lysosomal 
proteases may retain residual activity during proteolytic digestion possibly in%uencing the results obtained from 
these samples.

To compare these two individual concentration approaches, we pelleted intact lysosomes by centrifugation 
(CN) or chemically precipitated proteins (PN) contained in the lysosome enriched fractions. We combined both 
approaches with four commonly used methods for proteolytic digestion including in-gel digestion, !lter aided 
sample preparation (FASP), and in-solution digestion using either RapiGest or urea, resulting in 8 di&erent com-
binations in total (Fig. 1a). For each combination of sample concentration and digestion, we prepared three inde-
pendent replicates. 10 µg of peptides were desalted by Stage Tips, and 1 µg each was analyzed with a 4 h gradient 
(!gshare deposit39: Table 4_Proteins_Digestion Methods).

For the in-solution digestion with urea and RapiGest, we observed virtually no di&erences between both 
the digestion and the concentration strategies concerning the number of identi!ed lysosomal and total protein 
groups (Fig. 3a,b). For sample preparation by FASP, the CN sample resulted in a markedly reduced number of 
total as well as lysosomal proteins, with high variability in total protein numbers between the individual rep-
licates. In-gel digested samples yielded slightly better results for the CN samples for both lysosomal and total 
proteins. To further investigate di&erences for the individual approaches, we performed label free quanti!cation 
using a combined database search (!gshare deposit39: Table 5_LFQ_Digestion Methods). We !ltered for pro-
tein groups identi!ed with all eight work%ows and performed binary comparisons for the individual digestion 
approaches within the same sample concentration setup (PN or CN). We then determined for each combination 
the number of proteins which were overrepresented in a given sample with a p-value < 0.05 and fold-change 
of ≥2 (Fig. 3c, and in !gshare deposit39: Table 5_LFQ_Digestion Methods). For each individual approach, a spe-
ci!c subset of proteins was overrepresented suggesting that the choice of sample preparation should be adapted 
if speci!c proteins are of special interest. Furthermore, these data suggest that results from published studies 
employing di&erent digestion strategies can be compared in a qualitative but not a quantitative way. To further 
investigate the regulated protein populations, we performed GO analyses for proteins which were signi!cantly 
up- or downregulated, the results can be found in our !gshare deposit39: Table 5_LFQ_Digestion Methods.

As protein precipitation may result in aggregates which could in%uence the e$ciency of proteolytic diges-
tion, we further investigated the percentage of missed cleavage sites (Fig. 3d). While in-gel digestion resulted in 
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similar rates for both the PN and the CN sample, we observed for FASP and RapiGest higher numbers of missed 
cleavages for PN. For the urea digested sample, the CN sample resulted in a slightly higher percentage of missed 
cleavage sites than PN and in general in a less e!cient cleavage than for the other approaches.

Lysosomes contain >20 di"erent proteases of which ~50% belong to the family of the cathepsins, catalyzing 
the degradation of a wide variety of proteins45. Dependent on their concentration, both urea and RapiGest retain 
the activity of the proteases Lys-C and trypsin which are used for mass spectrometry sample processing. It was 

Fig. 3 Evaluation of concentration and digestion methods. (a) Average numbers of identi#ed protein groups 
for the individual combinations of concentration and digestion methods. (b) Average numbers of identi#ed 
lysosomal protein groups for the individual combinations of concentration and digestion methods. (c) Number 
of proteins signi#cantly over-/underrepresented for binary comparisons of the individual datasets (fold-
change up or down regulation of ≥2 and p-value < 0.05). (d) Average numbers of missed cleavage sites for 
the individual combinations of concentration and digestion methods. (e) Average percentage of semi-tryptic 
peptides for the individual combinations of concentration and digestion methods. Shown are average values of 
3 independent replicates + standard deviation (a,b,d,e). PN: Precipitation; CN: centrifugation; U-CN: Urea CN; 
F-CN: FASP CN; R-CN: RapiGest CN; U-PN: Urea PN; F-PN: FASP PN; R-PN: RapiGest PN; I-CN: In-gel CN; 
I-PN: In-gel PN.
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shown before, that also in pH values higher than those usually present in the lysosomal lumen, cathepsins can be 
enzymatically active46. We, therefore, investigated if the CN samples still contained active lysosomal proteases, 
since no protein precipitation step was part of this protocol. As active cathepsins should result in peptides cleaved 

Fig. 4 Reproducibility of protein identi!cation for the individual sample preparation methods. (a) Common 
and unique total proteins among individual replicates for each combination of sample concentration approach 
and digestion method. (b) Common and unique lysosomal proteins among individual replicates for each 
combination of sample concentration approach and digestion method. (c) Overlap of identi!ed total or 
lysosomal proteins for the combination of a speci!c type of sample concentration and digestion method. PN: 
concentration by precipitation; CN: concentration by centrifugation.
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at other sites than arginine or lysine (for digests with trypsin and Lys-C), we performed database searches for 
semi-tryptic peptides (!gshare deposit39: Table 6_Semi-tryptic peptides_Digestion Methods). For all digestion 
methods, we observed a slight increase in semi-tryptic peptides for those concentrated by CN (Fig. 3e). #is was 
especially pronounced for samples digested in RapiGest for which ~1,600 additional semi-tryptic peptides were 
identi!ed in the CN relative to the PN sample (increase of 67%). #e markedly higher di$erence for digests car-
ried out in RapiGest suggests that certain lysosomal proteases may still be enzymatically active in these samples.

Concerning reproducibility among individual replicates, all approaches (with the exception of the FASP CN 
samples) performed similar resulting in an approximate overlap of 75% for total proteins and ~90% for lysosomal 
proteins (Fig. 4a,b). For the individual digestion strategies within each concentration method, the PN samples 
showed with 68%/85% a better performance than the CN samples (48%/68%) for the whole population of pro-
teins and such located at the lysosome, respectively (Fig. 4c).

Draft map of the mouse embryonic fibroblast (MeF) lysosomal proteome. Utilizing measure-
ments from all conditions, for which we analyzed the samples with 4 h gradients (39 LC-MS/MS runs in total), 
we performed a combined database search in order to assemble a dra% map of the MEF lysosomal proteome 
(!gshare deposit39: Table 7_Combined_Database Search_4h Gradient Length). In total, we identi!ed 7,356 pro-
teins from 100,581 peptides and 2,224,381 high con!dence PSMs (Fig. 5a). For the unique peptides identi!ed 
(83,619 in total), we observed a trend towards higher numbers for known lysosomal proteins (75% identi!ed 
with >5 unique peptides) compared to the whole dataset (54% identi!ed with >5 unique peptides (Fig. 5b). On 
the protein level, we were able to identify 470 out of 740 proteins of known lysosomal origin in total. Of these 
proteins, 82% were detected in >75% of LC-MS/MS runs while for the whole dataset only 54% were identi!ed 
at the same rate (Fig. 5c). We further matched the detection rate of lysosomal proteins with their occurrence in 
published datasets (Fig. 5d, !gshare deposit39: Table 9_Lysosomal Protein List). We observed a correlation of the 
number of datasets which list a given proteins as lysosomal and the identi!cation rate in our data: the likelihood 
to be reproducibly detected in our analyses increases with the number of published datasets including the protein. 

