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1. Summary 

Phosphorylation is one of the most abundant and best studied posttranslational modifications in 

mammalian cells and refers to the addition of a phosphate group to an amino acid residue of a protein. 

Phosphorylation can alter protein stability, interaction with other molecules, activities, and sub-

cellular location. Therefore, it has a significant role in numerous cellular functions such as signal 

transduction, cell differentiation, growth, and apoptosis. In order to better understand the role of 

phosphorylation in biological systems, different techniques and workflows have been developed in 

recent years to conduct phosphoproteomic analyses. In this thesis project, by using a novel workflow, 

regulation of lysosomal-associated proteins by phosphorylation was examined. In the first chapter of 

the thesis, a phosphoproteomics workflow was developed and optimized, which was applied for the 

phosphoproteomic investigation of cholesterol metabolism with emphasis on lysosomal proteins 

described in the second chapter.  

In chapter one, the aim was to establish a robust, easy, and time-efficient method for large-scale 

phosphoproteomic studies. A common strategy in such studies is the fractionation of large amounts of 

peptides followed by enrichment for phosphopeptides from the resulting fractions. Fractionation 

followed by enrichment is a time-consuming and expensive process and requires specialized 

equipment and operators. In this chapter, a method was developed which addresses these problems by 

optimizing the workflow to batch-enrichment of phosphopeptides followed by their fractionation 

using in-house manufactured tip columns. This allows for cost- and time-efficient identification of 

large quantities of phosphopeptides without specialized equipment. 

In the second chapter, the newly established phosphoproteomics workflow was employed to 

investigate phosphoproteome alterations in cells with perturbed cholesterol metabolism system. Using 

the stable isotope labeling with amino acids in cell culture (SILAC) method, mouse embryonic 

fibroblasts (MEFs) were labeled and treated with either U18666A (cholesterol transporter inhibitor) 

or DMSO (control). A large-scale phosphoproteomic experiment was performed using the labeled 

cells, and in total, 12881 phosphosites were identified and quantified. Six lysosomal or lysosomal-

associated phosphoproteins containing differentially expresse d phosphosites (LAMTOR1, RagC, 

OSTM1, STARD3 STARD3NL, BNIP3, and VAMP8) were selected for further investigations. The 

follow-up experiments suggested that LAMTOR1 phosphorylation abolishes its interaction with other 

proteins such as Rag GTPase complex members and SLC38A9. Moreover, it was shown that OSTM1 

phosphorylation promotes its cleavage. 
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2. General introduction 

2.1. Mass spectrometry-based proteomics 

For decades the primary approach to study the proteome and its alterations was to isolate a 

specific protein and then study the protein with respect of its structure and function using the 

established tools and methods of biochemistry and biophysics. In the last 20 years, mass 

spectrometry (MS) has fundamentally changed the course of proteomic studies (Aebersold and 

Mann 2016). Several types of mass spectrometers have been developed and used for proteomic 

analysis. However, independent of the type of mass spectrometer, every instrument consists of an 

ion source, a mass analyzer, and a detector (Awad et al. 2015). Mass spectrometers are capable of 

detecting only ionized molecules in the gas-phase (Awad et al. 2015). Ion source generates gas‐

phase ions using techniques such as electrospray ionization (ESI) or matrix-assisted laser 

desorption/ionization (MALDI) that are the most common methods for ionizing peptides and 

proteins (Aebersold and Mann 2003). The mass analyzer measures mass (m) to charge (z) ratio 

(m/z) of the generated ions (also called precursor ions) and the detector records m/z and the 

intensity of each precursor ion (Figure 2.1) (Barillot 2013). Using methods such as collisional‐

induced dissociation (CID), the precursor ions are fragmented to product ions to obtain more 

information about the parent ion (Awad et al. 2015). In the CID fragmentation, the accelerated 

molecular ions collide with a neutral gas such as helium or nitrogen which results in the 

fragmentation of the precursor ion into smaller ion fragments (Figure 2.1) (Awad et al. 2015). 

Mass spectrometers generate (raw-) data based on the (m/z) information obtained from precursor 

ions (MS) and their fragmented ions (MS/MS). Molecules (such as peptides) can be detected 

either by interrogating raw data manually or by comparing and matching the acquired raw data 

with the existing datasets using various software which have been developed in the recent years 

for this purpose (Schmidt et al. 2014). By identifying peptides and their intensities in a sample, 

software is able to quantitatively reveal the corresponding proteins in the sample (Schmidt et al. 

2014). 
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Figure 2.1 Schematic view of a bottom-up mass spectrometry-based proteomics workflow  

Extracted proteins from cells or tissue are digested to peptides using sequence -specific 

enzymes. Peptides are subjected to an on-line liquid chromatography (LC) connected to the 

mass spectrometer. Electrospray ionization (ESI) technique is used to produce ions using 

an electrospray. The strong electric field causes the dispersion of the sample solution into 

an aerosol of highly charged macromolecules such as peptides. m/z ratio and  relative 

abundance of each ionized peptide are recorded using a mass analyzer and a detector 

(Aebersold and Mann 2003). To obtain more information about the peptide sequence and 

post-translational modification (PTM), precursor ions are fragmented by colliding the 

accelerated ionized peptides with neutral gas molecules (CID) followed by recording the 

m/z ratio of each fragment (MS/MS or MS2). Different algorithms and software are 

available which use the obtained data from precursor ions and their correspond ing 

fragment ions to determine the peptide sequence and PTMs (Aebersold and Mann 2003). 

Adapted from Barillot, 2013 (Barillot 2013). 

MS has been employed for a wide range of applications in the proteome field, from large-scale 

proteomic studies to targeted studies of specific proteins or peptides (Aebersold and Mann 2016). 
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The so-called bottom-up proteomics approach allows scientists to perform large-scale proteomic 

studies as well as targeted investigation of a protein or peptide (Zhang et al. 2013). In this 

approach, proteins are extracted from different sources and digested using a sequence-specific 

enzyme such as trypsin. The resulting peptides are resolved using a reversed-phase 

chromatography column which is coupled online to a mass spectrometer (Figure 2.1) (Zhang et 

al. 2013). The peptides are ionized by electrospray ionization before transferring them to the 

vacuum of a mass spectrometer, where they are fragmented to produce MS/MS spectra, which 

are used to identify specific peptides and their modifications (Figure 2.1) (Aebersold and Mann 

2016). In contrast to bottom-up, the top-down approach is used for whole-protein analysis. The 

top-down approach has some advantages for studying protein structure and interactions and also 

for investigating PTMs (Zhang et al. 2013). 

2.2. Quantitative mass spectrometry  

Although initially mass spectrometry was mainly considered to be a qualitative method, however, 

in recent years by developing new instruments, methods, and software, MS established itself as a 

precise tool for quantitative studies. MS quantitative methods can be categorized into two main 

groups: label-free and label-based quantification. In label-free quantification methods, the 

intensity of two peptides is compared relatively by assessing the intensities of the MS (precursor 

ions) peaks or by counting the number of peptides or MS/MS spectra (Cox et al. 2014) (Figure 

2.2). However, the drawback of these methods is that the variation of different MS runs affects 

the results and ratios. Therefore, different label-based methods have been developed that enable 

scientists to combine different samples before MS analysis to minimize the technical variations 

caused by sample preparation and instrument performance (Ong and Mann 2005). Labeled amino 

acids can be incorporated into proteins by feeding cells(Ong et al. 2002) (or animals (Krüger et 

al. 2008)) with stable isotope-labeled amino acids (e.g., stable isotope labeling by/with amino 

acids in cell culture (SILAC)) for several passages (in vivo labeling). Later cells or lysates from 

different conditions can be combined with each other and analyzed and compared in a single MS 

run (Ong et al. 2002). SILAC method is based on introducing stable isotopes such as 
13

C, 
15

N into 

the peptides or protein sequences (Ong and Mann 2005). Since the ionization efficiency of the 

labeled and non-labeled peptides (or proteins) are the same, the mass spectrometer produces the 

same mass response signal with the only difference of the mass shift introduced by the stable 

isotope (Ong and Mann 2005). 
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Proteins and peptides can also be labeled in vitro before or after protein digestion using stable-

isotope-labeled compounds that covalently attach to functional groups of amino acids. Dimethyl-

labeling (Boersema et al. 2009), tandem mass tags (TMTs) (Thompson et al. 2003), and isobaric 

tags for relative and absolute quantitation (iTRAQ) (Ross et al. 2004) are the three most common 

techniques which have been employed for labeling the amino acids. In another method, the 

absolute amount of a peptide is measured quantitatively by spiking synthetic peptides with 

incorporated stable isotopes into the sample. By comparing the intensity of the synthetic peptide 

and endogenous peptide, the absolute amount of the peptide of interest and the corresponding 

protein can be determined (Figure 2.2) (Gerber et al. 2003). 

 

Figure 2.2 Quantitative mass spectrometry strategies. 

A. Sample processing. Preparing samples for the label-based quantification is more 

laborious, and time-consuming in comparison to the label -free quantification methods. In 

contrast to label-based quantification, for the label -free quantification, samples are not 

combined prior to mass spectrometry analysis. B. Global quantification. In label -free 

quantification methods, relative intensity is based on either spectral counting of identified 

proteins or comparison of peptide peak areas or peak heights. However, label -based 

quantification is based on the comparison of MS peaks of synthetic  (labeled synthetic) or 

metabolic labeled (SILAC) peptides or comparison of reporter ion intensities in MS/MS 

spectra of isobaric labeled peptides (iTRAQ). Adapted from Käll and Vitek, 2011 (Käll and 

Vitek 2011). 

In the label-based workflows, samples can be quantitatively compared at the MS level (e.g., 

SILAC, dimethyl-labeling) or at MS/MS
 
level (e.g., TMT and iTRAQ) (Figure 2.2) (Hsu and 
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Chen 2016). Using these quantitative methods, thousands of studies have been performed in the 

last two decades to investigate the various aspects of the proteome of different organisms in 

different conditions.  

2.3. Identification of post-translational modifications by mass spectrometry  

MS-based methods are well-suited for characterizing and localizing PTMs in proteins in an 

unbiased manner because PTMs cause a mass shift in peptides (Olsen and Mann 2013). Using 

MS and MS/MS data, a specific modification can be annotated to a specific amino acid with high 

probability (Witze et al. 2007). The most well-studied PTMs are phosphorylation, glycosylation, 

ubiquitination, methylation, and acetylation. In order to detect and study PTMs, usually, an 

enrichment step for the intended modification has to be added to the normal sample preparation 

workflow (Olsen and Mann 2013). Identification of the PTMs manually from the MS data is 

laborious and time-consuming. The software such as MaxQuant and Proteome Discoverer that 

have been developed for interpreting protein MS data are also able to identify protein 

modifications (Schmidt et al. 2014).  

2.4. Phosphorylation and signal transduction 

Extracellular and intracellular stimuli can trigger and control cell signaling cascades by PTMs. 

The most abundant and best-studied PTM is phosphorylation, which is a reversible attachment of 

an inorganic phosphate group to amino acid residues by a covalent bond. This process can be 

regulated by the balanced activity of phosphatases and kinases (Jin and Pawson 2012). To date, 

approximately 500 kinases and 100 phosphatases have been identified in human cells ((Manning 

et al. 2002), (Alonso et al. 2004)); therefore ~3% of the human genome is dedicated to the 

phosphorylation regulation. Although residues such as histidine and lysine can be 

phosphorylated, the most abundant phosphosites in eukaryotic cells are phospho-serine, phospho-

threonine, and phospho-tyrosine residues with 81:17:2 ratio, respectively (Huttlin et al. 2010). It 

also has been shown that ~50% of all proteins harbor at least 1 phosphorylation site (Huttlin et al. 

2010). Altogether, these numbers highlight the evolutionary importance of phosphorylation and 

its regulation in eukaryotic cells. Phosphorylation causes changes in protein structure and 

conformation; therefore it affects their cellular functions such as enzymatic activity, stability, and 

interaction with other proteins. Phosphorylation-induced alterations in the proteins involved in 

crucial cell networks and pathways regulate and govern fundamental eukaryotic processes such 

as cell proliferation, differentiation, division, and death (Paradela and Albar 2008). Numerous 
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methods and workflows have been developed in the last decade to enrich and fractionate 

phosphopeptides (Kanshin et al. 2012), some of which are reviewed briefly in the introduction of 

chapter 1 of this manuscript.  
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3. Materials 

3.1. Chemicals / Solutions / Buffers 

All mass spectrometry-related chemicals were HPLC or MS grade. 

Chemicals / Solutions / Buffers Provider 

1-Bromo-3-chloropropane Sigma-Aldrich (St. Louis, MO, USA) 

2-Mercaptoethanol Sigma-Aldrich (St. Louis, MO, USA) 

Acetic acid, glacial Biosolve (Valkenswaard, Netherlands) 

Acetonitrile Biosolve (Valkenswaard, Netherlands) 

Acrylamide Sigma-Aldrich (St. Louis, MO, USA) 

Ammonium bicarbonate AppliChem GmbH (Darmstadt, Germany) 

Ammonium formate Sigma-Aldrich (St. Louis, MO, USA) 

Ammonium hydroxide Sigma-Aldrich (St. Louis, MO, USA) 

Ammonium persulfate (APS) Sigma-Aldrich (St. Louis, MO, USA) 

Boric acid Fluka Chemie Ag (Buchs, Switzerland) 

Bovine serum albumin Sigma-Aldrich (St. Louis, MO, USA) 

Bromophenol blue Sigma-Aldrich (St. Louis, MO, USA) 

Calcium chloride AppliChem GmbH (Darmstadt, Germany) 

Citric acid monohydrate Sigma-Aldrich (St. Louis, MO, USA) 

Clarity™ western ecl substrate Bio-Rad Laboratories, Inc. (Hercules, CA, USA) 

Cycloheximide Sigma-Aldrich (St. Louis, MO, USA) 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich (St. Louis, MO, USA) 

Dipotassium phosphate AppliChem GmbH (Darmstadt, Germany) 

Dithiothreithol Sigma-Aldrich (St. Louis, MO, USA) 

DMEM for SILAC Thermo Fisher Scientific (Waltham, MA, USA) 

Dulbecco’s modified eagle’s medium –glutamine –pyruvate Invitrogen Gibco (Paisley, United Kingdom) 

Dulbecco's phosphate-buffered saline (DPBS) Invitrogen Gibco (Paisley, United Kingdom) 

Ethanol AppliChem GmbH (Darmstadt, Germany) 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich (St. Louis, MO, USA) 

Fetal calf serum Invitrogen Gibco (Paisley, United Kingdom) 

Filipin Sigma-Aldrich (St. Louis, MO, USA) 

Fluoromount-G™, with DAPI Thermo Fisher Scientific (Waltham, MA, USA) 

Formic acid Biosolve (Valkenswaard, Netherlands) 

G-418 solution Sigma-Aldrich (St. Louis, MO, USA) 

Glucose Merck KGaA (Darmstadt, Germany) 

Glycerol Merck KGaA (Darmstadt, Germany) 

Glycolic acid Sigma-Aldrich (St. Louis, MO, USA) 
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Chemicals / Solutions / Buffers Provider 

Hank’s Balanced Salt Solution (HBSS) Invitrogen Gibco (Paisley, United Kingdom) 

HEPES (2,4 Hydroxyethyl piperazineethanesulfonic acid) Merck KGaA(Darmstadt, Germany) 

Iodoacetamide Thermo Fisher Scientific (Waltham, MA, USA) 

L-arginine Sigma-Aldrich (St. Louis, MO, USA) 

L-ARGININE:HCL (13C6, 99%; 15N4, 99%) Cambridge Isotope Laboratories, Inc. (Tewksbury, 

MA, USA) 

L-glutamine Sigma-Aldrich (St. Louis, MO, USA) 

L-Lysine Sigma-Aldrich (St. Louis, MO, USA) 

L-LYSINE : 2HCL (13C6, 99%; 15N2, 99%) Cambridge Isotope Laboratories, Inc. (Tewksbury, 

MA, USA) 

Magnesium chloride Sigma-Aldrich (St. Louis, MO, USA) 

Methanol Merck KGaA (Darmstadt, Germany) 

Mineral oil GE Healthcare BioSciences (Uppsala, Sweden) 

Monopotassium phosphate AppliChem GmbH (Darmstadt, Germany) 

Nonidet P-40 Fluka Chemie Ag (Buchs, Switzerland) 

PageBlue™ protein staining solution Thermo Fisher Scientific (Waltham, MA, USA) 

Paraformaldehyde Sigma-Aldrich (St. Louis, MO, USA) 

Penicillin Invitrogen Gibco (Paisley, United Kingdom) 

Phenylmethanesulfonyl fluoride (PMSF) AppliChem GmbH (Darmstadt, Germany) 

Phosphoric acid Sigma-Aldrich (St. Louis, MO, USA) 

PhosSTOP™ inhibitor tablets for phosphatase F. Hoffmann-La Roche AG (Basel, Switzerland) 

Potassium chloride AppliChem GmbH (Darmstadt, Germany) 

Roche cOmplete protease inhibitor cocktail F. Hoffmann-La Roche AG (Basel, Switzerland) 

Sodium dodecyl sulfate (SDS) Bio-Rad Laboratories, Inc. (Hercules, CA, USA) 

Sodium chloride Sigma-Aldrich (St. Louis, MO, USA) 

Sodium fluoride AppliChem GmbH (Darmstadt, Germany) 

Sodium hydrogen phosphate Merck KGaA (Darmstadt, Germany) 

Sodium hydroxide Carl Roth GmbH (Karlsruhe, Germany) 

Sodium orthovanadate AppliChem GmbH (Darmstadt, Germany) 

Sodium pyrophosphate Sigma-Aldrich (St. Louis, MO, USA) 

Sodium selenite Sigma-Aldrich (St. Louis, MO, USA) 

Streptomycin Invitrogen Gibco (Paisley, United Kingdom) 

Tetramethylethylenediamine (TEMED) Carl Roth GmbH (Karlsruhe, Germany) 

Triethylamine AppliChem GmbH (Darmstadt, Germany) 

Trifluoroacetic acid Biosolve (Valkenswaard, Netherlands) 

Tris AppliChem GmbH (Darmstadt, Germany) 

Triton X-100 Fluka Chemie Ag (Buchs, Switzerland) 

Trypan blue solution 0.04% Sigma-Aldrich (St. Louis, MO, USA) 

TurboFect transfection reagent Thermo Fisher Scientific (Waltham, MA, USA) 

U18666A Merck KGaA (Darmstadt, Germany) 

Urea Sigma-Aldrich (St. Louis, MO, USA) 

Water Biosolve (Valkenswaard, Netherlands) 

β-Glycerophosphate disodium salt hydrate Sigma-Aldrich (St. Louis, MO, USA) 
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3.2. Equipment and consumables 

Equipment and consumables Provider 

37°C Heraeus incubator  Thermo Fisher Scientific (Waltham, MA, USA) 

Analytical balance CP 124-OCE  Sartorius AG (Göttingen, Germany) 

Axiovert.A1 microscope Carl Zeiss AG (Oberkochen, Germany) 

Axiovert 200M microscope Carl Zeiss AG (Oberkochen, Germany) 

Axygen pipette tips maximum recovery Corning Inc. (Corning, NY, USA) 

Axygen reaction tubes maximum recovery (1.5 mL) Corning GmbH (Kaiserslautern, Germany) 

Biometra T3 thermal cycler Analytik Jena AG (Jena, Germany) 

Cell culture dishes Sarstedt AG & Co. (Nümbrecht, Germany) 

Cell culture well-plates Corning Inc. (Corning, NY, USA) 

Cell scraper Sarstedt AG & Co. (Nümbrecht, Germany) 

Centrifuge 5415D Eppendorf AG (Hamburg, Germany) 

Centrifuge 5424R Eppendorf AG (Hamburg, Germany) 

Centrifuge 5810R Eppendorf AG (Hamburg, Germany) 

Centrifuge Labofuge 400 Thermo Fisher Scientific (Waltham, MA, USA) 

Centrifuge MIKRO 200 Andreas Hettich GmbH & Co. (Tuttlingen, Germany) 

CO2 water jacketed incubator  Thermo Fisher Scientific (Waltham, MA, USA) 

Conical tubes (15 and 50 mL) Sarstedt AG & Co. (Nümbrecht, Germany) 

Corning 40 µm Cell Strainer Corning Inc. (Corning, NY, USA) 

Cover slides, 12 mm VWR (Leicestershire, UK) 

Cryogenic vials Thermo Fisher Scientific (Waltham, MA, USA) 

Dry block heater STAR LAB (Hamburg, Germany) 

Empore anion-SR disks 3M Corporation (St. Paul, MN, USA) 

Empore C18 disks 3M Corporation (St. Paul, MN, USA) 

Empore cation-SR disks 3M Corporation (St. Paul, MN, USA) 

Freezer -20°C AEG AG (Berlin, Germany) 

Freezer -80°C ultra low Sanyo Scientific (Osaka, Japan) 

FUSION SOLO 4M system VilberLourmat (Eberhardzell, Germany) 

Galaxy MiniStar microcentrifuge VWR (Darmstadt, Germany) 

Glassware (beakers, bottles, measurement cylinders) Carl Roth GmbH and Co. KG (Karlsruhe, Germany) 

Heating and magnetic stirrer ARE  Velp Scientifica (Usmate, Italy) 

Heating block Gebr. Liebisch GmbH & Co. KG (Bielefeld, Germany) 

Ice machine Ziegra Ice Machines Ltd. (Isernhagen, Germany) 

Incubator, INCU-Line VWR (Darmstadt, Germany) 

Labtherm Heater  Gebr. Liebisch GmbH & Co. KG (Bielefeld, Germany) 

Laminar air-flow device CA R 6 Clean Air (Minneapolis, MN, USA) 

Liquid chromatograph ÄKTApurifier GE Healthcare (Little Chalfont, United Kingdom) 

Liquid chromatograph EASY-nLC 1000 Thermo Fisher Scientific (Waltham, MA, USA) 

Mass spectrometer LTQ Orbitrap Velos Thermo Fisher Scientific (Waltham, MA, USA) 

Membrane filters (0.2 and 0.45 μm) Sarstedt AG & Co. (Nümbrecht, Germany) 

Micropipettes Eppendorf AG (Hamburg, Germany) 
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Equipment and consumables Provider 

Microplate reader GENios Tecan (Männerdorf, Switzerland) 

Mini incubator INCU-line  VWR (Darmstadt, Germany) 

Mini-PROTEAN Tetra cell casting stand Bio-Rad Laboratories, Inc. (Hercules, CA, USA) 

Multi-rotator multi RS-60 BioSan (Riga, Latvia) 

Neubauer hemocytometer (Counting chamber) Paul Marienfeld GmbH & Co.  (Lauda-Königshofen, Germany) 

Oasis HLB 10 mg cartridge Waters Corporation (Milford, MA, USA) 

Oasis HLB 400 mg cartridge Waters Corporation (Milford, MA, USA) 

Omnifix syringe 50 ml B. Braun Melsungen AG (Melsungen, Germany) 

P-2000 laser-based micropipette puller Sutter Instruments (Novato, CA, USA) 

Pasteur pipettes 230 mm BRAND GMBH & Co. (Wertheim, Germany) 

PC 4400 scale  METTLER TOLEDO (Greifensee, Switzerland) 

PerfectBlue™ semi-Dry elektroblotter VWR (Darmstadt, Germany) 

pH-Meter, Calimatic 761 Knick Elektronische Messgeräte GmbH & Co. (Berlin, Germany) 

Pipette tips Greiner Bio-One GmbH (Frickenhausen, Germany) 

Polymax1040 orbital shaker  Heidolph Instruments (Schwabach, Germany) 

PolySULFOETHYL A 100 x 9.4 mm PolyLC Inc. (Columbia, MD, USA) 

PolyWAX LP 200 x 4.6 mm PolyLC Inc. (Columbia, MD, USA) 

PureLink™ HiPure plasmid midiprep kit Thermo Fisher Scientific (Waltham, MA, USA) 

PureLink™ Quick gel extraction kit Thermo Fisher Scientific (Waltham, MA, USA) 

QIAprep spin miniprep kit Qiagen Inc. (Hilden, Germany) 

QIAquick PCR purification kit Qiagen Inc. (Hilden, Germany) 

Reaction tubes 1.5 and 2 ml Sarstedt AG & Co. (Nümbrecht, Germany) 

Refrigerator 4°C AEG AG (Berlin, Germany) 

ReproSil-Pur 120 C18 AQ Dr. Maisch GmbH (Ammerbuch-Entringen, Germany) 

Rotamax 120 orbital shaker  Heidolph Instruments (Schwabach, Germany) 

Rotamix RM1 ELMI Ltd. (Riga, Latvia) 

RS-TR05 roller mixer  Carl Roth GmbH (Karlsruhe, Germany) 

Sachtopore NP 5 μm 300 Å TiO2 bulk material Sachtleben Chemie GmbH (Duisburg, Germany) 

Shaking water bath GFL Gesellschaft für Labortechnik mbH (Burgwedel, Germany) 

Specimen slide Engelbrecht Medizin- und Labortechnik GmbH (Erdermünde, 

Germany) 

Syringe needle, BD Microlane  Becton, Dickinson und Company (Franklin Lakes, NJ, USA) 

Thermomixer Comfort Eppendorf AG (Hamburg, Germany) 

Branson Ultrasonics™ Sonifier S-250A with 2 mm tip Branson Ultrasonics (Danbury, CT, USA) 

Ultrasonic waterbath 2510 Branson Ultrasonics (Danbury, CT, USA) 

Vacuum centrifuge RVC 2-18 Martin Christ Gefriertrocknungsanlagen GmbH (Osterode am Harz, 

Germany) 

Vortex, UNIMAG ZX3 UniEquip Laborgerätebau- und Vertriebs GmbH (Leipzig, Germany) 
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3.3. Primers and oligonucleotides 

All primers and oligonucleotides were synthesized by MWG Biotech (Ebersberg, Germany) or 

biomers.net GmbH (Ulm, Germany). 

