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Introduction to Proteomics

The human genome is the ensemble of genes and non-coding sequences possessed by 
an organism and holds an extraordinary treasure of information about development, 
physiology, medicine and evolution. Human genome contains non-coding DNA 
(including non-coding RNA molecules, LINEs, SINEs, introns and other sequences with 
no determined functions yet) and about 20000 protein-coding DNA genes representing 
approximately 1.5% of the genome (1). Gene coding proteins are transcribed into mRNA 
and translated by the ribosomal machinery into amino acid sequences, characteristic of 
the primary structure of a protein. 

Each protein is a functional entity, characterized by their primary structure made by amino 
acid composition and are folded into a three dimensional structure to achieve their biological 
function. As opposed to the genome, the proteome can be described as the entire set of 
proteins expressed or modified by a cell under a particular condition at a particular time. 
Moreover, DNA rearrangements and alternative pre-mRNA splicing leads to a larger number 
of proteins as compared to the number of genes giving the proteome a higher degree of 
complexity. Protein abundance varies according to time and in response to their environment. 
As a result, changes in protein level, sequence as well as modification states are often linked to 
specific phenotypes and characteristic of diseases.

The activity of a protein is not only defined by its abundance but more often by its cellular 
location as well as the multiple types of modifications that occur after synthesis, termed 
post-translational modifications (PTMs). PTMs are due to the attachment of a chemical 
moiety to a protein on a specific amino acid. Thereby, PTMs can modulate the activity 
of most of the eukaryotic proteins. Consequently, the proteome complexity can arise 
from allelic variations, from alternative splicing of RNA transcripts and from many post-
translational modifications, respectively. Those events create distinct protein molecules 
that modulate a wide variety of biological processes. In this context, Kelleher & Smith 
introduces the notion of proteoform which characterize a specific isoform of a protein 
in combination with its post-translational modifications (2) and makes proteomics a 
promising but challenging field of study to characterize alterations of the proteome in 
diseases.

Analysis of these modifications presents formidable challenges but their determination 
generates indispens able insight into biological function. Over 200 PTMs that have been 

41297 Lebesgue, Nicolas_10p.indd   11 15-07-16   13:28



Chapter 1

12

described, protein phosphorylation is the most studied PTM involved in almost all cellular 
processes. In mammalian systems, phosphorylation consists in the covalent addition of 
a phosphoryl group (PO32-) to a protein by a kinase with adenosyl triphosphate (ATP) 
as phosphoryl donor and the phosphorylation reversed by action of a phosphatase. 
According to several studies, protein phosphorylation occurs in a ratio 1800:200:1 on 
serine, threonine and tyrosine residues in mammals (3). The exquisite specificity of 
phosphorylation reaction creates regulatory and signaling processes within cells by 
changes in phosphorylation along pathways and/or networks of proteins. Alteration of this 
communication results in human diseases including neurodegenerative disorders such as 
Alzheimer disease (4) and Parkinson disease (5), leukemia (6), many types of cancers (7) 
and dysregulations of metabolic pathways including sphingolipid homeostasis (8). 

Sphingolipids (SL) are essential structural components of membranes and are critical 
signaling molecules whose levels must be tightly regulated (9). Regulation of sphingolipid 
homeostasis is of fundamental importance for cells and, to a larger extent, for multicellular 
organisms. Most sphingolipids contain a backbone of sphingoid bases attached to a 
fatty acid through an amide linkage. Ceramides are the simplest sphingolipids and are 
the precursors onto which different head groups can be added to form either phospho- 
or glycosphingolipids (10). In addition to the SLs end products, many biosynthetic 
intermediates are bioactive molecules whose accumulation or absence can severely 
influence cell functions (10–12). Several mechanisms contribute to the control of enzymes 
at different steps of the SL synthesis and breakdown (9). Misregulation of the enzymatic 
machinery results in a multitude of disease phenotypes termed sphingolipidoses, which 
have particular impact on neural tissue leading to specific neurodegenerative diseases 
including Niemann-Pick, Fabry, Krabbe, Gaucher, Tay-Sach diseases and metachromatic 
leukodistrophy (13). Thus, understanding the complexity of SL metabolism and the 
intricacies of its regulation is essential to define proper key sites for therapeutic 
intervention. 

While genomic technology allows the measurement of the protein coding genes and 
transcriptomic technology measures mRNA transcripts of an organism, protein analysis 
evolved also to high throughput analysis named proteomics (14). Proteomics deals with 
the large-scale determination of gene and cellular function directly at the protein level 
by analyzing thousands of proteins in an organism submitted to a specific condition at a 
certain time. Characterizing complex proteomes is more challenging as compared to the 
genome and transcriptome due to additional biological layers from the gene expression 
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to the protein synthesis and requires development of new advanced separation and 
identification technologies that we will review in this introduction. 

The relative low abundance of phosphorylated peptides as compared to the non-modified 
peptides makes the characterization of phosphoprotein signaling pathways even more 
challenging. The need for residue-specific information requires special considerations 
in sample handling, data acquisition, and post-acquisition processing that constrain 
reproducibility, quantitative efficacy, throughput, and depth in phosphoproteomic 
workflows (15). Advances in MS-based approaches have remarkably improved our abilities 
to investigate the many roles of protein phosphorylation across a diverse set of biological 
contexts (15), but many technical obstacles still exist. Recent progress in fast, sensitive 
and accurate mass spectrometers has enabled substantial proteome coverage (16–18). 
Moreover, progressively improving peptide separation and enrichment techniques 
contribute significantly to increase the depth of proteome and phosphoproteome 
coverage (7, 19–22).

As the number of methodologies and applications in MS-based (phospho)proteomics is 
virtually limitless, this general introduction chapter mainly focuses on those relevant for 
the studies described in my thesis. This thesis will investigate the unexplored fundamental 
convergence of sphingolipid and phosphorylation mediated signaling pathways by 
using global phosphoproteomic approaches. Initial goal is to meticulously identify 
phosphorylation events occurring on several crucial sphingolipid signaling pathways 
to better understand how misregulation of phosphoprotein signaling can be linked to 
sphingolipidose pathologies. This introductory chapter describes the methodologies used 
in current proteomic workflows that will be potentially used in the following chapters.

 
I- Mass spectrometry based proteomics 

A classical proteomic workflow consists of three essential parts that can be extended with 
additional methods to fine-tune the experiment to the investigator’s need. The basic 
proteomic workflow consists of sample preparation, purification of peptides in case of 
PTMs analysis, LC-MS and data analysis as illustrated in figure 1.
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A- Sample preparation and fractionation

Sample preparation
Different types of samples can be analyzed ranging from a simple purified protein 
mixture, a biochemically enriched organelle fraction or whole cell extracts from in 
vitro cell cultures, to heterogeneous in vivo tissue samples belonging to different 
organisms. The first initial and crucial step involves the solubilization and denaturation 
of proteins in a lysis buffer appropriate to the sample, followed by in solution digestion 
of all proteins into peptides in a typical shotgun experiment. Trypsin is most often used 
due to its specific cleavage at the C-terminus of arginine and lysine (23), generating 
peptides of similar length (mass) and charge that are readily identifiable by the mass 
spectrometer. However, using a combination of proteolytic enzymes such as Trypsin and 
Lys-C improves protein digestion by eliminating the majority of missed cleavages, which 
occur at prominent quantities in trypsin digest, enabling a deeper proteome coverage 
(24). However, other proteases such as Lys-N, Glu-C and Asp-N can be used in proteomics 
workflow generating peptides more relevant for electron transfer dissociation (ETD) 
(25–28).

Reduction of sample complexity 
Protein digestion drastically increases sample complexity and the generated peptides 
need to be further separated using liquid chromatography to tackle dynamic range 
issues prior to peptide ionization and identification using tandem mass spectrometry. 
To decrease sample complexity, it is necessary to separate the peptides according to their 
physico-chemical properties.

Ion exchange chromatography (IEX) is a widely used method to reduce sample complexity. 
The most common separation for tryptic peptides is the use of strong cation exchange 
(SCX) chromatography that allows to separate peptide according to their net charge in 
solution (30). SCX material uses a negative stationary phase to capture positive charges of 
the peptides, thus separating peptides according to its charge (31–34). In general, tryptic 
peptides have a lysine or arginine at their C-terminus and one free amine group at their 
N-terminus. At low pH (around 3), most of the acidic residues (aspartate, glutamate) will 
be neutral and peptides will possess two positive charges, which means that they largely 
co-elute under SCX chromatography. A typical SCX chromatogram of a tryptic digest 
shows a very intense peak corresponding to the largely co-eluting doubly charged peptide 
population. Weaker later eluting peaks correspond to triply and higher charged peptides, 
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Figure 1. General proteomics workflow (adapted from (29)).

which are a result of miss-cleaved peptides and/or peptides that contain histidine. 
A typical SCX separation allows to separate a bulk of peptides within 10 and 60 fractions 
(30). Low-pH SCX is also often employed as initial phosphopeptide enrichment 
step in multidimensional strategies, because of the ability to separate many of the 
phosphorylated peptides from the bulk of the peptides in a tryptic digest (21, 35). Due 
to the extra negative charges on the phosphate group, phosphopeptides are more acidic 
than non-phosphorylated peptides. Therefore, the use of an anion exchanger as stationary 
phase, such as for strong anion exchange (SAX) and weak anion exchange (WAX) have 
been reported as valid alternative to SCX chromatography (36, 37). However, quite often 
post-translationally modified peptides are low abundant and therefore masked by the 
bulk of the unmodified peptides. Thus, their identification is biased because of the high 
complexity and dynamic range. Consequently an alternative or additional enrichment 
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step is often necessary. Enrichment strategies are mainly based on metal affinity 
chromatography or immunoaffinity methods that are described later in this chapter. 

Subsequently, SCX fractions are injected onto a reversed phase chromatography column 
that is directly coupled to a mass spectrometer for further orthogonal separation, and 
identification. The choice of liquid chromatography for peptide separation is essential to 
improve the resolution and sensitivity. Therefore, the most commonly used separation 
technique are reversed phase (RP) liquid chromatography (LC) and ultrahigh pressure 
liquid chromatography (UHPLC). It results from the adsorption of peptides characterized 
by their specific hydrophobicity due to amino acid composition onto a hydrophobic solid 
support (C18 in general) in a polar mobile phase. Decreasing the mobile phase polarity 
by adding more organic solvent such as acetonitrile reduces the hydrophobic interaction 
between the solute and the solid support resulting in de-sorption. The more hydrophobic 
the molecule, the more time it will spend on the solid support and the higher the 
concentration of organic solvent that is required to promote de-sorption. Such an off-
line method is advantageous because it is regardless of the column size and buffers used, 
allowing for the analysis of large amount of peptide per fraction as well as the elimination 
of non-compatible solvents prior LC-MS analysis. A method termed “Mudpit” has been 
elaborated allowing a combinatorial SCX and RP separation in a single LC run that is 
directly coupled to MS (38, 39). This method has advantages in terms of automation and 
reduced time analysis. However, it suffers from drawbacks including the limited amount 
of material that can be analyzed, the reduced column lifetime, and the risk of sample loss 
due to extended analysis.

More recently, high-pH fractionation shows great promises for the separation of complex 
peptide mixtures including the analysis of phosphorylated peptides (40). This method 
employs the same principle as RP-LC separation. The main changing parameter is the 
basic pH of the mobile phase (pH=10) as compared to SCX-RP-LC (pH=3) allowing higher 
orthogonality and improved resolving power for in-depth proteome analysis as well as 
in-depth phosphoproteome analysis (40–44). However, this methods suffers from the 
incompatibility between mobile phase as well as the damaging effect of basic pH on 
silica-based stationary phase (41, 43, 44).

Finally, hydrophilic interaction liquid chromatography (HILIC) combined with RP-LC has 
been shown to be another useful strategy to reduce sample complexity. HILIC uses a polar 
stationary phase and a low aqueous mobile phase (5-20%) water in acetonitrile, creating 
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a water-rich liquid layer around the stationary phase  and retaining peptides according 
to their hydrophilicity (45). This method has shown a high orthogonality to RP-LC (46, 
47). However, peptide elution not only depends on hydrophilicity and depends also on 
salt concentration, pH, mobile phase and stationary phase (48, 49). Using HILIC as a first 
dimensional separation has shown to have higher separation efficiency and resolving 
power than SCX. However, the implementation with online RP-LC is difficult due to 
opposed mobile phase behavior (50).

B- Phosphopeptide enrichment

Protein phosphorylation is a one of the key regulatory mechanism of cellular signaling 
processes in mammalian systems. Protein kinases are phosphorylating proteins mostly 
on serine, threonine and tyrosine residues in eukaryotic systems in response to biological 
stimuli. This dynamic and reversible modification leads to changes in conformation, 
activity and interaction of proteins within signaling pathways. Mass spectrometry based 
phosphoproteomics has emerged as a powerful tool to analyze protein phosphorylation in 
a wide range of biological context as well as diseases. However, analysis of phosphorylated 
proteins and the characterization of their phosphorylation sites is one most challenging 
tasks in current proteomic approaches. The low stoichiometry of phosphorylated 
peptides as well as the low ionization efficiency and signal suppression in presence 
of non-phosphorylated peptides hamper their analysis (51). Reduction of the sample 
complexity can be achieved by various subcellular pre-fractionation techniques coupled 
with enrichment tools that we will describe.