Fig. 5 Dra% map of the MEF lysosomal proteome. (a) Number of identi!ed proteins, lysosomal proteins, 
peptides, and PSMs from the combined database search of 39 × 4 h gradient measurements. (b) Distribution 
of total and lysosomal proteins identi!ed with a speci!c number of unique peptides. (c) Reproducibility of 
proteins and lysosomal proteins identi!ed across the individual analyses. Shown is the percentage of proteins 
identi!ed within a certain fraction of the 39 LC-MS/MS runs analyzed. (d) Correlation of the identi!cation rate 
of lysosomal proteins and their occurrence in published datasets.
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Taken together, this dataset presents to our knowledge the so-far most extensive analysis of lysosomes from a 
single cell type identifying a highly reproducible core proteome for lysosome enriched fractions from MEFs.

Analysis of the MeF lysosomal proteome by data independent acquisition (DIA). In order to 
facilitate an e!cient quanti"cation of lysosome enriched fractions from MEFs in future studies by DIA, we gen-
erated a spectral library based on our dataset obtained from the combined searches by Proteome Discoverer. We 
imported the PD result "le into the PulsarX algorithm integrated into the Spectronaut so#ware and generated a 
spectral library covering 7421 proteins, 98,371 peptides, and 118,269 precursors38. We then analyzed 1 µg of urea 
in-solution digested lysosome enriched samples in 3 replicates with "ve di$erent gradient lengths by DIA (30, 60, 
120, 180 and 240 min, ("gshare deposit39: Table 8_Proteins_Gradient length_DIA). While, not surprisingly, the 
240 min gradient resulted in the highest number of protein identi"cations and the 30 min gradient in the lowest 
(Fig. 6a), the di$erences were much less pronounced as for the DDA measurements (Fig. 2a). Furthermore, when 
comparing gradient lengths ≥120 min, we virtually did not observe any di$erences in numbers of identi"ed 
proteins. When we assessed the reproducibility of signal intensities for label free quanti"cation, however, we 
found a continuous increase of proteins with low coe!cients of variation (<10% CV) with the 240 min gradients 
delivering superior results (Fig. 6b). Finally, we visualized di$erences in protein identi"cation and abundance for 
the individual DIA analyses clustering the data in a row and column-wise manner for all data points with high 
con"dence (Fig. 6c). We observed a highly reproducible clustering of intensities among the independent biologi-
cal replicates and highly similar pro"les among the gradients with ≥120 min.

Usage Notes
For all analyses, the identi"ed protein groups including the most important information can be found in the 
respective table in the "gshare collection39. Furthermore, for the analysis of missed cleavage sites, the individual 
peptide sequences are provided in our "gshare deposit39 Table 6_Semi-tryptic Peptides_Digestion methods. If 
more details, like the exact peptide sequences assigned to a given protein in a speci"c analysis, are desired, the 
Proteome Discoverer (PD) result "les can be accessed through the public repository38. For accession of these "les, 
the Proteome Discoverer So#ware can be obtained from www.thermo"sher.com. Furthermore, the PD study "les 
are included which can be used to re-analyze the *.raw "les with di$erent parameters. If an analysis by a di$erent 
algorithm is desired, the provided *.raw "les can be analyzed with any other mainstream proteomic data analysis 
so#ware. For manual analysis of the *.raw "les, tools like Xcalibur or FreeStyle from &ermo Fisher Scienti"c can 
be used or freeware such as MSFileReader or the ProteoWizard toolkit.

Fig. 6 Analysis of the MEF lysosomal proteome by data independent acquisition. (a) Average numbers of total 
and lysosomal proteins identi"ed for di$erent gradient lengths. (b) Numbers of total and lysosomal proteins 
determined with values below a certain coe!cient of variation (CV) among the individual replicates. (c) 
Unsupervised clustering of protein intensities determined for the di$erent individual gradient lengths. Each 
column represents the normalized protein intensities for an individual replicate. In (a), average values of 3 
independent replicates + standard deviation are shown. CV: coe!cient of variation.
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A unique value of the dataset presented in this study is related to the planning of experiments for the analysis 
of lysosomes from MEFs by mass spectrometry. If the analysis of a given lysosomal or lysosome-associated pro-
tein in these cells is desired, it is possible to determine from the individual datasets which lysosome concentration 
method, proteolytic digestion strategy, desalting approach, fractionation method, and gradient length should 
be used to obtain an optimal result. For the development of targeted mass spectrometry assays for mouse sam-
ples, high con!dence peptides and their fragment ions can be extracted from our combined dataset. "is allows 
assessing how reproducible the identi!cation of these peptides is across di#erent experimental conditions, if the 
signal intensity is su$cient, and which fragment ions can be utilized for SRM/MRM assay design. Based on the 
information in !gshare deposit39: Table 5_LFQ_Digestion Methods, it can furthermore be assessed if a certain 
digestion method results in higher intensities for the protein(s) of interest. Finally, the spectral library which 
was generated for the DIA analyses can be readily used for the analysis of lysosome-enriched MEF samples with 
the algorithm Spectronaut (www.biognosys.com). If analysis with other algorithms is desired, the data can be 
re-exported from the available PD study in the desired format. "e de!nition of a high con!dence lysosomal 
proteome by combination of 39 individual LC-MS/MS analyses presents, to our knowledge, the largest analysis of 
isolated MEF lysosomes so-far. "is resource is valuable for the identi!cation of proteins which are of potential 
lysosomal origin in MEF cells covering such which have been proposed to be located at the lysosome and such 
which have not been assigned to the lysosome yet.

Taken together, this dataset presents a toolbox for the conceptualization of experiments for the analysis of 
lysosome enriched samples from MEFs, and a valuable resource for the targeted analysis of lysosomal proteins in 
mouse samples.

Code availability
DDA data were analyzed with Proteome Discoverer 2.2 and DIA data were analyzed with Spectronaut (Version: 
13.2.19). Data comparison was performed with Microso% Excel 2016, GraphPad Prism 6.07, and Venny (https://
bioinfogp.cnb.csic.es › tools › venny).
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Abstract: In eukaryotic cells, lysosomes play a crucial role in the breakdown of a variety of compo-
nents ranging from small molecules to complex structures, ascertaining the continuous turnover of
cellular building blocks. Furthermore, they act as a regulatory hub for metabolism, being crucially
involved in the regulation of major signaling pathways. Currently, ~450 lysosomal proteins can be
reproducibly identified in a single cell line by mass spectrometry, most of which are low-abundant,
restricting their unbiased proteomic analysis to lysosome-enriched fractions. In the current study, we
applied two strategies for the targeted investigation of the lysosomal proteome in complex samples:
data-independent acquisition (DIA) and parallel reaction monitoring (PRM). Using a lysosome-
enriched fraction, mouse embryonic fibroblast whole cell lysate, and mouse liver whole tissue lysate,
we investigated the capabilities of DIA and PRM to investigate the lysosomal proteome. While both
approaches identified and quantified lysosomal proteins in all sample types, and their data largely
correlated, DIA identified on average more proteins, especially for lower complex samples and longer
chromatographic gradients. For the highly complex tissue sample and shorter gradients, however,
PRM delivered a better performance regarding both identification and quantification of lysosomal
proteins. All data are available via ProteomeXchange with identifier PXDD023278.