Primer internal name Target gene Sequence Purpose Tm* ºC 

Fwd-Bnip3-E-042  Bnip3 TGGCGAGAAAAACAGCACTCTGGAAGAGGAAGATTATATTGA

GAGAAG 

SDM** NA*** 

Rev-Bnip3-E-043  Bnip3 CTTCTCTCAATATAATCTTCCTCTTCCAGAGTGCTGTTTTTCTC

GCCA 

SDM NA 

Fwd-Bnip3-A-044 Bnip3 GCGAGAAAAACAGCACTCTGGCTGAGGAAGATTATATTGAGAG SDM NA 

Rev-Bnip3-A-045 Bnip3 CTCTCAATATAATCTTCCTCAGCCAGAGTGCTGTTTTTCTCGC SDM NA 

Fev-68-Bnip3 Bnip3 AAAATGCATATGGAACAAAAACTCATCTCAGAAGAGGATCTC

ATGTCGCAGAGCGGGGAG 

Cloning 63.7 

Rev-69-Bnip3 Bnip3 TTTAAGCTTTCAGAAGGTGCTAGTGGAAGTTGTC Cloning 63.8 

FwdIR-PuSmaI-010 IRES and 

Puromycin 

AACCCGGGAAGCTTTTAAAACAGCTCTGGG Cloning 58.8 

RevIR-PuSpeI-011 IRES and 

Puromycin 

TTTACTAGTTCAGGCACCGGGCTTG Cloning 61.4 

Fwd-Lamtor-E-46  LAMTOR1 GATGAGCAGGCCCTGCTTTCCGAAATCCTTGCCAAGACAGCTAGC SDM NA 

Rev-Lamtor-E-47 LAMTOR1 GCTAGCTGTCTTGGCAAGGATTTCGGAAAGCAGGGCCTGCTCATC SDM NA 

Fwd-Lamtor-A-48 LAMTOR1 ATGAGCAGGCCCTGCTTTCCGCCATCCTTGCCAAGACAGCTAG SDM NA 

Rev-Lamtor-A-49 LAMTOR1 CTAGCTGTCTTGGCAAGGATGGCGGAAAGCAGGGCCTGCTCAT  SDM NA 

Fwd-66-Lmator1 LAMTOR1 AAATGCATATGGAACAAAAACTCATCTCAGAAGAGGATCTCA

TGGGGTGCTGCTATAGCA 

Cloning 60.6 

Rev-67-LAMTOR1 LAMTOR1 TTTAAGCTTTCATGGGATCCCAAACTGTAC Cloning 59.1 

Fwd-OSTM1-E-062 Ostm1 ATTCTACCCAAACGTCTCAAGTCGGAAACCGAATTTGCCAACA

TTCAAGAAAATGCCACC 

SDM NA 

Rev-OSTM1-E-063 Ostm1 GGTGGCATTTTCTTGAATGTTGGCAAATTCGGTTTCCGACTTGA

GACGTTTGGGTAGAAT 

SDM NA 

Fwd-OSTM1-A-064 Ostm1 CTACCCAAACGTCTCAAGTCGGCCACCGCTTTTGCCAACATTC

AAGAAAAT 

SDM NA 

Rev-OSTM1-A-065 Ostm1 ATTTTCTTGAATGTTGGCAAAAGCGGTGGCCGACTTGAGACGT

TTGGGTAG 

SDM NA 

FWD-Rragc-038 RagC AAAAAGCTTATGGAACAAAAACTCATCTCAGAAGAGGATCTC

ATGTCCCTGCAGTACGGG 

Cloning 60.7 

REV-Rragc-039 RagC TTTGGATCCCTAGATGGCATTCCGAGGC Cloning 59.4 

FWD-Rragc-058 RagC AAAATGCATATGGAACAAAAACTCATCTCAGAAGAGGATCTC

ATGTCCCTGCAGTACGGG 

Cloning 60.7 

REV-Rragc-059 RagC TTTTCTAGACTAGATGGCATTCCGAGGC Cloning 59.4 

FWD-Rragc-A-70 RagC GAAGCTGCAGTCATCAGACCGCTGCTCCAAGTCTGAAAGCCTT SDM NA 

Rev-Rragc-A-71 RagC AAGGCTTTCAGACTTGGAGCAGCGGTCTGATGACTGCAGCTTC SDM NA 

FWD-Rragc-E-72 RagC AGAAGCTGCAGTCATCAGACCGAAGCTCCAAGTCTGAAAGCCTTG SDM NA 

Rev-Rragc-E-73 RagC CAAGGCTTTCAGACTTGGAGCTTCGGTCTGATGACTGCAGCTTCT SDM NA 

Fwd-Stard3n-E-50 Stard3nl GCAGCTCATGGCCAGGATTGAGGAATATGAAGGAAGGGAAAA

GAAAG 

SDM NA 

Rev-Stard3n-E-51 Stard3nl CTTTCTTTTCCCTTCCTTCATATTCCTCAATCCTGGCCATGAGCTGC SDM NA 

Fwd-Stard3n-A-52 Stard3nl AGCTCATGGCCAGGATTGAGGCCTATGAAGGAAGGGAAAAGAA SDM NA 

Rev-Stard3n-A-53 Stard3nl TTCTTTTCCCTTCCTTCATAGGCCTCAATCCTGGCCATGAGCT SDM NA 

Fwd-Stard3nl-SalI-89  Stard3nl AAAGTCGACATGAACCATCTTCCAGAACACAT Cloning 59.7 

Rev-Stard3nl-BglII-90 Stard3nl TTTAGATCTTTAAACCTTATCGTCGTCATCCTT Cloning 59.3 

Fwd-Vamp8-E-54  Vamp8 AAGACAGAGGACTTGGAAGCCGAATCTGAACACTTCAAGACA

ACG 

SDM NA 

Rev-Vamp8-E-55  Vamp8 CGTTGTCTTGAAGTGTTCAGATTCGGCTTCCAAGTCCTCTGTCTT  SDM NA 

Fwd-Vamp8-A-56 Vamp8 AAGACAGAGGACTTGGAAGCCGCGTCTGAACACTTCAAGACAAC SDM NA 

Rev-Vamp8-A-57 Vamp8 GTTGTCTTGAAGTGTTCAGACGCGGCTTCCAAGTCCTCTGTCTT SDM NA 

*: Melting temperature, **: Site directed mutagenesis   

***: Not applicable. The annealing temperature for all site-directed mutagenesis PCRs was set at 60ºC. 
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3.4. Antibodies 

Target name Manufacturer Host 

species 

Product No. Application Dilution 

LAMTOR1 Sigma-Aldrich (St. Louis, MO, USA) Rabbit HPA002997 WB* 1 to 1000 

LAMTOR2 Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #8145 WB 1 to 1000 

LAMTOR3 Abcam (Cambridge, United Kingdom) Rabbit ab32134 WB 1 to 1000 

LAMTOR4 Sigma-Aldrich (St. Louis, MO, USA) Rabbit HPA020998 WB 1 to 1000 

LAMTOR5 Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #14633 WB 1 to 1000 

RagA Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #4357 WB 1 to 1000 

RagB Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #8150 WB 1 to 1000 

RagC Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #5466 WB 1 to 1000 

RagD Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #4470 WB 1 to 1000 

SLC38A9 Sigma-Aldrich (St. Louis, MO, USA) Rabbit HPA043785 WB 1 to 1000 

Myc Abcam (Cambridge, United Kingdom) Rabbit ab9106 WB and 

ICC** 

WB(1:5000), 

ICC(1:400) 

β-Actin Sigma-Aldrich (St. Louis, MO, USA) Mouse A5316 WB 1 to 5000 

p44/42 MAPK (Erk1/2) Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #9102 WB 1 to 10000 

Phospho-p44/42 MAPK 

(Erk1/2)(Thr202/Tyr204) 

Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #9101 WB 1 to 5000 

p70 S6 Kinase Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #9202 WB 1 to 1000 

Phospho-p70 S6 Kinase 

(Thr389) 

Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #9205 WB 1 to 1000 

Lamp2 The Developmental Studies Hybridoma 

Bank (DSHB) (Iowa, IA, USA) 

Rat ABL-93 ICC 1 to 50 

mTOR Cell Signaling Technology (Danvers, 

MA, USA) 

Rabbit #2983 ICC 1 to 50 

*: Western blot, **: Immunocytochemistry 

 

3.5. Enzymes 

Enzyme Provider 

Conventional restriction enzymes Thermo Fisher Scientific (Waltham, MA, USA) 

FastDigest restriction enzymes Thermo Fisher Scientific (Waltham, MA, USA) 

Phusion high-fidelity DNA polymerase Thermo Fisher Scientific (Waltham, MA, USA) 

Sequencing grade modified trypsin, porcine Promega (Madison, WI, USA) 

T4 DNA ligase Thermo Fisher Scientific (Waltham, MA, USA) 

Taq DNA polymerase, recombinant  Thermo Fisher Scientific (Waltham, MA, USA) 

Trypsin-EDTA solution 0.05% Invitrogen Gibco (Paisley, United Kingdom) 

  

 



Materials 

 

14 

 

3.6. Software 

Software Provider 

FusionCapt Advance Solo 4 16.15 VilberLourmat (Eberhardzell, Germany) 

GraphPad Prism 6.07 GraphPad Software Inc. (San Diego, CA, USA) 

Office Professional Plus 2010 Microsoft Corporation (Redmond, WA, USA) 

AxioVision SE64 Rel.4.9.1 Carl Zeiss AG (Oberkochen, Germany) 

MaxQuant 1.5.2.8 Max Planck Institute of Biochemistry (Planegg, Germany) 

Proteome discoverer 2.1 Thermo Fisher Scientific (Waltham, MA, USA) 

Thermo Xcalibur 2.2  Thermo Fisher Scientific (Waltham, MA, USA) 
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4. Methods 

4.1. Eukaryotic cell line culture-related methods 

4.1.1. Cell maintenance 

HEK293 and HeLa cell lines were cultured in Dulbecco's Modified Eagle's medium (DMEM) 

supplemented with 10% FCS, 100 IU/ml penicillin, 100 IU/ml streptomycin and 2 mM L-

glutamine and were incubated at 37°C under 5% CO2 at 100% air humidity. Cells were passaged 

before confluency by trypsinization.   

4.1.2. MEF SILAC cells maintenance 

Mouse embryonic fibroblasts (MEFs) were cultured in SILAC DMEM supplemented with 10% 

fetal bovine serum, 100 IU/ml penicillin, 100 IU/ml streptomycin and either unlabeled (light) 

(K0, R0) or heavy labeled lysine and arginine (K8: 
13

C6.
15

N2; R10: 
13

C6.
15

N4) at 37°C in a 

humidified atmosphere with 5% CO2. MEF cells were cultured for at least 5 passages in the 

medium containing labeled amino acids before starting the experiment. U18666A was solubilized 

in DMSO prior to use and was added to the MEF cells at the final concentration of 3 µg/ml. The 

same amount of DMSO was administered to the control cells.  

4.1.3. Transient transfection of the eukaryotic cells 

Eukaryotic cells were transfected using TurboFect transfection reagent according to the 

manufacturer's instructions with some modifications. Briefly, cells were seeded 24 hours prior to 

transfection to reach 70-90% confluency at the time of transfection. For a 10‐cm cell culture dish, 

10 µg of purified plasmid DNA and 20 µl of TurboFect reagent were added to a tube containing 1 

ml of serum-free medium and vortexed immediately. The mixture was added dropwise to the 

cells after 20 min of incubation at RT, and the cell culture dish was placed in a 37°C incubator 

after mild shaking. 

4.1.4. Cell harvest 

Cells were harvested by trypsinization or using a cell scraper. In either case, first, cells were 

washed with pre-warmed PBS once. In order to trypsinize a 10-cm culture dish, 1 ml of 0.05% 

(w/v) trypsin was added and cells were incubated for 5 min at 37° C. Thereafter, 10 ml of pre-

warmed medium was added to the culture dish and cells were transferred to a 15 ml tube and 
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centrifuged for 5 min at 500⨯ g at RT. Next, the supernatant was removed, and pelleted cells 

were employed for another passage or cryopreservation with 10% DMSO. To harvest cells using 

a cell scraper, after washing them with pre-warmed PBS, culture dishes were placed on ice and 

were rewashed with ice-cold PBS. Subsequently, 1 ml of ice-cold PBS was added, and cells were 

mechanically dissociated from the culture dish using a cell scraper and transferred into a 1.5 ml 

tube and pelleted down at 500⨯ g for 5 min at 4° C. Cell pellets were snap-frozen using liquid 

nitrogen and stored at −80°C until further analysis.   

4.2. Microscopy-related methods 

4.2.1. Filipin staining 

MEF cells were seeded at a density of 10,000 cells per 12 mm coverslip in a 24-well plate. On the 

following day, cells were treated with either 3 μg/ml of U18666A or the same volume of DMSO. 

After 24 h MEF cells were washed with PBS and fixed using 4% paraformaldehyde (PFA) for 10 

min and washed thrice with PBS. Thereafter, the cells were permeabilized by incubation with 

0.1% Triton X-100 for 30 min. Next, the cells were washed with PBS and stained with 125 μg/ml 

Filipin dissolved in PBS/10% FCS for 2 h in the dark at RT. Next, cells were washed thrice with 

PBS and mounted using DAPI-Fluoromount-G. The stained cells were observed using an 

Axiovert 200M microscope equipped with an AxioCamMR3. 

4.2.2. Immunocytochemistry staining and microscopy of cells  

For immunocytochemistry studies, eukaryotic cells were cultured on 12 mm coverslips and after 

washing with PBS were fixed with 4% PFA for 10 min at room temperature. Following fixing, 

coverslips were washed 3 times with PBS and transferred to a wet chamber. The cells were 

permeabilized with 0.1% Triton X-100 in PBS for 10 min and blocked using 10% FCS in PBS 

for 1 hour at RT. Diluted primary antibody in 1% FCS was incubated with the cells for 4 hours at 

RT or overnight at 4°C after washing them with PBS. Thereafter, cells were washed thrice with 

PBS and incubated with secondary antibody for 1 hour in the dark at RT. Afterwards, the 

coverslips were washed twice with PBS and once with water and mounted using DAPI-

fluoromount-G. Immunocytochemistry images were acquired using the Axiovert 200M equipped 

with an AxioCamMR3 with the following filter sets: filter set 38 (excitation BP 470/40, beam 

splitter FT 495, emission BP 525/50) for green fluorescence; filter set 43 HE (excitation BP 

550/25 (HE), emission FT 570 (HE), beam splitter BP 605/70 (HE)) for red fluorescence; filter 

set 49 (DAPI) (excitation G 365, beam splitter FT 395, emission BP 445/50) .  
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4.3. Molecular biology-related methods 

4.3.1. Polymerase Chain Reaction (PCR) 

Phusion High-Fidelity DNA Polymerase was used when PCR fragments were generated for 

cloning purposes. The following components were added to a PCR tube: 10 µl of 5⨯ Phusion HF 

buffer, 1 µl of 10 mM dNTPs, 0.5 µM each of the forward and reverse primers, 10 ng of template 

DNA, 1.5 µl of DMSO, 0.5 µl of the Phusion DNA Polymerase (1U), and ddH2O to a total 

volume of 50 µl. The PCR tube was vortexed and, after a brief centrifugation, was placed in a 

thermocycler and the DNA was amplified using the following PCR program: 2 min at 95℃ and 

35 cycles of 30 sec at 95℃, 30 sec at X°C, and 30 sec/kb at 72℃ following with 10 min final 

extension at 72°C. The primer annealing temperatures (X) were adjusted to 3°C above their 

calculated melting temperatures (Tm) (Primers and oligonucleotides 3.3). 

4.3.2. Site-directed mutagenesis 

Candidate phosphosites were mutated (substituted) to either glutamic acid (E) or aspartic acid (D) 

and alanine (A) using polymerase chain reaction. Mutation points were placed in the middle of 

the primers and the melting temperature was designed to be more than 80°C. 10 µl of 5⨯ Phusion 

HF buffer, 5 µl of 10 mM dNTPs, 20 pmol each of the forward and reverse primers, 10 ng of the 

template plasmid, 5 µl of DMSO, 0.5 µl of the Phusion DNA Polymerase (1U), and ddH2O to a 

total volume of 50 µl were added to a PCR tube. The reaction tube was placed in a preheated 

thermocycler, with the following program: 1 cycle at 95°C for 2 min, 16 cycles of 50 sec at 95°C 

for, 50 sec at 60°C, and 30 sec/kb at 72°C, with a final 10 min extension at 72°C. Later, 1 μl of 

DpnI was added directly to the PCR products and incubated at 37°C for 4 h to digest the parental 

DNA template. The PCR products were purified using the protocol described in paragraph 4.3.3.  

4.3.3. PCR products purification 

Buffers and spin columns from QIAquick PCR purification kit were employed in order to purify 

and cleanup DNA PCR products. Binding buffer (PB buffer) was added to the PCR products with 

3:1 ratio (PB buffer: PCR product) and the mixture was transferred into a fresh spin column. The 

column was centrifuged at 13000⨯ g for 1 min and the flowthrough was collected and reloaded 

onto the column twice. Captured DNA was washed using wash buffer (PE buffer) and the flow-

through was collected and reloaded onto the column once. The second flowthrough was 

discarded and the column was dried by centrifugation for 1 min at 13000⨯ g. The collection tube 
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was changed and 35 µl of ddH2O was added into the columns. After 5 min incubation at RT, 

dissolved DNA was collected by centrifugation at 13000⨯ g for 1 min.  

4.3.4. DNA digestion and ligation 

DNA strand was cleaved at the restriction site of choice via restriction endonucleases. To that 

end, 10 units of restriction endonuclease(s) were incubated with 1 μg of DNA for 1 hour at 37°C 

in the corresponding buffer. In the case of double digestion, a reaction buffer compatible with 

both enzymes was chosen according to the manufacturer’s recommendations. Subsequently, 

digested DNA was separated on an agarose gel to confirm the size of digested products or to 

purify the DNA fragment from the gel.  

DNA fragments and the target vectors were digested using the same restriction endonucleases to 

generate sticky ends for ligation. 20 ng of the linear vector DNA was incubated with a 5-fold 

excess of the insert DNA in the presence of 1 unit of T4 DNA ligase for either 2 hours at RT or 

overnight at 16°C. 

4.3.5. Bacterial transformation and culture  

Bacterial cells were transformed using the heat shock method. Purified or ligated plasmid was 

mixed gently with 100 µl of chemically competent E. coli XL-1 Blue cells, and the mixture was 

incubated on ice for 30 min. Thereafter, heat shock was applied to the cells by incubating them 

for 45 seconds at 42°C followed by 2 min incubation on ice. Next, 900 µl of pre-warmed 

lysogeny broth (LB) medium (without antibiotic) was added to each sample, and samples were 

incubated at 37°C for 1 hour with 600 rpm on a Thermomixer. Then, 100 µl of the suspension 

was spread on LB-agarose plates containing ampicillin (150 μg/ml), and the plates were 

incubated at 37°C overnight. The next day, single clones were randomly picked and inoculated 

into 5 ml of LB-medium containing ampicillin (100 μg/ml) in glass tubes and incubated at 37°C 

in an orbital shaker at 200 rpm overnight. Then, the plasmid of interest was isolated from bacteria 

using QIAprep spin miniprep kit according to the manufacturer’s protocol and was sent for 

sequencing verification. Correct clones were propagated and the plasmid DNA was purified using 

the plasmid PureLink HiPure plasmid midiprep kit according to the manufacturer’s protocol. 
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4.4. Protein-related methods 

4.4.1. Cell lysis  

The following lysis buffer was used for all experiments in this study except otherwise stated. The 

lysis buffer is composed of 50 mM Tris-HCl pH 7.4, 500 mM NaCl, 2% TX-100, 0.4% SDS, 5 

mM EDTA, 1 mM DTT, 1⨯ protease inhibitor cocktail, and 1⨯ phosphatase inhibitor cocktail. 

The lysis buffer was added to the cell pellets with 10:1 ratio (lysis buffer: cell pellet (v/v)) and 

the samples were placed on a rotator for 30 min at 4°C followed by brief probe sonication  (2 

pulses of 15 sec with 50% amplitude using 2 mm tip) to shear DNA into small fragments. Then, 

the lysates were centrifuged for 20 min at 16000⨯ g at 4° C and supernatants were transferred to 

the new tubes for protein assay. 

4.4.2. Protein concentration determination  

Protein concentration was determined with the method based on the LOWRY assay protocol 

(LOWRY et al. 1951) using the Biorad DC assay kit according to the manufacturer’s manual. 

Briefly, 20 μl of reagent S was added to 1 mL of reagent A to prepare reagent A’. 5 μL of diluted 

sample or bovine serum albumin (BSA) standard was placed in triplicates into a 96-well plate. 25 

μL of working reagent A’ and 200 μL of reagent B were added sequentially and the plate was 

incubated for 15 min at RT. Absorbance was measured at 750 nm using a TECAN microplate 

reader. Total protein amount was calculated using the BSA standard curve. 

4.4.3. SDS-PAGE and Western blotting  

10% SDS-PAGE gels were prepared using running and stacking gels (Table 4.1) and BioRad 

Mini-PROTEAN Tetra Cell Casting Stand. The gel was placed into an electrophoresis cell, and 

SDS-running buffer was added (Table 4.1). 10 – 50 µg of the protein samples were incubated for 

10 min at 95°C after adding 1⨯ Laemmli-buffer (Table 4.1), and were loaded onto the gel and the 

electrophoresis was performed at 120 V for ~1.5 h. Proteins separated on the gels were 

transferred to nitrocellulose membrane using the Perfect Blue semi-dry electro blotter according 

to the manufacturer instructions. The membranes were blocked with either 5% nonfat dry milk or 

5% BSA in TBS containing 0.05% Tween 20 (TBS-T) for 1 hour. Subsequently, the membranes 

were washed thrice with TBS-T and incubated overnight at 4°C with the primary antibody. The 

proper secondary antibody was applied for 1 h after washing the membranes three times with 

TBS-T. The protein expression signals were detected using the enhanced chemiluminescence 
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(ECL) kit, visualized with the FUSION SOLO 4M system, and illustrated/analyzed by the 

FusionCapt advance software. 

Table 4.1 SDS-PAGE electrophoresis buffers and solutions 

 

4.4.4. In-gel digestion of proteins 

100 µg of each sample lysate was resolved on a 10% SDS-PAGE gel and the gel was stained with 

PageBlue protein staining solution for 1 hour. The SDS gel was washed with ddH2O and each 

lane was excised into 10 pieces and each piece was further cut into 1-mm cubes. Coomassie dye 

was removed by washing the gel pieces with 30% ACN/0.O7 M ammonium bicarbonate 

(NH4HCO3). Afterwards, proteins were reduced with 20 mM DTT at 56°C for 45 min and 

alkylated using 1% acrylamide for 30 min in the dark at RT. Next gel pieces were washed with 

0.1 M NH4HCO3, dehydrated using 100% ACN, and dried using vacuum centrifugation. Mass 

spectrometry grade trypsin was resuspended in 0.1 M NH4HCO3 and 1µg was added to each 

sample and incubated at 37°C, overnight. On the following day, the supernatants containing 

digested proteins were collected from the tubes and remaining peptides were extracted from the 

gel pieces by sequential addition of 50 µl of 0.1% TFA 50% ACN, 50 µl of 0.1 M NH4HCO3, 

and 100 µl of ACN. Peptides were dried using vacuum centrifugation.  

4.4.5. Sample preparation for phosphopeptide enrichment 

In order to perform phosphoproteomic studies, cell pellets were lysed in the following lysis 

buffer: 8 M urea, 75 mM NaCl, 50 mM Tris-HCl pH 8.2, 1 mM sodium fluoride, 1 mM β-

glycerophosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM PMSF, 

and 1⨯ protease inhibitor cocktail. Ice-cold lysis buffer was added to the tubes containing cell 

pellets, and then samples were mixed by pipetting up and down. Lysates were centrifuged at 

5000⨯ g for 15 min at 4°C after brief sonication (2 pulses of 15 sec with 50% amplitude using 2 

mm tip). Supernatants were transferred to new tubes and protein concentration was determined 

using the DC protein assay (4.4.2). Proteins were reduced using either 5 mM dithiothreitol (DTT) 

or 10 mM β-mercaptoethanol (β-ME) at 56° C, 800 rpm for 25 min and alkylated for 30 min in 

Runing gel (10 ml for 2 

Gels)

Stacking gel (5 ml for 2 gels) 4 x Lämmli buffer 10x SDS-running 

buffer, pH 8.6 

Water: 4.89 ml Water: 3.0 ml 4% (v/v) β-mercaptoethanol 1.9 M Glycine

1.5 M TRIS-HCl pH 8.8: 2.5 ml 0.5 M TRIS-HCl pH 6.8: 1.25 ml 8% (w/v) SDS 1% (w/v) SDS

10% (w/v) SDS: 100 µl 10% (w/v) SDS: 50 µl 40% (v/v) Glycerol 250 mM Tris-HCl

40% acrylamide: 2.5 ml 40% acrylamide: 625 µl 4% (w/v) Bromphenol blue -

10% (w/v) APS: 100 µl 10% (w/v) APS: 50 µl 240 mM Tris-HCl -

TEMED: 10 µl TEMED: 10 µl - -
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either 20 mM acrylamide or 14 mM iodoacetamide in the dark. The reaction was quenched with 

the same amount of reducing reagent (DTT or β-ME) at room temperature (RT), 800 rpm for 15 

min. The samples were diluted 1:5 by 25 mM Tris/HCl (pH 8.2) and CaCl2 was added to a final 

concentration of 1 mM followed by addition of trypsin at an enzyme-to-substrate ratio of 1:200. 