Metal affinity chromatography
Because phosphorylation is a low stoichiometry modification, phosphopeptides (or 
phosphoproteins) must be enriched from complex mixtures that have high backgrounds 
of non-phosphorylated moieties prior to analysis by mass spectrometry (15). Depending 
on the type of sample and goals, different kind of enrichment strategies exists after 
proteolytic digestion. Chemical coordination using affinity chromatography has become 
the most widely used approach for phosphopeptide enrichment. 

The two most prevalent metal-based methods for enrichment of phosphoserine, 
phosphothreonine and phosphotyrosine peptides are immobilized metal affinity 
chromatography (IMAC) (52) and metal oxide affinity chromatography (MOAC) (19). 
IMAC is composed of an immobilized chelating group such as, nitrilotriacetic acid (NTA), 
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bound to a transition metal cation used as affinity ligands (including Fe3+, Ga3+, Zr4+) (53). 
Under acidic pH (below pH 2), acidic residues are neutralized by protonation except the 
phosphorylated residues which are more acidic and will retain their negative charge (54). 
While phosphopeptides are chemically coordinated to metal ions, the vast majority of non-
phosphorylated peptides are directly eluted in the flow-through. Purified phosphopeptides 
are then eluted using an alkaline buffer such as ammonia (55). However, peptides containing 
acidic residues are also retained on the material and are co-eluting with the phosphopeptides 
decreasing the specificity of the approach. 

Another strategy is based on the affinity of oxygen in phosphoryl groups for metals in metal 
oxide matrixes. Titanium dioxide (TiO2) is the most commonly employed MOAC agent, 
although zirconium dioxide and magnetite (Fe3O4) are also used (15). TiO2 microspheres 
(56, 57) are proven to have higher selectivity for phosphopeptides than IMAC materials 
(19). Several groups have utilized solution additives, like glycerol, bis-Tris propane, citric 
acid, or decoy amino acids (asparagine and glutamine), to improve TiOx and other MOAC 
enrichment efficiencies (58–60).

Recently, Ti4+-IMAC has been developed and has been proven to be more efficient than 
the above described methods (61). This method use the affinity of Ti4+ ions immobilized 
on a phosphate polymer. It has been shown to enrich for phosphopeptides with a higher 
number of basic residues (22). Moreover it has been shown to have better specificity and 
reproducibility than MOAC methods (61, 62). This enrichment strategy will be mainly used 
in this thesis. Interestingly, Ti4+-IMAC and TiO2 enrichments are showing a poor overlap 
and no clear differences between phosphopeptides enriched with the two methods 
when considering peptide length, site position, isoelectric point, hydrophobicity, motif 
analysis, and relative abundance of phosphopeptides (63). Sequential elution from IMAC 
(SIMAC) (64) allows the enrichment of mono- and multiply phosphorylated peptides from 
complex samples. After an initial IMAC enrichment, the unbound fraction (flow through) 
as well as the acidic fraction contain weakly bound monophosphorylated peptides that 
can be submitted for another round of TiO2 enrichment. The multiply phosphorylated 
peptides from the initial IMAC are eluted using basic condition and do not require another 
enrichment step prior analysis. Then, considering SIMAC approach can be a valuable 
approach for in-depth phosphoproteome analysis of complex samples but requires more 
experimental work (Figure 2).
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Figure 2. Common strategies for specific enrichment of phosphorylated peptides including affinity chromatography and 
immunoprecipitation (adapted from (51)).

Immunoprecipitation of tyrosine phosphorylated peptides
IMAC and MOAC enrichment are mostly used in discovery experiments and are mostly 
suitable for serine and threonine phosphorylated peptides. However, due to low sub-
stoichiometry of tyrosine phosphorylated peptides in eukaryotic systems, alternative 
strategies are required. The use of immunoaffinity chromatography is the main 
alternative strategy for phosphotyrosine studies. Here, specific antibodies directed 
against phosphotyrosine residues are used and crossed linked to agarose or sepharose 
beads for immunoprecipitation of tyrosine phosphorylated peptides under physiological 
pH. Nevertheless, combinations of metal-based and antibody-based affinity enrichments 
have proven to be useful for general and phophotyrosine-specific phosphoproteomic 
experiments (65, 66). Motif-based immunoaffinity purification, affinity enrichment 
based on polyhistidine tags, and polymer-based enrichment substrates have also been 
successfully employed as alternative enrichment strategies (15). However, this approach 
suffers from the high amount of sample required (up to milligrams of peptide mixtures), 
lack of reproducibility due to nonspecific binding, batch-to-batch variability of antibody 
production, and/or lack of dedicated effort from the field to refine protocols for global 
phosphoproteomic experiments (15).
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C- Ionization techniques

Peptides need to be ionized in the gas-phase to be further analyzed by a mass spectrometer 
that measures mass/charge ratio. Many ionization methods exist but matrix-assisted laser 
dissociation (MALDI) (67) and electrospray ionization (ESI) (68) are the two predominantly 
used ionization techniques (Figure 2). Those methods are called soft ionization techniques 
since they produce gas phase ions without in-source fragmentation keeping the analyte 
intact and preserving covalent as well as non-covalent interactions during the ionization 
process at atmospheric pressure (69). It produces stable protonated species (M+H)+ or 
deprotonated species (M-H)- that can be further analyzed by mass spectrometry (70).

MALDI ionization
In MALDI, ions are generated from a solid state under vacuum. First, the peptides 
are co-crystallized with an organic matrix solution (α-cyano 4 hydroxycinamic acid, 
dihydroxybenzoic acid or sinapinic acid) on a metal plate. The ionization is initiated 
by a pulsed laser excitation that transmits energy onto the matrix and partially to the 
analytes, leading ultimately to their desorption and desolvation. In this process, most of 
the peptides are converted into singly protonated ions for their analysis by MS (67, 68). 
MALDI has the advantage to be a rapid method giving low complex MS spectra and is less 
sensitive to salts and detergents contained in a sample. However, it suffers from low laser 
shot to shot reproducibility and cannot be online coupled with liquid chromatography/
fractionation techniques, making this ionization technique not optimal for full proteome 
analysis.

Electrospray ionization
In ESI, ions are generated from a liquid phase at atmospheric pressure. ESI is driven by 
the application of a high electric field (1-6kV) between an emitter (spray needle) and the 
inlet of the mass spectrometer (counter-electrode). The initial droplet generated at the 
extremity of the needle form the Taylor cone and contains many charged species. This 
droplet is dispersed in many thin droplets by the electrostatic repulsion called Coulombian 
explosion when reaching the Rayleigh limit. The solvent contained in those thin droplets 
is further evaporated leading to a reduction of droplet diameter and increased charged 
density. The process is repeated until the formation of single ion species containing 
multiple charges depending on the length and amino acid composition of the peptide 
(71–73). However, the exact mechanism of how gas phase ions are generated remains 
unclear and two models have been proposed until now: the charge residual model (CRM) 
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(74) assuming that electrospray droplets undergo evaporation and fission cycles. At the 
opposite the ion evaporation model (IEM) (72) assumes that gas phase ions are generated 
by the electric field strength at the surface of a droplet and the solvent evaporation.

Due to the acidic condition in sample preparation and chromatographic separation, 
peptides are gaining positive charges in the gas phase that allows them to be attracted 
by a negative electric potential generated by the mass spectrometer and to be analyzed.

Figure 3. Ionization sources in mass spectrometry based proteomics. A. Matrix-assisted laser desorption ionization 
(MALDI). The use of a matrix and intense UV laser pulses are used to induce desorption of the sample and protonation of the 
analytes. B. Electrospray ionization (ESI) induces a formation of the Taylor cone that is further disolvated due to the 
electrostatic repulsions between analyte ions and increased temperatures (adapted from (75)).
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D- Mass analyzers

Mass spectrometry measures mass to charge ratio (m/z) of an analyte ion in the gas phase 
and in high vacuum. This measurement is performed by an analyzer that can use different 
principles,  ion traps (IT), Orbitraps and ion cyclotronic resonance (ICR) can separate ions 
based on their velocity, quadrupole (Q) analyzers use the velocity of ions and time of flight 
analyzer (TOF) uses a time measurement of ions (70). Those analyzers have different 
capacities in terms of resolution, scan speed, sensitivity and dynamic range and their use 
depends on the type of proteomics experiment required. For instance, scan speed and 
resolution are predominant parameters used in a discovery experiment while sensitivity 
and selectivity are more dedicated to a targeted approach. Mass analyzers can be also 
coupled in tandem or hybrid to perform multiple fragmentation steps to satisfy specific 
needs (76). In this chapter, we will discuss mass analyzers used in this thesis.

Quadrupole (Q)
A quadrupole consists of four cylindrical or hyperbolic shaped metal rods placed in 
parallel (70, 77) (Figure 4A and B). When ions are introduced inside the analyzers in the z 
axis, potentials applied by the rods are determining an ion motion. The pairs of opposite 
rods are each held at the same potential which is composed of a direct current (DC) and 
a radiofrequency (RF) component giving rise to a dynamic electric field determining the 
ion motion through the analyzer. For a given set of RF and DC, the ion motion can results 
in a stable trajectory causing ions of a certain m/z value to traverse the quadrupole and 
to be further detected. If ions have no stable trajectory, they will collide one of the rod or 
leave the electric field generated by the quadrupole. 

By ramping a specific set of DC and RF voltages, the quadrupole filters ion packages with a 
specific m/z that can be detected after the analyzer or isolated for further analysis process. 
Upon setting the DC voltage U to zero, the quadrupole becomes a wide band pass for a 
broad spectrum of m/z ions. Such devices are commonly known as RF-only quadrupoles 
and are characteristics of ion guides such as hexapoles and octapoles to increase 
transmission efficiency between the different part of a mass spectrometer or in collision 
cells to focus ion fragments after ion precursor dissociation for further detection.
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Figure 4. Quadrupole-based mass analyzer. A. The electric field generated by the differential voltages applied on the 
quadrupole array results in the repulsion/attraction of positively charged peptides to the metal rods. B. Only ions with a 
certain m/z have a stable trajectory over the quadrupole while other ions will leave the quadrupole or collide metal rods. C. 
Schematic overview of a linear ion trap mass analyzer. D. When the ions are selectively ejected from the through a slit in the 
rods, the signal of each ion species can be measured by a detector such as an electron multiplier.

Nowadays, quadrupole analyzers are used in tandem mass spectrometry and can be 
found in triple quadrupole configuration (QqQ). In triple quadrupole mass spectrometers, 
Q1 serves as MS1, the intermediate RF-only device, q2 acts as field-free region for 
metastable ions or more often collision cell for CID experiments and Q3 is used to analyze 
fragment ions exiting from q2. Quadrupoles can be used also in tandem MS with other 
analyzers such as TOF (Q-TOF) or ion traps such as Orbitrap giving rise to multiple analysis 
possibilities in proteomic experiments.

Linear ion trap (LIT)
The linear ion trap is essentially a quadrupole with two electrodes on each end sides 
allowing it to axially maintain ions inside the rods. (78, 79). At the opposite of the 
quadrupole, all ions with different m/z are stored and ejected radially one by one according 
to their m/z through slots in the rods to be further detected (Figure 4D).

In ion traps, ion overfilling leads to an electrostatic repulsion between ions named space 
charging effect which deviates ions from their initial trajectory. Collisional cooling using an 
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inert “buffer” gas such as helium may bring translational ion motion along the axis, thereby 
enabling ion storage within that multipole (70). Placing electrodes of higher potential near 
the front end and back ends of RF-only multipoles creates a trapping potential within the 
multipole (70) allowing to focus all ions toward the center of the trap. As opposite to 3D 
traps which trap to a focal point, linear ion traps circumvent the problem of space charging 
effects which limits the maximum load of an ion trap. As a consequence linear ion traps are 
chosen for their higher ion storage volume (400 fold higher) allowing for better sensitivity 
and higher dynamic range analysis (70). 

Linear ion trap can be used for ion fragmentation in tandem mass spectrometry. By 
ramping up auxiliary voltages, ions are accelerated increasing their probability of collision 
with a gas molecules. The resulted kinetic energy gained by the ion is then transformed 
into vibrational energy, leading in the fragmentation of the precursor ion. As opposed 
to tandem MS in space, a single LIT analyzer has the potential to execute ion trapping, 
isolation and fragmentation prior detection. The combination of multiple cycles allows to 
perform MSn experiments for sequence determination and structural analysis of proteins. 
However, it is important to note that in ion trap CID, all product ions below a certain low-
mass cutoff (LMCO) determined by the RF amplitude, are not trapped. For CID of large 
ions, it is desirable to employ a relatively high RF amplitude to maximize the potential 
well depth and avoid ion losses by ejection; however, a high RF amplitude means that low 
m/z products are not trapped and so are not observed (80). 