Keywords: targeted proteomics; lysosomes; parallel reaction monitoring; data-independent acquisi-
tion; label-free quantification

1. Introduction
Lysosomes are membrane-bound organelles, which are well-known as the main

degradative compartment of eukaryotic cells [1]. They fulfil a crucial function for the break-
down of a variety of cellular components and the recycling of their building blocks. This
is achieved by ~60 hydrolases and ~40 transporters residing in the lysosomal lumen and
membrane [2]. The proper function of these hydrolases is crucial for cellular homeostasis,
as exemplified by the detrimental consequences of lysosomal enzyme malfunction. Muta-
tions resulting in their altered activity, stability, or subcellular distribution can result in the
accumulation of their respective substrates within lysosomes, interfering with the correct
function of the organelle. Impaired lysosomal function is the primary cause of a group of
~70 inherited rare genetic diseases, so-called lysosomal storage disorders (LSDs), which
frequently result in neurodegeneration, metabolic dysfunction, impaired development,
and premature death [3]. To date, therapies exist only for a handful of LSDs and those
available are almost exclusively symptomatic [3–5].

While the connection between lysosomal dysfunction and LSDs has been known for
decades, altered lysosomal or lysosome-associated proteins have recently been shown in
an increasing number of studies to be involved in more common conditions, increasing the
public interest in this organelle. This includes, but is not limited to, cancer [6], neurodegen-
erative disorders [7], and cardiovascular diseases [8]. As part of this development, the view
on lysosomes as unregulated cellular waste bags, which persisted for decades, is currently
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transitioning towards highly mobile organelles that act as a major regulatory hub of cellular
metabolism. In recent years, lysosomes have been shown to vary in their properties, to be
actively transported, to interact with other organelles, and to respond to various cellular
and environmental stimuli with the help of an extensive network of proteins [2,9,10]. This
involves several key players regulating cellular growth and energy metabolism, such as
the mechanistic target of rapamycin complex 1 (mTORC1) or the AMP-dependent kinase
(AMPK), which are activated at the lysosomal surface [11].

These emerging roles of lysosomes have led to an increasing interest in the analysis
of lysosomal proteins. For the unbiased characterization of large numbers of proteins,
mass spectrometry (MS)-based proteomics is currently the method of choice, as it allows
for the identification, quantification, and characterization of thousands of proteins from
a given sample [12]. To date, ~740 proteins have been assigned in one way or the other
to lysosomes, ~300 of which are either located in the lysosomal lumen, at the lysosomal
surface, or directly interact with it [13].

Lysosomal proteins are typically of low abundance and therefore frequently not cov-
ered in DDA whole proteome shotgun analyses. The most common way to increase the
coverage of lysosomal proteins is lysosome enrichment, resulting in a reduced sample
complexity and therefore facilitating their analysis. Several lysosome enrichment methods
are currently available, the most common of which are based either on density gradient
centrifugation, superparamagnetic iron oxide nanoparticles (SPIONs) in combination with
magnetic columns, or the immunoaffinity enrichment of tagged lysosomal proteins [14].
While all of these approaches allow for a certain degree of enrichment, they come with
restrictions that limit the samples they can be applied to. While density gradient cen-
trifugation can be performed for virtually any starting material, recovery is low and high
amounts of contaminating organelles, mostly mitochondria, are included in the lysosome-
containing fractions [14]. The use of SPIONs, which are taken up by unspecific fluid
phase endocytosis and delivered to the lysosomal compartment through the endocytic
pathway [15], is limited to cells grown in culture which actively perform fluid phase endo-
cytosis. Furthermore, with this approach, only those lysosomes can be isolated that receive
cargo from late endosomes, which may be affected when studying models of LSDs with
impaired endosome-lysosome fusion. For the immunoaffinity enrichment of lysosomes
through tagged membrane proteins [16,17], a fusion protein has to be stably expressed in
cells or animals, requiring the generation of the respective organism. Furthermore, only
lysosomes expressing the protein of choice are covered, which may result in a selection
bias, and the overexpression of the tagged protein may influence lysosomal properties.
For all approaches, millions of cells or milligram amounts of tissue are needed as starting
material, excluding low-abundant samples from these analyses. As many LSDs affect
distinct populations of cells, and the majority of LSDs can only be simulated in animal
models, these limitations stall the proteomic investigation of LSDs, as it is frequently not
possible to obtain lysosome-enriched fractions in sufficient quantities.

The need for enrichment of lysosomal proteins arises from the limitations of untar-
geted data-dependent acquisition (DDA)-based acquisition strategies, as highly abundant
peptides prevent the fragmentation, and therefore identification, of those originating from
low-abundant lysosomal proteins. Therefore, a promising alternative for the characteriza-
tion of lysosomal proteins from small amounts of complex samples are targeted proteomics
strategies. Currently, two major approaches for targeted proteomics are applied. On the
one hand, previously defined peptides are fragmented in single, multiple, or parallel re-
action monitoring (SRM, MRM, PRM) experiments, and abundance is determined based
on the intensity of their fragment ions [18]. On the other hand, unbiased fragmentation
of pre-determined m/z windows is performed in data-independent acquisition (DIA)
approaches, and the abundance of the respective peptides is determined from unique
fragment ions identified in mixed MS/MS spectra [19]. In comparison to DDA-based
label-free quantification strategies, PRM and DIA approaches offer increased sensitivity
and reproducibility for low-abundant peptides in complex samples [20–22], making them
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ideal candidates for the analysis of lysosomal proteins from cell or tissue samples without
prior enrichment.

So far, to our knowledge, targeted approaches have not been frequently used for
the investigation of the lysosomal proteome. PRM was applied in a few studies for the
investigation of selected lysosomal proteins (e.g., [23–25]), while only DIA approaches have
been used for the analysis of the whole lysosomal proteome, so far solely investigating
lysosome-enriched samples [14,16,26]. While it was reported that DIA is able to identify
and quantify > 10,000 proteins within a single run [27], the reproducible quantification of
lysosomal proteins suffers in highly complex samples and the achievable performance in
whole cell lysates is significantly lower compared to lysosome-enriched fractions [14].

In the present study, we compared DIA and PRM for the analysis of the lysosomal
proteome from samples of different complexities. We investigated lysosome-enriched frac-
tions, as well as whole cell and liver lysate, and systematically compared the performance
of DIA and PRM. While we could detect lysosomal proteins with both approaches in all
sample types, and DIA identified higher numbers for most samples, PRM showed a better
performance in liver lysate allowing for the detection of quantitative changes which were
not identified by DIA.

2. Material and Methods
2.1. Cell Culture Experiments and Sample Lysis

All cell culture experiments were performed under a sterile hood and all solutions
were pre-warmed to 37 �C. Mouse embryonic fibroblasts (MEFs) were cultured at 37 �C
and 5% CO2 in Dulbecco’s modified eagle medium (DMEM), supplemented with 10%
(v/v) fetal calf serum (FCS), 100 IU/mL penicillin, and 100 µg/mL streptomycin. For the
generation of MEF whole cell lysate samples, 1.5 ⇥ 106 cells each were seeded on three
15 cm plates and cultivated for 72 h. The cells were washed once with 5 mL of ice-cold
1⇥ phosphate-buffered saline (PBS), scraped in 600 µL of ice-cold PBS, and collected in
a 1.5 mL microtube. Cells were pelleted by centrifugation at 1000⇥ g and 4 �C for 4 min,
the supernatant was discarded, and the cell pellet was re-suspended in 600 µL lysis buffer
(4% SDS, 100 mM HEPES pH 7.5). Subsequently, the cell suspension was incubated at
95 �C for 10 min followed by sonication using a Ultrasonics Sonifier 250 (Branson, Danbury,
CT, USA) at a duty cycle of 60% and an output of 6 for 90 s. Samples were centrifuged at
20,000⇥ g and RT for 30 min and the clear supernatants were transferred to new microtubes.