Proteins were digested overnight at 37° C, and purified using 10 mg Oasis HLB cartridges, and 

the eluate fractions were dried in a vacuum centrifuge.  

4.4.6. Co-immunoprecipitation (Co-IP) of Myc-tagged proteins 

Co-IP experiments were carried out using Myc-Trap
 
A beads according to the manufacturer's 

protocol with some modifications. Briefly, semi-confluent HEK293 cells were transfected with 

Myc-tagged LAMTOR1 and RagC constructs using Turbofect transfection reagent. After 48 h 

transfected cells were washed with PBS and harvested by a cell scraper in ice-cold PBS. The cells 

were pelleted at 500⨯ g, 4°C and 400 µl of lysis buffer (40 mM HEPES pH 7.4, 1% Triton X-

100, 10 mM β-glycerol phosphate, 10 mM pyrophosphate, 2.5 mM MgCl2, and 2⨯ of EDTA-free 

protease inhibitor cocktail) was added to each sample. The lysates were homogenized by passing 

through a 25G needle using a syringe once and then placed on ice for 30 min with extensive 

pipetting every 10 min. Thereafter, samples were centrifuged for 10 min at 20000⨯ g, 4°C, 

supernatants were transferred to the new tubes, and the protein amount was measured for each 

sample. 3 mg of each lysate was transferred into the new tubes, and the volume was adjusted to 

500 µl using dilution buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, and 1⨯ of 

protease inhibitor cocktail). The diluted lysate was added to the prewashed beads (20 µl of the 

Myc-trap slurry beads were washed thrice with ice-cold dilution buffer) and incubated at 4°C in a 

tube rotator for 3 h. Afterwards, supernatants were transferred into the new tubes, and Myc-trap 

beads were washed three times with the dilution buffer. To dissociate immunocomplexes from 

the beads, 100 μl of 2⨯ laemmli buffer was added to each sample and incubated for 10 min at 95° 

C. Beads were collected by centrifugation for 2 min at 2500⨯ g at RT and the supernatant was 

transferred into the new tube as an eluate. 10 μl of the fresh eluate (before freezing) was 

subjected to 10% SDS-PAGE gels for further analysis.  

4.5. Peptide-related methods 

4.5.1. Phosphopeptide enrichment  

Peptides were desalted (4.5.6) and dried prior to phosphopeptide enrichment. Dried peptides were 

resuspended in 500 µl 80% ACN, 5% TFA, 1 M glycolic acid (Villén and Gygi 2008). TiO2 
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beads were added at a ratio of 1:6 (peptides to beads, w/w) followed by incubation at RT, 1200 

rpm for 15 min. Beads were pelleted by centrifugation at 13000⨯ g for 1 min and the supernatant 

discarded. Subsequently, TiO2 beads were transferred to new tubes using 1 ml of 80% ACN, 1% 

TFA, centrifuged, and the supernatant discarded. After washing the beads with 1 ml of 20% 

ACN, 0.1% TFA they were centrifuged, the supernatant was discarded and beads were dried 

using a vacuum centrifuge. Phosphopeptides were eluted from TiO2 beads by adding 200 µl 1% 

NH4OH and incubation at RT, 1200 rpm for 15 min. Beads were pelleted by centrifugation and 

supernatants transferred to new tubes followed by acidification using 10 µl formic acid (FA). 

Peptides were dried using a vacuum centrifuge and resolubilized in 500 µl 70% ACN, 0.1% TFA. 

TiO2 was added again to each sample at a ratio of 1:6 (peptides to beads) and the beads were 

washed with 50% ACN, 0.1% TFA. Phosphopeptides were eluted by incubation with 200 µl 1% 

NH4OH at RT, 1200 rpm for 15 min, acidified using 10 µl of FA and desalted with 10 mg Oasis 

HLB cartridges. The resulting elution fractions were dried using a vacuum centrifuge and stored 

at -20°C.  

4.5.2. Strong Cation Exchange (SCX) Chromatography 

Separation of peptides using SCX chromatography was performed on an Äkta Purifier system 

using a 100⨯ 9.4 mm Polysulfoethyl A column as described initially by Villen et al. (Villén and 

Gygi 2008). The following solvents were used: solvent A: 7 mM KH2PO4, pH 2.65 and 30% 

ACN; solvent B: 7 mM KH2PO4, pH 2.65, 30% ACN, 350 mM KCl and solvent C: 50 mM 

K2HPO4, pH 7.5, 500 mM NaCl. pH values were adjusted using phosphoric acid (H3PO4) before 

addition of ACN. The column first was washed and equilibrated using solvent C by a linear 

gradient from 0 to 100% of 4 ml followed by 32 ml of 100% of C and a linear gradient from 

100% to 0 of 4 ml. Finally, the column was primed with 80 ml of solvent A to be prepared for the 

loading of the sample. The peptides were loaded in 500 µl of solvent A followed by a washing 

step of 4 min. The flow rate was set at 2 ml/min and fractionation was performed at 8°C. 

Fractionation was performed with a linear gradient from 100% solvent A to 70% solvent A / 30% 

solvent B in 48 min followed by a linear gradient to 100% solvent B in 2 min, 2 min at 100% 

solvent B and 8 min of water. Across the gradient, 12 fractions of 12 ml each were collected for 

the experiment with 12 fractions and 6 fractions of 24 ml each, for comparison to the tip-based 

columns. Each fraction was lyophilized and peptides were desalted using Oasis cartridges 

followed by TiO2 enrichment (fractionation of whole cell lysates). 
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4.5.3. Pipette tip-based strong cation-exchange (SCX) fractionation of peptides 

Six elution buffers containing 7 mM KH2PO4 and 30% ACN were prepared with ascending 

concentrations of KCl (0 mM, 30 mM, 60 mM, 90 mM, 120 mM, and 350 mM) and pH values 

adjusted to 2.65 using H3PO4. 12 disks of Empore Cation-SR material were placed into 200 μl 

micropipette tips. Tip-columns were equilibrated by sequential application of 100 µl of methanol, 

elution buffer 6, water, equilibration buffer (50 mM K2HPO4, pH 7.5, 500 mM NaCl), water, and 

elution buffer 1, respectively, followed by centrifugation at RT, 2500⨯ g for 3 min each. Samples 

were solubilized in 200 µl elution buffer 1 and loaded on the equilibrated tip-columns followed 

by centrifugation at RT, 2500⨯ g for 3 min. The flow-through was collected as the first fraction 

and 5 more fractions were collected using 200 µl of elution buffers 2 to 6 followed by 

centrifugation at RT, 2500⨯ g for 3 min. All fractions were dried using a vacuum centrifuge. 

4.5.4. Pipette tip-based strong anion-exchange (SAX) fractionation of peptides 

SAX fractionation was adapted from Wiesniwski et al. (Wiśniewski et al. 2009). Tip-columns 

were manufactured using 12 disks of Empore Anion-SR material. SAX buffers containing 20 

mM AcOH, 20 mM H3PO4, and 20 mM boric acid were prepared with descending pH values (pH 

11, 8, 6, 5, 4, 3) by the addition of NaOH. To the final elution buffer (pH 3) 0.25 M NaCl was 

added. Tip-columns were washed and equilibrated sequentially by the addition of 100 µl of 

MeOH, 1 M NaOH, and loading buffer (pH 11) followed by centrifugation at RT, 2500⨯ g for 3 

min. Samples were resuspended in 200 µl of loading buffer and loaded onto the column followed 

by centrifugation at RT, 2500⨯ g for 3 min. The flow-through was collected as the first fraction 

followed by five subsequent fractions which were eluted using 200 µl of the buffers with 

descending pH value by centrifugation at RT, 2500⨯ g for 3 min each. All samples were 

acidified with 10 µl of FA and dried using a vacuum centrifuge. 

4.5.5. Pipette tip-based high-pH reversed-phase (Basic-RP) fractionation of peptides 

We followed the strategy described by Han et al. (Han et al. 2014) with several changes 

concerning the type of reversed phase material used and the percentage of acetonitrile for elution 

of peptides in the single fractions. Tip-columns were prepared using twelve C18 Empore 

Extraction Disks. Buffers with 10 mM ammonium formate and increasing amounts of ACN were 

prepared for phosphopeptide elution and their pH value adjusted to pH 10 by the addition of 28% 

NH4OH. Columns were equilibrated by sequential application of 100 µl of the following 

solutions and centrifugation at RT, 2500⨯ g for 1 min: MeOH, 10 mM ammonium formate pH 

10 with 50% ACN, 10 mM ammonium formate pH 10 with 2% ACN. Samples were solubilized 
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in 200 µl of 10 mM ammonium formate 2% ACN and the flow-through was collected as the first 

fraction. Subsequent fractions were eluted using 200 µl of ammonium formate buffers containing 

6%, 10%, 12%, 14%, 16%, 18%, 20%, 22%, 24%, 26%, 28%, 30%, 33%, 36%, 40%, 50%, 60%, 

70%, 80% and 90% ACN. Finally, tip-columns were eluted using 100% ACN. Later, these 

eluates were combined to form 6 fractions in the following way: fraction 1 consisted of eluates 

with 6%, 18%, 28%, and 50% ACN; fraction 2 of eluates with 10%, 20%, 30%, and 60% ACN; 

fraction 3 of eluates with 12%, 22%, 33%, and 70% ACN; fraction 4 of eluates with 14%, 24%, 

36%, and 80% ACN; fraction 5 of eluates with 16%, 26%, 40% and 90% ACN; and fraction 6 

was the combination of the flow-through of the sample loading step and the last eluate fraction 

(100% ACN). After sample pooling, all fractions were dried using a vacuum centrifuge. 

4.5.6. Peptide purification methods 

Depending on the amounts, peptides were purified using either StageTips or solid-phase 

extraction (SPE) cartridges. For the samples containing less than 10 µg of peptides, StageTips 

were applied as described elsewhere (Rappsilber et al. 2003). Briefly, 4-6 discs of C18 Empore 

extraction disks were placed in 200 µl micropipette tips and equilibrated by sequential 

application of 20 µl of MeOH, 80% ACN 0.5% AcOH, and 0.5% AcOH and centrifugation at 

RT, 2500⨯ g for 1 min in between. In the case of phosphopeptides, StageTips columns were also 

primed with 20 µl of 50 mM citrate prior to loading the samples (Winter et al. 2009b). Dried 

peptides were resuspended in 20 µl of 5% ACN 5% FA solution, and later 80 µl of water was 

added to dilute ACN amount. Resuspended peptides were applied to the StageTips and washed 

using 100 µl of 0.5% AcOH and finally eluted using 2⨯ 20 µL 80% ACN 0.5% AcOH. Between 

each step StageTips were centrifuged at RT, 2500⨯ g for 1 min. For the larger amount of 

peptides (>10 µg), 10 mg Oasis HLB cartridges were applied. The cartridges were equilibrated 

using 1 ml of following solutions,100% ACN, 50% ACN 0.5% AcOH, and 0.1% TFA, 

respectively. Dried peptides were resuspended in 1 ml 1% AcOH and loaded 2⨯ to the columns 

and washed using 2 ml of 0.5% AcOH. Purified peptides were eluted using 1 ml of 50% ACN 

0.5% AcOH. 

4.6. Mass spectrometry analysis of the samples 

4.6.1. LC-MS/MS data acquisition 

All samples were desalted using C18 STAGE tips as described before and dried using a vacuum 

centrifuge. Desalted samples were resuspended in 5% ACN, 5% FA solution and loaded on in-
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house manufactured analytical columns at a flow rate of 1 µl/min solvent A (0.1% FA in water) 

using a nanoflow UHPLC system. Columns were prepared by packing a 100 µm ID fused silica 

spray tip pulled with a P2000 laser puller with 5 µm ReproSil-Pur 120 C18-AQ particles. In the 

case of phosphopeptides, columns were equilibrated with several injections of 50 mM citrate 

before running phospho-samples (Winter et al. 2009b). Separation was performed at a flow rate 

of 400 nl/min with 60 or 90 min gradients from 99% solvent A (water with 5% DMSO (Hahne et 

al. 2013), 0.1% FA) 1% solvent B (ACN with 5% DMSO, 0.1% FA) to 65% solvent A 35% 

solvent B. 240 min segmented gradients were used for the analyses of unfractionated samples. 

Segmented gradients consisted of a 200 min linear gradient from 1% to 25% solvent B, followed 

by a 30 min step to 30% solvent B and a 10 min step to 35% solvent B at 400 nl/min. Peptides 

eluting from the column were ionized at 1.6 kV in the positive ion mode in the nanosource of an 

LTQ Orbitrap Velos mass spectrometer. Survey scans were acquired in the Orbitrap analyzer 

from m/z 400 to 1200 at a resolution of either 30000 or 60000 followed by fragmentation of the 

10 most abundant ions in the LTQ part of the instrument. Singly charged ions and such with 

unassigned charge states were excluded from MS/MS fragmentation. The repeat count was set to 

1 and dynamic exclusion to 30s for all gradients. Multi-Stage Activation (MSA) (Schroeder et al. 

2004) was activated for phosphosamples triggered by neutral-losses of phosphoric acid (m/z 24.5, 

32.7, 49, and 98). 

4.6.2. Mass spectrometry data analysis 

The generated mass spectrometry raw files were processed using MaxQuant (version 1.5.2.8) 

using the Andromeda search engine (Cox and Mann 2008). The database used was either UniProt 

human (including SwissProt and TrEMBL, release 2015_04, 68485 entries) for human cell lines 

or Uniprot mouse (including SwissProt and TrEMBL, release 2015_05, 53297 entries) for murine 

cell lines. The enzyme specificity was set to trypsin with maximum of two missed cleavages 

allowed and quantification was performed using default parameters for 2 states (light and heavy 

(K8, R10)) SILAC in MaxQuant. Fixed modifications were set to carbamidomethyl (in the case 

of alkylation with iodoacetamide), or propionamide (in the case of alkylation by acrylamide) at 

cysteine residues. Variable modifications were as follows: acetylation at protein N-termini, 

oxidation at methionine, carbamylation at lysine and peptide N-termini (in the case of urea based 

lysis buffer), as well as phosphorylation at serine, threonine, and tyrosine. Matching between runs 

was used with default settings. The minimal score for modified peptides was set to 40 and the 

minimal delta score for modified peptides to 9.  



Methods 

 

26 

 

4.6.3. Bioinformatic and statistical analysis 

MaxQuant-processed data were further analyzed using the Perseus toolbox (version 1.6.0.7) and 

Microsoft Excel (2010). For Gene Ontology (GO) analysis GOrilla (Gene Ontology enRIchment 

anaLysis and visualization (http://cbl-gorilla.cs.technion.ac.il)) (Eden et al. 2009)) and 

PANTHER (Protein Analysis Through Evolutionary Relationships (http://www.pantherdb.org)) 

(Ashburner et al. 2000) tools (free online GO tools) were employed to identify enriched GO 

terms. Using Gorilla, differentially expressed proteins were implemented as a target group and 

other proteins found in all replicates were applied as background and gene ontology annotation 

was performed for biological process. Functional GO enrichment analysis of biological processes 

and cellular component was carried out using the PANTHER tool. Statistical processing of data 

and graphing were performed using Prism software (GraphPad Prism version 6.07) and Microsoft 

Excel 2010. 
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5. Chapter 1: Tip-based fractionation of batch-enriched 

phosphopeptides  

 

Text and figures in chapter 1 and related methods are reprinted with permission from Dehghani et 

al. (Dehghani et al. 2018). Copyright (2018) American Chemical Society. See appendix 1 for the 

letter of consent.  

 

5.1. Introduction  

5.1.1. Large-scale phosphoproteomics 

Protein phosphorylation plays an important role in a multitude of cellular functions such as signal 

transduction, regulation of enzyme activity, and protein–protein interactions (Pawson 2004). 

Since the first development of workflows for large-scale phosphoproteome analysis using mass 

spectrometry, a significant variety of protocols has been established for the enrichment and 

fractionation of phosphopeptides (Kanshin et al. 2012; Engholm-Keller and Larsen 2013). This 

led to the identification and quantification of phosphorylation sites in a plethora of cells and 

tissues providing valuable information for the identification of cellular mechanisms (Hornbeck et 

al. 2015). The development of these workflows was motivated by technical challenges preventing 

the identification of phosphopeptides in complex peptide mixtures resulting from the proteolytic 

digestion of whole proteomes. The most important to mention are low abundance and altered 

detection efficiencies compared to those of nonphosphorylated peptides in the sample. The latter 

can be due to altered ionization of phosphorylated peptides as well as loss of phosphopeptides 

caused by unspecific binding to metal ions on reversed-phase columns (Seidler et al. 2011; 

Winter et al. 2009b; Winter et al. 2012).  

5.1.2. Phosphopeptide enrichment methods and workflows 

For enhancing the detection of phosphopeptides, several methods have been established for their 

enrichment based on the negatively charged phosphorylation group. These methods can be 

grouped into three categories: (i) immobilized metal ion affinity chromatography (IMAC), (ii) 

metal oxide affinity chromatography (MOAC), and (iii) immunoaffinity chromatography 
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(Kanshin et al. 2012; Engholm-Keller and Larsen 2013; Rush et al. 2005; Rikova et al. 2007). 

Besides these affinity methods, liquid chromatography (LC)-based approaches have been used 

for separating phosphopeptides from their nonphosphorylated counterparts. The most popular 

ones are ion exchange chromatography (SAX (Han et al. 2008) and SCX (Beausoleil et al. 

2004)), hydrophilic interaction liquid chromatography (HILIC) (McNulty and Annan 2008), and 

electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) (Alpert 2008). Similar to 

IMAC and MOAC, the negative charge of the phosphate group allows for separation of 

phosphopeptides from their nonphosphorylated counterparts in these approaches (Kanshin et al. 

2012). Although the mentioned chromatographic separations can be used as a stand-alone method 

for phosphopeptide enrichment in large-scale phosphoproteomic studies, the combination of 

peptide fractionation (usually by SCX, SAX, or high-pH reversed-phase chromatography) with 

an enrichment for phosphopeptides by IMAC or MOAC are most common (Kanshin et al. 2012; 

Engholm-Keller and Larsen 2013). Although sample fractionation can principally be performed 

either before or after phosphopeptide enrichment, the vast majority of studies employed 

fractionation followed by enrichment of phosphopeptides for each fraction (Kanshin et al. 2012; 

Engholm-Keller and Larsen 2013). These approaches are very laborious and time-consuming 

because each of the generated fractions has to be processed individually. Therefore, enrichment 

of phosphopeptides prior to fractionation would be more cost-effective and less time-consuming, 

as for each sample only a single phosphopeptide enrichment has to be performed. Furthermore, it 

would be possible to miniaturize fractionation equipment as the samples to be fractionated are 

several micrograms of phosphopeptides rather than several milligrams of whole cell lysate 

digests. So far only a handful of studies have been published performing fractionation of 

phosphopeptides after their enrichment. Engholm-Keller et al. developed a workflow that consists 

of SIMAC (Thingholm et al. 2008) enrichment of phosphopeptides followed by their 

fractionation by HILIC (TiSH workflow) (Engholm-Keller et al. 2012), and Wiśniewski et al. 

performed filter-aided sample preparation (FASP) and TiO2 enrichment prior to phosphopeptide 

fractionation using SAX tip-based columns (Wiśniewski et al. 2010). Batch-enrichment of 

phosphopeptides using TiO2 followed by TMT labeling and high-pH reversed-phase fractionation 

was first used by Erickson et al. (Erickson et al. 2015) and later by Possemato et al. (Possemato et 

al. 2017), and Iesmantavicius et al. was the first to use SCX tip-based fractionation after batch 

enrichment of phosphopeptides using TiO2 (Iesmantavicius et al. 2014). Adachi et al. developed 

an alternative fractionation strategy by SCX tips of IMAC batch-enriched phosphopeptides 
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(Adachi et al. 2016). Furthermore, for samples enriched for other PTMs, SCX tip-based 

fractionation has been shown to be successful. Weinert et al. (Weinert et al. 2013), for example, 

used SCX tips to fractionate succinylated peptides, and Iesmantavicius et al. employed this 

strategy for ubiquitinated peptides (Iesmantavicius et al. 2014). Tip-based fractionation of 

peptides follows the principle of STAGE tips, which are micro columns manufactured using 

chromatographic beads immobilized in a Teflon meshwork (Rappsilber et al. 2003). In this 

context, the advantages of this method over conventional chromatographic methods are, for 

example, their low cost, ease-of-use, reproducibility, and flexibility. For the fractionation of 

peptide samples in general, tip-based columns are by now well-established, especially in the 

format of strong anion exchange tips (e.g., refs (Wiśniewski et al. 2009) and (Zarei et al. 2016)). 

In this study, methods for the analysis of batch-enriched phosphopeptide samples were compared. 

This includes analysis of unfractionated samples using long gradients, fractionation by tip-based 

SAX, SCX, and BRP columns as well as the commonly used setup using a high-capacity SCX 

column in combination with a chromatography system. 
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5.2. Results 

5.2.1. Fractionation of batch-enriched peptides by SCX chromatography leads to 

substantial loss of phosphopeptides 

Initially, to minimize experimental variation induced by sample preparation, ∼70 mg of HeLa 

whole cell lysate digest was prepared and stored after desalting as dried aliquots of 3 mg each at 

−20 °C. We first set a benchmark following the well-established protocol by Villen et al. (Villén 

and Gygi 2008). Instead of IMAC, we used TiO2 phosphopeptide enrichment as it performed 

better in our hands, resulting in higher numbers of identified phosphorylation sites and less 

unspecific enrichment of nonphosphorylated peptides (data not shown). Using SCX 

chromatography, we generated 12 fractions and enriched each of them using TiO2 (SCX-TiO2) 

followed by LC–MS/MS analyses. With this approach, we were able to identify 10908 

nonredundant phosphorylation sites with a phosphopeptide enrichment efficiency (purity) of 93% 

(Figure 5.1, Supplementary tables 5.1 and 5.2). Next, we tested if it is possible to perform first 

phosphopeptide enrichment and then fractionation by SCX chromatography. This would allow 

for conducting only one phosphopeptide enrichment and reducing the complexity of the obtained 

SCX fractions. We performed TiO2 phosphopeptide enrichment of 3 mg of whole cell lysate 

tryptic digest and fractionated the phosphopeptide-enriched sample using SCX (TiO2-SCX) 

followed by LC–MS/MS analyses using the same setup as used for the SCX-TiO2 experiments. 

We could identify only 1291 phosphorylation sites showing a dramatically decreased 

performance (Figure 5.1, Supplementary tables 5.1 and 5.2). To investigate if the enrichment of 

phosphopeptides from the unfractionated samples led to lower enrichment efficiencies, and 

therefore lower numbers of identifications, we performed 4 h gradient LC–MS/MS analyses of 

unfractionated phosphopeptide-enriched samples. 

5.2.2. Performance of single gradient analysis of enriched phosphopeptides is limited 

by the binding capacity of the analytical C18 column 

The binding capacity of the analytical C18 columns in our LC–MS/MS setup should be in the 

range of several μg of peptide. We therefore questioned if 3 mg of peptide is too much as starting 

material for phosphopeptide enrichment when analyzing the unfractionated sample by 4 h 

gradients, as the amount of enriched phosphopeptides may exceed the capacity of the column. 
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We therefore performed phosphopeptide enrichment of 0.5, 1, 2, and 3 mg of whole cell lysate 

 

Figure 5.1 Comparison between TiO2-SCX-HPLC and SCX-HPLC-TiO2 methods.  

Comparison between the strong cation exchange (SCX) fractionation of  3 mg tryptic HeLa 

whole cell lysate digest prior to phosphoenrichment by TiO 2 (SCX-HPLC-TiO2) and SCX 

fractionation of the same sample after batch -enrichment of the phosphopeptides by TiO 2 

(TiO2-SCX-HPLC). Shown are numbers of identified phosphorylation sites (left panel) and 

the enrichment efficiency (purity) of the phosphopeptides (right panel).  

digest using TiO2 and analyzed the resulting phosphopeptide-enriched fractions by LC–MS/MS. 

We were able to identify 1349, 3980, 4984, and 5061 phosphorylation sites for 0.5, 1, 2, and 3 

mg of cell lysate digest, respectively (Figure 5.2). We had the impression that the capacity of the 

system was already approaching its maximum using phosphopeptides enriched from 1 mg of 

starting material as doubling and tripling this amount both resulted in an increase of identified 

phosphorylation sites by only ∼25% with virtually no difference between 2 and 3 mg of starting 

material. We achieved for 3 of the 4 samples a purity of more than 80% observing a slight 

reduction with increasing amounts of starting material: 86.2, 84.6, 81.3, and 77.1% 

phosphopeptides for 0.5, 1, 2, and 3 mg, respectively. From these results, we conclude that 

fractionation is a mandatory step for the phosphoproteomics analysis of highly complex samples. 

Therefore we compared three tip-based fractionation methods.  