Orbitrap
In 2005, Alexander Makarov introduced a new type of mass analyzer inspired from the 
Kingdon trap in 1923 (81) named Orbitrap. The Orbitrap consists of a central spindle-shaped 
electrode and a surrounding barrel-shaped outer electrode that is split in two, separated 
by an insulating ring (82) (Figure 5). Ions are trapped due to their electrostatic attraction 
generated by a DC potential applied by the inner electrode while the outer barrel is set to 
ground potential. Ions oscillate axially along the spindle electrode in a harmonic orbit and 
moving back and forth along its axis. This motion is determined by an angular frequency 
ω that is inversely proportional to the square root of the m/z of the ion ((ω=√ (k (m/z)) 
where k is the force constant of the potential). The ion oscillation results in an image 
current on the outer electrodes that is recorded by a differential amplifier connected to 
the two halves. Fast Fourier transformation allows to convert the recorded time-domain 
signal into a mass/charge spectrum (83). Although the radial and angular frequencies are 
also mass dependent, the axial frequency is used because it is, to first order, completely 
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independent of energy and of the spatial spread of the ions (84). This mass analyzer offers 
a fast scan speed, a high mass resolution comprised between 60000 and 450000 coupled 
with a mass accuracy lower than 2ppm that allows multiple applications in proteomics 
(85, 86). 

Figure 5. Orbitrap analyzer in tandem mass spectrometry. A. Schematic view of the Orbitrap mass analyzer. Ions move 
toward an inner electrode defined by harmonic orbital movement. The signal depending is recorded by the outer electrode. B. 
The signal is converted using a Fourier transform into a frequency domain that is calculated to a mass to charge ratio. C. 
Orbitrap mass analyzer can be used in tandem mass spectrometry such as the LTQ-Orbitrap in combination with a dual 
linear ion trap to perform fragmentation based strategy including CID, HCD and ETD.

Nowadays, Orbitrap mass analyzers are extensively used in discovery or targeted 
proteomics experiments (18, 85, 87, 88). It can be used in tandem mass spectrometry to 
satisfy specific requirements. Orbitrap analyzers can be coupled with a linear ion trap, 
such as in the hybrid LTQ-Orbitrap series (Thermo-Fisher) or with a quadrupole, such as in 
the Q-exactive series (Thermo-Fisher). 

The LTQ-Orbitrap is composed of different mass analyzers including multipoles, dual 
linear ion trap and Orbitrap. Operations can be lead in a simultaneous manner between 
the different analyzers. While a full MS spectrum is acquired at high resolution and high 
mass accuracy in the Orbitrap analyzer, the selected ions can be isolated in a first linear 
ion at relative higher pressure (compared to the second trap) to be fragmented using 
collision induced dissociation (CID) or electron transfer dissociation (ETD) depending the 
properties of the isolated ion. The generated fragments are sent to a second linear ion 
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trap with a lower pressure where they are ejected through slots to the detectors for the 
generation of a MS/MS spectrum at high scan speed. 

If the detection is not performed in the linear ion trap, ions can be detected in the Orbitrap 
(MS or MS/MS scan). The transfer of ions occurs via a curved linear ion trap named the 
“C-trap”. The C-trap is used to accumulate and focus ions to allow rapid and homogeneous 
injection of ion packages into the Orbitrap. The Orbitrap analyzer is then used to read out 
the m/z of ions with high mass accuracy and high resolution (18).

In the LTQ-Orbitrap series (87), different methods of fragmentation can be used depending 
on the properties of selected ions. For instance, CID and ETD fragmentations are lead in 
the dual linear ion and fragments can be read out in the LIT or Orbitrap. But also higher 
collision-induced dissociation (HCD) can be performed in an additional multipole after 
the C-trap in the so-called HCD collision cell. In this case all fragments are read out with 
high resolution in the Orbitrap (89).

E- Detectors

Different type of detectors exists that can be used depending on the choice of separation 
or detection by the mass analyzer. The most used ion detector in mass spectrometry 
and particularly in ion trap analyzers are electron multipliers (EM) (Figure 6). Electron 
multipliers consists of a continuous dynode with a concave metal surface that enables a 
high signal amplification of each ion with a particular m/z value (up to 107). When an ion 
hits the surface of the detector, one or multiple secondary electrons are generated. This 
process is repeated leading to an exponential increase of the signal until the end of the 
dynode (70).

Figure 6. Schematic of an electron multiplier. When Ions collide the dynode, electrons are emitted and the signal is amplified 
through an electron multiplication cascade amplifying the signal up to 7 orders of magnitude.
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F- Peptide fragmentation

The single m/z value of a peptide ion is ambiguous for the attribution of a specific 
sequence and consequently a confident protein identity. Fragmentation techniques allow 
to uncover the amino acid sequence of a peptide by generating fragment ions that are 
different depending the type of fragmentation used.

The most frequently used fragmentation method is collision induced dissociation (CID) 
(90). CID can be performed in a collision cell that is tandem in space or in an ion trap that is 
tandem in time (91). In CID, peptides are excited by an electric field resulting in an increase 
of kinetic energy. Their activation proceeds via multiple collisions with an inert background 
gas, such as helium, nitrogen, argon or xenon. Due to a rapid vibrational redistribution 
(equilibration) of the internal energy, this process becomes equivalent to an internal 
“heating” of the precursor ions. When the internal energy reaches the fragmentation 
threshold, the weakest bonds are cleaved preferentially according to the mobile proton 
model (92). Most of the peptides are cleaved on the single C-N amine bond. Then, b- 
(N-terminal) and y- (C-terminal) ions are mostly observed on the MS/MS spectrum of the 
precursor ion according to the Roepstorff - Fohlman nomenclature (Figure 7) (93, 94). This 
fragmentation results from a short activation time (milliseconds) and is advantageous for 
short peptides with a low charge state.

Figure 7. Fragmentation nomenclature of peptide ion according to Roepstorff and Fohlman. 3 types of fragments can be 
observed. MS/MS spectrum are generated based on N-terminal fragment ions (a, b, c) and C-teminal fragment ions (x, y, z) 
depending on the cleavage site (94).
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However, the efficiency of CID fragmentation depends highly on the peptide properties 
including peptide length, amino acid composition and post-translational modifications. 
For large peptides, the energy is distributed on a larger number of amide bonds explaining 
the low fragmentation efficiency of such ion precursors and the poor MS/MS spectra 
information. Furthermore, cleavages between the acidic amino acids E, D, and also at 
N-terminal P are preferred (95). Finally, abundant internal fragmentation and loss of 
PTMs occur frequently including phosphorylation due to their lability (96).

A more recent type of fragmentation termed higher-energy collisional dissociation (HCD) 
provides beam type CID tandem MS with detection of fragment ions at high resolution in 
the Orbitrap mass analyzer (86). In HCD, ions are accelerated to gain kinetic energy prior 
to their entrance in a dedicated collision cell in which ions are colliding with gas molecule, 
such as nitrogen or argon. Fragments are then transferred back through the C-trap 
for analysis with high resolution in the Orbitrap. Compared with traditional ion trap-
based CID, HCD fragmentation does not suffer from LMCO. It provides high resolution 
ion detection as well as increased number of ion fragments resulting in higher quality 
MS/MS spectra (97). Moreover, less chemical reactions/rearrangements occur before 
fragmentation due to faster energy deposition. It results in less unusable fragments or 
neutral losses and enhances PTM analysis such as phosphorylation where predominant 
neutral losses can be observed in CID MS/MS spectrum (98). One major drawback, 
however, is that spectral acquisition times are up to two fold longer because more ions are 
required for Fourier transform detection in the Orbitrap compared with detection of CID 
spectra in the ion trap via electron multipliers (97). 

Electron-transfer dissociation (ETD) (99) was recently developed as an alternative 
fragmentation method to preserve more labile modifications including 
phosphorylation and glycosylation (96). In ETD, fragmentation of peptides occurs 
by transferring  electrons via a radical anion molecule such as fluoranthene causing 
backbone fragmentation at the N-Cα bonds of amino acids. The generated fragment 
ions are mostly c- (N-terminal) and z-ions (C-terminal) (94). However, low charge 
densities of doubly charged peptides results in a very low fragmentation efficiency 
resulting in charged reduced and non-fragmented precursors (79) that can be 
overcome through the use of supplemental CID activation (78, 100). Whereas CID-
based sequencing produces spectra with limited peptide backbone fragmentation, 
ETD has shown to generate more complete series of ions and thus more extensive 
sequence information for high charged peptides, with the additional advantage of leaving 
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Figure 8. MS/MS spectra of a phosphorylated peptide (FQSEEQQQTEDELQDK). The doubly charged precursor (1031.42 
m/z) was fragmented using IT-CID (A) and beam type CID (HCD) (B). The triply charged precursor (687.95 m/z) was best 
fragmented using ETD (C).

labile post-translational modifications (PTMs) intact (97). Consequently, ETD can provide 
significant alternative fragmentation information that complements HCD and CID-
derived data to improve peptide coverage and PTM localization (Figure 8). Combining 
fragmentation techniques in an appropriate decision-tree algorithm that picks the most 
optimal fragmentation method based on the precursor charge and length could be 
beneficial (101, 102).
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G- Peptide and protein identification

Each MS/MS spectrum contains information concerning the amino acid sequence 
as well as the potential post-translational modifications of a peptide belonging to a 
protein. However, a single LC-MS/MS run can generate tens of thousands MS/MS spectra 
causing manual interpretation to be an impossible exercise. Database search algorithms 
such as Mascot (103), Sequest (92) or Andromeda (104) are available to extract MS/MS 
spectra information for identification and sequencing of peptides. Each algorithm has 
its own particularities but they are fundamentally exploiting the same rules for peptide 
sequencing and protein identification. Those algorithms are first generating theoretical 
MS/MS spectra by an in-silico digestion of all the protein sequences contained in a defined 
database. The size of this generated MS/MS spectra library is highly dependent on the 
number of proteins included in the database. Other parameters including the proteolytic 
enzyme used, the numbers of missed cleavages, the chemical modifications as well as post-
translational modifications assigned to specific amino acids can drastically increase this 
library. For one protein, hundreds of theoretical MS/MS spectra can be easily generated. 

In a first step, the theoretical mass of the precursor ion is compared to a theoretical mass 
within a defined mass window which is highly dependent on the mass accuracy and mass 
precision of the analyzer. In a second step, MS/MS spectrum of the selected precursor ions 
are matched against their theoretical MS/MS spectrum. By using an appropriate scoring 
algorithm, the closest match or matches between theoretical and experimental spectrum 
can be identified. However, when matching tens of thousands spectra to million possible 
candidates, the probability to obtain a false positive is increasing.

Several statistical tools can be employed to assess the confidence of peptide spectrum 
matches (PSMs). A way to estimate the rate of false discoveries (FDR) is to perform a 
second search using a reversed or decoy database (93). If a PSM is matching against the 
peptides generated in this database, it is considered as a false positive or decoy PSM. The 
false discovery rate is estimated by dividing the number of decoy PSMs by the number 
of total PSMs (95). For most of the proteomic experiments, a FDR limited at 1% is used 
to consider true positives (105). Other parameters can be used additionally to lower 
the number of false positives including peptide score, peptide length and number of 
miss cleavages. However, extensive filtering steps are increasing peptide confidence but 
decrease database search sensitivity. Then, database search algorithm and statistical 
reliability are still a heavily debated in proteomic research (106).
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II- Quantitative proteomics  

Biology in general and systems biology in particular require quantitative data as an input 
for modeling. In MS-based proteomics, quantitative approaches are of central importance 
to distinguish which signaling pathways, including PTMs, are involved at different cellular 
states or different times. Although sensitive MS allows to identify a large number of 
proteins, a very limited picture of protein abundance can be provided due to the different 
chemical properties of peptides in a sample including differences in ionization efficiency 
make their level of detection different. However different strategies allowing to study 
difference in peptide abundance and quantitative information can be extrapolated into 
two distinct groups: absolute quantification for the determination of the amount or 
protein copy numbers in a sample, or relative quantification (label-free, metabolic and 
 

Figure 9. Quantitative strategies for global phosphoproteomics. MS1 quantitation is a popular approach because 
measurements of phosphopeptides across their elution profiles provide accurate quantitative information. Label-free 
quantitation requires no additional steps in the phosphoproteomic workflow, and samples are analyzed individually. In 
contrast, stable isotope labeling methods permit multiplexing, where multiple samples can be mixed after labeling and then 
analyzed in the same LC−MS/MS analysis. In metabolic labeling, stable isotopes are incorporated into samples in culture 
(SILAC), before protein digestion (ICAT) or after protein digestion (iTRAQ, TMT). Peptides from different samples vary in 
mass based on the incorporated isotopes, which can be seen by mass shifts in the MS1 (SILAC, ICAT and dimethyl labeling) or 
in the MS2 (for iTRAQ and TMT allowing comparison of relative reporter ion intensities. Intensities of peptides or reporter 
ions can be used for relative quantitation of peptides.) (15).
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chemical labeling strategies) to determine change in protein amounts between different 
conditions (Figure 9). Each quantification method has strengths and weaknesses that 
we will discuss in this section. 