Lysosome isolation was performed from MEF cells using SPIONs as described else-
where [26]. In brief, cells were cultivated in DMEM with 2.5% FCS for 72 h (3 ⇥ 106 cells per
10 cm dish), 1 mL of magnetite solution (EndoMAG40, Liquids Research, North Wales, UK)
was added to each plate, and the cells were incubated for 24 h (pulse period). Subsequently,
the cells were washed twice with pre-warmed PBS, fresh DMEM (10% FCS) was added,
and the cells were incubated for 24 h (chase period). Cells were washed with ice-cold PBS
and harvested using a cell scraper in 2 mL lysosome isolation buffer (250 mM sucrose,
10 mM HEPES pH 7.4, 1 mM CaCl2, 15 mM KCl, 1 mM MgCl2, 1.5 mM MgAc, 1 mM
dithiothreitol (DTT), 1x cOmplete EDTA-free protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany)). Plasma membranes were disrupted using a dounce homogenizer,
and lysosomes were enriched using Miltenyi LS columns (Miltenyi Biotech, Auburn, CA)
and eluted using a plunger.

2.2. Preparation of Mouse Liver Samples

Mice were handled in accordance with local regulations concerning the welfare of
animals. Three months-old male C57BL/6 mice were sacrificed by cervical dislocation, the
liver was extracted, and snap-frozen in liquid nitrogen. The frozen tissue was chopped
into small pieces using a razor blade, and 1 mL of lysis buffer (4% SDS, 100 mM HEPES
pH 7.5) was added. The sample was incubated for 10 min at 95 �C and sonicated using
an Ultrasonics Sonifier at a duty cycle of 60% and an output of 6 for 90 s. Subsequently,
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the samples were again incubated at 95 �C for 10 min, centrifuged at 20,000⇥ g and RT for
30 min, and the clear supernatants were transferred to new microtubes.

2.3. Sample Preparation for Mass Spectrometry

The protein concentration of all samples was determined using the DC Protein Assay
(Bio-Rad Laboratories, CA, USA). For MEF whole cell lysate and liver samples, 100 µg of
protein were used for each replicate while 20 µg were used for lysosome-enriched fractions.
Sample volumes were adjusted to 200 µL using HPLC-grade water and proteins were
precipitated by addition of 1 mL ice-cold chloroform/methanol (2:1 v/v), vigorous vortex-
ing, and centrifugation at 20,000⇥ g, 4 �C for 1 h. The liquid phases were discarded, the
protein pellets washed once with 1 mL of ice-cold methanol, and centrifuged at 20,000 ⇥ g,
4 �C for 15 min, followed by the removal of methanol. Protein pellets were air-dried and
solubilized in 1% RapiGest (Waters, Milford, MA, USA), 0.1 M NH4HCO3 pH 7.8 at 95 �C
for 10 min. Subsequently, samples were diluted 1 to 5 with 0.1 M NH4HCO3 and trypsin
(Promega, Mannheim, Germany) was added at an enzyme-to-substrate ratio of 1:500, fol-
lowed by incubation at 37 �C, 800 rpm in a thermomixer for 45 min. Proteins were reduced
using DTT (5 mM final concentration) at 56 �C for 30 min and alkylated with acrylamide
(20 mM final concentration) for 30 min at RT, followed by quenching of the reaction through
the addition of 5 mM DTT. Finally, trypsin was added at an enzyme-to-sample ratio of
1:50 and the RapiGest concentration adjusted to 0.1% using 0.1 M NH4HCO3. Proteins
were digested overnight at 37 �C, and on the following day, RapiGest was hydrolyzed
by addition of 1% TFA (final concentration) and incubation in a thermomixer at 800 rpm,
37 �C for 30 min. Hydrolyzed RapiGest was precipitated by centrifugation at 20,000⇥ g,
RT for 10 min and the supernatants were desalted using Oasis HLB cartridges (Waters) as
described elsewhere [28]. Briefly, cartridges were equilibrated with 70% ACN, 0.1% acetic
acid (AA), washed with 0.1% AA, and the sample was loaded. Subsequently, cartridges
were washed with 0.1% AA and peptides were eluted sequentially with 30%, 50%, and
70% ACN, 0.1% AA. Eluate fractions were pooled and the combined samples dried in a
vacuum centrifuge. Dried peptides were re-suspended in 5% ACN, and the peptide concen-
tration was determined using the Quantitative Fluorometric Peptide Assay (ThermoFisher
Scientific, Waltham, MA, USA), and the peptides were dried again.

2.4. LC-MS/MS Analysis

All analyses were performed using a Dionex Ultimate 3000 nano-UHPLC system
coupled to an Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher Scientific).
Analytical columns were produced in-house as follows: spray tips were generated with
a P-2000 laser puller (Sutter Instruments, Novato, CA) from 360 µm outer diameter and
100 µm inner diameter fused silica capillaries and packed to a length of 40 cm with 3 µm
ReprosilPur AQ C18 particles (Dr. Maisch, Ammerbuch-Entringen, Germany). Dried
peptides were reconstituted in 5% ACN, 5% formic acid (FA), and 1 µg was loaded together
with 750 fmol of internal retention time standards (iRTs, Biognosys, Schlieren, Switzerland)
to the analytical column at a flow rate of 600 nl/min with 100% solvent A (0.1% FA in water)
for 25 min. Peptides were eluted with 60, 120, and 240 min linear gradients from 5–35%
solvent B (90% ACN, 0.1% FA) at a flow rate of 300 nl/min. For parallel reaction monitoring
(PRM) measurements, precursor masses were selected from a previously recorded dataset
(Table S1, [26]) while the spectral library for data-independent acquisition (DIA) analyses
was generated using 240 min data-dependent acquisition (DDA) runs. In these analyses,
survey spectra were acquired with a mass range of m/z 350–1200 at a resolution of 60,000
and an AGC target setting of 4 ⇥ 105 The most abundant precursor ions (charge states of
2–4) were isolated using the quadrupole (isolation width of m/z 1.6), and fragmented by
HCD with a collision energy of 27 in the top speed mode (cycle time of 3 sec). Fragment
ion spectra were acquired in the Orbitrap mass analyzer at a resolution of 30,000 and
fragmented ions were excluded from further fragmentation for 120 s. For DIA analyses,
one MS scan was performed with a mass range of m/z 350–1200, a resolution of 120,000,
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a maximum injection time of 20 ms, and an AGC target setting of 5 ⇥ 105. The MS scan
was followed by static DIA MS/MS scans, covering the same m/z range with an overlap
of m/z 0.5, with the following gradient lengths/ scan numbers/ isolation windows/
cycle times: 60 min/ 24 scans/ m/z 35.9/ 2.34 s; 120 min/ 36 scans/ m/z 24.1/ 3.44 s;
240 min/ 58 scans/ m/z 15.2/ 5.45 s). The HCD collision energy was set to 27% and
DIA MS/MS scans were acquired in the Orbitrap with a resolution of 30,000, a maximum
injection time of 60 ms, and an AGC target setting of 1 ⇥ 106. For PRM analyses, MS spectra
were acquired with a mass range of m/z 300–1500 at a resolution of 60,000, a maximum
injection time of 118 ms, and an AGC target setting of 4 ⇥ 105. Peptides were isolated in the
quadrupole with an isolation width of m/z 1.2 and fragmented by HCD with a collision
energy of 27%. MS/MS scans were acquired in the Orbitrap mass analyzer with a mass
range of m/z 200–2000, a resolution of 30,000, a maximum injection time of 54 ms and an
AGC target setting of 5 ⇥ 104.