5.2.3. Fractionation of batch-enriched phosphopeptides using tip-based columns 

We evaluated three different types of chromatographic material covering the most common resins 

used for the preparation of tip-based chromatography columns: strong anion exchange (SAX) 

(Wiśniewski et al. 2010), strong cation exchange (SCX) (Rappsilber et al. 2007), and C18 

reversed-phase material (Possemato et al. 2017) for basic reversed-phase (BRP) fractionation 

(Figure 5.3 (B)).  

Phosphopeptides purity (%)Number of phosphorylation sites
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Figure 5.2 Performance of single gradient analysis of enriched phosphopeptides.  

The number of identified phosphorylation sites (left panel) and the enrichment efficiency 

(purity) of phosphopeptides (right panel) in unfractionated phosphopeptide enriched 

samples analyzed with 4 hour LC-MS/MS gradients. 0.5, 1, 2, and 3 mg of HeLa whole cell 

lysate tryptic digest were used as the starting material for TiO 2 phosphopeptide 

enrichment. n=1 

 

Figure 5.3 Schematic view of the workflow for phosphoenrichment and fractionation methods.  

A. Digested peptides were fractionated using SCX column chromatography, and 

subsequently, phosphopeptide enrichment was performed for each fraction (CSCX method) 

B. Enriched phosphopeptides were fractionated using three tip-based fractionation 

methods, and the results were compared.  

Phosphopeptides purity (%)Number of phosphorylation sites
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We generated tip-columns following the principle of STAGE tips (Rappsilber et al. 2003) using 

an increased number of disks to allow for higher binding capacity. SAX and BRP tip 

fractionation was carried out following published protocols (Wiśniewski et al. 2010; Han et al. 

2014) employing decreasing pH value (SAX) and increasing acetonitrile content (BRP) for 

 

Figure 5.4 SCX tip-based fractionation outperforms the other approaches.  

A. Identified phosphorylation sites for strong cation exchange (SCX), strong anion 

exchange (SAX) and basic reversed phase (BRP) tip -fractionated batch-enriched 

phosphopeptides. Column chromatography SCX (CSCX) samples were first fractionated 

followed by phosphopeptide enrichment of the single fractions. B. Identified unique 

multiply phosphorylated peptides for each of the tip -based methods as well as CSCX. 

Shown are mean values + SD; n=3 

elution of peptides, respectively. For SCX tips, we designed our own buffers reflecting the 

gradient we used for SCX fractionation of whole cell lysate digests with the chromatography 

system (SCX-TiO2), eluting peptides with increasing salt concentration. For each approach, we 

fractionated the enriched phosphopeptides from 3 mg of whole cell lysate tryptic digest to six 

fractions. Additionally, we performed fractionation using an SCX column in combination with a 
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chromatography system, generating six fractions that were then enriched for phosphopeptides to 

be able to compare the performance of our approach to the common SCX-TiO2 procedure 

 

Figure 5.5 Comparison of the phosphoproteins identified with the different fractionation methods to 

the dataset published by Olsen et al (Olsen et al. 2010).  

Percentages show the proportion of phosphoproteins that are specific for each study or are 

common among studies. Venn diagrams were constructed using the open-access online tool 

Venny (Juan Carlos Oliveros). 

(Figure 5.3 (A), column-SCX, CSCX). Each experiment was carried out in three independent 

replicates, and eluate fractions were analyzed by LC–MS/MS. 

5.2.4. SCX tip-based fractionation outperforms the other approaches 

SCX tips resulted with 9812 identified phosphorylation sites on average in the highest number of 

identifications followed by CSCX, BRP tips, and SAX tips with 9354, 5740, and 3950 sites, 

respectively (Figure 5.4 (A), Supplementary tables 5.1 and 5.2). This corresponds to with the 

identification of 3674, 3868, 3611, and 2392 phosphoproteins. Out of the 5315 detected 

phosphoproteins in total, 34.2% overlap with a data set published by Olsen et al. (Olsen et al. 

2010), who performed SCX-TiO2-based analysis of the HeLa phosphoproteome, whereas the 
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phosphoproteins identified in the individual approaches overlap between 26 and 35% with these 

data (Figure 5.5). 

For both SCX and BRP, we identified 54% of phosphopeptides in all three replicates. The CSCX- 

and SAX-fractionated samples resulted in slightly lower values, identifying 51 and 45% of 

phosphopeptides in all replicates, respectively (Figure 5.6 (A)). When comparing the overlap 

between the different approaches, out of ∼16,400 phosphosites identified in total, only 17% were 

detected with all four approaches. CSCX and SCX tips led to the identification of the highest 

number of unique phosphopeptides (17.7 and 17.3%, respectively) followed by BRP (6.1) and 

SAX (5.3) (Figure 5.6 (B)). For multiply phosphorylated peptides, SCX and CSCX performed 

similarly. They outperformed the other two methods by leading on average to 3.6- (SAX) and 

1.8- (BRP) times the number of identified multiply phosphorylated peptides (Figure 5.4 (B)). The 

distribution of identified phosphopeptides across fractions (Figure 5.7 (A)) followed a similar 

pattern for SAX and BRP, with the first fraction resulting in the highest number of identifications 

(∼25% of identified phosphopeptides), and all of the following fractions resulted in substantially 

lower numbers. The only exception was the last BRP fraction, which also contained a high 

number of phosphopeptides. This is most likely due to the fact that it was composed of the first 

(flow-through) and the last fraction of elution (4.5.5), indicating that a substantial amount of 

phosphopeptides do not bind to the C18 material under these conditions, as the last fraction 

(elution with 100% ACN) should not contain a high number of phosphopeptides. 

For the SCX samples, the distribution was more even with the second fraction containing the 

highest number of phosphopeptides. CSCX-fractionated samples showed a high amount of 

phosphorylated peptides in the first three fractions, whereas identifications in the following three 

fractions decreased substantially. These results were quite surprising to us, as we expected the 

SAX material to bind the acidic phosphorylated peptides very efficiently (Dai et al. 2009) and 

therefore did not expect to find the highest numbers of phosphopeptides in the flow-through. It 

seems that the phosphate group is not able to result in strong binding to the ion exchanger resin 

for all peptides. This may be improved by changing the buffer system used. For multiply 

phosphorylated peptides (Figure 5.7 (B)), we observed similar behavior as for singly 

phosphorylated peptides for the BRP samples, whereas in this case, the presence of 

phosphopeptides in the fraction consisting of the flow through and the last elution was even more 
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Figure 5.6 The overlap between different replicates and fractionation methods.  

A. Overlap of identified phosphopeptides in 3 independent replicates for the fractionation 

of phosphopeptides enriched from 3 mg HeLa whole cell tryptic digest by strong anion 

exchange (SAX) tips, strong cation exchange (SCX) tips, basic reversed phase (BRP)  tips 

and column SCX (CSCX) fractionation of whole cell lysate tryptic digest followed by 

enrichment of the individual fractions. B. Overlap of phosphopeptides identified in the 4 

different methods. (C) Overlap of phosphoproteins identified in the 4 differ ent methods. 

R1: replicate 1, R2: replicate 2, R3: replicate 3. Venn diagrams were constructed using the 

open-access online tool Venny (Juan Carlos Oliveros).  

A.

B.

CSCX-R1 CSCX-R2

CSCX-R3
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Figure 5.7 The distribution of identified phosphopeptides across fractions (F1 to F6).  

A. Distribution of phosphorylated peptides across six fractions (F1 to F6) of the tip-based 

SAX, SCX, BRP fractionation and Column chromatography SCX (CSCX) of batch -enriched 

phosphopeptides (displayed as a percentage of the total number of identified 

phosphopeptides). B. Distribution of multiply phosphorylated peptides across the six 

fractions of each tip-based method and column chromatography SCX (CSCX). Shown are 

mean values + SD; n=3 

pronounced. In the SCX samples, the majority of multiply phosphorylated peptides eluted in the 

first two fractions, which is in accordance with the literature (Mohammed and Heck 2011). In the 

CSCX-fractionated samples, the initial fraction contained the highest number of peptides, which 

decreased steadily with increasing fraction number. SAX, surprisingly, performed the worst, and 

no big differences for the numbers of identified multiply phosphorylated peptides between the 

individual fractions were observed. A possible reason for this bad performance is a very strong 

binding of multiply phosphorylated peptides to the SAX resin preventing their elution with the 

buffers used in our experimental setup. In general, the significant differences observed between 

the different resins were quite surprising to us as the input and number of fractions were the same 

for all approaches. In particular, the results obtained for the BRP-fractionated samples were quite 

unexpected as it had been shown before that BRP outperforms SCX in the classical “fractionation 

followed by enrichment” format (Yue and Hummon 2013; Batth et al. 2014). A possible reason 

for these discrepancies may be the material used for generating the BRP tip columns, as different 

resins may exhibit varying stabilities under the basic conditions used. Furthermore, we only 

generated six fractions with discontinuous steps increasing by 2% ACN each for elution of 

phosphopeptides, whereas most column-based approaches employ continuous gradients and 
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collect higher numbers of fractions. This also results in a substantially different concatenation 

 

Figure 5.8 Gene ontology (GO) analysis of phosphoproteins.  

GO analysis of identified phosphoproteins using the strong anion exchange (SAX) tips, 

strong cation exchange (SCX) tips, basic reversed phase (BRP) tips, and column SCX 

(CSCX). GO analysis was performed using PANTHER (Mi et al. 2017; Mi et al. 2013) .  

pattern compared to our approach, possibly improving separation power and reducing 

redundancy. For the strong differences observed between SAX- and SCX/CSCX-fractionated 

samples, the presence of salt in the elution buffer may be essential, and the use of salt gradients 

for SAX tips may therefore improve their performance. To further evaluate possible reasons for 

the discrepancies observed between the SAX-, SCX-, BRP-, and CSCX-fractionated samples, we 

performed gene ontology (GO) analyses of the phosphoproteins identified in the individual 

datasets (Figure 5.8, Supplementary table 5.3). We could not observe any differences in the GO 

categories assigned. This indicates that the physicochemical properties of the proteins from which 

the identified peptides originate are not likely to be the reason for the discrepancies observed. We 

therefore argued that the observed effects must be due to the properties of the individual peptides 

and their interaction with the resins in the different approaches. 
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Figure 5.9 Identification efficiency of fragment ion spectra.  

A. Acquired MS/MS spectra for SAX, SCX and BRP tip fractionated and column 

chromatography SCX (CSCX) tryptic digests of HeLa whole cell lysate. B. Identified 

MS/MS spectra for each tip-based methods and CSCX. Shown are mean values + SD; n=3  

5.2.5. Identification efficiency of fragment ion spectra 

A possible reason for the observed discrepancies is a difference in data acquisition. We therefore 

investigated the number of MS/MS spectra acquired, which was the lowest for SCX and the 

highest for CSCX (Figure 5.9 (A)). In terms of identified MS/MS spectra, however, the SCX-

fractionated samples outperformed the other samples, resulting in increases of 15, 18, and 45% 

compared to BRP, CSCX, and SAX, respectively (Figure 5.9 (B)). 

A possible reason for these observations is differences in signal intensity for the fragmented 

phosphopeptides as high-intensity precursor ions will lead more likely to the identification of the 

respective peptides. Possible reasons leading to higher intensities are (i) a better distribution of 

high-abundance ions across fractions in the SCX samples resulting in lower complexities of 

individual fractions and, therefore, no undersampling in the data-dependent acquisition (DDA) 

mode or (ii) better resolution leading to higher concentrations of peptides in single fractions, 
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preventing redundant fragmentation. For the SAX-, BRP-, and CSCX-fractionated samples, we 

 

Figure 5.10 Distribution of acquired MS/MS spectra across the fractions.  

The number of acquired MS/MS spectra in single fractions (F1 to F6) of strong anion 

exchange (SAX) tips, strong cation exchange (SCX) tips, basic reversed phase (BRP) tips, 

and column chromatography SCX (CSCX). 3 mg of HeLa whole cell lysate tryptic digest 

were enriched by TiO
2
 followed by tip-based fractionation of the phosphopeptides. For 

CSCX, whole cell lysate digests were fractionated and the generated fractions were 

enriched individually. Shown are mean values + SD; n=3  

observed a decrease of acquired MS/MS spectra with increasing fraction number whereas no such 

effect could be seen for SCX (Figure 5.10), indicating a more homogeneous distribution of 

phosphopeptides for the SCX-fractionated samples. Additionally, we observed higher redundancy 

in the SAX-fractionated samples compared to SCX and BRP, which resulted in roughly similar 

values (Figure 5.11): more than 50% of the peptides in the SAX-fractionated samples were 

detected more than 4 times. This implies that SAX fractionation leads to a broader distribution of 

peptides across fractions. This results in reduced signal intensities in the individual fractions and 

therefore reduces the likelihood for fragmentation (and identification) in the LC–MS/MS 

experiments. For CSCX-fractionated samples, however, the redundancy was significantly lower 
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across all data sets showing superior fractionation compared to all tip-based approaches. It also, 

 

Figure 5.11 Peptide redundancy observed in the tip-based fractionation of batch enriched 

phosphopeptides and the enrichment of single fraction generated by column SCX chromatography 

(CSCX). 

3 mg of HeLa whole cell lysate tryptic digest were used for each experiment. Fractionation 

of batch enriched phosphopeptides was performed by strong anion exchange (SAX), strong 

cation exchange (SCX) and basic reversed phase (BRP) tips , and column chromatography 

SCX (CSCX). A. Peptide redundancy observed in each fraction of tip -based methods and 

CSCX. Numbers in the legend (1 to 6) refer to the number of fractions the same peptide 

has been identified in. B. Peptide redundancy observed in whole datasets displayed as 

relative values normalized to the total number of peptides identified for the respective 

stationary phase, also mutiple identifications in the same fraction are included.  

however, indicates a higher loss of phosphorylated peptides during sample preparation as the 

reduced redundancy should facilitate the identification of more phosphorylation sites compared to 

that of the tip-based SCX approach, which is not the case. In the tip-based approaches, a broader 

dilution of the sample should lead to more features identified because the same peptide will be 

recognized in the survey scan of multiple runs. We therefore investigated how many peptide 

features (all detected LC-MS features) were detected by MaxQuant in the SAX-, SCX-, BRP-, 

and CSCX-fractionated samples (Figure 5.12). The SAX-fractionated samples resulted in 

∼22000 and the BRP fractionated samples in ∼31000 more features than in the SCX- and CSCX-

fractionated samples, which resulted in similar values (increase of 9 and 12% relative to SCX and 

CSCX, respectively), confirming a broader distribution of peptides for the SAX and BRP tip-

fractionated samples. 
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Figure 5.12 Comparison of the number of peptide features (all detected LC-MS features) among 

different methods.  

Peptide features detected by MaxQuant in the strong anion exchange (SAX), strong cation 

exchange (SCX), basic reversed phase (BRP) tip -based fractionation, and column 

chromatography SCX (CSCX) samples. Phosphopeptides were enriched from tryptic 

digests of 3 mg HeLa whole cell lysate using TiO
2
 followed by fractionation using 

different methods. Shown are mean values of the sum of the 6 individual fractions + SD; 

n=3. 

5.2.6. Identification of nonphosphorylated peptides 

Next, we investigated the purity of phosphopeptides by comparing numbers of identified 

phosphorylated and nonphosphorylated peptides. Surprisingly, the purity varied strongly between 

SAX (62%)-, SCX (86%)-, BRP (66%)-, and CSCX- (84%)-fractionated samples (Figure 5.13). 

Across single fractions, the percentage of phosphorylated peptides was constantly ∼60% for 

SAX-fractionated samples but varied between fractions of the SCX (97 to 80%)-, BRP (84 to 

43%)-, and CSCX (96 to 46%)-fractionated samples (Figure 5.14). The strong difference between 

fractions we observed in the BRP samples reflects the influence of phosphate groups on retention 
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behavior in reversed-phase chromatography. Peptides carrying a phosphate group elute earlier 

 

Figure 5.13 The number and percentage of phosphorylated peptides.  

A. Average number of phosphorylated and non-phosphorylated peptides identified in SAX, 

SCX ,BRP, and CSCX fractionated samples. B. Purity of phosphopeptide enriched 

fractions (%) for the different tip-based fractionation and CSCX methods. Shown are mean 

values + SD; n=3 

due to their increased hydrophilicity allowing unspecifically enriched nonphosphorylated 

peptides to be detected in the later fractions. Earlier elution of phosphorylated peptides compared 

to their unmodified counterparts can also be seen for C18 reversed-phase material under acidic 

conditions (Mohammed and Heck 2011). The discrepancies between SCX and CSCX were quite 

surprising to us because we used the same solutions for elution of peptides in both approaches. 

They are most likely due to stronger binding of the stationary phase used in the tip-based 

approaches. The higher redundancy of SCX compared to CSCX cannot explain the observation, 

as just the number of phosphopeptides identified solely in fraction 6 of the SCX samples was 

higher than all combined identifications in the last fraction of the CSCX experiment. 
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Figure 5.14 Phosphopeptide purity across the fractions.  

Comparison of the phosphopeptide purity across the six fractions (F1 to F6) of the strong 

anion exchange (SAX), strong cation exchange (SCX), and basic reversed phase (BRP) tip -

based fractionated batch enriched phosphopeptides, as well as column chromatography 

SCX (CSCX) fractionated samples followed by enrichment of the individual fractions. 

Shown are the combined values of 3 replicates of TiO
2
 enrichment experiments of 3 mg 

HeLa whole cell tryptic digests.  

 
Figure 5.15 Distribution of theoretical isoelectric points (pI) of peptides across the fractions (F1 to 

F6).  

Theoretical pI of peptides detected in each fraction of the strong anion exchange (SAX), 

strong cation exchange (SCX), and basic reversed phase (BRP) tip -based fractionated batch 

SAX SCX BRP

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6

Non-phosphopeptides

Phosphopeptides

CSCX

Non-phosphopeptides Phosphopeptides

F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6

Th
e

o
re

ti
ca

l p
I

F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6

10 to 13

9 to 10

8 to 9

7 to 8

6 to 7

5 to 6

4 to 5

3 to 4

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

F1 F2 F3 F4 F5 F6 F1 F2 F3 F4 F5 F6

Non-phosphopeptides Phosphopeptides Non-phosphopeptides Phosphopeptides Non-phosphopeptides Phosphopeptides

SAX SCX BRP CSCX



Chapter 1: Tip-based fractionation of batch-enriched phosphopeptides 

 

45 

 

enriched phosphopeptides, as well as column chromatography SCX (CSCX) fractionated 

samples followed by enrichment of the individual fractions. Shown are the combined 

values of 3 replicates of TiO
2
 enrichment experiments of 3 mg HeLa whole cell tryptic 

digests. 

 

Figure 5.16 Distribution of the miscleaved peptides across the fractions (F1 to F6).  

Distribution of the miscleaved peptides in each fraction of the strong anion exchange 

(SAX), strong cation exchange (SCX), and basic reversed phase (BRP) tip -based 

fractionated batch enriched phosphopeptides, as well as column chromatography SCX 

(CSCX) fractionated samples followed by enrichment of the individual fractions. Shown 

are the combined values of 3 replicates of TiO 2 enrichment experiments of 3 mg HeLa 

whole cell tryptic digests. 

5.2.7. Analysis of fraction-specific peptide properties 

To better understand the broad distribution of phosphopeptides across SAX fractions and the high 

variations in phosphopeptide purity, we investigated the isoelectric point, length, and the number 

of missed cleavage sites of the identified peptides across the fractions of the different approaches. 

For SAX in particular, we observed a strong correlation of the fraction number and isoelectric 

point (Figure 5.15) of the peptides, and acidic peptides presented the most abundant population. 

The BRP-fractionated samples contained more neutral and basic peptides, whereas the SCX and 

CSCX samples resulted in a rather uniform distribution. When investigating the missed cleavage 

sites, we observed roughly similar cleavage rates for the SAX- and BRP-fractionated samples 

(Figure 5.16). For SAX, the rate of miscleaved peptides increased with the fraction number, 

whereas the opposite was the case for the BRP samples. The SCX samples showed significantly 

lower miscleavage rates and a clear distribution with small amounts of miscleaved peptides in the 

first fraction (15 and 22%), which increased steadily to high numbers in the last fraction (64 and 
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55%) for the phosphorylated and nonphosphorylated peptides, respectively. This is most likely 

due to the increased interaction of the SCX material with the additional basic amino acid present 

in the miscleaved peptides. A similar trend was observed for the CSCX samples with a higher 

number of observed missed cleavage sites both for phosphorylated (20 to 77%) and 

nonphosphorylated peptides (36 to 79%). In total, as expected, the percentage of missed cleavage 

sites among phosphopeptides was higher than among nonphosphopeptides (Winter et al. 2009a). 

When investigating the length of peptides (Figure 5.17), we found that SCX and CSCX identified 

on average shorter peptides than BRP and SAX. A possible reason may be that the interaction 

with the stationary phase in SAX and BRP is due to the whole peptide backbone, whereas in SCX 

it is mainly based on the basic groups present at the N- and C-termini of tryptic peptides. 

 

Figure 5.17 Distribution of peptide lengths across the fractions (F1 to F6).  

Distribution of peptide lengths for each fraction of the strong anion exchange (SAX), 

strong cation exchange (SCX), and basic reversed phase (BRP) tip -based fractionated batch 

enriched phosphopeptides, as well as column chromatography SCX (CSCX) fractionated 

samples followed by enrichment of the individual fractions. Shown are the combined 

values of 3 replicates of TiO
2
 enrichment experiments of 3 mg HeLa whole cell tryptic 

digests. 
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5.3. Discussion and conclusion 

The goal of this study was to establish a workflow that allows for the identification of large 

numbers of phosphorylation sites with minimal effort. The standard method for large-scale 

phosphoproteomic experiments comprises peptide fractionation using SCX chromatography 

followed by phosphopeptide enrichment for each fraction (SCX-IMAC/TiO2). The most 

laborious step of this approach is the lyophilization, desalting, and phosphopeptide enrichment of 

the fractions generated during SCX fractionation as every step has to be carried out 12 (or 24) 

times and the fractions are of high volume and complexity. Therefore, we wondered whether we 

can perform first phosphopeptide enrichment and afterwards fractionation by SCX 

chromatography (TiO2-SCX). However using this method, the number of detected phosphosites 

was dramatically reduced in comparison to the standard method. This may be due to loss of 

phosphopeptides in the chromatographic system caused by nonspecific interaction with metal 

ions present on surfaces of the LC system and in the chromatographic column (Winter et al. 

2009b) or decreased enrichment efficiency due to the high complexity of the sample.  

Next, we asked if it is mandatory to fractionate phosphopeptides or if LC‐MS/MS runs with a 

long‐gradient (240 min) would be enough for detecting a relatively high amount of the 

phosphopeptides in a sample. Our results indicated that the system was approaching its maximum 

capacity using phosphopeptides enriched from 1 mg of starting material and there is no difference 

in detected phosphopeptides between 2 and 3 mg of starting material. Compared to the SCX-TiO2 

sample, we achieved similar enrichment efficiencies with long gradient analyses. We therefore 

conclude that the reduced number of peptides identified when performing TiO2-SCX was rather 

due to losses in the chromatography system than a decreased performance of TiO2 enrichment. 

Furthermore, it is not possible to completely omit a fractionation step because single run analyses 

approach a maximal number of identifiable peptides that is most likely due to a limited capacity 

of the analytical C18 column. We therefore evaluated tip-based fractionation methods, as it is 

possible to miniaturize the chromatography conditions by this approach, which should result in 

virtually no loss of phosphopeptides and allows for using large amounts of starting material. 

We compared three tip-based fractionation methods and on the basis of the results of our 

analyses, we have the impression that, for the tip format, the SCX material is superior to SAX 

and BRP due to a more efficient distribution of the phosphorylated peptides across the single 
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fractions. This results in higher intensities and lower fraction complexity and therefore a better 

identification in the DDA mode. We believe that the underrepresentation of short 

phosphopeptides in SAX and BRP is due to an insufficient interaction with the chromatographic 

material resulting in highly complex initial fractions and therefore undersampling in these LC–

MS/MS runs. Longer peptides are retained more efficiently but are also not fractionated with a 

sufficient resolution resulting in elution across several fractions. This results in redundant 

identification of abundant peptides and dilution effects reducing precursor intensities of low 

abundance ions, preventing their identification. This favors the identification of 

nonphosphorylated background peptides leading to the observed reduced phosphopeptide purity 

in SAX and BRP, which is less pronounced in the SCX samples. CSCX-fractionated samples 

show similar characteristics and performance compared to such fractionated by SCX tips. The 

main difference is the reduced redundancy of CSCX, which however fails to result in increased 

numbers of identified phosphorylation sites. We believe this is due to an increased loss of 

phosphopeptides during sample fractionation, and phosphopeptide enrichment in CSCX, and 

better retention of phosphopeptides on the tip SCX resin. 