A- Absolute quantification

Several methods to determine the copy numbers or the absolute amount of a protein 
within a biological system exist. The most used one relies on the use of a synthetic 
stable-isotope labeled peptide (internal standard) that is introduced at a known 
concentration at the peptide level (AQUA) (107) or at the protein level (PSAQ, QconCAT) 
(108, 109). For the AQUA strategy, quantification is performed using single reaction 
monitoring (SRM) or multiple reaction monitoring (MRM) analysis in order to reduce 
interferences from background ions. It results in the direct detection and quantification 
of both the native peptide and isotope labeled internal standard peptide (110). However, 
this method suffers from several drawbacks despite its reproducibility and sensitivity: 
the synthesis of internal standard peptides is expensive which makes this method a 
limit for high-throughput quantification, the internal standard is introduced after the 
proteolytic digestion and sample handlings may affect results prior the addition of the 
synthetic peptide. Alternatively, QconCAT strategy allow for the absolute quantification 
of multiple peptides and is based on the expression of synthetic internal standard 
protein resulting from the concatenation of proteotypic peptides to be measured (108) 
increasing the multiplexity of the experiment. Nevertheless, such approaches are 
mainly applicable for the study of one or few proteins within a sample for the validation 
of potential biomarkers for example. 

B- Label-free quantification

Label-free proteomics refers to the absence of an isotopic label where each sample is 
independently prepared and measured by LC-MS/MS. Label-free protein quantification 
contains two different categories of quantification: relative quantification by measuring 
precursor ion intensities (XIC-based quantification) (111), the number of peptide matched 
spectrum (PSM) belonging to a protein after MS/MS analysis (spectral counting) (112), or 
absolute quantification.
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Relative label-free quantification
 
·	 XIC-based quantification

In a LC-MS/MS run, every peptide is associated with an m/z value and is detected at 
a retention time by the mass spectrometer with a particular intensity (XIC). This XIC is 
strongly correlating with the peptide/protein concentration  in the sample (113). XICs 
are mapped across different LC-MS measurements from different samples using their 
coordinates combining the peptide sequence (or m/z value) and the retention time of the 
peptide. This raises the possibility to perform ratio calculation to compare the amount of 
peptide and/or protein between an unlimited numbers of samples. 

However, applying such a method for the analysis of changes in protein abundances has 
some constraints. First, differences in peak intensities can occur from run to run caused by 
experimental bias (including sample preparation and digestion) and analysis conditions 
(ionization variability and spray stability) that can be different from sample to sample. 
Second, drifts in retention time and m/z can bias the accuracy of a run to run comparison. 
This drift can be the result of the analysis of an important number of samples as well as 
the quantity of sample loaded onto a same reverse-phase column. Consequently, high 
reproducibility and robustness of a chromatographic system are essential parameters 
for peak alignment and intensity comparison in this comparative approach even if 
contemporary software can normalize reasonable drift of retention time (114–116). Finally, 
the enormous amount of data generated by LC-MS/MS analysis of complex mixtures 
requires automation of data analysis and computer algorithms are required to generate 
results at a comprehensive scale for biological interpretation (117).

·	 Spectral counting
This method assumes that an increased protein level in a sample results in an increased 
number of proteolytic peptides, and vice versa. The increased number of peptides 
usually results in a higher number of PSMs as well as an increased sequence coverage 
of the protein (38). Therefore, spectral counting can be used as a simple approach for 
relative protein quantification without the constraints of XIC-based quantification 
approaches. Moreover, no particular software is required but normalization and efficient 
statistical analysis are fundamental for robust quantification in complex mixtures. 
Since digestion of large proteins is generating more peptides, and subsequently, lead 
to more identification of spectra, a normalized spectral abundance factor (NSAF) was 
defined to counterbalance the effect of protein length on spectral count (118, 119). 
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NSAF consists in dividing the number of PSMs by the molecular weight of the protein 
allowing ultimately to the comparison of abundance of individual proteins in multiple 
independent samples.

Absolute label-free quantification
In addition to relative quantification, label-free proteomic methods such as exponential 
protein abundance index (emPAI) (120) or absolute protein expression (APEX) (121) can 
also be used in the determination of absolute abundance of proteins. Both methods are 
considering the properties of the identified protein including amino acid sequence or 
size. In the emPAI method, the protein abundance is defined as the number of identified 
peptides divided by the number of theoretically observable tryptic peptides for each 
protein.  APEX profiling allows to measure the absolute protein concentration per 
cell by calculating a correction factor based on the fraction of the expected number of 
peptides and the fraction of observed number of peptides proportional to one another. 
For any given protein, a critical correction factor (Oi factor) is calculated to estimate MS 
detectability based on peptide sequence properties including amino acid composition and 
length. Finally,  protein abundances are calculated using spectral counting information, 
identification probabilities and Oi factors (122).

C- Stable isotope labeling

Stable isotope labeling can be used to obtain quantitative information on proteins 
and peptides as well as their site specific modifications between different samples. 
This method can be applied to a wide variety of extracts ranging from cell to tissue. 
Incorporation of stable isotopes such as 2H, 13C, 15N and 18O allows the direct comparison 
of peptide abundances between samples in a single LC-MS run. It minimizes variation 
related to from sample preparation and LC-MS analysis as well as reduction of the LC-MS 
analysis time. A peptide labeled with stable isotopes differs in mass from its unlabeled 
counterpart during a single LC-MS analysis. The relative abundance is determined 
by integrating the XIC of the labeled and the unlabeled peptide at the MS level. Other 
methods allow the quantification of peptides at the MS/MS level by determining the 
intensity of a specific fragment named “reporter ion”. In both cases, it allows to calculate a 
peptide, and subsequently a protein ratio between different samples. In this chapter, we 
will describe the predominant quantitative methods used in proteomics.
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Metabolic labeling
In metabolic labeling, stable isotopes such as 15N and 13C are introduced via the 
synthesis machinery of a cell. A stable isotope labeling strategy termed SILAC for 
stable  isotope  labeling by  amino acids in cell culture is largely employed in proteomics 
(123). Heavy essential amino acids are added to amino acid deficient cell culture media 
and are therefore incorporated into all proteins as they are synthesized (123). Heavy 
arginine and lysine are the amino acids preferentially used in culture media since all 
tryptic peptides will contain a label (except for c-terminal peptides). A potential drawback 
of using heavy arginine is linked to its potential conversion into proline by the cell (123). 
In general, a SILAC experiment is considered successful if approximately 98% of the 
proteomes are labeled. Depending on cell type one or several generations of growing are 
necessary to ensure the labeling of the complete proteome. However, this method suffers 
from drawbacks including the cost and time for growing and maintaining cells on such 
a media, the inability of certain cells organisms to implement the labels, as well as the 
multiplexing capabilities limited up to 2 or 3 samples. 

Chemical labeling
Different type of samples including body fluids and tissues are not suitable for metabolic 
labeling. An alternative approach is to introduce stable isotope labels by chemically 
modifying the different proteomes with light and the others with heavy chemical reagent. 
In chemical modification-based approaches, stable isotope-bearing chemical reagents 
are targeted toward reactive sites on a protein or peptide (124). 

One example is the isotope-coded affinity tag (ICAT) used for protein labeling (125). The 
ICAT reagent consists of a reactive group that is cysteine-directed, a polyether linker region 
with eight deuteriums, and a biotin group allowing the recovery of labeled species. Here, 
proteins are extracted from samples, reduced and reactive cysteines are modified with 
the respective ICAT reagents. Prior protein digestion, the samples are pooled avoiding 
a possible bias introduced by enzymatic digestion. However, ICAT reagents are only 
targeting cysteine containing proteins. By consequence, a low number of peptides can be 
used for quantification.

Another strategy targets the primary amine groups (N-terminal and lysine) of peptides 
and proteins. Stable isotope dimethyl labeling is based on the reaction of peptide primary 
amines with formaldehyde to generate a Schiff base that is rapidly reduced by the addition 
of cyanoborohydride to the mixture (126, 127). Triplex dimethyl labeling can be generated 
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by the use of cyanoborohydride with different numbers of 13C and deuterium atoms. 
Dimethylated peptides are characterized by a difference of at least 4 Da in their mass 
between the different samples. This approach is particularly cost effective and applicable 
to any type of sample. However, the difference in properties of the deuterated peptides 
generated can compromise quantification due to a slight change in retention time on 
reverse-phase chromatography (128). A second downside is due to extensive handling 
in sample preparation as compared to protein labeling due to the introduction of the 
labeling reagent after protein digestion. This strategy is widely used in current proteomic 
workflows and has been shown to have similar accuracy to metabolic labeling (129). This 
strategy will be used in chapter 3.

Finally, distinct reactive chemicals are used for peptide quantification at the MS/MS level 
and referred as isobaric mass tags for relative quantification (iTRAQ) (130) and tandem 
mass tag (TMT) (131). This method consist in the addition of a tag to a peptide. This tag 
contains 4 distinct regions: a mass reporter region (M), a cleavable linker region (F), a 
mass normalization region (N) and a protein reactive group (R). The tags have the same 
mass between samples and only differ by isotopes substituted at various positions, such 
that the mass reporter and mass normalization regions have different molecular masses. 
Then, the quantified peptides have an identical mass in the MS1 scan. Upon precursor 
fragmentation in MS/MS mode, sequence information is obtained from the peptide 
fragmentation spectra and the quantification is obtained from HCD fragmentation of the 
tags, which is giving the intensity of the reporter ion. This quantification method allows 
to perform multiplexing experiment until 10-plex in a single run, increasing the analytical 
throughput (132). However, quantification can be biased by peptides with similar mass 
precursors which can be co-isolated and fragmented (133). Moreover, reagents are very 
expensive and not compatible with further enrichment steps including Ti4+-IMAC for 
phosphopeptide analysis. 

 
III- Sphingolipid metabolism

A- Sphingolipid biosynthesis

Sphingolipids (SL) are a class of lipids based on straight-chain amino alcohols of 18–20 
carbon atoms, called sphingoid bases which are produced in the endoplasmic reticulum 
(ER) from non-sphingolipid precursors (134). Modification of the sphingoid backbone 
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structure is achieved by multiple enzymes to give rise to the vast family of SLs. These 
multi-purpose molecules play vital roles in membrane structure and organization, as 
well as in various signaling pathways that regulate cell function (134).  SL homeostasis is 
governed by common synthetic and catabolic pathways which makes SL metabolism a 
highly complex array of interconnections (134). In this part, we will describe the synthesis 
and catabolic process of SL in mammals (Figure 10) as well as in the yeast model system. 

Figure 10. Scheme of the sphingolipid metabolic process in mammals (adapted from (135). Bioactive SL metabolites are 
highlighted in red. SPT, serine palmitoyl transferase; KDS, 3-ketodihydrosphingosine reductase; DES, 
dihydroceramidedesaturase; SPPase, Sph phosphate phosphatase; CK, Cer kinase; C1PP, C1P phosphatase; SMS, SM 
synthase; PC, phosphatidylcholine; DAG, diacylglycerol; GCS, glucosylceramide synthase; GCase, glucosyl CDase.

Ceramide synthesis
The first and rate limiting step of de-novo SL synthesis is the condensation of L-serine 
and palmitoyl-CoA to create 3-ketodihydrosphingosine (KDHSph) (136). This reaction is 
catalyzed by the enzyme serine palmitoyl transferase (SPT) in the cytoplasmic leaflet of 
the ER and is common between mammals and other eukaryotic organism such as yeast 
(134). SPT is a pyridoxal 5’-phosphate (PLP) dependent-enzyme that belongs to the alpha-
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oxoamine synthase family (137). The two functional core subunits of SPT, Lcb1 and Lcb2, 
were first discovered in yeast and later characterized in mammals (138). The active site 
of the enzyme is localized on Lcb2 and contains a  lysine  and several other key catalytic 
residues that are not present in Lcb1, which does not participate in  catalysis  but is 
nevertheless required for the functionality and stability of the enzyme (139). In mammals, 
a third subunit Lcb3 has been identified, and is an isoform of Lcb2 (140). While Lcb2 shows 
specificity for palmitoyl-CoA, Lcb3 prefers myristoyl-CoA and lauryl-CoA (140). Finally, 
Tsc3 is a non-essential subunit increasing the enzyme activity that has been identified in 
Saccharomyces cerevisiae (141) . Loss of SPT has a dramatic effect on mammalian cell viability 
with a partial function loss seen in the inherited progressive disorder including Hereditary 
Sensory Neuropathy type I (HSN1) (142).