2.5. Data Analysis

For DIA library generation, DDA *.raw files were analyzed with the Pulsar search
engine integrated in Spectronaut (Version: 14.7.20, Biognosys) (1). Uniprot Mus musculus

(release date: 09.09.2019 with 17,023 entries), in combination with a database containing
common contaminants, was used for database searching with Spectronaut standard set-
tings [29]. In brief, cleavage by trypsin with up to two missed cleavage sites was defined,
propionamide (cysteine) was set as fixed and oxidation (methionine) as variable modifica-
tion, and three to six fragment ions were selected for library generation, dependent on the
intensity of the respective peptide. The high-precision iRT concept (dynamic) was applied
for retention time alignment. Matching of mass tolerances for precursors, fragment ions,
as well as peak extraction windows were determined automatically by Spectronaut. Only
MS precursor information was utilized for peak detection, and interference correction was
enabled. Global normalization was performed for individual runs based on the median
abundance. Data were filtered with a 1% FDR cut off on the precursor and protein level
(q-value < 0.01) [30]. p-value determination and unsupervised clustering were performed
with the post-analysis pipeline of Spectronaut applying default parameters (distance met-
ric: Manhattan Distance; linkage strategy: Ward’s method; multiple testing correction:
Storey’s method).

For PRM analyses, a spectral library was generated using a subset of our previously
published DDA dataset [26] with Skyline [31], applying a cut-off score of 0.95. Ambiguous
peptide matches were excluded, and the library was filtered for peptides which were
previously manually selected to be included in the assay (Table S1). For analysis of PRM
data, *.raw files were loaded into Skyline daily version 20.2.1.315. Automated fragment
ion selection by Skyline was utilized (6 ions/peptide) with the exception of the peptides
with the sequence SLQPLYR and GSFSLSVR, for which only 5 fragment ions matched,
using the following criteria: maximum mass error of 10 ppm for MS and MS/MS ion trace
filtering (centroid mode) and charge states of 1+/2+ for b- and y-ions as well as 2+/3+
for precursor ions. Integration boundaries of iRT peptides were inspected manually and
corrected, if necessary. Experimental data were only reviewed when Skyline reported a
peak truncation, and peptides with truncated peaks or no MS/MS signal were excluded
from further analysis. Peptide-centric reports were exported and further processed in MS
Excel. For peptide and protein quantification, the summed area under the curve (AUC)
of fragment ions was used. For all analyses, only peptides with quantitative values in all
three replicates were considered.

3. Results and Discussion
We showed previously that the analysis of lysosome-enriched fractions with DIA

allows for a superior performance compared to DDA measurements in a reduced amount
of time [26]. When we investigated the lysosomal proteome in samples of higher com-
plexity (such as whole cell lysates); however, we observed that the number of lysosomal
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proteins that can be reproducibly identified and quantified was markedly lower, indicat-
ing a reduced performance in such samples [14]. This is most likely due to the fact that
co-fragmenting peptides increase the complexity of MS/MS spectra, which results in a
decreased performance for the quantification of lysosomal proteins, as they are of low
abundance relative to the whole proteome. In theory, PRM approaches should be superior
in this aspect, as only a small m/z window, that is specific for the individual peptide,
is fragmented.

In order to determine which strategy is best-suited for the MS/MS-based quantifica-
tion of the lysosomal proteome in samples with different complexities, we compared DIA-
and PRM-based quantification (Figure 1). Initially, we defined a highly reproducible lyso-
somal proteome from a dataset generated previously by our group, comprising 39 DDA
LC-MS/MS runs of lysosome-enriched fractions from MEFs [26]. From these data, we
only considered proteins which were assigned to the lysosomal compartment based on
gene ontology (GO) and Uniprot categories, and which were detected in � 75% of LC-
MS/MS runs with � 2 unique peptides, resulting in a final list of 374 proteins (Table S1).
For the comparison of DIA and PRM, we used a lysosome-enriched fraction from MEFs
(LEF) as benchmark samples, as it contains the highest percentage of lysosomal proteins.
Furthermore, we used MEF whole cell lysate (MWCL) as well as liver tissue lysate (LTL),
representing samples of increasing complexity. We performed all experiments in triplicates
with independent experimental replicates for each measurement.

Figure 1. Workflow for sample preparation and analysis. For each sample type, proteins were extracted and digested in
three experimental replicates and analyzed by LC-MS/MS using either DIA or PRM with different gradient lengths. MEF:
mouse embryonic fibroblasts; DIA: data independent acquisition; PRM: parallel reaction monitoring; K: lysine; R: arginine.
Created with Biorender.com.

3.1. Gradient Length and Sample Complexity Affect Lysosomal Protein Quantification by DIA

Initially, we analyzed all three sample types with different gradient lengths (60 min,
120 min, and 240 min) by DIA. We adjusted the width of DIA fragmentation windows
depending on the gradient length in order to allow for a similar number of data points
across chromatographic peaks of the individual gradients. Consequently, a shorter gradient
resulted in a larger m/z window and vice versa, influencing the number of co-fragmented
precursor ions. To assess performance of the individual methods, we evaluated both the
numbers of total proteins, and those previously reported to be lysosomal (Table S1) that
were identified in each run (Table S2).

We found highest total protein numbers in the MWCL, followed by the LEF, and
the LTL (Figure 2a). While we observed a steady increase in the number of identified
total proteins from 60 min to both 120 min and 240 min gradients for MWCL (increase of
19% and 28%) and LTL (increase of 28% and 46%) samples, the numbers of IDs detected
in the LEF only increased from 60 min to 120 min gradients (increase of 30%). When
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considering only lysosomal proteins, we identified, as expected, highest numbers in the
LEF, followed by MWCL and LTL. While the latter two showed a similar correlation of
gradient length and protein identifications, the LEF produced virtually constant numbers
for all gradients and only CV values improved. The differences in identifications were
particularly pronounced when considering lysosomal proteins quantified with < 5% CV in
the 60 min gradient analyses, 116 of which were found in the LEF but only 45 in the LTL
(Figure 2b).

Figure 2. Identification of total and lysosomal proteins in DIA experiments. (a,b) Numbers of identified total proteins (a) and
those known to be located at/in the lysosome (b). Shown are average values (n = 3) for the analysis of lysosome-enriched
fractions of MEF (LEF), MEF whole cell lysate (MWCL), and liver tissue lysate (LTL) with three different gradient lengths.
Total IDs as well as those quantified with a CVs  20%, 10%, and 5% are shown. (c,d) Overlap in protein identification
for total proteins (c) and those known to be located at the lysosome (d) for proteins identified in all three replicates of
LEF, MWCL, and LTL samples analyzed with different gradient lengths. Venn diagrams were generated with the tool
BioVenn [32]. LEF: lysosome-enriched fractions from mouse embryonic fibroblasts; MWCL: mouse embryonic fibroblast
whole cell lysates; LTL: whole liver tissue lysate; CV: coefficient of variation; ID: number of identified proteins.

It was quite surprising to us that we identified the highest number of proteins in the
MWCL, as the LTL should theoretically be the most complex sample. A possible explanation
for this observation is that the LTL contains a certain number of highly abundant proteins,
which account for a larger percentage of the sample than highly abundant MWCL and LEF
proteins. Consequently, in LTL the remaining proteins present a smaller fraction of the total



– Supplement – 

 - xxiv - 

 

Proteomes 2021, 9, 4 8 of 17

sample. As the C-trap — which is used for ion storage prior to injection into the Orbitrap —
has a limited capacity [33], this results in reduced fragment ion intensities for the lower
abundant proteins, which are not sufficient for identification/quantification. Furthermore,
the highly abundant fragment ions from these proteins dominate the DIA MS/MS spectra,
resulting in reduced detection of co-fragmented lower abundant peptides.