Here we showed that the fractionation of phosphopeptides using pipet tip-based columns leads to 

similar results as the common approach using liquid chromatography-based approaches at a 

fraction of the cost and time. Among tip-based fractionation, SCX clearly outperforms SAX and 

BRP, leading to increases in the number of identified phosphorylation sites of 148% and 71%, 

respectively. We believe that this is due to a stronger interaction of the phosphopeptides with the 

SCX material leading to more efficient retention and better resolution. Because the individual 

resins cover different fractions of the phosphoproteome, the number of identified phosphorylation 

sites of a sample can be expanded by fractionating it with several tip-based columns. For research 

groups not specialized in the analysis of phosphopeptides in particular, the tip-based fractionation 

of batch-enriched phosphopeptides should be of value as it allows for performing large-scale 

phosphoproteomic experiments even for unexperienced operators. Compared to the common 

approach, which requires expensive chromatography systems and SCX columns as well as high 

amounts of desalting cartridges, plasticware, and TiO2, the tip-based system comes at a fraction 

of the cost and offers high robustness, simplicity, and reproducibility. Furthermore, the sample 

processing time is reduced from 1 week to only 2 days at a comparable performance. Because all 

materials involved are single-use items, there is no possibility for carry over increasing the purity 



Chapter 1: Tip-based fractionation of batch-enriched phosphopeptides 

 

49 

 

of samples processed together, and it is possible to fractionate high amounts of samples in 

parallel. We therefore believe that the fractionation of batch-enriched phosphopeptides using 

SCX tip-based columns is a valuable approach for the large-scale characterization of 

phosphopeptides from complex samples. 
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6. Chapter 2: Phosphoproteome changes in altered cholesterol 

metabolism 

6.1. Introduction   

6.1.1. Lysosomes 

Nearly all animal cells possess the membrane-bound organelles called lysosomes. The number of 

lysosomes differs in various cell types; mammalian cells contain several hundred lysosomes 

under normal conditions (Valm et al. 2017). Due to the presence of the V-type adenosine 

triphosphate (ATP) dependent membrane proton pumps in the lysosomal membrane which 

constantly pump protons inside the lysosomes, the pH in the lysosomal lumen is acidic. This low 

pH (4.5 to 5.0) is optimal for the activity of the hydrolases in the lumen which are responsible for 

the primary function of lysosomes that is degradation of the waste macromolecules from different 

sources into their constituent components with low molecular weight (Ohkuma et al. 1982). More 

than 60 different hydrolases, proteases, lipases, sulfatases, phosphatases, glycosidases, and 

nucleases can be found in lysosomes (Luzio et al. 2007). The acidic pH-optima of the hydrolytic 

enzymes ensure that, in the case of lysosomal rupture, these enzymes do not digest cellular 

components. The luminal membrane of lysosomes is protected against the lysosomal hydrolases 

through a thick glycocalyx formed by glycosylated membrane proteins (Kundra and Kornfeld 

1999). Hydrolysis capability of the lysosomes has earned them the cellular incinerators title; 

however, in recent years it has been shown that lysosomes are involved in several other 

fundamental cell processes such as signaling, energy metabolism, secretion and plasma 

membrane repair (Settembre et al. 2013).  

6.1.2. Lysosomes and signal transduction 

Lysosomes are the intracellular site for the master regulator of cell growth and metabolism, the 

mechanistic target of rapamycin complex 1 (mTORC1) (Sancak et al. 2010). In recent years 

mTORC1 has emerged as a pivotal signaling node which connects nutrient and energy sensing 

through regulation of cellular anabolic and catabolic processes. When nutrients and energy are 

abundant, mTORC1 is recruited from the cytosol to the lysosomal surface through a multi-protein 

complex composed of the amino acid transporter SLC38A9, the vATPase, the Rag GTPases, and 
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the Ragulator complex (Figure 6.1) (Shimobayashi and Hall 2016). SLC38A9 is an arginine 

sensor that activates the Ragulator complex in the presence of this amino acid. Ragulator 

complex consists of five subunit proteins, LAMTOR1 (p18), LAMTOR2 (P14), LAMTOR3 

(MP1), LAMTOR4 (C7orf59), and LAMTOR5 (HBXIP) (Bar-Peled et al. 2012). After 

stimulated by amino acids, the Ragulator complex acts as a guanine nucleotide exchange factor 

(GEF) for the Rag GTPase heterodimer (RagA/B-RagC/D) complex. 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 (Bar-Peled et al. 2012). In addition to the Rag GTPase 

complex, another GTPase (Rheb GTPase) is needed for maximal mTORC1 activity in the 

presence of growth factors and abundant nutrients. Rheb GTPase resides at the cytoplasmic 

surface of lysosomes and activates mTORC1 through direct interaction with mTOR catalytic 

domain (Long et al. 2005). This interaction can be interrupted via the heterotrimeric TSC 

complex composed of tuberous sclerosis complex 1 (TSC1), TSC2, and TBC1 domain family 

member 7 (TBC1D7) (Figure 6.1). TSC2 has GTPase-activating protein (GAP) activity towards 

Rheb and therefore can interfere with its interaction with mTORC1 by promoting GTP to GDP 

hydrolysis (Dibble et al. 2012). TSC1 and TBC1D7 are crucial for the stability of the TSC 

complex (Dibble et al. 2012). AMPK and AKT regulate TSC2 activity by phosphorylation, in a 

way that in the presence of growth factors and energy, TSC2 is deactivated and therefore is not 

interfering with Rheb and mTORC1 interaction (Figure 6.1) (Shimobayashi and Hall 2016). 

Castellano et al. showed that lysosomal cholesterol can also activate mTORC1 through the 

SLC38A9-NPC1 complex (Castellano et al. 2017).  
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Figure 6.1 mTORC1 signaling pathway. Adopted from Shimobayashi and Hall (Shimobayashi and 

Hall 2016).  

6.1.3. Lysosomal storage disorders (LSDs)  

Having more than 60 soluble hydrolases, lysosomes are able to break down almost all types of 

macromolecules, including proteins, nucleic acids, carbohydrates, and lipids into their constituent 

components (Ballabio and Gieselmann 2009). Genetic defects in lysosomal proteins can lead to 

the accumulation of the substrate of the affected enzyme in the lysosomes and therefore 

progressive lysosomal dysfunction in different organs and tissues. These rare inherited disorders 

are known as Lysosomal Storage Diseases (LSDs) and represent about 50 genetic disorders 

(Ballabio and Gieselmann 2009). Although most of the LSDs occur due to the deficiency of one 

of the lysosomal hydrolases, a mutation in the non-enzymatic proteins such as lysosomal 

membrane proteins can also lead to LSDs (Platt et al. 2012). LSDs result in various pathogenic 

events such as oxidative stress, altered calcium homeostasis, altered lipid trafficking, 

inflammation, autophagy, autoimmune responses, and endoplasmic reticulum stress (Vitner et al. 

2010). These effects result in impaired cell and tissue function which lead to severe symptoms 
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and premature death. Despite many years of research, little is known about the molecular 

mechanisms by which the accumulated un-metabolized substrates lead to cellular dysfunction 

(Settembre et al. 2013; Futerman and van Meer 2004). A better understanding of the molecular 

mechanisms of LSDs can lead to finding new therapeutic methods and drugs which will help 

patients suffering from these diseases. 

6.1.4. Niemann Pick Disease Type C (NPC)  

Niemann Pick diseases are autosomal recessive LSDs which can be categorized into three main 

groups: types A, B, and C. Types A and B are caused by the inherited genetic deficiency of 

lysosomal acid sphingomyelinase. Type C is an atypical lysosomal storage disease as it doesn’t 

occur as a result of an enzyme deficiency, but is associated with mutations in either NPC1 (the 

majority of the cases (95%)) or NPC2 genes (Vanier 2010). NPC is a progressive 

neurodegenerative disease with broad clinical heterogeneity from an early neonatal fatal outcome 

to a chronic neurodegenerative disease in adults (Vanier 2010). The molecular functions of NPC1 

and NPC2 proteins are still incompletely known (Vanier 2010; Vance and Karten 2014). It has 

been shown that both of the proteins are involved in the transport of unesterified cholesterol from 

lysosomes into other cell compartments such as the ER. Therefore, the main feature of the NPC 

disease is an impaired egress of cholesterol from lysosomes, leading to unesterified cholesterol 

accumulation inside late endosomes/lysosomes (Vanier 2015). Several reports have shown that 

although cholesterol is the primary storage molecule in NPC disease, other lipids such as 

sphingolipids are also involved and accumulate (Vanier 2015). NPC1 is an intracellular 

cholesterol transporter with 13 transmembrane domains, that is localized on the late 

endosomal/lysosomal membranes and NPC2 is located in the lysosomal lumen (Kwon et al. 

2009). NPC1 and NPC2 function in concert with each other, NPC2 binds to released unesterified 

cholesterol from low-density lipoproteins (LDLs) and transfers it to the cholesterol-binding 

pocket at the N-terminal domain (NTD) of NPC1. NPC1 helps the bound cholesterol to pass 

across the lysosomal membrane by interacting with the NPC1 transmembrane domain (Figure 

6.2) (Kwon et al. 2009). 
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Figure 6.2 NPC1 and NPC2 function in concert with each other to catalyze the mobilization of 

cholesterol from late endosomes to other cell compartments. Adopted from Kwon et al. (Kwon et al. 

2009). 

6.1.5. Common research models for studying NPC disease 

To gain a better insight into the pathology of NPC disease and the function of NPC1 and NPC2 

proteins different model systems have been developed. Obtaining fibroblast cells from human 

patients suffering from NPC was one of the first established models for studying this disease 

(Liscum 1989; Sokol et al. 1988). Other groups employed different NPC mutant cell lines from 

other organisms such as Chinese hamster (Cadigan et al. 1990), yeast (Malathi et al. 2004), and 

drosophila (Huang et al. 2005). Moreover, several knock-out mouse models for NPC1 (Loftus et 

al. 1997; Miyawaki et al. 1986) or NPC2 (Nielsen et al. 2011) have been generated and used in 

different studies. Besides these models, some chemical compounds such as amphiphilic amines 

can mimic the NPC defect in the cell culture systems (Rodriguez-Lafrasse et al. 1990). The 

amphipathic steroid 3-b-[2-(diethylamino)ethoxy]androst- 5-en-17-one (with the commercial 

name U18666A) is the most widely used chemical for mimicking the NPC phenotype. The 

mechanism of U18666A inhibiting the NPC1/NPC2 complex is not yet completely understood. 

The blockage could be a result of direct interaction of U18666A with NPC1 and/or NPC2 or 

alterations in the NPC protein function induced by the effects of U18666A on the lysosomal 

membrane (Cenedella 2009). Various combinations of genomics and proteomics techniques have 

been applied to study these models systems including mass spectrometry. 
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6.1.6. Mass spectrometry-based studies of LSDs 

LC-MS-related techniques have been employed in a wide range of studies related to LSDs from 

large-scale proteomic studies to targeted multiple reaction monitoring (MRM) studies. Beside 

research applications, in recent years, thanks to the triple quadrupole analyzers, tandem mass 

spectrometry has been established as a reliable alternative to biochemical methods for diagnosis 

and screening of LSDs based on detecting lipids and metabolites in clinical samples (Piraud et al. 

2018).   

MS-related methods also have been employed for Niemann-Pick disease research studies. 

Rauniyar et al. employed NPC1-mutated primary fibroblast cells and investigate the proteomic 

alterations resulting from NPC1 mutation in these cells. In total, they identified 4308 distinct 

proteins, of which 281 were differentially expressed (113 proteins showed up-regulation and 168 

proteins down-regulation in NPC1-mutated cells) (Rauniyar et al. 2015). The differentially 

expressed proteins were associated with various biological processes such as reactive oxygen 

species (ROS) metabolic process, cholesterol metabolism, lipid localization, steroid metabolic 

process, antioxidant activity, and apoptosis (Rauniyar et al. 2015). In another study Cologna et al. 

compared the cerebellar proteome profiles of the NPC1 WT and mutant mouse. Using two-

dimensional gel electrophoresis following with MALDI-TOF/TOF and LC-ESI-MS/MS, they 

found 77 differentially expressed proteins including 49 upregulated and 22 downregulated 

proteins (Cologna et al. 2012). In the follow-up experiments, they confirmed their MS results for 

glutathione S-transferase alpha, superoxide dismutase, and fatty acid binding protein (FABP3) by 

comparing the expression of these proteins in cerebrospinal fluid of NPC1 patients relative to 

controls (Cologna et al. 2012). Byun et al. also employed two-dimensional gel electrophoresis 

and MALDI-TOF mass spectrometry to compare differentially expressed hippocampal protein 

profiles between NPC
+/+

 and NPC
-/-

 mice at the age of 4 and 8 weeks. Although they did not find 

any significant difference in protein profiles after four weeks, after eight weeks several proteins 

such as Glutamate receptor 2 (Gria2) were differentially expressed (Byun et al. 2006). In another 

proteomic study, Sarkar et al. compared the whole proteome obtained from NPC1-KO and WT 

MEF cells. They found in total 21 and 12 upregulated proteins in NPC1-KO and WT MEFs, 

respectively. The upregulated proteins in NPC1-KO cells were linked to lysosome, endocytosis, 

and autophagy (Sarkar et al. 2013). Annaert and colleagues developed a method for isolating late 

endosomes/lysosomes using acid-coated superparamagnetic iron oxide nanoparticles (SPIONs) 

(Tharkeshwar et al. 2017). They employed their method to perform a proteomic and lipidomic 
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study of WT and NPC1-deficient cells. They showed that besides cholesterol, which is the 

hallmark of the NPC disease, other lipids such as glycerophospholipids (GPLs), 

glycosphingolipids (GSLs), ceramide (Cer), hexosylceramide (HexCer) and sphingomyelin (SM) 

also get accumulated in LE/LYS of NPC1 KO cells. In their proteomic study, they found 36 

proteins upregulated in NPC1 mutant cell line out of which many were involved in autophagy 

and the catabolic functions of lysosomes (Tharkeshwar et al. 2017). Only a handful of NPC1 

interaction partners and binding proteins have been identified so far. Macias-Vidal et al. used a 

NPC1 peptide (amino acids 1032–1066) as bait to capture and identify NPC1 binding proteins. 

Using LC‐MS/MS they isolated 31 lysosomal proteins along with the bait peptide which most of 

them were involved in lipid catabolism and proteolysis (Macías-Vidal et al. 2016).  

6.1.7. Niemann-Pick disease type C and phosphoproteomic studies 

There have been several reports which indicate that in knock-down/out or inhibited NPC1/NPC2 

cells or animals, the activity of several kinases or phosphorylation state of various proteins are 

changed. Xu et al. using HUVECs cells showed that blockade of cholesterol trafficking using 

U18666A inhibitor or siRNA knockdown of NPC1/2 leads to mTORC1 inhibition, but no 

alterations in the activity of kinases such as mitogen-activated protein kinases (MAPK) and AKT 

was observed (Xu et al. 2010). Sawamura et al. have reported contradictory findings. They 

employed NPC1 mutated Chinese hamster ovary (CHO) cell line and showed that the lack of 

NPC1 protein activates MAPK which in turn promotes tau phosphorylation (Sawamura et al. 

2003). Saito et al. investigated phosphorylation state of tau and Alpha-synuclein proteins in the 

brains of twelve NPC1 patients, and their results showed aberrant phosphorylation of both 

proteins in the patient’s brains (Saito et al. 2004). Garver et al. measured the expression of 

several protein kinases in murine NPC livers (NPC1-mutated), and concluded that the expression 

level of protein kinase C alpha, protein kinase C zeta, proto-oncogene tyrosine-protein kinase 

Src, and protein kinase C delta increase significantly in comparison to the wild-type murine livers 

(Garver et al. 1999). Despite these findings, which suggest significant alterations in the 

phosphoproteome of the NPC cells, no large-scale phosphoproteomic study has been conducted 

to investigate phosphorylation state in this disease. 
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6.2. Results 

Using the method that was described in chapter one (fractionation of phosphopeptides using SCX 

pipet tip-based columns), the phosphoproteome changes in perturbed cholesterol metabolism 

system was investigated. U18666A chemical was employed to induce the conditions same as 

Niemann-Pick Disease Type C (NPC), which is one of the most frequent lysosomal storage 

diseases (LSDs).  

 

Figure 6.3 Filipin staining of MEFs.  

MEFs were cultured on coverslips and incubated with either U18666A (3 μg/ml) or DMSO 

for 24 hours. Afterward, the cells were fixed and stained with or without filipin before 

imaging with the Axiovert 200 M microscope, using an objective with 20x magnification. 

Images were recorded with an exposure time of 350 ms.  Blue color indicates the 

accumulation of cholesterol.  

6.2.1. U18666A treatment of the mouse embryonic fibroblast (MEF) cells 

To induce NPC1 phenotype, SILAC-labeled MEF cells were treated with the cholesterol 

transport inhibitor U18666A and accumulation of cholesterol inside the lysosomes was monitored 

+U18666A
+Filipin

+U18666A
-Filipin

-U18666A
+Filipin

-U18666A
-Filipin
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by filipin staining. Filipin is a combination of chemical compounds with fluorescence properties 

 

Figure 6.4 Schematic view of the proteomics and phosphoproteomics experimental procedure.  

SILAC-labeled MEF cells were treated with either U18666A (cholesterol transporter 

inhibitor) or DMSO (control). The same amount of the cell lysates (heavy and light 

labeled) was combined. 100 µg and 6 mg of the combined lysate was used for the 

proteomic and the phosphoproteomic study, respectively.  

that specifically binds to the unesterified cholesterol (Arthur et al. 2011). MEF cells were 

cultured on coverslips and incubated either with U18666A or DMSO for 24 hours and afterwards 

fixed and stained with filipin before imaging with fluorescence microscopy. Figure 6.3 shows 

cholesterol accumulation inside the lysosomes in U18666A-treated cells. 
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Figure 6.5 Comparing the results obtained from three biological replicates of the proteomics 

dataset.  

A. MaxQuant software outputs regarding the proteomics dataset were further ev aluated by 

Perseus software. Correlation between the three biological replicates was assessed using 

Pearson's correlation coefficient (r). B. The overlap between the proteins found in three 

replicates is shown using a Venn diagram. Venn diagrams were constructed using the ope n-

access online tool Venny (Juan Carlos Oliveros). 

6.2.2. Proteomic and phosphoproteomic study of NPC disease 

MEF cells were labeled using stable isotopes (SILAC) with either heavy or light arginine and 

lysine (Blagoev et al. 2003). Light and heavy labeled MEF cells were cultured in 10-cm dishes 

and treated with DMSO or U18666A for 24 hours, respectively. Afterwards, cells were harvested 

and lysed using urea-based lysis buffer, and the protein amount was determined. The same 

amounts of the lysates were combined, and 100 µg and 6 mg of the combined lysates were taken 

for the proteomic and phosphoproteomic experiments, respectively (Figure 6.4). 

6.2.2.1.Large-scale proteomics analysis of U18666A-treated cells 

100 µg of the combined whole cell lysate was resolved by 10% SDS-PAGE gel and each lane of 

the SDS-PAGE gel was excised into 10 slices. Each slice was subjected to in-gel tryptic digestion 

after reduction and alkylation. Afterwards, resulting peptides were analyzed using an LTQ 

Orbitrap Velos mass spectrometer, and raw data were processed by the MaxQuant software 

(Figure 6.4). This experiment was conducted in 3 independent biological replicates and in total 

5502 proteins and 49255 peptides were detected (Supplementary table 6.1). This dataset is named 

as “Proteomics dataset” in this chapter. The results from MaxQuant software were further  

Replicate 1 Replicate 2

Replicate 3

Replicate 2

A. B.

r=0.836

r=0.846 r=0.85

Replicate 3

Replicate 1 Replicate 2



Chapter 2: Phosphoproteome changes in altered cholesterol metabolism 

 

60 

 

 

Figure 6.6 Normal distribution of H/L SILAC ratios for each replicate of the proteomics dataset. 

Normalized ratios acquired from the MaxQuant software were converted to log (base 2) 

values and using these values distribution of SILAC ratios for each replicate was assessed 

using Perseus (from MaxQuant software package).  Y-axis (counts) shows the number of 

counts in each bin in the histogram.  

analyzed and evaluated by Perseus software. Correlations between the three biological replicates 

were assessed using Pearson's correlation coefficient (r) (Puth et al. 2014). The Pearson's r was 

determined to be 0.836, 0.846, and 0.850 between replicate 1 and 2, 1 and 3, and 2 and 3, 

respectively, as shown in figure 6.5 (A) scatter plots. These relatively high Pearson's correlation 

coefficients indicate the high reproducibility among the three replicates. The high reproducibility 

can also be observed by comparing proteins found in each replicate (Figure 6.5 (B)). More than 

83% of the proteins were common to all three replicates, and just 6.3% were detected in only one 

replicate. Next, normalized ratios acquired from the MaxQuant software were converted to log 

(base 2) values and using these values distribution of SILAC ratios for each replicate were 

assessed. Figure 6.6 shows that in all 3 replicates SILAC ratios for the quantified proteins are 

normally distributed around 0. 
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Figure 6.7 Differentially expressed proteins in the proteomics dataset.  

Detected proteins in the proteomics dataset were searched for the up - and down-regulated 

proteins upon addition of U18666A to the culture medium. Only proteins were considered 

regulated that were detected in at least two biological replicates with P -values less than 

0.05 and had log2 transformed SILAC ratios higher or lower than +1 and -1 (the arbitrary 

cut off), respectively. T-test differences of proteins were plotted against -Log t-test P-

value using Perseus (from MaxQuant software package).  

Next, the proteomics dataset was examined for differentially expressed proteins. Only proteins 

were accepted in the protein list that were detected in at least two biological replicates with p-

values below 0.05 and more than one unique peptide. The SILAC ratios +1 and -1 (log 2 values) 

were selected as cutoff values for up- and downregulation, respectively. Applying the mentioned 

criteria, 66 and 8 differentially expressed proteins were found in the dataset (with ratios higher 

and lower than 1 (log 2 values), respectively) (Figure 6.7, Table 6.1, and Supplementary table 

6.1).  
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Table 6.1 Downregulated proteins in the proteomics dataset. 

Eight downregulated proteins upon addition of U18666A to the culture medium in the proteomics dataset 

with more than 1 detected peptide, and P-values less than 0.05 are shown in the table. The number of 

unique peptides identified for each protein is shown in the “peptides” column. 

 

 

Figure 6.8 GO term enrichment analysis of the upregulated proteins.  

Functional GO enrichment analysis of biological processes was carried out with the 

PANTHER Classifications system (Mi et al. 2017; Mi et al. 2013). The 66 detected 

upregulated proteins upon addition of U18666A to the culture medium in the proteomics 

dataset were searched for Reactome pathways (target proteins) against all mouse reference 

proteins in the PANTHER database as background (22262 reference proteins). P-value was 

calculated using the Fisher test. The diagram shows enriched GO terms with P -values < 

0.05 with the appertaining P-values (x-axis) in decreasing order.  

6.2.2.2.Gene ontology (GO) analysis of the upregulated proteins in the proteomics 

dataset 

PANTHER online software was employed to conduct GO analysis for the 66 upregulated 

proteins. Figure 6.8 shows all the Reactome pathways which were significantly overrepresented 

(FDR < 0.05) according to the PANTHER data. Three groups with the lowest p-values (highest  

Protein names

Gene 

names

Log 2 

Ratio Peptides

Thymidine kinase, cytosolic Tk1 -1.03 5

Schlafen family member 9 Slfn9 -1.09 9

Serine/threonine-protein phosphatase 6 

regulatory ankyrin repeat subunit C Ankrd52 -1.20 2

SEC14-like protein 1 Sec14l1 -1.45 2

Cytochrome P450 1B1 Cyp1b1 -1.58 5

Apolipoprotein B-100;Apolipoprotein B-48 Apob -2.88 2

Obscurin-like protein 1 Obsl1 -4.17 3

Zinc finger protein 385A Znf385a -4.60 2

                  

P-value
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Figure 6.9 GO term enrichment analysis of the top 20 upregulated proteins. 

Gene ontology clustering was performed using Gorilla analysis (Eden et al. 2009). The top 

20 detected upregulated proteins upon addition of U18666A to the culture medium in the 

proteomics dataset were searched for enriched GO terms as the target set against 5199 all 

other proteins detected in protein dataset as background. P -value was calculated using the 

Fisher test. The diagram is color -coded to illustrate the P-value according to the P-value 

scale. 

significance) are “Cholesterol biosynthesis”, “Metabolism”, and “Metabolism of lipids and 

lipoproteins”. GO analysis of the upregulated proteins was also performed using the Gorilla gene 

ontology tool. Upregulated proteins were subjected to GO analysis as target genes, and the 

remaining 5482 proteins found in all three replicates as background. Similar to the results 

obtained from PANTHER, again the groups with the lowest p-values are related to the cholesterol 

and lipid biosynthesis (Figure 6.9). 8 downregulated proteins were also subjected to the 

PANTHER and Gorilla software; however, no significant relation was found between them. 

Table 6.2 Top 20 upregulated proteins in the proteomics dataset. 

Top 20 upregulated proteins upon addition of U18666A to the culture medium in the 

proteomics dataset with more than 1 detected peptide, and P -values less than 0.05. The 

number of unique peptides identified for each protein is shown in the table. Proteins which 

according to the literature are related to cholesterol metabolism are illustrated in green, 

and for 4 proteins (here shown in red) a direct relation between them and cholesterol 

metabolism was not found.   

 

 

Protein names

Gene 

names

Log 2 

Ratio Peptides

Squalene monooxygenase Sqle 3.17 11

Delta(14)-sterol reductase Tm7sf2 3.00 3

Squalene synthase Fdft1 2.79 16

Lanosterol synthase Lss 2.63 28

Sterol-4-alpha-carboxylate 3-dehydrogenase Nsdhl 2.55 21

Delta(24)-sterol reductase Dhcr24 2.54 12

Lanosterol 14-alpha demethylase Cyp51a1 2.37 25

Methylsterol monooxygenase 1 Msmo1 2.28 5

3-keto-steroid reductase Hsd17b7 2.25 11

7-dehydrocholesterol reductase Dhcr7 2.22 6

Acetyl-coenzyme A synthetase, cytoplasmic Acss2 2.06 2

Isopentenyl-diphosphate Delta-isomerase 1 Idi1 2.05 13

Tapasin Tapbp 1.93 11

Diphosphomevalonate decarboxylase Mvd 1.92 9

Retinol dehydrogenase 11 Rdh11 1.90 13

3-hydroxy-3-methylglutaryl-coenzyme A reductase Hmgcr 1.89 3

Acetyl-CoA acetyltransferase, cytosolic Acat2 1.83 15

Phosphomevalonate kinase Pmvk 1.79 11

Complement C1s-A subcomponent C1sa 1.78 3

Fructose-bisphosphate aldolase C Aldoc 1.68 10
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Figure 6.10 All enzymes involved in the cholesterol metabolism are upregulated. 