The product of SPT, KDHSph, is then reduced by the ER enzyme ketodihydrosphingosine 
reductase (KDHR) to produce dihydrosphingosine (DHSph) or sphinganine in a reaction 
that requires NADPH. KDHR contains three putative transmembrane domains and its 
catalytic site faces the cytosolic surface of the ER (134, 143).  DHSph is then N-acylated 
by one of six (dihydro)ceramide synthases in mammals  to produce dihydroceramides 
(DHCer) with different acyl chains (144). In a final step, DHCer is desaturated by DHCer 
desaturase (DES), generating a 4,5-trans-double bond in the N-linked acyl chain to produce 
ceramide (Cer) (145–147). Cer is then transported to the Golgi complex, where it serves as a 
substrate for the production of various classes of complex SLs, such as sphingomyelin and 
glycosphingolipids in mammals or phosphoinositol-containing SLs in budding yeast. In 
addition, Cer can be converted into the signaling molecules sphingosine and ceramide-1-
phosphate. Contrary to its single chain precursors DHSph or Sph, Cer is virtually insoluble 
in water. Therefore, its transport from the ER to the Golgi relies on vesicular traffic (148) or 
a specialized lipid carrier protein, called ceramide transfer protein CERT (149).

Complex sphingolipids

·	 Sphingomyelin and other complex phosphosphingolipids
In mammals, the bulk of Cer is used for the synthesis of sphingomyelin (SM), the most 
abundant SL in mammalian cells. CERT is required for ceramide delivery to the trans-Golgi 
where SM is produced (149). SM production involves the transfer of a phosphocholine 
headgroup from phosphatidylcholine onto the primary hydroxyl of Cer, a reaction catalyzed 
by SM synthases in the Golgi lumen or on the surface of the plasma membrane, yielding 
SM and diacylglycerol (150). Mammalian cells contain two SM synthases, namely SMS1 
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in the trans-Golgi and SMS2 at the plasma membrane (151). SM primarily accumulates in 
the plasma membrane and is particularly abundant in myelin, a membranous sheath that 
surrounds and insulates the axons of neurons (152). Breakdown of SM is an essential part 
of membrane homeostasis and is coordinated by the action of sphingomyelinase (SMase), 
an enzyme that cleaves off the phosphocholine headgroup from SM to generate Cer (153). 
Misregulation of SM turnover has dramatic effects. For instance, SMase hyperactivation 
by oxidative stress increases the Cer concentration and may represent an important factor 
in the loss of oligodendrocytes in the central nervous system (154). At the opposite end 
of the spectrum, in a rare hereditary disease called Niemann-Pick types A and B, SMase 
deficiency causes the accumulation of SM in spleen, liver, lungs, bone marrow and brain, 
causing irreversible damage in these tissues (155). In budding yeast, Cer is primarily used 
for the production of the SM analog inositolphosphoryl ceramide (IPC) by a SMS-related 
enzyme called IPC synthase (156). IPC is further converted into mannosylated SLs: MIPC 
and M(IP)2C, with the latter being the most abundant of the inositol-containing complex 
SL in budding yeast (157).

·	 Glycosphingolipids
Mammals also use Cer to produce another class of complex SLs that carry a sugar 
head group, called glycosphingolipids (GSLs). GSLs are divided into two categories: 
glucosphingolipids and galactosphingolipids (134). 

Galactosphingolipids are generated by the addition of a galactosyl group to the Cer by the 
enzyme galactosylceramide transferase (CGT). CGT is a transmembrane protein with its 
catalytic site facing the lumen of the ER. This enzyme has a limited tissue distribution and 
is mainly detected in Schwann cells, oligodendrocytes, kidneys, testis and intestine (134). 
In the central nervous system, GSLs occur at high concentrations in oligodendrocytes and 
in myelin. A deficiency of CGT has been linked to severe motor weakness due to loss of 
nerve conduction, male infertility and premature death (158, 159). Galactosphingolipids 
and their subsequent metabolites, the sulfatides, are very important glycosphingolipids 
in axon myelination and represents 31% of total myelin lipid (160). 

Cer can reach the surface of the cis-Golgi by vesicular transport for glycosylation by the 
glucosyl ceramide synthase (GCS) to produce glucosylceramide (GC). GC is the core 
compound for the synthesis of a wide variety of GSLs and its synthesis is essential for 
development in mammals (161). For instance, loss of GCS in mice results in embryonic 
lethality but is rescued by the addition of exogenous GC to the embryos (161). Specifically 
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in neurons, loss of GCS induces premature cell death 11-24 days after birth suggesting 
that GSLs are necessary for neuronal function and proper brain maturation (162). GC can 
be degraded and reconverted into Cer by the action of the lysosomal glucocerebrosidase 
(GCase). GCase deficiency leads to  GC  accumulation in cells in a pathology called 
Gaucher disease. GC are then glycosylated by the lactosylceramide synthase to produce 
lactosylceramides (LacCer) in the Golgi lumen (163–166). LacCer are members of the 
GSL family and are known to be bioactive lipids in various cell physiological processes. 
However, the direct targets of LacCer and cellular events mediated by LacCer are largely 
unknown (167). Addition of sugars by several galactosyl-, N-acetylgalactosaminyl-, syalyl-, 
and fucosyltransferases can elongate the oligosaccharide chain of mammalian GSLs (168) 
giving rise to 4 different categories including the cerebrosides, sulfatides, globosides and 
gangliosides with biological roles ranging from membrane structure, host-pathogen 
interactions, cell-cell recognition, and modulation of membrane protein function. Some of 
these enzymes are involved in the formation of the oligosaccharide backbone of the GSLs, 
while other enzymes such as sialyltransferases and fucosyltransferases, are involved in 
the synthesis of the periphery of the oligosaccharide. The constitutive degradation of GSLs 
occurs in the acidic compartments, the endosomes and the lysosome (169). Disturbance of 
GSL metabolic and catabolic processes salts in a variety of diseases, particularly lysosomal 
storage diseases (170). For instance, alteration of the level of gangliosides leads to the 
fatal Tay-Sachs disease, which is characterized by a deficiency in hexosaminidase A that 
causes GM2 accumulation in lysosomes. Ultimately, the  ganglion cells  in the nervous 
system swell enormously, disturbing the normal functions of neurons (171).

Ceramide-1-Phosphate
Cer kinase (CERK), a member of the DAG kinase family, allows phosphorylation of Cer 
to produce Cer-1-phosphate (C1P) (134). CERK is capable to phosphorylate multiple 
Cer species (172). C1P can be recycled by a C1P phosphatase to regenerate Cer that can 
be further glycosylated by glucosyl- or galactosyl Cer synthases. It shows the greatest 
substrate specificity for C6, C8, and C16 ceramides, indicating that the location of 
the  sphingosine  group plays a role in specificity (173, 174). It has been shown that C1P 
is involved in cell survival and the regulation of cell proliferation: it stimulates DNA 
synthesis and cell division in fibroblasts, prevents apoptosis by inhibiting the caspase-9/
caspase-3 pathway and preventing DNA fragmentation in macrophages (175). It was 
also demonstrated that C1P perpetuates the phosphorylation of glycogen synthase 
kinase-3 β and retinoblastoma protein contributing to cell proliferation and that CERK 
is able to activate signaling pathways including 3-kinase/Akt (PI3K/Akt), ERK1/2, and 
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mTOR (176). CERK ability to produce signaling molecules that facilitate the activation of 
cell proliferation, differentiation, proliferation indicate that dysregulated CERK and its 
product C1P expression may be important in cancer signaling processes. Interestingly, 
CERK is not essential for development since normal levels of C1P have been found in KO 
mouse  brains suggesting that C1P can be produced through a mechanism independent of 
CERK (177). Future research will help to understand the contribution of CERK to C1P levels 
and potentially identify other enzymes involved in C1P production. On the other hand, 
C1P can be dephosphorylated to Cer at the plasma membrane and this may be a way to 
terminate the regulatory effects of C1P. However, this process remains unclear (178). 

Sphingosine and Sphingosine-1-Phosphate
Sphingosine (SPH) is not synthesized de-novo but it is generated from Cer by ceramidases 
(CDases). CDases have been classified in three groups  according to their localization 
and pH activity: acid CDase, neutral/alkaline CDase, and alkaline CDase (179). In total, 5 
human ceramidases have been identified, namely acid ceramidase (hAC/ASAH1), neutral 
ceramidase (hNC/ASAH2), alkaline ceramidase 1 (ACER1/ASAH3/haCER1), alkaline 
ceramidase 2 (ACER2/ASAH3I/haCER2), and alkaline ceramidase 3 (ACER3/PHCA/
aPHC) (179). This process is reversible by various ceramide synthase that can condense 
sphingosine with a fatty-acyl-CoA to produce ceramides. 

Phosphorylation of sphingosine to produce sphingosine-1-phosphate (S1P) is catalyzed 
by two sphingosine kinases, SK1 and SK2. Those kinases are members of the DAG family 
and are found in the cytosol and ER of various type of cells (180). Although SK1 and SK2 
catalyze the same reaction, their substrate specificities are slightly distinct and their 
subcellular localization seems to determine their activity within cells (134). Sphingosine 
kinase 1 (SK1) is a cytosolic enzyme, but it can associate with the plasma membrane, move 
into the nucleus or be secreted from cells (181–185). Translocation of SK1 to the plasma 
membrane has been well characterized and has been shown to be induced by ERK2 
phosphorylation (186). The metabolic significance of SK1 translocation to the plasma 
membrane is inducing S1P production and extracellular release of S1P. Activation of SK1 
is necessary for the proliferative effects of many different growth factors. SK1 may play an 
important role in survival and resistance to chemotherapy (187) since its overexpression 
in sensitive cells can induce resistance to chemotherapy (184). On the other hand, SK1 has 
two putative nuclear export sequences (NES) that are essential for SK1 to leave the nucleus 
(181). The effect of SK1 localization in the nucleus remains unclear despite that it may 
inhibit cellular proliferation. Finally, SK1 has been shown to be secreted from endothelial 
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cells to generate S1P in the extracellular space following coordinated hydrolysis of plasma 
SM by secretory SMase and neutral ceramidase. However, the physiological meaning of 
SK1 secretion remains unclear. SK2 is mainly located at the periphery of the nucleus and 
has a broader substrate specificity than SK1. In contrast to SK1, it is thought to induce 
apoptosis through its overexpression (188). SK2 may have a distinct function compared to 
SK1 by possessing an enhanced ability to recycle sphingoid bases in unique coordination 
with SPP1 for ceramide synthesis (189), which concentration is known to induce apoptosis. 
The structural basis for this difference has not been characterized yet. From functional 
studies, studies SK1 and SK2 have redundant functions during development since SK1/2 
knockout do not induce developmental defects alone. However, each SK may have unique 
functions in mature tissues since SphK1  −/−  mice have specific defects in inflammatory 
response (190). 

S1P can be degraded by the S1P lyase (SPL), an integral ER membrane and PLP  dependent 
enzyme facing the cytoplasm (191) leading to the production of hexadecenal and 
ethanolamine phosphate, the major exit route of metabolism of sphingolipids. SPL 
has broad substrate specificity including S1P, dihydrosphingosine-1-phosphate, and 
phytosphingosine-1-phosphate. Since it is localized in the ER, all sphingoid phosphate 
bases must reach this compartment for their final degradation.

B- Sphingolipid homeostasis 

Homeostatic regulation of serine palmitoyl transferase
Regulation of SL homeostasis is of fundamental importance for cells and, to a larger 
extent, for multicellular organisms since SLs are not only important determinants of 
membrane organization and function, but also provide a source of bioactive molecules 
whose accumulation or absence can severely influence cell functions and lead to a variety 
of pathological conditions (11, 12, 192).

Serine palmitoyl transferase (SPT) has been well studied in yeast and is found within a 
larger protein complex, named the SPOTS complex. The SPOTS complex is composed of 
Lcb1, Lcb2, the regulatory subunit Tsc3, the phosphoiniositide 4-phosphatase Sac1 and 
the ER transmembrane proteins Orm1 and Orm2 (8). Sac1 is a PI4P phosphatase that may 
inhibit SPT activity since cells lacking SAC1 are strongly resistant to SPT inhibition with an 
elevated LCB levels. However, the mechanism of this inhibition remains unclear, although 
a direct role for PI4P or PI in regulating SPT is a possibility. 
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Members of the  ORM  gene family include two genes in budding yeast (ORM1/2) and 
three genes in humans (ORMDL1/2/3) (193). The Orm proteins have no known functional 
domains; however, they are strongly conserved and have been proposed to share a 
common function (194) . An increased expression of Orm proteins has the same effect 
as a reduction in Lcb1/2 expression, indicating that Lcb1/2 and Orm1/2 proteins have 
opposing roles. Moreover, cells lacking Orm1/2 accumulates LCBs and ceramides, whereas 
cells expressing higher than normal levels of Orm1/2 contained reduced levels of these SL 
intermediates (192, 195). Then, the role of Orm proteins within the SPOTS complex is to act 
as negative regulators of sphingolipid biosynthesis, and act directly on the SPT in response 
to SL levels and nutrient availability. Myriocin, a specific and potent inhibitor of the SPT, did 
not affect Orm1/2 expression or binding to Lcb1/2. While Orm proteins are constitutively 
present in the SPOTS complex, their ability to act as suppressors of SPT activity was found 
to be mediated by post-translational modification including phosphorylation (Figure 11) 
(8, 196, 195).