When considering the increase in identification of total unique proteins with increasing
analysis time, each sample contributed a distinct population (Figure 2c). Lysosomal protein
identifications, on the other hand, were very similar between the samples, and for 240 min
gradients the majority was identified at least in both the MWCL and the LEF (Figure 2d).
These results imply that short gradients suffice to achieve a good coverage of lysosomal
proteins in LEFs, while longer gradients are needed when MWCL and LTL are analyzed.

While this confirms that lysosomal proteins are more abundant in lysosome-enriched
fractions, which was certainly expected, it also shows that the detection of such lower
abundant proteins in DIA analyses suffers from sample complexity. As our DIA analyses
were performed with different m/z windows for the different gradient lengths, this effect
is most likely related to the number of co-fragmented precursor ions and the resulting
MS/MS spectrum complexity. The bigger the fragmentation window is, the more peptides
are co-fragmented, and consequently the fragment ions of the lower abundant lysosomal
proteins are identified with a lower efficiency.

3.2. Variation of Protein Abundance and Variance between Sample Types in DIA Analyses

To further follow up on this effect, we investigated the protein abundances for the
individual samples utilizing median-normalized AUCs (Figure 3a). Confirming our pre-
vious assumption, the liver lysate resulted in the highest average abundance (1.6- and
1.8-fold higher compared to the lysosome-enriched fractions and MEF lysate, respectively,
for 60 min gradients) and the largest number of highly abundant proteins (36 proteins
compared to 11 and 12 with log10 values > 7.5 for LEF and MWCL, respectively). Average
protein abundance correlated inversely with the number of protein identifications, with
highest values in the shortest gradient, irrespective of the sample type. For lysosomal
proteins, we observed highest average abundances in the LEF (1.8- and 2.4-fold higher
compared LTL and MWCL for 60 min gradients) and, unlike the total protein identifica-
tions, no decrease in abundance with increasing gradient length (Figure 3c). Average CV
values, however, behaved similarly for all types of proteins (Figure 3b,d).

To visualize the differences of the individual datasets on a global scale, we generated
heatmaps for the average abundances of total and lysosomal proteins, clustered in a row-
and column-wise manner (Figure 4a,b). For both analyses, we observed distinct protein
populations which formed individual clusters, based on their abundance in the respective
sample types and gradient lengths. In most cases, gradient length played a decisive role,
while the highest differences existed for the LTL relative to the other samples. For the
majority of known lysosomal proteins, we detected a higher abundance in the LEF relative
to the MWCL and the LTL, while certain proteins were exclusively identified in the LEF.
We also identified, however, some clusters with a higher abundance in MWCL and LTL,
implying that either not all lysosomal proteins were recovered efficiently in the lysosome-
enrichment step, or that a certain population of these proteins was located in a different
cellular compartment.
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Figure 3. Reproducibility of protein abundance in DIA analyses. (a) Protein abundance for total proteins identified in
individual samples with different gradient lengths. (b) CV values for total proteins identified in individual samples with
different gradient lengths. (c) Protein abundance for lysosomal proteins identified in individual samples with different
gradient lengths. (d) CV values for lysosomal proteins identified in individual samples with different gradient lengths.
Shown are combined values from 3 replicates, the median is indicated by a line, while the average is marked with a “+”.
LEF: lysosome-enriched fractions from mouse embryonic fibroblasts; MWCL: mouse embryonic fibroblast whole cell lysates;
LTL: whole liver tissue lysate; CV: coefficient of variation.

Figure 4. Global analysis of DIA datasets. (a,b) Unsupervised clustering of average abundances (columns) of LEF, MWCL,
and LTL for three different gradient lengths (60, 120 and 240 min) for total proteins identified ((a), n = 7145) and lysosomal
proteins ((b), n = 314). The color code indicates the normalized intensity of the individual proteins. (c) Principal component
analysis (PCA) for all analyses with two defined standardized principal components (PC1 and PC2). LEF: lysosome-enriched
fractions from mouse embryonic fibroblasts; MWCL: mouse embryonic fibroblast whole cell lysates; LTL: whole liver
tissue lysate.
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Finally, we assessed the global variability between the datasets by principal component
analysis (PCA, Figure 4c). The two main principal components (PC1 and PC2), which are
responsible for 62% and 30% of the variance in the dataset, allowed for a good separation
of the samples. As individual replicates of the same sample type and gradient length
clustered closely together, the main variance in the dataset (PC1) can be explained based
on the difference of the sample type itself. However, especially for the MWCL, the 240 min
gradient data behaved significantly differently than those acquired with other gradients,
being actually closer to the LEF. This relates most likely to the fact that the LEF originated
from MEFs and that proteome coverage in the 240 min gradient increased to such an extent
that very similar proteins were identified (Figure 2c).

3.3. PRM Assay Development

For the 374 proteins included in our lysosomal proteome reference list (Table S1),
10,141 unique peptides were identified in the course of our previous analysis [26]. We
narrowed down the list of putative peptides by excluding those identified with variable
modifications, missed cleavage sites, or containing the amino acid combination PK or PR
(as proline residues interfere with tryptic cleavage). These criteria were fulfilled by 3816
peptides representing 367 proteins. Based on the average signal intensities in this dataset,
we considered the two most abundant peptides for each protein, resulting in a final list
of 680 peptides, as for some proteins only a single peptide fulfilled our criteria (Figure 5a,
Table S1).

Figure 5. Establishment of PRM assay. (a) Workflow for the development of the PRM assay. Created with Biorender.com.
(b) Distribution of concurrent precursor elution in 60 min and 120 min gradients. (c) Differences between predicted and
experimentally determined retention times for individual measurements. Shown are combined values of three replicates
and the mean (+), median (line), and interquartile range are indicated. LEF: lysosome-enriched fractions from mouse
embryonic fibroblasts; MWCL: mouse embryonic fibroblast whole cell lysates; LTL: whole liver tissue lysate; CV: coefficient
of variation; RT: retention time.

For PRM assay scheduling, we extracted the peptides’ retention time information from
the 120 min DIA runs of the LEF, followed by the refinement of the assay by PRM analysis
of the same sample, including high-precision indexed retention time (iRT) standards [29].
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After analysis with an initial scheduled PRM assay (15 min retention time windows), we
performed unscheduled PRM runs for those peptides that were not detected in these initial
analyses. Finally, we combined the acquired retention times of all peptides that we were
able to detect with distinct fragment ion signatures, and created an iRT-normalized library.
This resulted in a final assay comprising 586 peptides from 340 lysosomal proteins. For
the analysis of acquired PRM data with Skyline [31], we built a reference spectral library
from our previously measured DDA dataset of the LEF [26]. Finally, we generated two
assays utilizing 4 min retention time windows. In one assay, all peptides were analyzed in a
single 120 min gradient, while the other assay consisted of two 60 min gradients. This was
necessary, as the high number of concurrent precursors (up to 140) would have drastically
reduced the number of data points for chromatographic peaks eluting in the middle of
gradient (Figure 5b). For subsequent analyses, we determined iRT correction factors for
the different sample types using DDA runs, and adjusted the scheduling accordingly. For
data export from Skyline, a minimum number of six data points was defined.