The proteomics dataset was interrogated for enzymes involved in the cholesterol 

metabolism pathway. All proteins involved in the cholesterol metabolism pat hway were 

found in the proteomics dataset, and all are upregulated upon addition of U18666A to the 

culture medium. The log2 expression ratios are illustrated in a colored scale, with low 

values colored in light green and higher values colored in dark green . 
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Table 6.2 shows the top 20 upregulated proteins with more than one unique peptide in the 

proteomics dataset. 16 proteins in the list are related to cholesterol metabolism. As shown in 

figure 6.10, all enzymes involved in cholesterol synthesis pathway are upregulated in the 

proteomics dataset. Next, the dataset was interrogated for the kinases and phosphatases. 

Searching for the word “kinase” and “phosphatase” resulted in finding 266 kinases and 116 

phosphatases. Five kinases and one phosphatase were recognized to be differentially expressed in 

U18666A-treated cells (Table 6.3). 

6.2.2.3.Large-scale phosphoproteomics analysis of U18666A-treated cells 

The aim of this study was to investigate the phosphorylation alterations in U18666A-treated cells. 

To that end, 6 mg of the combined (3 mg sample (U18666A-treated cells) + 3 mg control 

(DMSO-treated cells)) whole cell lysate was subjected to double TiO2 phosphopeptide 

enrichment. Enriched phosphopeptides were fractionated using the tip-based SCX fractionation 

method and later were subjected to quantitative analysis by LC-MS/MS (Figure 6.4). MaxQuant 

and Perseus software packages were employed for data analysis. In total, 3428 phosphoproteins,  

Table 6.3 Differentially expressed phosphatases and kinases in the proteomics dataset. 

The proteomics dataset was searched for phosphatases and kinases that were differentially 

expressed upon addition of U18666A to the culture medium more than 1 fold (log 2 ratio ) 

with more than 1 unique peptide. The number of unique peptides identified for each 

protein is shown in the table.  

 
9504 phosphopeptides, and 12881 phosphorylation sites were detected (Supplementary table 6.2). 

Although the reproducibility of the replicates was lower in the phosphoproteomics dataset in 

comparison to the proteomics dataset, the correlation between the three replicates of the phospho-

study was still relatively high. The Pearson's r (Puth et al. 2014) was found to be 0.726, 0.755, 

and 0.787 between replicates 1 and 2, 1 and 3, and 2 and 3, respectively (Figure 6.11 (A)). More 

than 55% of the phosphosites were detected in all 3, and 23.9% were found exclusively in only 

one replicate (Figure 6.11 (B)). The distribution of the heavy over light (H/L) SILAC ratios for 

Protein names

Gene 

names

Log 2 

Ratio Peptides

Phosphomevalonate kinase Pmvk 1.79 11

Mevalonate kinase Mvk 1.39 8

Adenylate kinase 4, mitochondrial Ak4 1.39 6

[Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 1, 

mitochondrial-1 Pdk1 1,18 4

Thymidine kinase, cytosolic Tk1 -1.04 5

Serine/threonine-protein phosphatase 6 regulatory ankyrin repeat 

subunit C

Ankrd52 -1.20 2
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total quantified phosphosites in each replicate is shown in figure 6.12. Most of the quantified 

phosphosites showed a ratio around 1 (log 2 (ratios) = 0) as it was expected. 

 

Figure 6.11 Comparing the results obtained from three biological replicates of the 

phosphoproteomics dataset. 

A. MaxQuant software outputs of the phosphoproteomics dataset were further evaluated by 

Perseus software. Correlations between the three biological replicates were assessed using 

Pearson's correlation coefficient (r). B. The overlap between the proteins found in three 

replicates is shown using a venn diagram. Venn diagrams were constructed using the o pen-

access online tool Venny (Juan Carlos Oliveros).  

9695 of the 12881 detected phosphosites were classified as class I phosphosites (certainty of 

phosphosite localization p > 75%). 120 and 168 of the class I phosphosites were up- or 

downregulated, respectively, more than 1 fold (log 2 values) and found in at least two biological 

replicates with p-values less than 0.05 (Supplementary table 6.2). Table 6.4 shows the top 20 

differentially expressed phosphorylation sites (up and down). One of the mitogen-activated 

protein kinase 1 (MAPK1) phosphosites (Y185) is among the downregulated phosphosites (Table 

6.4). Phosphorylation at this phosphosite (Y185) activates the MAPK1 enzyme (Dalby et al. 

1998). Due to the importance of this phosphosite, there are commercially available antibodies 

against the phosphorylated form of the Y185 residue. Phospho-p44/42 MAPK antibody was 

exploited to corroborate the mass spectrometry results. Phospho-p44/42 MAPK (Erk1/2) 

antibody was employed for Western blot analysis of U18666A-treated samples. Figure 6.13 
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Replicate 3

Replicate 2

A. B.A. B.

r=0.726

r=0.755 r=0.787

Replicate 3

Replicate 1 Replicate 2



Chapter 2: Phosphoproteome changes in altered cholesterol metabolism 

 

68 

 

shows that in line with the MS data, Y185 phosphorylation dramatically reduces upon U18666A 

treatment and therefore MAPK1 is deactivated.  

6.2.2.4.GO analysis of the differentially expressed phosphorylation sites 

104 phosphoproteins corresponding to 120 upregulated phosphosites were subjected to the GO 

analysis for the “GO biological process” using the PANTHER software. Figure 6.14 (A) indicates 

the top 20 GO terms with the lowest p-values. The top three enriched GO terms were found to be 

“regulation of cellular localization”, “establishment of localization”, and “localization”. GO 

terms associated with “localization” are enriched in the upregulated phosphoproteins (10 groups 

out of 20 are associated with localization). Other overrepresented GO terms are including: 

“regulation of response to stimulus”, “regulation of cellular pH”, “lipid biosynthetic process”, 

and “sterol biosynthetic process” (Figure 6.14 (A)). 

 

Figure 6.12 Normal distribution of H/L SILAC ratios for each replicate of the phosphoproteomics 

dataset. 

Normalized ratios acquired from the MaxQuant software were converted to log (base 2) 

values and using these values distribution of SILAC ratios for each replicate was assessed 

using Perseus (from MaxQuant software package).  Y-axis (counts) shows the number of 

counts in each bin in the histogram.  
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GO analysis was also performed for the downregulated phosphosites. 135 phosphoproteins 

associated with 168 downregulated phosphosites were analyzed using the PANTHER software 

for the “GO biological process”. As it is shown in figure 6.14 (B), 5 out of top 20 enriched GO 

terms are related to localization. “Regulation of cellular component organization”, “cellular 

component organization or biogenesis”, and “localization” were found to be top three enriched 

GO terms. In general, among the top 20 enriched GO terms, six GO terms were associated with 

the organization of different cellular components and five were associated with “transport” 

(Figure 6.14 (B)). 

6.2.3. Six phosphoproteins were selected for further analysis 

Regulated phosphosites were subjected to manual investigation and literature review and six 

lysosomal-associated phosphoproteins (ragulator complex protein LAMTOR1, ras-related GTP-

binding protein C (RagC), osteopetrosis-associated transmembrane protein 1 (OSTM1),  

Table 6.4 Top 20 differentially expressed phosphosites in the phosphoproteomics dataset. 

Top 20 up- or down-regulated phosphorylation sites upon addition of U18666A to the 

culture medium in the phosphoproteomics dataset.  Phosphorylation sites with localization 

probability > 75% are shown. “Protein level ratio” shows the relative intensity of the 

correspondent protein in the proteomics dataset.  

 

 

 

Upregulated phosphosites Downregulated phosphosites

Gene 

names

Position 

within 

protein

Localization 

prob

Ratio H/L 

(log2)

Protein 

level ratio

(log2)

Gene 

names

Position 

within 

protein

Localization 

prob

Ratio H/L 

(log2)

Protein 

level ratio

(log2)

Pex1 1142 0.92 5.27966 - Csrnp2 280 1 -3.12205 -

Akt2 126 0.99 4.45536 -0.22 Fam65a 875 0.98 -3.11004 -0.70

Pkhd1 3258 0.99 4.41691 - Wdr13 79 0.99 -3.05086 -

Stim1 257 1 3.92039 0.41 Aak1 554 1 -2.8667 -0.46

Cbfa2t2 235 0.97 3.79743 - Cdc42ep2 3 0.95 -2.72786 -

Arpp19 6 0.96 3.25985 - Asap1 819 0.99 -2.30116 -0.34

Ccdc115 100 0.99 3.15557 0.41 Bnip3l 167 0.99 -2.12967 -0.09

Agpat9 68 0.99 3.05108 - Mapk1 185 0.99 -2.08749 -0.23

Dock7 963 0.90 3.04663 -0.19 Synrg 989 0.99 -2.03617 -

Shroom3 969 1 3.03958 -0.15 Ubap1 253 0.99 -1.97336 -0.36

Fdft1 53 1 2.99271 2.79 Palld 650 0.97 -1.94669 -0.48

Slc4a2 55 1 2.83479 0.65 Map3k7 415 0.85 -1.9422 -

Mfsd1 20 1 2.82652 0.56 Rps6 247 0.99 -1.92413 -0.26

Flnb 885 0.75 2.81223 -0.20 Rps6 244 0.99 -1.88082 -0.26

Vamp2 80 0.99 2.76977 0.46 Sec61b 49 0.99 -1.86581 -

Taok1 445 0.99 2.63923 0.05 Raph1 192 0.99 -1.86412 0.16

Spag5 12 1 2.61967 - Txlna 515 1 -1.79912 -0.64

Spag5 14 1 2.61967 - Nup205 1165 0.99 -1.79266 0.05

Hmox1 176 0.76 2.40504 1.23 Cbx3 99 0.99 -1.69825 0.27

Tmem106b 34 0.99 2.40242 0.60 Tsc22d4 165 0.99 -1.68971 -



Chapter 2: Phosphoproteome changes in altered cholesterol metabolism 

 

70 

 

 

 

 
 

Figure 6.13 Evaluation of ERK1/2 activity in MEF cells treated with U18666A.  

A. Mouse embryonic fibroblast (MEF) cells were treated with either U18666A (3 μg/ml) or 

DMSO and after 24 h harvested and lysed. 20 µg of protein lysate was applied to each lane 

of an SDS-PAGE gel. Subsequently, the gel was semi-dry blotted, and the blots were 

blocked using 5%  BSA (wt/vol) in Tris -buffered saline containing 0.1% Tween 20. Next, 

blots were incubated with either Phospho Erk1/2 (Thr202/Tyr204) (#9101 Cell Signaling 

Technology) as a readout for ERK1/2 activity or total Erk1/2 (#9102 Cell Signaling 

Technology) primary antibodies. After incubation with proper secondary antibodies, 

protein signals were visualized using FUSION system. The figure shows the results of 3 

independent biological experiments. B. The Fusion software was employed for 

quantification of protein signals. Phospho Erk1/2 intensity in each condition was 

normalized against total Erk1/2. Statistical analysis was conducted using the GraphPad 

Prism 6 software. Shown are mean values + SEM; n=3; *,p < 0.05-paired T-test (P-value: 

0.0159).   
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Figure 6.14 GO term enrichment analysis of the differentially expressed phosphosites. 

Gene ontology clustering was performed using PANTHER analysis (Mi et al. 2017; Mi et 

al. 2013). Phosphoproteins harboring the 120 upregulated phosphosites ( A) or 135 

downregulated phosphosites (B) upon addition of U18666A to the culture medium in the 

phosphoproteomics dataset were subjected to the PANTHER software for the “GO 

biological process complete”. Top 20 enriched GO terms with a false discovery rate < 0.05 

are shown here. Raw P-values were calculated using the Fisher test. The diagram shows 

GO terms with the appertaining P-values (x-axis) in decreasing order.  
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P-value
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Table 6.5 List of the candidate phosphorylation sites for subsequent biological follow-up 

experiments. 

Differentially expressed phosphorylation sites upon addition of U18666A to the cul ture 

medium in the phosphoproteomics dataset were manually analyzed and evaluated for their 

relatedness to lysosomes and their importance for cell function. Table 6.5 shows the 

candidate phosphopeptide sequences and their fold -change expression. Moreover, the 

proteomics dataset was searched for the correspondent proteins and fold -change was 

mentioned in the table if detected in the proteomics dataset. (N.I. : Not Identified)  

 
STARD3 N-terminal-like protein (STARD3NL), BCL2/adenovirus E1B 19 kDa protein-

interacting protein 3 (BNIP3), and vesicle-associated membrane protein 8 (VAMP8)) (containing 

seven phosphosites) were chosen for follow-up experiments (Table 6.5). Six candidate 

phosphosites were chosen among the upregulated phosphosites, as well as S381 of RagC which 

was the only downregulated phosphorylation site. The MS spectra of the candidate phosphosites 

were manually inspected for the heavy/light ratios to eliminate the false positive ratios due to 

spectral overlap or software errors. Spectra of LAMTOR1 and BNIP3 phosphopeptides 

associated with S58 and S88 phosphosites, respectively, are shown as examples in the figure 6.15 

(A and B). The proteomics dataset was also examined to determine whether the candidate 

phosphoproteins were detected in the proteomic study. LAMTOR1 and RagC are the only 

proteins which were found in the proteomics dataset (Table 6.5), the intensities of these proteins 

did not significantly change after U18666A stimulation (0.67, and 0.28 (log 2 values), 

respectively). 

6.2.4. Effects of phosphomimetic mutation on the stability of the candidate 

phosphoproteins 

Phosphorylation can lead to a variety of changes in proteins, such as alteration in degradation 

rate. Therefore, for all candidate phosphoproteins, first, the effect of phosphorylation on their 

degradation rate was investigated. To that end, phosphorylated residues were mutated to either 

Protein

Position within

proeins Sequence

Fold change 

(log 2) P-value

Related protein (log 2 

fold change)

LAMTOR1 S56 TDEQALLSS(ph)ILAK 1.97 1.54E-005 0.67

RAGC S381 SCSHQTS(ph)APSLK -1.44 0.007062 0.28

OSTM1 S327,S329 LKSS(ph)TS(ph)FANIQENAT 2.05 0.000563 N.I.

STARD3NL S39 IES(ph)YEGR 1.55 0.000298 N.I.

BNIP3 S88 NSTLS(ph)EEDYIER 1.82 0.005374 N.I.

VAMP8 T54 NKTEDLEAT(ph)SEHFK 1.97 8.39E-005 N.I.
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phosphomimetic glutamic acid (E) or phosphoresistant alanine (A) residues using PCR 

 

Figure 6.15 Manual validation of SILAC ratios using LC-MS survey scans.  

LC-MS/MS raw data were analyzed manually using Xcalibur software 

(ht tps:/ /www.thermofisher.com/order/catalog/product/OPTO N-30487) to corroborate the results obtained 

from the Maxquant software. Light and heavy spectra correspondent to the candidate 

phosphopeptides were detected, and their intensities were compared by dividing relative 

abundance of the heavy peak to the light peak. As examples LAMTOR1 (A) and BNIP3 

(B), light and heavy peaks are shown here.  
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Figure 6.16 Effect of phosphorylation on the stability of Ostm1.  

A. HEK293 cells were transfected with Ostm1 WT, S327/329E and S327/329A constructs 

and after 24 h fresh medium containing 50 µg/ml cycloheximide (eukaryotic protein 

synthesis inhibitor) was added to the cells and samples were harvested after 12 h 

incubation time. B. Harvested samples were lysed, and 20 µg of each pro tein lysate was 

size-separated by 10% SDS-PAGE gel. Subsequently, the gel was semi -dry blotted and 

blocked using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. 

Next, the blot was incubated with either anti -Myc (ab9106 (Abcam)) or β-Actin (A5316 

(Sigma-Aldrich)) antibodies following with incubation with proper secondary antibodies. 

Blots were visualized using Fusion imaging system. C. The Fusion software was employed 

to quantify the relative amount of protein signal. The level of Myc in each sample was 

normalized against the level of β -Actin. Relative intensity was calculated by dividing the 

normalized value of time 12 h to time 0 h. Statistical analysis was conducted using the 

GraphPad Prism 6 software. Shown are mean values + SEM; n=3; paired T-test (P-value: 

0.6655); ns: not significant.  

site-directed mutagenesis. Wild-type (WT) and mutated genes were expressed in HEK293 cells, 

and later the protein synthesis was terminated using cycloheximide. Western blot assays were 

employed to compare the degradation rate of the proteins of interest. In the following, the results 

of the follow-up experiments for different candidate phosphoproteins are presented. 

6.2.4.1.Phosphorylation affects OSTM1 cleavage 

Myc-tag was placed at the C-terminus of OSTM1 and the protein expression was driven by the 

CMV promoter (Appendix 2) to investigate the Ser 327/329 phosphorylation effects. HEK293 

cells were transiently transfected with phosphomimetic or phospho-resistant forms of the OSTM1 
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protein. Cells were treated with cycloheximide for 24 h and subsequently 

 

Figure 6.17 Effect of phosphorylation on Ostm1 cleavage.  

A. HEK293 cells were transfected with Ostm1 WT, S327/329E and S327/329A constructs 

and after 24 h fresh medium was added to the cells and samples were harvested after 24 h. 

B. Harvested samples were lysed, and 20 µg of each protein lysate was size -separated by 

10% SDS-PAGE gel. Subsequently, the gel was semi -dry blotted and blocked using 5% 

(wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. Next, the blot was 

incubated with either anti-Myc (ab9106 (Abcam)) antibody following with incubation with 

proper secondary antibody. Blots were visualized using Fusion  imaging system. The Fusion 

software was employed to quantify the relative amount of protein signal. The relative 

intensity of the cleavage product was calculated by dividing the amount of cleavage 

product in each sample to the amount of total Ostm1 in the  same sample. Statistical 

analysis was conducted using the GraphPad Prism 6 software. Shown are mean values + 

SEM; n=3; *, p < 0.05-paired T-test. 

harvested and analyzed by Western blot. As it is shown in figure 6.16, phosphorylation of Ser 

327/329 did not alter OSTM1 degradation rate. However, a direct relationship between OSTM1 

phosphorylation and the intra-lysosomal formation/stability of its proteolytically processed form 

was observed (Figure 6.16 (B)). Therefore, another experiment was carried out to confirm that 

phosphorylation affects OSTM1 proteolysis. HEK293 cells were transfected with WT and 

mutated constructs, and after 24 h the fresh medium was added to the samples and 24 h later 

samples were harvested. The relative intensity of the cleavage products was assessed by dividing 

the intensity of the cleavage product to the intensity of the full length protein. It is shown in 
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figure 6.17, that S327/329E mutant generates significantly more C-terminal cleavage product 

 

Figure 6.18 Effect of phosphorylation on the stability of Stard3nl.  

A. HEK293 cells were transfected with Stard3nl WT, E-mutated, and A-mutated constructs 

and after 24 h fresh medium containing 50 µg/ml cycloheximide (eukaryotic prote in 

synthesis inhibitor) was added to the cells and samples were harvested after 24 h 

incubation time. B. Harvested samples were lysed, and 20 µg of each protein lysate was 

size-separated by 10% SDS-PAGE gel. Subsequently, the gel was semi -dry blotted and 

blocked using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. 

Next, the blot was incubated with either anti -Myc (ab9106 (Abcam)) or β-Actin (A5316 

(Sigma-Aldrich)) antibodies following with incubation with proper secondary antibod ies. 

Blots were visualized using Fusion imaging system. C. The Fusion software was employed 

to quantify the relative amount of protein signal. The level of Myc in each sample was 

normalized against the level of β -Actin. Relative intensity was calculated by dividing the 

normalized value of time 24 h to time 0 h. Statistical analysis was conducted using the 

GraphPad Prism 6 software. Shown are mean values + SEM; n=3; paired T -test ; P-value 

WT vs. E: 0.1857, P-value E vs A: 0.1771; ns: not significant.  

compared to S327/329A and WT. These results suggest that phosphorylation at Ser 327/329 

promotes OSTM1 cleavage. 
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6.2.4.2.Phosphorylation does not affect STARD3NL, BNIP3, and VAMP8 degradation 

rate 

The STARD3NL and VAMP8 genes were expressed using the CMV promoter (Appendix 2), and 

Myc-tag was placed at the C-terminus of these genes. In the case of BNIP3, the Myc-tag was 

added at the N-terminus, and it was cloned under RSV promoter (Appendix 3). HEK293 cells 

were transfected with the WT and mutated forms of STARD3NL and 24 h later time “0 h” 

samples were harvested and fresh medium containing 50 µg/ml cycloheximide was added. 

Samples “24 h” were harvested after 24 h incubation time with cycloheximide (Figure 6.18 (A)). 

Although it is shown in figure 6.18 (B) that S39E mutated form of the STARD3NL is slightly 

more stable than S39A, however, this difference is not statistically significant (Figure 6.18 (C)).  

The same cycloheximide experiment was conducted for phosphoresistant/-mimetic versions of 

Vamp8 and BNIP3. Figure 6.19 (A and B) shows the Western blots results of these experiments. 

These results indicate that phosphorylation at T54 VAMP8 and S88 BNIP3 does not affect the 

stability of these proteins, therefore this experiment was performed in just one replicate (Figure 

6.19 (C and D)).  

6.2.4.3.Phosphorylation affects LAMTOR1 but not RagC stability 

LAMTOR1 and RagC cDNAs were cloned downstream of the RSV promoter (Appendix 3), and 

Myc-tag was fused at the N-terminus of the proteins. Ser to Glu phosphomimetic and Ser to Ala 

phospho-resistant constructs for S56 of LAMTOR1 and S381 of RagC were generated. 

LAMTOR1 WT and S56 to A/E were transiently expressed in HEK293 cells for 24 h and 

thereafter cycloheximide was added and lysates were prepared at the indicated time points (0, 0.5, 

1, 2, 4, 8, and 12 h) (Figure 6.20 (A)). Subsequently, the amount of remaining protein after the 

pulse was determined by Western blot. Figure 6.20 (B) shows a representative result for 

LAMTOR1 and its S56A and S56E mutants after cycloheximide treatment and figure 6.20 (C) 

shows the densitometric quantification of the Western blot bands for the four independent 

biological replicates. The phospho-resistant S56A LAMTOR1 showed significantly increased 

stability compared to WT LAMTOR1 and the phosphomimetic S56E LAMTOR1. 
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Cycloheximide experiments were also performed with the phosphoresistant/-mimetic versions of 

 

Figure 6.19 Effect of phosphorylation on the stability of Vamp8 and Bnip3.  

HEK293 cells were transfected with either Vamp8 or Bnip3 WT, E -mutated, and A-mutated 

constructs and after 24 h fresh medium containing 50 µg/ml cycloheximide (eukaryotic 

protein synthesis inhibitor) was added to the cells and samples were harvested after 24 h 

incubation time. Harvested samples were lysed, and 20 µg of each protein lysate was size -

separated by 10% SDS-PAGE gel. Subsequently, the gel was semi -dry blotted and blocked 

using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. Next, 

the blot was incubated with either anti -Myc (ab9106 (Abcam)) or β -Actin (A5316 (Sigma-

Aldrich)) antibodies following with incubation with proper secondary antibodies. Vamp8 
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(A) and Bnip3 (B) Blots were visualized using Fusion imaging system. C and D. The 

Fusion software was employed to quantify the relative amount of protein signal. The level 

of Myc in each sample was normalized against the level of β -Actin. Relative intensity was 

calculated by dividing the normalized value of time 24 h to time 0  h for Vamp8 (C) and 

Bnip3 (D). n=1 

 

Figure 6.20 Effect of phosphorylation on the LAMTOR1 stability. 

A. HEK293 cells were transfected with LAMTOR1 WT, S56E, and S56A constructs. After 

24 h fresh medium containing 50 µg/ml cycloheximide (eukaryotic protein synthesis 

inhibitor) was  added to the cells and samples were harvested in different time points. B. 

Harvested samples were lysed, and 20 µg of each protein lysate was size -separated by 10% 

SDS-PAGE gel. Subsequently, the gel was semi-dry blotted and blocked using 5% (wt/vol) 

non-fat milk in Tris-buffered saline containing 0.1% Tween 20. Next, the blot was 

incubated with either anti-Myc (ab9106 (Abcam)) or β -Actin (A5316 (Sigma-Aldrich)) 

antibodies following with incubation with proper secondary antibodies. Blots were 
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visualized using Fusion imaging system. C. The Fusion software was employed to quantify 

the relative amount of each protein. The level of Myc in each sample was normalized 

against the level of β-Actin. Relative intensity was calculated by dividing the normalized 

value of time 12 h to time 0 h. Statistical analysis was conducted using the GraphPad 

Prism 6 software. Shown are mean values + SEM; n=4; **, p < 0.01 -paired T-test (P-value 

S56A vs S56E: 0.0044, P-value S56A vs WT: 0.0317). 

 

Figure 6.21 Effect of phosphorylation on the stability of RagC.  