Cellular sphingolipid levels
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Figure 11. Orm are negative regulators of the serine palmitoyl transferase within the SPOTS complex. Upon cellular 
depletion of sphingolipids, multi-site phosphorylation of Orm proteins gradually relieves their inhibitory activity on 
SPT allowing de-novo synthesis of LCBs (adapted from (195)).

Orm proteins are the target of two signaling pathways controlled by target of rapamycin 
complexes (TORC), in which TORC1 and TORC2 are working in an antagonistic way. TORC2 
plays a positive role in Orm inactivation, promoting SL synthesis. At the opposite, TORC1 
is a negative regulator of the SL pathway. While TOCR2 is involved in de-novo synthesis 
regulation, TORC1 is controlling complex SL synthesis (Figure 12) (9).

On the one hand, sphingolipid depletion by the SPT inhibitor myriocin induces de-novo 
sphingolipid synthesis. Upon sphingolipid depletion, TORC2 complex is activated and 
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triggers Orm1 and Orm2 phosphorylation via the kinase Ypk1. Orm phosphorylation 
induces conformational changes in the SPOTS complex from an oligomeric to a more 
monomeric state, and Orm2p delocalization from the cortical ER to the nuclear ER (8). 
Those events lead to the release of ORM inhibitory activity and the activation of the SPT 
for de-novo synthesis of sphingolipids. Hence, TORC2-Ypk1 phosphorylation indirectly 
activates the SPT and increases the synthesis of the SL precursors creating a feedback 
loop. Recently, Cdc55-protein phosphatase 2A (PP2A) has been shown to counteract 
Ypk1 activity in  Orm-mediated sphingolipid biosynthesis regulation (198). Feedback 
regulation between Orm phosphorylation and sphingoid bases have been suggested 
in yeast. A model supports that Pkh-Ypk signaling cascade and Cdc55-PP2A facilitate/
ensure rapid, transient sphingolipid production upon heat stress through regulation of 
Orm protein phosphorylation: A Pkh-Ypk cascade is rapidly activated upon heat stress. 
2) Orm phosphorylation rapidly increases. 3) Orm phosphorylation releases inhibition of 
SPT activity. 4) Activated SPT promotes de novo synthesis of sphingoid intermediates. 
5) Accumulated sphingoid intermediates act as signaling molecules to initiate the 
cellular heat shock responses, as described in the introduction. Sphingoid intermediate 

Figure 12. Model of regulation of sphingolipid synthesis by TORC1 and TORC2 signaling pathways (adapted from (197)).
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accumulation also feeds back to dephosphorylate Orm proteins, possibly by inhibiting 
Pkh-Ypk kinase activity or/and activating Cdc55-PP2A phosphatase activity (198). 
Interestingly, it appears that calcium and calcineurin are at the hub of a signaling network 
that maintains sphingolipid homeostasis. TORC2 has been reported to regulate ceramide 
synthesis in a calcineurin-dependent manner (199). However, calcineurin does not 
appear to regulate sphingolipid homeostasis via Orm phosphorylation but supports the 
fact that ER homeostasis is maintained by cross-talk between UPR and other signaling 
pathways. On the other hand, inhibition of the nutrient-sensitive TORC1 complex triggers 
phosphorylation of ORM proteins but does not affect the localization of Orm2 neither the 
oligomeric state of the SPOTS complex (197). It induces phosphorylation of Orm proteins 
on distinct phosphorylation sites via the protein kinase Npr1 by means of Sit4p activation. 
It reduces the inhibitory activity of Orm proteins leading to SPT activation and increasing 
the synthesis of complex sphingolipid (200, 201). 

Moreover, Orm proteins are known to be involved in many other signaling processes, 
including heat stress (202), iron toxicity (203) and unfolded protein response (204, 
205),(197) integrating these Orm regulators in a complex signaling network. Thus, the 
SPOTS complex may be responsible for coordinating sphingolipid homeostasis with a 
variety of processes that control cell growth and response to nutrients. The fact that Ypk1 
and Npr1 specifically phosphorylate different Orm residues (197) suggests that a crosstalk 
between TORC1 and TORC2 signaling pathways  might regulate SL metabolic control (9). 
Although the role of Orm proteins in controlling SL pathway is conserved in mammals, the 
precise mechanism remains unclear, because Orm phosphorylation sites modulated by 
Ypk1 and Npr1 kinases in yeast are not conserved (193). Further research in this field should 
help to understand how mammals control Orm proteins in SL homeostasis.

Homeostatic regulation of Cer transport and metabolism 
Other SL metabolic enzymes are under control of protein phosphorylation in response 
to sphingolipid demands. For instance, the sphingoid long chain base kinase Lcb4 is 
responsible for the synthesis of (long chain based phosphate) LCB-P in yeast. In stationary 
phase, Lcb4 is phosphorylated by the cyclin-dependent kinase Pho85 for its degradation 
in the vacuolar compartment.  Phosphorylation of Lcb4 may be physiologically important 
for proper cellular responses to nutrient deprivation (206).

To allow efficient SM biosynthesis in mammals, Cer produced in the endoplasmic 
reticulum must be transported to the trans-Golgi by the cytosolic ceramide transfer 
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protein CERT. CERT-mediated ceramide trafficking is regulated by two kinases, namely 
protein kinase D (PKD) (207) and casein kinase I gamma 2 (CKI) (208). It has been shown 
that CKI hyperphosphorylates the serine-repeat motif of CERT, thereby inactivating CERT 
and down-regulating the synthesis of SM. Interestingly, in yeast, a member of the casein 
kinase family,  CKA2, has also been implicated in regulating ceramide synthesis (209). 
An additional mechanism of regulation of ceramide kinase has been evoked due to its 
reversible dimerization that regulates its activity (210). Modifications by phosphorylation 
or glycosylation allow ceramide synthases to form homo- or heterodimers, thereby 
regulating their activities (210). In S. cerevisiae, the two ceramide synthases Lag1p and Lac1p 
associate with the regulatory subunit Lip1p  (211). Regulation by oligomeric state is also 
found at SPT level. In yeast SPT interacts with the regulatory subunit, Tsc3  (141), and in 
mammals and Drosophila SPT interacts with a regulatory subunit named small subunit of 
SPT (ssSPT)(212, 213).

 
Perspectives 

Key to defining proper sites for therapeutic intervention is a comprehensive understanding 
of the complex, largely unknown mechanisms of sphingolipid homeostasis and how 
sphingolipid signaling pathways are interconnected. It appears that phosphoprotein 
signaling pathways are controlling biosynthesis and dynamic regulations of sphingolipid 
metabolism in yeast and mammals. Defective signaling pathways could contribute to 
misregulation of sphingolipid metabolism leading to pathologies called sphingolipidoses. 
Determining key phosphorylation processes in SL metabolism would contribute to 
novel therapeutic opportunities in sphingolipidosis as well as understanding regulatory 
processes in sphingolipid metabolism.

 
Scope of the thesis
 
Protein phosphorylation as an important node in regulating SL dynamics. Additional 
phosphorylation events occur in key enzymes in the pathway however to date the 
exact extent of protein phosphorylation in response to changes in SL homeostasis, and 
its effects, are unknown. More generally, the network of regulatory proteins acting at 
the various levels of SL biosynthesis, interconversion and breakdown is far from being 
understood and requires more knowledge. In this perspective, mass spectrometry based 
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(phospho)proteomics could be used as a key method to determine new modulators of 
SL homeostasis and by consequent deciphering key sites for therapeutic intervention in 
sphingolipidoses including Niemann-Pick disease.

In chapter 2, we will investigate the intricacies of de-novo sphingolipid homeostasis 
by combining transcriptomic, proteomic and phosphoproteomic screens in the yeast 
Saccharomyces cerevisiae upon SL depletion using myriocin. We show that SL depletion 
triggers only small changes on the expression and steady-state levels of regulatory 
proteins of SL homeostasis. However, label-free phosphoproteomic strategy shows 
a dramatic regulation of the phosphoproteome suggesting that maintaining SL 
homeostasis demands rapid responses that cannot occur at the transcriptional level. To 
discover which of the phosphoproteomic changes are required for the cell’s response to 
SL depletion and which are a result of the cellular changes we combined the results with 
systematic screens for genes required during growth in myriocin when either mutated or 
overexpressed. By following the rate of SL biosynthesis in those candidates that are both 
essential for growth during myriocin and are phosphorylated in response to the drug we 
uncovered new regulators of SL homeostasis.

In chapter 3, we used quantitative MS based (phospho)proteomics to study the “in 
vivo” effect of NPC1 loss of function in the mouse cerebellum. We were able to decipher the 
potent implication of (phospho)proteins in Niemann-Pick pathogenesis by analyzing the 
proteome and phosphoproteome of NPC1 mutant mice cerebella. Our data provide a new 
resource for elucidation of deregulated pathways in NPC1 disease onset and progression 
and will aid the identification of potential new therapeutic targets.

In chapter 4, a parallel project alongside the study of sphingolipid homeostasis was 
to explore the regulation of serine/threonine protein phosphatase type-1 (PP1) in atrial 
fibrillation patients. We proved that in AF patients this phosphatase is dysregulated at 
the level of its regulatory subunits opening new therapeutic opportunities for atrial heart 
diseases.
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Abstract

Sphingolipids (SLs) are essential components of cell membranes and are broad-range 
bioactive signaling molecules. SL levels must be tightly regulated as imbalances affect 
cellular function and contribute to pathologies ranging from neurodegenerative and 
metabolic disorders to cancer and aging. Deciphering how SL homeostasis is maintained 
and uncovering new regulators is required for understanding lipid biology and for 
identifying new targets for therapeutic interventions. Here we combine omics technologies 
to identify the changes of the transcriptome, proteome and phosphoproteome in the 
yeast Saccharomyces cerevisiae upon SL depletion induced by myriocin. Surprisingly SL 
depletion triggers only minor changes in the expression of regulatory proteins involved in 
SL homeostasis. However, dramatic regulation occurs at the level of the phosphoproteome 
suggesting that maintaining SL homeostasis demands rapid responses. To discover which 
of the phosphoproteomic changes are required for the cell’s first-line response to SL 
depletion we combined the results with systematic growth screens for genes required 
during growth in myriocin when either mutated or overexpressed. By following the rate 
of SL biosynthesis in those candidates that are both essential for growth during myriocin 
and are phosphorylated in response to the drug we uncovered Atg9, Stp4 and Gvp36 as 
putative new regulators of SL homeostasis. 
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Introduction

Sphingolipids (SLs)  are structural components of cell membranes as well as signaling 
molecules involved in a wide range of cellular processes including secretion, endocytosis, 
chemotaxis, neurotransmission, angiogenesis, and inflammation (1). Over the past years, 
significant new knowledge about SL metabolism has emerged, including delineating 
the compartmentalized synthesis of SLs in the endoplasmic reticulum (ER) and the 
Golgi apparatus , SL trafficking, turnover and degradation (1, 2). However, the regulation 
of SL homeostasis in response to metabolic demand remains largely unexplored (3, 4). 
SL  metabolites have been implicated in the onset and progression of various diseases 
including cancer, lung  diseases, diabetes, and lysosomal storage disorders (5). Thus, 
understanding the complexity of SL metabolism and the intricacies of its regulation is 
essential to define proper key sites for potential therapeutic intervention. The budding 
yeast Saccharomyces cerevisiae is an ideal model system to study eukaryotic lipid metabolism 
due to the high conservation and ease of use for systematic studies (6). Studies in yeast 
have consistently enabled the identification of key enzymes and sensors regulating SL 
metabolism in all eukaryotes including mammals (6). 