3.4. Gradient Length and Sample Type Affect Data Quality in PRM Analyses

Due to the high number of peptides, we defined parameters for the acceptance of PRM
quantification data without manual inspection of each peptide. Initially, we assessed the
difference between predicted and experimentally observed retention times. For the 60 min
and 120 min gradients, we observed average peak widths of 21 sec and 25 sec, respectively,
and an average retention time variability of ±15 sec, with a slightly lower average shift
for the 60 min gradients (Figure 5c). LEF analyses with 120 min gradients presented with
only ±8 sec an exception, which might be due to the fact that we performed the PRM assay
retention time normalization with 120 min gradient measurements of the LEF, while the
scheduling for MWCL and LTL was solely based on iRT predictions.

Next, we investigated the quality of acquired fragment ions for the individual peptides
utilizing the dot product (dotP) value [34], which allows for correlation between the
acquired spectrum and the spectral library (generated from our reference dataset [26]).
Especially for the analysis of unfractionated highly complex samples, this allows to identify
the impact of interfering ions that may result in false quantification results. Across all
analyses, the average dotP value was > 0.85, indicating a good matching of our PRM data
with the spectral library (Table S3). While we observed roughly similar dotP values for
both the 60 min and 120 min assays, they decreased with sample complexity (Figure 6a).
Compared to the LEF, which displayed the least variation, especially the LTL resulted in
lower dotP values and higher variability. These findings imply a lower relative abundance
of lysosomal proteins and an increase of interfering fragment ions in the MS/MS spectra
for the more complex samples, which is also in agreement with the DIA data.

Subsequently, we investigated the correlation of dotP values and numbers of fragment
ions used for quantification of the different sample types and gradient lengths (Figure S1).
Utilizing three to six fragment ions, we applied different dotP value thresholds and deter-
mined the number of peptides passing it. As expected, lower numbers of fragment ions
resulted in more peptides passing the threshold at higher dotP values. This was especially
true when dotP thresholds � 0.9 were applied, as we observed a clear difference between
the peptides identified with 3, 4, 5, or 6 fragment ions. For lower dotP values (0.7–0.8), this
effect was far less pronounced. As already indicated by the average dotP values (Figure 6a),
an inverse correlation with sample complexity could be observed. Based on these analyses,
we defined 6 fragment ions per peptide with a dotP value of 0.7 as cut-off for the acceptance
of quantification information from PRM data.

For LEF data, this cut-off resulted in an acceptance rate of 92% of the peptides included
in our assay for both gradients. The value for MWCL was 87% for both gradients and
for LTL 73% and 78%, for the 60 min and 120 min gradient, respectively. Applying these
cut-offs, we exported the data from Skyline and utilized them for all further analyses
(Table S4).
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Figure 6. Characterization of data generated by PRM analysis. (a) Assessment of data quality in
PRM analyses by Dot Product values. (b) Log10 CV values for the summed AUC of all targeted
peptides. (c) Averaged log10-transformed summed peptide AUCs of the replicates (n = 3) across
the different sample types and gradient lengths from PRM measurements. (a/b/c) Indicated are
mean (+), median (line), and interquartile range. (d) Heatmap of the log10-transformed AUCs of
all peptides covered by the PRM assay across all measurements. Each column contains data from
one measurement and each row represents one peptide. Peptides are clustered if they exhibit similar
trends across the samples. LEF: lysosome-enriched fractions from mouse embryonic fibroblasts;
MWCL: mouse embryonic fibroblast whole cell lysates; LTL: whole liver tissue lysate; AUC: area
under the curve; CV: coefficient of variation; APeA: average peptide abundance.

3.5. PRM Analysis of the Lysosomal Proteome

We initially investigated the reproducibility of quantification (Figure 6b). While CVs
of the LEF analyses were similar for both gradients, the 120 min gradient resulted in
consistently higher CVs for both MWCL and LTL. Surprisingly, the higher complexity
samples resulted in a lower average CV than the LEF for the 60 min runs. A possible
explanation for this observation is the lower sample amount utilized for LEF sample
preparation (~20 µg) compared to MWCL and LTL (~100 µg), which may have resulted in a
higher variability during pipetting and desalting. Subsequently, we calculated the average
summed area under the curve (AUC) for each sample type and gradient length (Figure 6c).
Interestingly, while we saw a higher summed abundance for the LEF in comparison to the
other samples for 60 min gradients, the values were more similar for the 120 min analyses,
especially for the comparison of LEF and MWCL. This could be related to the different
numbers of data points acquired over the chromatographic peak as well as variances in
peak width/shape between gradients.

Finally, we assessed the overall correlation of the data in a heatmap, depicting the
signal intensities of individual peptides in each sample and replicate, clustered in a row-
and column-wise manner (Figure 6d). In general, the lysosomal peptides formed three
distinct clusters. Two clusters showed similar expression levels (general high or low
expression) in all samples, while the third cluster contained proteins that were detected
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with differing levels in the individual samples. In agreement with the DIA data, we
observed subsets of peptides that were only found in the LEF, and were not detected in
both the MWCL and LTL. Moreover, peptides existed that were detected both in LEF and
MWCL, but not in LTL, and a small subset with higher abundance in LTL compared to the
other samples.

3.6. Comparison of DIA- and PRM-Based Quantification of the Lysosomal Proteome

In order to correlate the performance of DIA- and PRM-based quantification of the
lysosomal proteome, we initially compared the data obtained from the individual datasets.
When considering the average abundance and CVs of lysosomal proteins, we observed
for all DIA analyses that longer gradients resulted in lower CV values but also lower
abundances (Figure 3c,d), while for PRM both intensities and CVs (with the exception of
the LEF data) increased with gradient length (Figure 6b,c). When considering how many
lysosomal proteins were found in the individual analyses, we identified higher numbers
for DIA, with the exception of LTL analyzed with 60 min gradients (Figure S2). To assess
to what extend the abundances acquired with the individual approaches correlate, we
extracted the AUCs of the peptides included in our PRM assay from the DIA dataset
(60 min gradients for both approaches) and performed a direct comparison (Figure 7a). We
observed for all three sample types that PRM resulted in higher signal intensities than DIA
and that correlation of signal intensities was dependent on the abundance of the respective
protein. We observed a good correlation for high-abundant proteins (upper 50% of DIA
intensities) in all sample types. For low-abundant proteins (lower 50% of DIA intensities),
we only detected a good correlation between DIA and PRM for the LEF. For the more
complex samples, however, DIA seemed to underestimate high signal intensities, resulting
in poor correlation with the PRM data.

As the main application of both methods is the quantitative comparison of the lysoso-
mal proteome between different states, we performed a spike-in experiment to simulate
constitutive upregulation of the whole lysosomal proteome and analyzed the sample by
both PRM and DIA, applying 60 min gradients for both approaches. For this purpose, we
combined LEF and LTL in a 1 to 5 ratio and compared the data to LTL samples without
spike-in (Figure 1). In theory, as LEFs contain higher amounts of lysosomal proteins,
this should result in a general increase of intensity for all lysosomal proteins present in
the sample.