A. HEK293 cells were transfected with RagC WT, S381E, and S381A constructs. After 24 

h fresh medium containing 50 µg/ml cycloheximide (eukaryotic protein synthesis inhibitor) 

was added to the cells and samples were harvested after 24 h. B. Harvested samples were 

lysed, and 20 µg of each protein lysate was size -separated by 10% SDS-PAGE gel. 

Subsequently, the gel was semi-dry blotted and blocked using 5% (wt/vol) non -fat milk in 

Tris-buffered saline containing 0.1% Tween 20. Next, the blot was incubated with e ither 

anti-Myc (ab9106 (Abcam)) or β -Actin (A5316 (Sigma-Aldrich)) antibodies followed by 

incubation with proper secondary antibodies. Blots were visualized using Fusion imaging 

system. C. The Fusion software was employed to quantify the relative amount of  each 

protein. The level of Myc in each sample was normalized against the level of β -Actin. 

Relative intensity was calculated by dividing the normalized value of time 24 h to time 0 

h. Statistical analysis was conducted using the GraphPad Prism 6 software.  Shown are 

mean values + SEM; n=3; paired T-test (P-value: 0.1670); ns: not significant  

RagC S381. No statistically significant alteration was observed between the HEK293 cells 

transfected with the WT protein and mutants regarding protein stability (Figure 6.21). 
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6.2.4.4.Phosphorylaton affects LAMTOR1 interaction with Rag complex members and 

SLC38A9 

Knowing that phosphorylation alters LAMTOR1 stability, next, it was investigated whether 

phosphorylation influences LAMTOR1 interaction with other proteins such as members of the 

Ragulator and Rag complexes. To that end, HEK293 cells were transfected with LAMTOR1 WT 

and S56E, and S56A mutants and after 40 h transfected cells were harvested and lysed. Myc-Trap 

agarose beads were employed to isolate transiently expressed LAMTOR1 along with its 

interaction partners from the lysate. Captured proteins were eluted by boiling for 10 min at 95°C 

and thereafter were resolved using 10% SDS-PAGE. As it is shown in figure 6.22 (A), the 

efficiency of the Myc-Trap beads in isolating Myc-tagged LAMTOR1 from the lysate is 

relatively high, and almost 50% of the Myc-tagged LAMTOR1 proteins are captured using the 

beads. It is shown in figure 6.22 (B) that the difference in expression level of the endogenous and 

exogenous LAMTOR1 is not pronounced. Proteins that were co-IP with LAMTOR1 were 

investigated using antibodies against Ragulator and Rag complex members as well as SLC38A9 

in three biological replicates. Figures 6.22 (C) and (D) show that LAMTOR1 phosphorylation did 

not affect its interaction with LAMTOR2, 3, and 5. Western-blot analysis did not detect 

LAMTOR4 protein using the mentioned protocol in the methods section (Figure 6.22 (E)). 

However, results presented in figure 6.23 (A) and (B) show that LAMTOR1 phosphorylation 

significantly reduces its interaction with Rag complex members such as RagA, B, and C. RagD 

protein was detected in just one replicate and the intensity of the band was faint compared to that 

seen for other Rags (Figure 6.23 (C)).  

Next, it was investigated whether LAMTOR1 phosphorylation influences its interaction with 

SLC38A9. SLC38A9 is a lysosomal membrane protein, and it has been shown recently in several 

independent studies that this protein has a key role in the regulation of mTORC1 complex in the 

presence of amino acids and cholesterol by interaction with LAMTOR members (Wang et al. 

2015a; Castellano et al. 2017). As it was mentioned before, SLC38A9 is a lysosomal membrane 

protein with several glycosylation sites; therefore the Western blot protocol was modified 

accordingly for this protein. Samples were incubated for 30 min in 40ºC before running on SDS-

PAGE instead of boiling for 10 min, and more eluate was needed for SLC38A9 Western blot. 

Two double bands were observed at about 60 kDa and 100 kDa corresponding to non-

glycosylated and glycosylated SLC38A9, respectively (Figure 6.24 (A)). Rebsamen et al. also 

reported the same molecular weights for nonglycosylated and glycosylated forms of the 
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SLC38A9 (Rebsamen et al. 2015). In the eluates, only the glycosylated form of 
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Figure 6.22 Co-IP experiment for the cells transfected with LAMTOR1 constructs.  

HEK293 cells were transfected with LAMTOR1 WT, E -mutated and A-mutated constructs 

and after 40 h cells were harvested and lysed. Co -IP was performed using Myc-Trap 

agarose beads to isolate exogenous LAMTOR1. After several washes captured proteins 

were eluted by incubating for 10 min at 95°C in 2 x Laemmli sample buffer. Next, eluates, 

supernatants, and inputs were resolved using 10% SDS -PAGE gel. The gel was semi-dry 

blotted and blocked using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% 

Tween 20. Subsequently, blots were incubated with primary and secondary antibodies and 

finally were visualized using Fusion imaging system. A. The same percentage of the 

eluates and supernatants (2.5%) and 10 µg of each input were resolved using 10% SDS -

PAGE gel. The blot was incubated with anti -Myc (ab9106 (Abcam)) primary antibody. B 

and C. The same amount of eluates and inputs were applied to SDS -PAGE, and the blots 

were incubated with the following primary antibodies: LAMTOR1 (HPA002997 (Sigma -

Aldrich)), Lamtor2 (#8145 (Cell Signaling Technology)), Lamtor3 (ab32134 (Abcam)), 

Lamtor5 (#14633 (Cell Signaling Technology)). D. The Fusion software was employed to 

quantify the relative amount of each protein. The level of protein of interest in each 

sample was normalized against the level of Myc expression level, representing transfection 

efficiency. Statistical analysis was conducted using the GraphPad Prism 6 software. Shown 

are mean values + SEM; n=3; ns: not significant. E. The same amount of eluates and inputs 

were applied to SDS-PAGE, and the blot was incubated with Lamtor4 (HPA020998 

(Sigma-Aldrich)) primary antibody.  
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Figure 6.23 Co-IP experiment for the cells transfected with LAMTOR1 constructs.  

HEK293 cells were transfected with LAMTOR1 WT, E-mutated, and A-mutated constructs 

and after 40 h cells were harvested and lysed. Co -IP was performed using Myc-Trap 

agarose beads to isolate exogenous LAMTOR1. After several washes captured proteins 

were eluted by boiling for 10 min at 95°C in 2X Laemmli sample buffer. Next, eluates, and 

inputs were resolved using 10% SDS-PAGE gel. The gel was semi-dry blotted and blocked 

using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. 

Subsequently, blots were incubated with primary and secondary antibodies and finally 

were visualized using Fusion imaging system. A. The same amount of eluates and inputs 

were applied to SDS-PAGE, and the blots were incubated with the following primary 

antibodies: RagA (#4357 (Cell Signaling Technology)), RagB (#8150 (Cell Signaling 

Technology)), RagC (#5466 (Cell Signaling Technology)). B. The Fusion software was 

employed to quantify the relative amount of each protein. The level of protein of interest 

in each sample was normalized against the level of Myc expression level, representing 

transfection efficiency. Statistical analysis was conducted using the GraphPad Prism 6 
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software. Shown are mean values + SEM; n=3; *,p < 0.05 -paired T-test C. The same 

amount of eluates and inputs were applied to SDS-PAGE, and the blot was incubated with 

RagD (#4470 (Cell Signaling Technology)) primary antibody.  

 

 
Figure 6.24 SLC38A9 interaction with LAMTOR1 constructs.  

A. HEK293 cells were transfected with LAMTOR1 WT, E-mutated, and A-mutated 

constructs and after 40 h cells were harvested and lysed. Co -IP was performed using Myc-

Trap agarose beads to isolate exogenous LAMTOR1. After several washes captured 

proteins were eluted by incubating for 30 min at 40°C in 2X Laemmli sample buffer. Next, 

eluates, and inputs were resolved using 10% SDS-PAGE. The gel was semi-dry blotted and 

blocked using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. 

Subsequently, blots were incubated with SLC38A9 (HPA043785) primary antibody and 

proper secondary antibody and visualized using Fusion imaging system. B. The Fusion 

software was employed to quantify the relative amount of each protein. The level of 

protein of interest in each sample was normalized against the level of Myc expression 

level, representing transfection efficiency. Statistical analysis was conducted using the 

GraphPad Prism 6 software. Shown are mean values + SEM; n=3; *,p < 0.05 -paired T-test. 

SLC38A9 was observed (Figure 6.24 (A)). These results showed that SLC38A9 has a stronger 

interaction with LAMTOR1 S56A mutant than with the S56E mutant (Figure 6.24 (B)).  

The same co-IP experiment was also conducted for the HEK293 cells transfected with Myc-

tagged RagC WT, S381E, and S381A mutants. Regarding RagC interaction with RagA and B, no 

reproducible pattern was observed among the replicates (Figure 6.25 (A)). These results suggest 

that S381 phosphorylation does not affect RagC interaction with other Rag complex members. 
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Surprisingly, Ragulator complex members (LAMTOR1 and LAMTOR5) did not co-

 

Figure 6.25 Co-IP experiment for the cells transfected with RagC constructs.  

HEK293 cells were transfected with RagC WT, E-mutated and A-mutated constructs and 

after 40 h cells were harvested and lysed. Co-IP was performed using Myc-Trap agarose 

beads to isolate Myc-fused RagC. After several washes captured proteins were eluted by 

boiling for 10 min at 95°C in 2X Laemmli sample buffer. Next, eluates, supernatants, and 

inputs were resolved using 10% SDS-PAGE gel. The gel was semi-dry blotted and blocked 

using 5% (wt/vol) non-fat milk in Tris-buffered saline containing 0.1% Tween 20. 

Subsequently, blots were incubated with primary and secondary antibodies and finally 

were visualized using Fusion imaging system. A. The same amount of eluates and inputs 

were applied to SDS-PAGE, and the blots were incubated with the following primary 
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antibodies: RagA (#4357 (Cell Signaling Technology)), RagB (#8150 (Cell Signaling 

Technology)). B. The same amount of eluates and inputs were applied to SDS -PAGE, and 

the blots were incubated with the following primary antibodies: LAMTOR1 (HPA002997 

(Sigma-Aldrich)), and Lamtor5 (#14633 (Cell Signaling Technology)). C. The same 

amount of eluates and inputs were applied to SDS -PAGE, and the blots were incubated 

with anti-Myc (ab9106 (Abcam)) and RagC (#5466 (Cell Signaling Technology)) primary 

antibodies. The RagC blot was exposed for a longer time also to detect endogenous RagC 

in the negative control.  

immunoprecipitate with RagC (Figure 6.25 (B)). Unlike LAMTOR1, a significant difference in 

expression level between endogenous and exogenous RagC was observed (Figure 6.25 (C)).  

6.2.5. Deactivation of mTORC1 upon treatment with U18666A 

LAMTOR1 is a vital part of the amino acid sensing machinery that activates mTORC1. 

According to the results of this study, upon U18666A stimulation, LAMTOR1 gets 

phosphorylated at S56 residue and this leads to its degradation and alters its interaction with other 

proteins. Therefore, it was examined whether U18666A treatment of the cells also affects 

mTORC1 activity and localization. Since Ribosomal protein S6 kinase 1 (S6K1) is one of the 

mTORC1 substrates (Isotani et al. 1999), Western blot assay was performed using phospho-p70 

S6 kinase (Thr389) antibody as a readout for mTORC1 activity. As shown in figure 6.26, 

incubation of MEFs for 24 h with U18666A inhibitor leads to mTORC1 deactivation. Next, the 

effects of U18666A treatment on the mTORC1 localization was investigated using 

immunofluorescence (IF) microscopy. Lysosomes were stained using an antibody against the 

lysosomal membrane protein LAMP-2, and a monoclonal antibody against mTOR was employed 

for mTORC1 detection. MEF cells were cultured on glass coverslips and incubated for 24 h with 

either U18666A or DMSO. Afterwards, cells were fixed and stained using the mentioned 

antibodies, and DAPI was used for nuclear staining. Figure 6.27 shows that in control cells 

(DMSO-treated), mTORC1 and LAMP2 are colocalized however, after treating cells with 

U18666A, mTORC1 dissociates from the lysosomal membrane. The IF findings confirm the 

Western blot results and show that after U18666A treatment, mTORC1 is deactivated and 

dissociated from the lysosomal membrane. Moreover, it was observed that U18666A stimulation 

alters lysosomal positioning. In control cells, lysosomes are dispersed into the cytoplasm, 

however, after stimulation lysosomes move toward the nucleus and show perinuclear localization 

(Figure 6.27). 
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Figure 6.26 Evaluation of mTORC1 activity in MEF cells treated with U18666A.  

A. Mouse embryonic fibroblast (MEF) cells were treated with either U18666A (3 μg/ml) or 

DMSO and after 24 h harvested and lysed. 20 µg of protein lysate was applied to each lane 

of an SDS-PAGE gel. Subsequently, the gel was semi -dry blotted, and the blots were 

blocked using 5%  BSA (wt/vol) in Tris -buffered saline containing 0.1% Tween 20. Next, 

blots were incubated with either Phospho-p70 S6 Kinase (Thr389) (#9205 Cell Signaling 

Technology) as a readout for mTORC1 activity or total p70 S6 Kinase (#9202 Cell 

Signaling Technology) primary antibodies. After incubation with proper secondary 

antibodies, protein signals were visualized using FUSION system. The figure shows the 

results of 3 independent biological experiments. B. The Fusion software was employed for 

quantification of protein signals. Phospho-p70 S6 Kinase intensity in each condition was 

normalized against total p70 S6 Kinase. Statistical analysis was conducted using the 

GraphPad Prism 6 software. Shown are mean values + SEM; n=3; **,p < 0.01 -paired T-test 

(P-value: 0.0025).  
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Figure 6.27 mTORC1 localization alteration in MEFs treated with U18666A.  

MEF cells were seeded on 12 mm coversl ips and incubated for 24 h with either U18666A 

(3 μg/ml) or DMSO. After 24 h incubation time, cells were permeabilized with 0.1% Triton 

X-100 and blocked using 10% FCS. Anti -Lamp2 (ABL-93, DSHB) and anti-mTOR (#2983, 

Cell Signaling Technology) primary antibodies were employed to identify lysosomes and 

mTORC1, respectively. After 4 h incubation with primary antibodies, cells were washed 

and incubated with proper secondary antibodies for 1 h. Afterward, the coverslips were 

washed and mounted using DAPI-fluoromount-G™. Immunocytochemistry images were 

acquired using Axiovert 200M  equipped with an AxioCamMR3 (60x objective).  Filter sets 

38, 43 and 49 were used for detecting Alexa 488 (green fluorescence), Cy3 (red 

fluorescence), and DAPI, respectively.  
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6.3. Discussion and conclusion 

6.3.1. U18666A treatment of the MEF cells 

In this study, lysosomal cholesterol storage was chemically induced by treating cells with 

U18666A. This compound is an inhibitor of the lysosomal membrane protein NPC1 which is 

vital for cholesterol transport from lysosomes to the endoplasmic reticulum (ER) and cytoplasm 

(Cenedella 2009; Lange et al. 2002; Sztolsztener et al. 2012). From the analytical point of view 

this is an ideal model, since except for treatment with U18666A, there is no, e.g., genetic 

interference, which helps to minimize the number of observed artifacts and allows for tight 

control of experimental conditions. However, one of the potential drawbacks of U18666A is its 

unknown effects on cells and signaling pathways. Considering U18666A benefits and drawbacks, 

it has been widely used in cholesterol and lipid studies through the years (Cenedella 2009). The 

fluorescence microscopy results of filipin-stained cells showed an increase in fluorescence 

emission in U18666A-treated cells in comparison to the control cells. In a similar experiment, 

Shen et al. incubated CHO cells with U18666A, and they observed significant increases in 

cholesterol levels in treated cells (Shen et al. 2012). In another study, Kulinski and Vence 

compared the cholesterol content of NPC1 knockout hepatocytes with WT cells and reported that 

in knock-out cells cholesterol amount is 5-fold higher (Kulinski and Vance 2007). Although the 

total free cholesterol amount increases upon adding U18666A, cholesterol accumulates mainly in 

the lysosomes and cell compartments undergo cholesterol deficiency (Lange et al. 1999). Given 

the vast functions of cholesterol in cells and its importance for the cell maintenance, treating cells 

with U18666A trigger a broad spectrum of alterations in proteins and their modifications. 

6.3.2. Proteomics analysis of U18666A-treated MEF cells 

In recent years mass spectrometry has been established as a powerful tool for quantitative and 

qualitative characterization of the macromolecules in large-scale studies (Aebersold and Mann 

2016). In this study, the bottom-up proteomics approach was employed to investigate the 

alterations of proteins in U18666A-treated cells at both the proteome and phosphoproteome level. 

To that end, the stable-isotope labeling by amino acids in cell culture (SILAC) method was used 

as a simple and quantitative method for labeling the proteins in MEF cells (Blagoev et al. 2003). 

SILAC method is based on the metabolic incorporation of labeled amino acids (usually 13C/15N 

arginine and/or lysine) with stable isotopes into proteins of cultured cells (or animals). This 
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results in a mass difference between the acquired samples from different culture conditions. This 

method was first introduced by Mann and co-workers at 2003 (Blagoev et al. 2003), and since 

then thousands of studies have exploited the capacities of this approach in different fields of 

biology. 

In total, 5502 proteins in all replicates were detected, and more than 83% of them were common 

between all three replicates, indicating high reproducibility within replicates. Out of these 5502 

proteins, only 90 of them (less than 2%) were significantly regulated (66 up- and 8 down-

regulated). Yates and co-workers also performed a large-scale proteomic study for NPC1-

mutated human fibroblast cells using quantitative mass spectrometry. In total, in two replicates 

they found 4308 distinct proteins, 281 of them differentially expressed (Rauniyar et al. 2015). In 

their study, they compared mutated cells with WTs and identified 61 proteins which were 

upregulated in both replicates. These 61 proteins were compared to the 66 upregulated proteins in 

this study and only the following three proteins, Carboxypeptidase D (cpd), Mitochondrial 10-

formyltetrahydrofolate dehydrogenase (aldh1l2), and Pyrroline-5-carboxylate reductase 1, 

mitochondrial (pycr1) proteins were in common between the two studies. The discrepancy 

between these two studies could be due to the different model systems used in these two studies. 

While in this study U18666A was used for mimicking NPC1 disease, Yates and co-workers 

employed human NPC1-mutant fibroblasts with the I1061T missense mutation. Although this 

mutation is the most common mutation in NPC disease however it has been shown that 

NPC1(I1061T) is functional and the mutated proteins which escape from degradation can 

properly localize to the lysosomal membrane and transfer cholesterol from lysosome to the 

cytoplasm and ER (Gelsthorpe et al. 2008). Therefore, applying U18666A can be considered as a 

more convenient method for proteome alterations investigation rather than using NPC1 (I1061T) 

mutant cells. 

6.3.3. Gene ontology (GO) analysis of the regulated proteins in the proteomics dataset 

To evaluate the biological significance of the differentially expressed proteins and understand 

their functions in the pathophysiological mechanism of NPC disease, GO analysis was performed 

to determine whether the regulated proteins are enriched for specific GO categories. Upregulated 

proteins were applied to GO analysis using Gorilla and PANTHER, two online GO tools. GO 

analysis results of both tools indicated that most of the upregulated proteins were involved in 

cholesterol biosynthesis process, as e.g., one of the top GO categories in the dataset was found to 
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be “Regulation of cholesterol biosynthesis by SREBP (SREBF)”. These results are consistent 

with the findings of other studies that have shown, upon reaching ER, LDL cholesterol inhibits 

sterol regulatory element-binding (SREBP) pathway (Goldstein et al. 2006). The SREBP-2 

downstream target genes are mainly the enzymes involved in the cholesterol synthesis pathway 

(Engelking et al. 2018). Moreover, several studies have indicated that the amount of mature form 

of SREBP-2 increases in the NPC1 deficient cells or the cells treated with U18666A (Lu et al. 

2015; Colgan et al. 2007). Therefore, it is not surprising that most of the upregulated proteins in 

the proteomics dataset, are involved in the cholesterol synthesis. 

6.3.4. Differentially expressed proteins in the proteomics dataset are related to 

cholesterol metabolism 

As it was mentioned before, LDL cholesterol in the ER inhibits cholesterol synthesis. The 

inhibition takes place by promoting the proteasomal degradation of the enzymes involved in 

cholesterol de novo synthesis including squalene monooxygenase (SQLE) (Gill et al. 2011) and 

3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase (HMGCR) (DeBose-Boyd 2008). In 

U18666A-treated cells, ER undergoes cholesterol deficiency (Lange et al. 1999), and therefore 

degradation of cholesterol synthesis enzymes is inhibited. Moreover, U18666A induces the 

expression of the SREBP2 downstream genes (Lu et al. 2015; Colgan et al. 2007). Because of 

these reasons, it was expected that proteins involved in cholesterol synthesis such as SQLE and 

HMGCR are among the top upregulated proteins. SQLE is the most differentially expressed 

protein in the proteomics dataset with more than nine folds increase. HMGCR shows 3.71 folds 

upregulation in U18666A-treated cells in comparison to the controls. HMGCR is a rate-

controlling enzyme of the mevalonate pathway, the primary metabolic pathway responsible for 

cholesterol synthesis (DeBose-Boyd 2008). 16 of the top 20 upregulated proteins are involved in 

cholesterol synthesis, and only for four proteins no direct linkage to cholesterol biosynthesis was 

found in the literature. These four proteins are Tapasin (Tapbp), Retinol dehydrogenase 11 

(Rdh11), Complement C1s-A subcomponent (C1sa), and Fructose-bisphosphate aldolase C 

(Aldoc) which can be considered as promising candidates to investigate their possible relation 

with the cholesterol biosynthesis pathway. Next, the alteration of NPC1 and NPC2 proteins was 

examined. The NPC2 protein showed slight upregulation with the 2.05 fold increase upon 

U18666A treatment; however, the intensity of the NPC1 gene remained almost constant (1.45 

fold increase). 
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6.3.5. Regulated kinases and phosphatases in the proteomics dataset 

In total 266 kinases were found in the proteomics dataset, which represents 4.95% of all detected 

proteins. Considering the fact that ~2.5% of the total genes encode kinases (Olsen et al. 2010), 

this group of low-abundant enzymes is not underrepresented in this study. In total, four kinases 

were found to be upregulated in the dataset. 2 of these kinases are part of the mevalonate 

pathway: phosphomevalonate kinase (PMVK) and mevalonate kinase (MVK) (Thurnher et al. 

2012). The other two upregulated kinases are pyruvate dehydrogenase kinase isozyme 1(PDK1) 

and Adenylate kinase 4, mitochondrial (AK4). PDK1 showed 2.26 folds elevated expression in 

the cells treated with U18666A. PDK1 is a mitochondrial enzyme that plays a pivotal role in the 

regulation of fatty acid and glucose metabolism by phosphorylating and inhibiting pyruvate 

dehydrogenase from converting pyruvate into acetyl-coenzyme A (Papandreou et al. 2006). 

Acetyl-CoA is a precursor for the mevalonate pathway that leads to cholesterol synthesis 

(Thurnher et al. 2012). Upregulation of PDK1 is in contrary with the earlier results, since all 

enzymes involved in the mevalonate pathway are upregulated and promote cholesterol de novo 

synthesis; however, upregulation of the PDK1 hinders this pathway by inhibiting acetyl-CoA 

synthesis (Papandreou et al. 2006). Different reasons could have caused this discrepancy. It has to 

be considered that pyruvate dehydrogenase complex (PDC) is not the only source of the acetyl-

CoA for the mevalonate pathway. Moreover, various modifications such as phosphorylation 

could restore the activity of PDK1 as it was shown before (Riojas et al. 2006) and attenuate its 

upregulation effect. 

6.3.6. Phosphoproteomics analysis of U18666A-treated MEF cells 

It has been shown that aberrant protein phosphorylation plays an essential role in the model 

systems with NPC phenotype (Xu et al. 2010; Sawamura et al. 2003); however, there hasn’t been 

any large-scale phosphoproteomic study to investigate the protein phosphorylation alterations in 

this disease or cholesterol metabolism defects in general. Therefore, this study is the first large-

scale phosphoproteomic study that investigates NPC disease. The phosphopeptide enrichment 

was carried out using double TiO2 method and in total 12881 phosphosites were detected that 

9695 of them were localized with more than 75% certainty of phosphosite localization (class I 

phosphosites). Class I phosphosites were investigated using Perseus (from MaxQuant software 

package), and 288 phosphosites were found regulated. 55.4% of the phosphosites were detected 

in all three replicates which implies a good reproducibility for a phosphoproteomic study. In the 
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method development project which was explained in chapter one, almost the same reproducibility 

was achieved using HeLa lysates (53.8% common phosphosites between three replicates). 

6.3.7. Gene ontology analysis of the differentially expressed phosphorylation sites 

Proteins represented by regulated phosphosites were subjected to Gene Ontology (GO) analysis 

for biological processes. GO study identified enrichment for genes involved in the regulation of 

proteins localization and organization of cellular components and organelles. Therefore, the GO 

study results suggest that treatment of the cells with U18666A and consequently perturbation in 

cholesterol trafficking leads to the mislocalization of different proteins and organelles, and 

thereafter cells try to cope with new conditions using phosphorylation of various proteins. These 

results are in line with those of many previous studies that reported alterations in the localization 

of various proteins such as amyloid-beta A4 protein (Ehehalt et al. 2003), beta-secretase 1 

(Simons et al. 1998) and presenilin-1 (Wahrle et al. 2002) in the cholesterol-depleted and NPC 

cells. It also has been shown that cholesterol regulates the localizations, trafficking, and 

clustering of various SNARE (soluble NSF (N-ethylmaleimide-sensitive fusion protein) 

attachment protein receptor membrane) proteins such as synaptosomal-associated protein 23, 

syntaxin-4, and syntaxin-6 (Reverter et al. 2014).  