The first and rate-limiting step in the de-novo synthesis of SLs is common to mammals 
and yeast and takes place on the cytosolic face of the ER by the condensation of serine 
and palmitoyl-CoA leading to the synthesis of 3-ketosphinganine via the heterodimeric 
enzyme, serine palmitoyltransferase (SPT) (7). This enzyme, composed of two subunits 
in yeast (LCB1/LCB2) is embedded in the SPOTS protein complex with Orm1/2, Tsc3 and 
Sac1 (8). The role of the ORM proteins in this complex is to act as negative regulators of 
SPT. ORMs are constitutive members of the complex, consequently their activation and 
repression is mediated not by their expression pattern but rather by their phosphorylation 
state (8). Specifically, when SL levels drop, such as in the presence of the SPT inhibitor 
myriocin, the ORM proteins are reversibly phosphorylated by the Ypk1 kinase, inhibiting 
their activity and consequently removing the inhibition of SPT activity. Hence, Ypk1 
phosphorylation indirectly activates the SPT and increases the synthesis of the SL 
precursors creating a feedback loop (9). These findings demonstrate how SL dynamics 
can be regulated by reversible protein phosphorylation. It is well known that additional 
phosphorylation events occur in key enzymes in the pathway (10, 11); however, to date the 
exact extent and role of protein phosphorylation in response to changes in SL homeostasis 
are unknown. More generally, the network of regulatory proteins acting at the various 
levels of SL biosynthesis, inter-conversion and breakdown is far from being understood. 
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Here, we combined deep sequencing, mass spectrometry based proteomics, 
phosphoproteomics, along with whole-genome functional screens to identify regulatory 
proteins controlling SL biosynthesis in Saccharomyces cerevisiae following depletion of 
SLs by myriocin treatment. Using metabolic labeling assays for de novo formation of SLs 
we validated the involvement of three new regulators: Atg9, Stp4 and Gvp36. Globally, 
our multi-pronged approach permitted identification of new, unstudied proteins as 
modulators of SL homeostasis and suggests that the regulatory system of SLs is highly 
responsive, extremely dynamic and much more complex and intricate than previously 
thought. 

 
Experimental section

Strains used in this study - The yeast strain that was used in the transcriptome, proteome 
and phosphosproteome analysis is the SEY6210 (MATα ura3-52 his3-Δ200 leu2-3,112 
trp1-Δ901 lys2-801 suc2-Δ9). In the functional screens we used whole-genome mutant 
library (consisting of ~5000 non-essential deletions (12) and ~1000 hypomorphic alleles 
of essential genes (13)) or an overexpression library (14, 15)). Strains harboring deletion for 
GVP36, ATG9 and STP4 were taken from the deletion library (12).

Cell culture and mRNA extraction for transcriptome analysis - The yeast strain SEY6210 
(MATα ura3-52 his3-Δ200 leu2–3,112 trp1-Δ901 lys2-801 suc2-Δ9) was grown overnight 
in YPD (Yeast Extract-Peptone-Dextrose). Two samples were back diluted in YPD and 
one in SD (Synthetic Defined) complete to let the yeast grow in logarithmic phase.  At 
OD600=0,8 the YPD medium was supplemented with two different final concentrations 
of myriocin from Mycelia sterilia (Sigma) (150 ng/ml and 300 ng/ml, respectively) while 
the SD complete medium was supplemented with 150 ng/ml final concentration of 
myriocin.  1.5 ml of samples were taken at 0 and 60 min and after centrifugation at 
4 °C they were frozen in liquid nitrogen. RNA was extracted as described (16) using 
Nucleospin 96 RNA kit Cells lysis was done in a 96-well plate by adding 450 μl of lysis 
buffer containing 1 M sorbitol (Sigma-Aldrich), 100 mM EDTA, and 0.45 μl lyticase 
(10 IU/μl). The plate was incubated in 30°C of 30 s in order to break the cell wall and 
then centrifuged for 10  s at 2500 rpm, and the soup was transferred to a new 96-well 
plate, that provided by the Nucleospin 96 RNA kit. From that stage on, the extraction 
continued using this kit. From RNA extracts, cDNA was made for each sample. The 
cDNA of each samples were run in the Illumina Highseq 2500.
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RNA Sequencing Analysis - RNA reads were aligned to the yeast strain S288C R64 
reference genome with BOWTIE. Number of reads for each gene was normalized by the 
total number of reads and multiplied by 106. Genes that obtained below ten reads were 
discarded from the analysis. After alignment to the genome read number per sample 
was calculated for every gene. The raw data was compiled by using a script written in 
matlab. The data that was collected at 0 and after 60 min, had two replicates each one 
as described. The fold changes of the mean of the two time points were compared, then 
sorted and plotted for each condition in log2 scale.  Hits were defined as those with signal 
larger than 2 (upregulated) or less than 0.5 (downregulated). The hits were compared 
with SL homeostasis genes (Supplementary table 1) and with of genes related to general 
stress response (17). The analysis was done in Rstudio.

Cell culture for proteome and phosphoproteome studies - The yeast strain SEY6210 
(MATα ura3-52 his3-Δ200 leu2–3,112 trp1-Δ901 lys2-801 suc2-Δ9)  was grown in YPD 
medium (1% yeast extract, 2% peptone, 2% dextrose) at early- to mid-log phase. Medium 
was supplemented with 150 ng/ml of myriocin from Mycelia sterilia (Sigma) or ethanol. 
Cells were harvested after 0, 30, 60, 120 and 180 min of treatment by gentle centrifugation 
at 3000 × g for 10 min at 4 °C. Cell pellets were washed twice with milliQ water and snap-
frozen in liquid nitrogen. Frozen cell pellets were freeze dried overnight and the remaining 
powder stored at -80 °C prior cell lysis.

Cell lysate for proteome and phosphoproteome studies - 10 mg of yeast powder was 
resuspended in 100 μl of lysis buffer (8 M urea, 2 M thiourea, 50 mM Ammonium 
bicarbonate (ambic) containing protease inhibitors (complete-Mini EDTA free, Roche) 
and Phosphatase inhibitor (PhosSTOP, Roche)). Cells were disrupted with 0.5 mm 
diameter glass beads (Biospec products) (volume : beads ratio = 1) using a Tissue Lyser II 
(QIAGEN) during 5 min at 4°C. Supernatant was collected and remaining glass beads were 
washed with 600 μl of lysis buffer, vortexed 10 to 15 seconds. The second supernatant was 
collected and combined with the first one leading to a total volume of approximately 800 
μl. Lysates were centrifuged 15 min at 20000 rpm at 4 °C and supernatant subjected to 
protein concentration determination using Bradford assay (Biorad).

Protein digestion for proteome and phosphoproteome studies - Proteins were reduced 
by addition of 5 mM  DTT and incubated for 35 min at 55 °C. The mixture was cooled to 
room temperature, followed by alkylation using 15 mM iodoacetamide in the dark for 25 
min. The alkylation reaction was quenched with 5 mM dithiothreitol. A first proteolytic 
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digestion was performed by addition of Lys-C during 4h at 37°C, 1:75 enzyme to protein 
ratio concentration. Urea concentration was diluted to 2 M with 50 mM  ammonium 
bicarbonate (AMBIC) pH 8.0. Second proteolytic digestion was performed by addition of 
Trypsin (Promega), 1:100 enzyme to protein ratio, and incubated at 37 °C overnight. The 
digestion was quenched by addition of 10% formic acid (FA) and desalted over a C18 Sep-
Pak (Waters). Eluted peptides were finally dried down and stored at -80 °C.

Phosphopeptide purification by immobilized titanium (IV) ion IMAC adsorbents - IMAC 
material was prepared and used essentially as previously described (18). Briefly, Gel-
loader tips that were plugged with C8 material (3M) were filled up to 1 cm with Ti4+-IMAC 
beads. Columns were equilibrated with 50μl loading buffer (80% ACN, 6% trifluoroacetic 
acid (TFA)). 200 μg of peptides were reconstituted in 100 μl loading buffer, loaded onto the 
columns and washed with 50μl washing buffer 1 (50% acetonitrile (CAN), 0.5% TFA, 200 
mM NaCl) and subsequently 50 μl washing buffer 2 (50% ACN, 0.1% TFA) at 50 × g at 4 °C. 
Phosphopeptides were eluted with 35 μl elution buffer 1 (10% NH3 in H20) followed by 2 
μl elution buffer 2 (80% ACN, 2% FA) at 50 × g at 4°C. Eluate was acidified with 3 μl 100% 
FA, dried down and stored at -80 °C until analysis by Nanoscale liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS).

Liquid chromatography and mass spectrometry - LC-MS/MS was performed in technical 
duplicate on a reversed-phase EASY nano-LC 1000 (Thermo Fisher Scientific, Odense, 
Denmark) coupled to an Orbitrap Q-exactive mass spectrometer (Thermo Scientific, 
Bremen, Germany) using higher-energy collisional dissociation (HCD) fragmentation. 
Briefly, peptides were loaded on a double-fritted trap column (100 µm inner diameter x 
2cm, packed with 3 μm C18 resin, ReproSil-Pur AQ; Dr. Maisch, Ammerbuch, Germany) at 
a flow rate of 5 µl/min in 100% buffer A (0.1% FA in water). Peptides were transferred to 
an analytical column (50 µm inner diameter x 50 cm, packed with 2.7 µm C18 particles, 
Poroshell 120 EC-C18; Agilent Technologies, Waldbronn, Germany) and separated using 
a 180 minutes gradient from 7 to 30% buffer B (0.1% FA in 100% ACN) at a flow rate of 
100 nl/min. Q-exactive survey scans were acquired at 35,000 resolution to a scan range 
from 350 to 1500 m/z. The mass spectrometer was operated in a data-dependent mode 
to automatically switch between MS and MS/MS. The twenty most intense precursor’s 
ions were submitted to HCD fragmentation using an MS/MS resolution set to 17,500, a 
precursor automatic gain control (AGC) target set to 5 × 104, a precursor isolation width set 
to 1.5 Da, and a maximum injection time set to 120 ms.
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Data processing for proteome and phosphoproteome studies - Raw data were processed 
with MaxQuant version 1.3.0.5 (19). MS and MS/MS spectra were searched using the 
Andromeda search engine against a Saccharomyces Genome Database database 
version 2010_02 containing 5779 proteins. The database search was performed with 
the following parameters: Methionine oxidation, S,T,Y phosphorylation set as variable 
modification for the phosphopeptide analysis, cysteine carbamidomethylation set as 
fixed modification, max charge peptide = 6, minimum peptide length = 6, FT MS/MS 
tolerance = 0.05Da, peptide and protein identification set to 1% FDR. For label-free 
quantification (LFQ), match between runs was selected with a maximum shift time 
window of 3 minutes. The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium (20) via the PRIDE partner repository with the 
dataset identifier PXD003463. Proteins and phosphopeptides that were only identified 
by reverse hits or identified as contaminants were filtered out from the resultant 
peptide list generated by MaxQuant. Proteins and phosphosites were quantified by 
label-free quantification. Normalization was performed by subtracting the median of 
log transformed intensities for each nLC-MS/MS run. Proteins and phosphosites were 
considered as quantified if detected in at least 2 biological replicates in treated and 
control conditions and in at least one time point. To identify significantly regulated 
proteins, a two sample t-test was performed and proteins were defined as regulated 
with at least 2 fold changes and a p-value≤0.05 between treated and control conditions 
in at least one time point. To identify significantly regulated phosphorylation sites, 
statistical validation was performed using a two sample t-test with a permutation-
based FDR. Phosphorylation sites with at least 4 fold changes between treated and 
untreated conditions and a q-value≤0.2 in at least one time point were considered as 
significantly regulated prior cluster analysis using R.

Myriocin screening on the yeast deletion and overexpression libraries - The yeast deletion 
(12) together with the damp (13) and overexpression (14, 15) libraries were replicated on 
SD complete or SGal agar plates (respectively) with or without myriocin (0,05 µg/ml). In 
the overexpression library overexpressed gene are under the control of Gal promoter.  The 
plates were incubated at 30 oC and were imaged after 36 h and colony sizes were analyzed 
using the Balony (21) software.

Metabolic labeling of yeast strains - The radioactive [4,5 3H]-dihydrosphingosine was 
prepared as described previously (22) and has been further purified in the solvent 
system chloroform:methanol:2M acetic acid (18:10:2) before using it in the metabolic 
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labeling experiments. The OD of 1 ml cell culture of the different yeast strains in early 
logarithmic phase were adjusted to 0,3 in SD complete medium and then were incubated 
with or without myriocin (1µg/ml) for 10 min before the labeling. Then 8 µCi of [4,5 3H]-
dihydrosphingosine was added and cells were incubated for 30 min. The cells were placed 
on ice and the reaction was stopped by the addition of 50 µl of NaN3 (10% in water). Cell 
pellets were washed with 1 ml of ice-cold water and lipids were extracted by the addition 
500 µl of chloroform-methanol-water (CMW) (10:10:3) by vortexing with 200 µl of glass 
beads as described previously (23). Cell debris was separated by centrifugation and the 
organic phase was transferred to a new tube and dried under nitrogen flow. Dried samples 
were dissolved in 100 µl of water-saturated n-butanol and extracted with 50 µl of water. 
The aqueous phase were back extracted twice with 100 µl of water-saturated n-butanol. 
The combined butanol phase were dried under nitrogen flow and dissolved in 30 ul of 
CMW and then applied to thin layer chromatography plates (Kieselgel 60 plates, 20 X 20; 
Merck Millipore) and developed in solvent system chloroform:methanol:2M acetic acid 
(18:10:2) as described (24). Radiolabeled lipids were exposed to a tritium-sensitive screen 
(BAS-IP TR 2025 E, GE Healthcare Life Sciences) for 8h and visualized and quantified on a 
Bio-Rad phosphorimager. 