For both approaches, the number of detected lysosomal proteins increased in com-
parison to LTL without spike-in, while the increase for PRM was 50% higher compared
to DIA (223 to 243 for DIA and 278 to 308 for PRM, Figure 7b). Subsequently, we investi-
gated the fold change ratios for proteins identified in all samples with both approaches
(Figure 7c). We detected a median increase of intensity of 1.8 for PRM and 1.2 for DIA.
When investigating values for individual proteins, we observed a discrepancy of � 30%
between fold change values acquired by DIA and PRM for 75% of proteins (average CV
for DIA and PRM analysis of LTLs: 16% and 7%). While 142 proteins were detected with
a higher value in PRM, only 35 were higher in the DIA data (Figure 7d). Classification
of proteins based on their fold change values between the spike-in and the LTL sample
further showed that DIA failed to detect any increase in signal intensity for 81 proteins
upon spike-in, while this was only the case for 10 proteins in the PRM data (Figure 7e).
Subsequently, we investigated if this effect was related to the abundance of individual
proteins, as we observed markedly reduced correlation coefficients between DIA and PRM
for lower abundant proteins in LTL samples (Figure 7a). Along this line, we grouped all
proteins based on their abundance relative to the highest/lowest abundant protein in the
respective dataset and plotted the observed fold change ratios for the individual groups
(Figure 7f). While we observed highly similar fold change value distributions between
LTL and spike-in samples for proteins across the whole range of abundance for the PRM
data, a clear shift in the pattern of the DIA data was visible. Relative to the PRM data, DIA
reported higher fold change ratios for low-abundant proteins while it resulted in lower
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values for high-abundant proteins. Taken together, these data indicate that PRM is better
suited for the quantification of changes in the lysosomal proteome of LTL, which is mainly
related to the better performance for the highest- and lowest-abundant lysosomal proteins
in the dataset.

Figure 7. Comparison of DIA and PRM analysis of lysosomal proteins. (a) Correlation of normalized peptide signal
intensities for DIA and PRM runs. Proteins are sorted based on their intensity in DIA measurements and grouped into
two groups based on their intensity (upper/lower 50% of proteins). For each population, a linear regression analysis was
performed and the respective correlation coefficient (r) is indicated. (b) Identification of proteins in LTL with and without
spike-in of LEFs. (c,d) Fold change values for individual lysosomal proteins in LTL with spike-in of LEFs. (e) Frequency
of proteins within distinct fold change quantiles for DIA and PRM data for ratios of LTL with/without spike-in of LEFs.
(f) Protein fold change values for LTL with/without spike-in of LEFs. Proteins are grouped based on their abundance
in the respective dataset relative to the highest/lowest-abundant protein. LEF: lysosome-enriched fractions from mouse
embryonic fibroblasts; MWCL: mouse embryonic fibroblast whole cell lysates; LTL: whole liver tissue lysate.

4. Conclusions
In the present study, we analyzed the lysosomal proteome in samples of varying

complexity by DIA and PRM. While both methods were well-suited for the analysis of
lysosomal proteins in all samples, differences between the approaches became apparent
that were mostly related to sample complexity. DIA identified more proteins in lower
complexity samples and at longer gradients, since it was not limited by a predefined list of
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peptides, as was the case for the PRM analyses. Furthermore, no assay development was
necessary for DIA analyses, thus greatly reducing the amount of time needed. For peptides
covered by both approaches, DIA and PRM performed similarly for lower complexity LEFs,
while PRM outperformed DIA in both MWCL and LTL. Especially for the quantification
of protein level changes in LTL, PRM was able to identify significantly higher numbers
of protein level alterations than DIA, which reported no change in abundance for a high
number of proteins. Therefore, for the analysis of highly complex samples, such as whole
tissue lysates, PRM presents the method of choice. Our developed PRM assay allows for
the direct analysis of the lysosomal proteome from small amounts of whole tissue samples,
without the need for lysosome enrichment, extending the toolbox for the investigation of
the lysosomal proteome in complex samples.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-738
2/9/1/4/s1, Table S1: Reference list of high confidence lysosomal proteins and peptides covered by
PRM assay. Supplementary Table S2: DIA Data, direct output from Spectronaut as well as processed
data. Supplementary Table S3: PRM data, direct output from Skyline. Supplementary Table S4: PRM
data filtered for dot p values > 0.7 and further analyses. Supplementary Figure S1: Dot product
threshold determination for the acceptance of PRM data. Figure S2: Overlap of identified proteins
from PRM and DIA runs.
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8.3 Normalized Beta-Hexosaminidase Activity Assays 

 
Figure I: Normalized β-hexosaminidase activity assay for monitoring lysosomal enrichment and intact status 
(HEK293-WT). Shown are samples incubated with A) 0h, B) 1h, C) 2h, D) 4h, E) 8h, F) 16h, G) 32h medium containing 
amino acids labelled with heavy isotopes. Samples treated with Triton X-100 representing broken lysosomes and 
without representing intact lysosomes. Difference between both fractions represents the intact ratio. Shown are 
average values (n = 3) and standard deviation. WT: wild-type.   
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Figure II: Normalized β-hexosaminidase activity assay for monitoring lysosomal enrichment and intact status 
(HEK293-ATG5-KO). Shown are samples incubated with A) 0h, B) 1h, C) 2h, D) 4h, E) 8h, F) 16h, G) 32 h medium 
containing amino acids labelled with heavy isotopes. Samples treated with Triton X-100 representing broken 
lysosomes and without representing intact lysosomes. Difference between both fractions represents the intact ratio. 
Shown are average values (n = 3) and standard deviation. ATG5-KO: autophagy related gene knock out 5. 



– Supplement – 

 - xxxvi - 

 
Figure III: Normalized β-hexosaminidase activity assay for monitoring lysosomal enrichment and intact status 
(Pepstatin A treatment). Shown are samples incubated with A) 0h, B) 1h, C) 2h, D) 4h, E) 8h, F) 16h, G) 32h medium 
containing amino acids labelled with heavy isotopes. Samples treated with Triton X-100 representing broken 
lysosomes and without representing intact lysosomes. Difference between both fractions represents the intact ratio. 
Shown are average values (n = 3) and standard deviation. PSTA: Peptstatin A.  
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Figure IV: Normalized β-hexosaminidase activity assay for monitoring lysosomal enrichment and 
intact status (Bortezomib treatment). Shown are samples incubated with A) 0h, B) 1h, C) 2h, D) 4h, E) 8h, F) 16h, 
G) 32h medium containing amino acids labelled with heavy isotopes. Samples treated with Triton X-100 representing 
broken lysosomes and without representing intact lysosomes. Difference between both fractions represents the intact 
ratio. Shown are average values (n = 3) and standard deviation. BTZ: Bortezomib.  
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Figure V: Normalized β-hexosaminidase activity assay for monitoring lysosomal enrichment and intact status 
(HEK293-MGM-KO). Shown are samples incubated with A) 0h, B) 1h, C) 2h, D) 4h, E) 8h, F) 16h, G) 32h medium 
containing amino acids labelled with heavy isotopes. Samples treated with Triton X-100 representing broken 
lysosomes and without representing intact lysosomes. Difference between both fractions represents the intact ratio. 
Shown are average values (n = 3) and standard deviation. MGM-KO: multiple glycosylation machinery related genes 
knock out. 
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Figure VI: Normalized β-hexosaminidase activity assay for monitoring lysosomal enrichment and intact status 
(HEK293-NPC1-KO). Shown are samples incubated with A) 0h, B) 1h, C) 2h, D) 4h, E) 8h, F) 16h, G) 32h medium 
containing amino acids labelled with heavy isotopes. Samples treated with Triton X-100 representing broken 
lysosomes and without representing intact lysosomes. Difference between both fractions represents the intact ratio. 
Shown are average values (n = 3) and standard deviation. NPC1-KO: Niemann-pick type C1 knock out
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