6.3.8. Candidate phosphorylation sites 

LAMTOR1, RagC, OSTM1, STARD3NL, BNIP3, and VAMP8 were chosen as candidate 

phosphoproteins for further investigation. A major criterion for the selection of the candidate 

phosphoproteins was that all proteins are lysosomal or lysosomal-associated proteins. LAMTOR1 

and RagC are part of the amino acid sensing machinery that activates mTORC1 in the presence 

of amino acids (Shimobayashi and Hall 2016). Both OSTM1 (Lange et al. 2006) and 

STARD3NL (Alpy et al. 2013) are lysosomal transmembrane proteins, and both BNIP3 (Ma et 

al. 2012) and VAMP8 (Itakura et al. 2012) are involved in autophagy and required for 

autophagosome-lysosome fusion. 

6.3.8.1.Phosphorylation affects OSTM1 cleavage  

OSTM1 is mainly known as the β subunit of the Cl-/H+ exchanger CLCN7. The OSTM1/CLCN7 

heterodimer is essential for lysosomal function, as a disruption in either gene results in 

osteopetrosis as well as severe lysosomal storage disease in neurons and renal proximal tubular 

cells (Lange et al. 2006; Kasper et al. 2005). Clinically, Osteopetrosis due to the lack of OSTM1 

is more severe compared to Osteopetrosis due to the lack of CLCN7, possibly indicating 
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additional functions for OSTM1 beyond acting as the β subunit for CLCN7 (Pandruvada et al. 

2016). In cells, the highly glycosylated OSTM1 is found in the ER and lysosomes. Most likely 

within the lysosomal lumen, it undergoes proteolysis, yielding two parts of the protein connected 

by a disulfide bridge (Lange et al. 2006). The phosphomimetic and phosphoresistant results 

indicated no effect of Ser 327/329 phosphorylation on OSTM1 stability. However, a direct 

relationship between the phosphorylation of OSTM1 within its cytoplasmic domain and the intra-

lysosomal formation/stability of its proteolytically processed form was observed. In case of the 

Ser 327/329 to Ala OSTM1 mutant, the amount of the cleaved protein compared to WT OSTM1 

was reduced while for the Ser 327/329 to Glu version, more cleavage product was observed. This 

strongly suggests a regulatory role of the cytoplasmic phosphorylation sites for the intra-

lysosomal formation of the proteolytically processed form and/or the stability of the protein. 

The cytoplasmic C-terminal domain of OSTM1, in which the regulated phosphorylation sites are 

located, is neither required for the interaction with CLCN7, nor for the ability of CLCN7 to act as 

a Cl-/H+ exchanger, since replacement of this domain with a non-functional surrogate even 

increased CLCN7 ion exchange activity (Leisle et al. 2011). The transmembrane domain of 

OSTM1 is essential and sufficient for interaction of both proteins (Leisle et al. 2011) while the 

domain present in the lysosomal lumen seems to be crucial for the function of CLCN7, as its 

replacement results in strongly reduced ion exchange activity of CLCN7. This may be due to the 

lack of N-linked glycosylation sites on CLCN7 which implies a protective role for the heavily 

glycosylated luminal domain of OSTM1 for CLCN7 (Lange et al. 2006). Interestingly, almost 

exclusively proteolytically processed OSTM1 was co-immunoprecipitated with CLCN7 from WT 

cells (Lange et al. 2006). Furthermore, OSTM1 proteolysis is impaired in CLCN7
-/-

 mice. This is 

in agreement with the fact that CLCN7 is required for transport of OSTM1 to lysosomes where 

the proteolytic processing is most likely taking place (Lange et al. 2006). Lange et al. observed 

only the cleaved form OSTM1 in the lysosomal fractions (Lange et al. 2006); therefore, 

phosphorylation effect on the OSTM1 cleavage is likely a transport phenotype. 

In cells transiently expressing OSTM1, proteolytic processing is impaired, most likely due to the 

altered stoichiometry of OSTM1/CLCN7 due to OSTM1 overexpression, resulting in retention of 

the majority of OSTM1 in the ER. Accordingly, co-overexpression of CLCN7 can compensate 

this effect (Lange et al. 2006). In this study’s experiments, the cleavage product relative to the 

total amount of OSTM1 also only presents a fraction of the total OSTM1 amount, indicating that 
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the majority of OSTM1 still resides in the ER, 

where it is not proteolytically processed. Therefore 

the observed formation of the cleavage product will 

be far more pronounced if the CLCN7 and OSTM1 

plasmids were co-transfected or OSTM1 was 

expressed at the endogenous levels, and 

consequently, the substitution effect (S327/329 E) 

also might be more significant. Beside the function 

of OSTM1 as CLCN7 β-subunit, it was shown recently that it interacts with KIF5B (Pandruvada 

et al. 2016). KIF5B is the kinesin-1 heavy chain and impacts the distribution of lysosomes being 

involved in their transport to the periphery of the cells. Accordingly, in KIF5B depleted cells, 

lysosomes show perinuclear localization. Interestingly, KIF5B interacts with the C-terminal 

region of OSTM1, for which the 7 Arg/Lys residues depicted in figure 6.28 are essential, while 

these are not involved in the interaction with CLCN7 (Pandruvada et al. 2016). The two 

upregulated phosphorylation sites observed in this study are located directly adjacent to these 

positively charged amino acids (Figure 6.28) thereby shifting the charge of this region towards a 

more negative value. Therefore it could be speculated that this phosphorylation event disrupts the 

interaction between OSTM1 and KIF5B allowing for reversible regulation of this interaction. 

Based on these data, the following hypothesis was developed: The dephosphorylated version of 

OSTM1 stabilizes the complex between KIF5B and OSTM1 and prevents OSTM1 proteolytic 

processing, and therefore acts as CLCN7 β-subunit, for which its proteolytic processing is 

needed. In the phosphorylated (or phosphomimetic Ser to Glu) version of the protein, interaction 

between KIF5B and OSTM1 is weakened leading to increased interaction with CLCN7 and in 

turn proteolytic processing. However, these results have to be viewed cautiously, since the 

cleavage effect that was observed in the phosphomimetic study could be an artifact of Ostm1 

overexpression. It also has to be considered that S327/329E mutation does not mimic the 

phosphorylation effects completely. Therefore, more investigation such as co-overexpression of 

CLCN7 and OSTM1 is needed to confirm these preliminary results. 

6.3.8.2.Phosphorylation does not affect STARD3NL stability 

STARD3NL (MENTHO) is a transmembrane protein that localizes at late endosomes 

(LEs)/lysosomes (LSs) and serves as a tethering protein between ER and LEs/LSs. N-terminus of 

Figure 6.28 OSTM1 differentially expressed 

phosphorylation sites and their adjacent 

residues. 
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the STARD3NL is similar to the STARD3/ MLN64 N-terminus, however, lacks the C-terminus 

START domain. Both of these proteins contain a FFAT motif which enables them to interact 

with VAP family proteins from ER (Alpy et al. 2013). Although STARD3 and STARD3NL have 

the cholesterol-sensing ability, however, their role in transporting cholesterols from LEs to ERs 

has not been clarified. It has been postulated that these proteins make contacts between LSs and 

ERs prior to cholesterol transfer through other proteins such as NPC1/NPC2 (Raiborg et al. 

2015). STARD3NL contains a N-terminal cytoplasmic domain, four transmembrane domains, 

and a C-terminus cytoplasmic domain (Alpy et al. 2005). The regulated phosphosite (S39) resides 

at the cytoplasmic N-terminus of the STARD3NL. Cycloheximide experiment was performed in 

3 replicates and in all three replicates the E-mutated STARD3NL was found to be more stable 

than A-mutated; however this difference was not statistically significant. Although 

phosphorylation does not alter the STARD3NL stability, it could affect the interaction of this 

protein with other proteins and therefore, LE-ER connection could also be affected. 

6.3.8.3.Phosphorylation does not affect BNIP3 and VAMP8 degradation rate 

The next two investigated proteins in this study are BNIP3 and VAMP8. VAMP8 is a lysosomal 

SNARE protein (soluble N-ethylmaleimide-sensitive factor-attachment protein receptors) which 

directly controls lysosome-autophagosome membrane fusion through its interaction with STX17 

and SNAP-29 proteins (Itakura et al. 2012). It has been shown that BNIP3 also plays a vital role 

in autophagosome-lysosome fusion (Ma et al. 2012). Recently Fu et al. showed that BNIP3 

overexpression in MCF-7 cells hinders autophagosome-lysosome fusion via inhibition of the 

interaction between VAMP8 and SNAP29. They concluded that BNIP3 could interact with 

SNAP29 and therefore inhibits this protein to interact with VAMP8 and STX17 and consequently 

abrogates autophagosome-lysosome fusion (Fu et al. 2018). BNIP3 regulated phosphosite (S88) 

was found to be in the N-terminal PEST domain (proline (P), glutamic acid (E), serine (S), and 

threonine (T) rich domain) (Vasagiri and Kutala 2014). Proteins containing this domain have a 

short intracellular half-life, and it has been shown that the PEST sequence targets proteins for 

degradation (Rogers et al. 1986). Moreover, it has been found that phosphorylation in the PEST 

domain affects the protein's stability (Lin et al. 1996). Therefore it was hypothesized that 

phosphorylation in the PEST domain of BNIP3 leads to the same effect. The detected VAMP8 

phosphosite is T54 resides in the cytoplasmic domain of this protein; therefore, phosphorylation 

can affect in VAMP8 interaction with other proteins such as STX17 and SNAP-29. Malmersjö et 

al. showed that protein kinase C (PKCB) phosphorylates multiple residues in the SNARE domain 
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of VAMP8 including T54. They suggested that VAMP8 phosphorylation attenuates vesicle 

fusion in vitro and suppresses secretion in living cells (Malmersjö et al. 2016). The 

phosphomimetic studies showed that phosphorylation in the mentioned regulated phosphosites 

does not affect the stability of these two proteins and therefore VAMP8 and BNIP3 were 

excluded from further analysis. 

6.3.8.4.Phosphorylation affects LAMTOR1 interaction with Rag GTPases complex 

members and SLC38A9 

Ragulator complex protein LAMTOR1 is localized at late endosomes/lysosomes exclusively and 

is part of a heteropentameric protein complex which is involved in activation of mTORC1 (Bar-

Peled et al. 2012). LAMTOR1 is directly responsible for anchoring the Ragulator complex to the 

lysosomal membrane via myristoylated and palmitoylated residues at its N-terminus (Bar-Peled 

et al. 2012). The crystal structure of the Ragulator complex in combination with the Ras-related 

GTP-binding proteins (Rag GTPases) (Figure 6.29) revealed that LAMTOR1 surrounds the other 

members of Ragulator complex and interacts with all of them (Araujo et al. 2017). The detected 

regulated phosphorylated serine (S56) is located in the first α-helical domain (residues 50 to 64) 

of the protein which interacts with the C-terminal region of RagC as well as LAMTOR3 (Figure 

6.29). Mutation of amino acids in this region abolished the interaction with RagA/C and 

SLC38A9 while interaction with the other LAMTOR proteins was not affected (Araujo et al. 

2017). Yonehara et al. showed that Gln51–Lys60 residues of the LAMTOR1 N-terminal α1 helix 

are crucial for stabilizing the Ragulator-Rag complex interaction and consequently amino-acid-

dependent activation of mTORC1 (Yonehara et al.). This implies a regulatory function for this 

region of LAMTOR1 as changes in the formation of the Ragulator-RagA/B/C/D-SLC38A9 

complex influence the recruitment of mTORC1 to the lysosome. Ragulator complex acts as a 

guanine nucleotide exchange factor (GEF) for the Rag A/B/C/D complex which locates 

mTORC1 onto the lysosomal surface (Shimobayashi and Hall 2016). In the Rag A/B/C/D 

complex, another regulated phosphorylation site, S381 of RagC, was found in this study. 

Intriguingly, S381 is located at the C-terminal region of RagC which has been shown to interact 

with the LAMTOR1 region harboring the regulated S56 phosphosite (Figure 6.29) (Araujo et al. 

2017). 
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Figure 6.29 Crystal structure of the Rag GTPases interaction with the LAMTOR complex.  

Red, LAMTOR1; purple, LAMTOR2; blue, LAMTOR3; orange, LAMTOR4; yellow, 

LAMTOR5; dark green, RagA CTD; light green, RagC CTD; N and C termini are labeled. 

CTD: C-terminal domain. Adopted from de Araujo et al.  (Araujo et al. 2017). 

Therefore, it was hypothesized that phosphorylation in this region of the LAMTOR1 (S56) could 

affect the interaction of the Rag and Ragulator complexes. To that end, HEK293 cells were 

transfected with LAMTOR1 Myc-tagged constructs (WT, S56E, and S56A), and protein complex 

immunoprecipitation (co-IP) was performed using Myc-Trap agarose beads. The results indicate 

that S56A LAMTOR1 has a significantly stronger interaction with the Rag complex members 

including RagA, B, and C in comparison to the S56E and WT. However, mutation has no effect 

on LAMTOR1 interaction with other Ragulator complex members such as LAMTOR2, 3, and 5. 

The same results for WT and S56E mutant was obtained, this suggests two possibilities: either 

under the experimental settings all LAMTOR1 WT proteins are phosphorylated, and therefore the 

results are the same as S56E, or S56E mutation does not fully mimic the phosphorylated Ser56. 

The first possibility can be tested by various techniques such as targeted quantification of 

Lamtor1 S56 phosphorylation by mass spectrometry (Hahn et al. 2011). Regarding the second 

possibility aspartic acid (D) can be used instead of glutamic acid that in some cases is a better 

choice for phosphomimetic studies. 

Knowing that upon LAMTOR1 phosphorylation, the Ragulator complex dissociates from the Rag 

GTPases, it was investigated whether U18666A treatment deactivates mTORC1. Using Western 

blot and IF microscopy, it was shown that upon treating cells with U18666A, mTORC1 
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dissociates from the lysosomal membrane and consequently gets deactivated. It was also 

observed in the microscopy results that U18666A treatment of the cells causes juxtanuclear 

positioning of the lysosomes. Xu et al. also obtained the same results using human umbilical vein 

endothelial cells (HUVECs). They showed that treating HUVECs with 10 µm of U18666A for 24 

h completely deactivates mTORC1 (Xu et al. 2010). It has been shown that Ragulator complex 

can interact with either mTORC1 complex or with BLOC-1-related complex (BORC) (Filipek et 

al. 2017). In amino acid-repleted conditions, Ragulator complex interacts with SLC38A9 and Rag 

GTPases and the whole complex recruits mTORC1 to the lysosomal membrane. Under this 

condition, BORC and Arl8 interact with kinesin and facilitate anterograde transport of lysosomes. 

However, in amino acid-depleted conditions, weakening the interaction of Ragulator complex 

and SLC38A9 leads to dissociating of Ragulator complex from mTORC1 and therefore its 

inactivation. At the same time, Ragulator complex starts interacting with BORC and Arl8 and 

interferes with recruitment of kinesins to lysosomes and causes lysosomes juxtanuclear 

positioning (Figure 6.30) (Pu et al. 2017; Filipek et al. 2017).   

 

Figure 6.30 Proposed hypothetical model by Pu et al. for the regulation of lysosome positioning by 

BORC and Ragulator interaction. 

 Adopted from Pu et al. (Pu et al. 2017) 

Based on the obtained results in this study, SLC38A9 has a stronger interaction with LAMTOR1 

S56A rather than WT and E-mutated. It implies that phosphorylation results in dissociation of 

Ragulator from the SLC38A9/v-ATPase complex at the lysosomal membrane. LAMTOR1 

phosphorylation at Ser56 could therefore possibly act as a binding switch to allow the Ragulator 

complex to bind either to mTORC1 (through SLC38A9/vATPase) or BORC complex and 

therefore leads to either mTORC1 activation or deactivation and lysosomal perinuclear 

localization, respectively (Figure 6.31). 
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Figure 6.31 Hypothetical model for the effects of LAMTOR1 phosphorylation on mTORC1 

activation and lysosomal positioning.  

After U18666A treatment of the cells, an unknown kinase (kinase X) phosphorylates 

LAMTOR1 at Ser56. Phosphorylation affects LAMTOR1 interaction with RagA/B/C/D-

SLC38A9 complex and leads to mTORC1 deactivation and dissociation from the lysosomal 

membrane. mTORC1 dissociation facilitates Ragulator complex interaction with BORC and 

Arl8.  BORC complex interaction with Ragulator complex interferes with recruitment of 

kinesins to lysosomes and leads to lysosomes perinuclear positioning. (CH: cholesterol) 

Unfortunately, it was not possible to assess the effect of LAMTOR1 phosphorylation on 

mTORC1 activity. Because such an experiment has to be carried out using LAMTOR1 knock-out 

cell line, otherwise interference of endogenous LAMTOR1 makes it impossible to obtain reliable 

results. Despite efforts to generate LAMTOR1-KO cell line using CRISPR/CAS systems, it was 

not successful. LAMTOR1 depletion induces p53-dependent apoptosis through perturbation of 

lysosomal function (Malek et al. 2012). Moreover, there are reports that showed that LAMTOR1 

is as an essential gene for the cells (Wang et al. 2015b; Blomen et al. 2015). Therefore, it was 

postulated that the reason for the failure in generating LAMTOR1-null cells is the high lethality 

rate of the full knock-out cells. 

The effect of phosphorylation on LAMTOR1 degradation rate and stability also was investigated. 

The phospho-resistant S56A LAMTOR1 version reproducibly showed significantly increased 

stability when compared to WT LAMTOR1 and the phosphomimetic S56E LAMTOR1. 

However, the latter is still more stable than the wild-type which might be due to the non-

physiologic protein levels due to overexpression or substitution of glutamate for serine at S56 

does not mimic phosphorylation of this residue. Based on these data, it was hypothesized that 

phosphorylation at S56 destabilizes LAMTOR1. As it has been shown previously, the stabilities 

of the Ragulator subunits are dependent on each other and degradation of one of the LAMTOR 

proteins causes degradation of other LAMTORs and results in deactivation of mTORC1 (Araújo 
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SLC38A9
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et al. 2013). In summary, it was concluded that LAMTOR1 phosphorylation has regulatory 

effects on the mTORC1 complex by both affecting LAMTOR1 interaction with other proteins 

and its degradation rate. 

6.3.8.5.Phosphorylation does not affect RagC stability  

Cycloheximide experiments were performed with the phosphoresistant/-mimetic versions of 

RagC S381. A statistically significant difference in the protein stability of the RagC WT and 

mutated versions was not observed. Since RagC is directly involved in the lysosomal association 

of mTORC1 and TFEB, its phosphorylation may influence its ability to locate these proteins to 

the lysosomal surface. There are several basic amino acids present in the vicinity of S381 (2 

histidines, 1 lysine, and 1 arginine) and dephosphorylation could lead to a change from a neutral 

to a more basic charge state. This could directly influence Rag complex interaction with the 

Ragulator complex or with mTORC1 (Bar-Peled et al. 2012).  

RagC S381 is the only downregulated phosphorylation site among the candidate phosphosites. 

This alteration in RagC phosphorylation may either be due to reduced activity of mTORC1 itself 

(or another kinase) or to the activity of a phosphatase which is recruited or activated due to 

impairment of lysosomal function. 

Knowing that phosphorylation does not affect RagC stability, it was examined whether 

phosphorylation at S381 alters RagC interaction with other Ragulator-RagA/B/C/D members. To 

that end, co-IP experiment was carried out for the transfected HEK293 cells with the RagC Myc-

tagged constructs (WT, S381A, and S381E). The results of the first replicate indicated that 

S381A has a stronger interaction with other Rag family members such as RagA and RagB; 

however, the results of the second replicate did not corroborate the earlier observation.  

Although there are reports that show LAMTROs co-immunoprecipitate with RagC and other 

Rags (Filipek et al. 2017; Schweitzer et al. 2015; Tsun et al. 2013), however, Ragulator complex 

did not co-IP with the RagC protein in this study. This can be due to different reasons such as the 

experimental condition, the amount of the material (lysate) and the co-IP protocol that was used 

for this experiment. The co-IP protocol has a significant effect on the results. This protocol can 

be optimized by changing different parameters such as lysis buffer or elution condition to enable 

co-elution of all possible interaction partners of LAMTOR1 and RagC with them. Therefore, 
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these results are inconclusive and more investigation is needed to determine whether RagC 

Ser381 phosphorylation affects its interaction with other Ragulator/Rag complex proteins. 
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7. List of abbreviations 

°C Degree celsius 

A Alanine 

Å Ångström 

ACN Acetonitrile 

AcOH Acetic acid 

ADP  Adenosine diphosphate 

Ala Alanine 

APS Ammonium persulfate 

Asp Aspartic acid 

ATP  Adenosine triphosphate 

Basic-RP  High ph reversed-phase 

bp Base pair 

BRP Basic reversed-phase 

BSA Bovine serum albumin 

cDNA  Complementary DNA 

CID Collision-induced dissociation 

Co-IP Co-immunoprecipitation 

CSCX Column chromatography SCX 

Ctrl.  Control 

D Aspartic acid 

DAPI  4’,6-diamidin-2-phenylindol 

DDA Data-dependent acquisition 

ddH2O Double destilled water 

DMEM Dulbecco’s modified eagle medium 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

DPBS Dulbecco’s phosphate buffered saline 

DTT Dithiothreitol 

E Glutamic acid 

ECL  Enhanced chemiluminescence 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmatic reticulum 

ERLIC Electrostatic repulsion-hydrophilic interaction chromatography 

ESI Electrospray ionization 

EtOH Ethanol 

FA  Formic acid 

FCS Fetal calf serum 

FDR  False discovery rate 

FT-ICR Fourier transform – ion cyclotron resonance 

g Gram 

GEF Guanine nucleotide exchange factor  

Glu  Glutamic acid 

GO Gene ontology 

h Hour 

HBSS Hank’s balanced salt solution 

HEK293  Human embryonic kidney cells 

HeLa  Henrietta Lacks cells (immortal cell line) 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HILIC Hydrophilic interaction liquid chromatography 

HPLC High pressure liquid chromatography 



List of abbreviations 

 

105 

 

HRP  Horseradish peroxidase 

ICC  Immunocytochemistry 

IF  Immunofluorescence 

IP  Immunoprecipitation 

iTRAQ  Isobaric tags for relative and absolute quantitation 

K Lysine 

KD Knockdown 

kDa  Kilodalton 

KO Knockout 

LB Lysogeny broth 

LC-MS/MS Liquid chromatography – tandem mass spectrometry 

LE Late endosome 

LSDs Lysosomal storage diseases 

LTQ Linear trap quadrupole 

Lys Lysosome 

M Molar 

m/z Mass-to-charge ratio 

MALDI Matrix-assisted laser desorption/ionization 

MEFs Mouse embryonic fibroblast cells 

MeOH Methanol 

mg Milligram 

min Minute 

ml Milliliter 

MLD Metachromatic leukodystrophy 

mM Millimolar 

mm Millimeter 

MOAC Metal oxide affinity chromatography 

mRNA  Messenger RNA 

MS Mass spectrometry 

MS  Multiple sclerosis 

MSA Multi-stage activation 

NA Not applicable 

NaCl  Sodium chloride 

Nano-LC Nanoscale liquid chromatography 

Neg. ctrl.  Negative control 

nl  Nanoliter 

nM Nanomolar 

ns Not significant 

PAGE  Polyacrylamide gel electrophoresis 

PBS Phosphate buffered saline 

PCR  Polymerase chain reaction 

PEST (SP-rich)  Proline (P), glutamic acid (E), serine (S), and threonine (T) risch domain 

PFA  Paraformaldehyde 

PMF Peptide-mass fingerprinting 

PTM Post-translational modification 

Puck’s BSS Puck’s balanced salt solution 

R Arginine 

rb  Rabbit 

RNA  Ribonucleic acid 

RP Reversed-phase 

RPLC Reversed-phase liquid chromatography 

RT Room temperature 
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RT-PCR  Reverse transcriptase PCR 

S Serine 

SAX Strong anion exchange 

SCX Strong cation exchange 

SDM Site directed mutagenesis 

SDS  Sodium dodecyl sulfate 

Ser Serine 

SILAC Stable Isotope Labeling by Amino Acids in Cell Culture 

SIMAC Sequential Elution from IMAC 

SPE  Solid phase extraction 

StageTips  Stop-and-go-extraction tips 

TBS  Tris-buffered saline 

TEAB  Triethylammonium bicarbonate 

TEMED Tetramethylethylenediamine 

TFA Trifluoroacetic acid 

TiO2 Titanium dioxide 

TiSH TiO2-SIMAC-HILIC 

Tm Melting temperature 

TMT Tandem mass tag 

TOF Time-of-Flight 

Tris 2-Amino-2-hydroxymethyl-propane-1,3-diol 

Tris-HCl  Tris(hydroxymethyl)-aminomethan hydrochloride 

UPLC Ultra-performance liquid chromatography 

WB  Western blot 

WT  Wild type 

x g Earth’s gravitational acceleration 

β-ME 2-Sulfanylethan-1-ol 

μg Microgram 

μl Microliter 

μM Micromolar 
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