 
Results

Inhibition of SL biosynthesis by myriocin does not elicit a broad transcriptional 
response

In order to understand how cells respond to a slowdown in SL biosynthesis we inhibited SPT 
by a low dose of myriocin and performed transcriptomic, proteomic, phosphoproteomics 
and functional analysis to uncover novel regulators under these conditions (Figure 1A).  For 
the deep sequencing we deliberately chose two concentrations that are known to inhibit 
SPT (myriocin has nanomolar affinity to Lcb1/Lcb2 (25)), but minimally affect growth or 
viability during the 60 min treatment (YPD (Yeast Extract-Peptone-Dextrose)+150 ng/ml 
or 300 ng/ml) (Figure S1 and S2). This ensures the identification of factors responsible for 
the response to myriocin and not to cell cycle arrest. 

Following administration of myriocin we quantified and annotated 4,888 and 4,938 
transcripts for the two different concentrations of treatment (YPD-150 ng/ml and YPD-
300 ng/ml, respectively (Figure 1B)). We focused on those proteins known to be part of 
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the SL enzymatic and regulatory network (Figure 1C and Table S1). Interestingly both up 
and downregulation seem to affect the central core of the pathway in a way that would 
minimize loss of Long Chain Bases (LCBs) (both the dihydrosphingosine (DHS) and 
the phytosphingosine (PHS) forms), central metabolites whose levels must be tightly 
maintained. For example, Ydc1 and Ypc1, ceramidases that produce DHS and PHS, are 
upregulated. Similarly Dpp1, a phosphatase converting LCB-phosphates into LCBs, is also 
upregulated. On the other hand, the LCB kinase, Lcb5, is downregulated reducing loss of 
LCBs to their phosphorylated isoforms.  Hence when there is less de novo synthesis of LCBs, 
their levels are maintained by changing the flux of the SL pathway (Figure 1B and Figure 1C). 

Figure 1. Transcriptome analysis of low dose myriocin treated cells. A. Outline of the different methods used to study 
sphingolipid metabolism in yeast. B. Sphingolipid metabolic pathway. Shown are the enzymatic steps, enzymes and selected 
regulators of the sphingolipid pathway. C. Transcriptome analysis of up and downregulated genes. Yeast grown in YPD were 
supplemented with two concentrations of myriocin (150 ng/ml and 300 ng/ml). Duplicate samples were taken at 0 and 60 
min and subjected to deep sequencing. Transcripts were quantified and the changes in the number of transcripts at 60 min 
were compared to that of 0 min and plotted. The two fold up- and down-regulated transcripts that belong to the SL pathway 
are indicated with red and green font colors, respectively. D. Quantitative analysis of up- and down-regulated transcripts. 
The number of regulated transcripts at 60 min compared to 0 min at different concentrations of treatment are indicated.
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Interestingly, the transcriptional rewiring suggests that there is precise information on 
where the pathway is blocked: Faa4, which provides substrate for the SPT complex by 
converting palmitic acid to palmitoyl-CoA, is downregulated. This is despite the fact that 
Hfd1, which catalyzes the conversion of hexadecanal into palmitic acid, is upregulated 
(Figure 1B and Figure 1C). 

With a more global survey, we find that the number of transcripts that were down or 
upregulated at least two folds increased in a dose dependent manner (518 and 740 
transcripts, respectively) (Figure 1D). Among these regulated transcripts there were 201 
and 293 (YPD-150 ng/ml and YPD-300 ng/ml, respectively) genes that have been assigned 
to general stress response (17). However, even after extracting the general stress response 
genes and the known SL modulators there were still hundreds of changes occurring in 
the transcriptome. To uncover which of these were important for regulatory purposes we 
chose to investigate whether they also affect protein levels.

Protein levels do not change dramatically in response to inhibition of SL biosynthesis.

To correlate the changes at the transcriptional level with changes at the proteome level 
we performed in-depth quantitative proteomics analysis of yeast treated with myriocin 
over several time points (Figure 2A). We extended our analysis beyond the original 60 min 
treatment as translation rates may demand more time before transcriptional changes 
manifest as changes at the proteome level.  Our highly sensitive methodology (Figure 2A) 
identified a total of 3,286 unique proteins with less than 1% false discovery rate (FDR). 
Of these, 2,845 unique proteins were quantified in at least 2 out of 3 biological replicates 
and in at least one time point. A total of 563 unique proteins changed significantly when 
looking at all time points (Log2 fold change ≥1; p-value≤ 0,05) corresponding to 20% of 
the quantified proteins. Interestingly, most of the proteins whose levels were changed 
significantly did not change at the early time-points with only 101, 94 and 114 unique 
proteins changing in abundance at 5, 30 and 60 min from initiation of myriocin treatment, 
representing only 8% of the quantified proteins (Figure 2B). The majority, therefore, 
changed only 3 hours following myriocin treatment with 175 and 385 unique regulated 
proteins at 120 min and 180 min respectively (Figure 2B). 

These late changes most likely do not represent a cellular response to restore homeostasis 
but rather secondary events that occur following the dramatic changes that the cell 
experiences after 180 min of SL depletion. 
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Figure 2. In-depth proteomic analysis of low dose myriocin treated cells. A. (Phospho)proteomic workflow. Yeast were 
grown in YPD medium until mid-log phase and collected after incubation with 150 ng/ml myriocin inhibitor for 5, 30, 60, 
120 and 180 min. 3 biological replicates were analyzed per condition. Cells were lysed and proteins digested into peptides by 
trypsin and Lys-C. Samples were submitted to nanoLC-MS/MS analysis in a technical duplicate and protein quantification 
was performed by label-free using Maxquant. In parallel, the same samples were subjected to Ti4+-IMAC tips phosphopeptide 
enrichment. Phosphopeptides were analyzed in a technical duplicate by nanoLC-MS/MS. Phosphosites were quantified by 
label-free quantification using Maxquant to determine potent regulatory sites in sphingolipid homeostasis. B.  Quantitative 
yeast proteome analysis after incubation with myriocin inhibitor. The histogram displays the number of up and 
downregulated proteins per time point. The number of regulated proteins is drastically increasing after 120 min of myriocin 
inhibition with a maximum of 385 regulated proteins after 180 min. C. Integration of quantitative transcriptomic and 
proteomic analysis. Correlation between mRNA ratios (y-axis) and protein ratios (x-axis) after 60 min of myriocin inhibition. 
The quantified proteins known to be involved in the sphingolipid metabolism (yellow) do not display significant regulation. 
Most of the up-regulated genes (in red) are associated with the general stress response. D. Protein expression heatmap of 
sphingolipid metabolic pathway related proteins. For every time point the color scale is depicting the Log2 protein ratio. 
SPOTS complex members including Lcb1, Lcb2 and Sac1 are up-regulated in late time.
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Of 38 proteins with known roles in the SL metabolic pathway (Figure 1C), 15 were 
quantified successfully in both approaches after 60 min of myriocin treatment (Table S1 
and S2). The vast majority (10 proteins) did not change protein abundance (Figure 1C and 
Figure 2C) in agreement with the transcriptomic data (Tables S1 and S2). However, the 
directionality of changes seems to be conserved: The SPOTS complex proteins, Lcb2 (log2 
ratio=1.06, -log10 p-value=1.67) and Orm1 (log2 ratio=1.06, -log10 p-value=1.03), displayed 
increased levels potentially to downregulate the ceramide synthases and maintain LCB 
levels. Similarly, the SL alpha-hydroxylase, Scs7, reduced its abundance (log2 ratio=-1.27, 
-log10 p-value=2.21) leaving more ceramide that can be converted to LCBs free (Figure 2C). 

To study the SL pathway more closely we profiled the temporal changes of the main 
enzymes enabling us to observe expression trends for those proteins even if any single  
time point was not strongly significant (Figure 2D). For example, of the SPOTS complex 
only Lcb2 and Orm1 were significantly upregulated at a single time point, however two 
additional members, Lcb1 and Sac1, are consistently increasing in abundance from 60 min 
of treatment until 180 min of treatment similarly to Lcb2. In addition we see a consistent 
downregulation of Tsc10, the enzyme downstream to SPT, which makes sense as it has no 
substrate to work on (Figure 2D). 

In the small number of proteins that significantly change their abundance level in the 
first hour of treatment, many kinases and phosphatases were identified (Figure S3). For 
example, Pho85, a kinase that inhibits the sphingoid long chain base kinase Lcb4 (26)), 
was significantly upregulated over the entire time course of treatment. Conversely, 
the protein kinase, Pkc1, was downregulated significantly as early as 30 minutes after 
treatment (log2 ratio=-3.19 and continuously until 180 min of treatment (log2 ratio=-2.17)). 
Previously it has been shown that Pkc1 is activated by SL stress, for example during a 
transient increase of LCBs upon heat shock (27). In agreement, a reduction of Pkc1 as we 
have observed, should contribute to the release of its inhibitory function. More generally, 
the small number of proteins whose abundance changes in the early time points following 
myriocin treatment, coupled with the significant changes in the phosphorylation or 
dephosphorylation processes suggested that SL biosynthetic processes may be initially 
controlled by phosphoprotein signaling pathways.
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Depletion of SLs has dramatic effects on the yeast phosphoproteome

To decipher whether the regulatory network acting to maintain SL homeostasis was wired 
through phosphoproteomic changes, and to reveal potential signaling pathways affecting 
SL metabolism, we performed an in-depth and sensitive yeast phosphoproteome analysis. 
To ensure large scale and high throughput quantification of phosphorylation dynamics 
we used the label free Ti4+-IMAC (Immobilized Metal Ion Affinity Chromatography) 
enrichment strategy (28) at 5, 30, 60, 120 and 180 min following myriocin treatment (Figure 
2A). In total, 11,227 unique phosphorylation sites were identified with a maximum of 1% 
false discovery rate identification. Phosphosites were quantified only if the MS1 intensity 
of the corresponding phosphopeptide was measured in at least 2 biological replicates and 
in at least one time point, leading to a total of 6,219 unique quantified phosphorylation 
sites (Table S3). 2,553 phosphosites belonging to 1,051 phosphoproteins displayed an up 
or downregulation of at least 2 fold (p-value ≤0.05) in at least one time point (Table S3). 
Although a large number of phosphosites was regulated directly upon inhibition with 
myriocin (1,096 sites within 60 min of inhibition), a higher number of phosphosites was 
regulated at later time points (1,501 sites after 120 min of inhibition) potentially resulting 
from downstream phosphorylation amplification of activated signaling cascades. Since 
protein phosphorylation is a highly dynamic process, we focused on the most significant 
changes on 996 phosphorylation sites corresponding to 572 unique phosphoproteins that 
displayed a minimum of 4 fold changes between treated and untreated conditions and a 
significant q-value≤0.2 in at least one time point (Table S3). 

In this strictly defined differential category, we observed many changes previously 
documented in the literature. For example, Orm1 phosphorylation sites S29, S32, S35 and 
S36 were displaying increased and continuous phosphorylation as in agreement with 
previous reports(29) (Figure 3A). These sites were previously implicated in activating 
the synthesis of complex SLs via the TORC1 pathway independently of SPT activity (29). 
Indeed here we show that these sites are phosphorylated also upon myriocin treatment. 
Another known change occurs in Ypk1/2 that is activated upon changes in SL levels (9, 10, 
30). We identified and quantified Ypk1 phosphorylation sites S63, S653 and S672 (Figure 
3A). Out of these only S653 has previously been implicated in synthesis of complex SLs (31) 
suggesting that the two additional sites represent an additional level of regulation. Lastly, 
Ypk2 T501 phosphorylation site (Figure 3A) that has been reported to be activated upon 
rapamycin treatment via the TORC2 pathway was found to be upregulated (32).
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Using these known regulations as a validation of our approach, we next, focused on the 
novel sites that we observed. After application of our stringent thresholds, hundreds of 
phosphosites displaying very diverse and dynamic regulation still remained. To drill down 
into the different dynamics, we divided the regulated sites into six distinct time profiles 
generated with a Euclidian distance algorithm (Figure 3B). Surprisingly, these time 
profile clusters divide very cleanly to regulation at a single time-point (early, median or 
late); remaining clusters consist of phosphosites that are continuously and progressively 
reduced or increased.

Figure 3. In-depth phosphoproteomic analysis unravels potential regulatory sites involved in sphingolipid homeostasis. A. 
Individual dynamic profiles of phosphoproteins controlling sphingolipid metabolism. Dynamic representation of Log2 ratio 
for the regulated sites belonging to 3 selected phosphoproteins known to control de-novo synthesis of sphingolipids. The 
histogram (in black) represents the Log2 protein ratio of the selected phosphoprotein for each time points. Ypk1 was not 
quantified at the protein level.  Orm1 S32-3 and S36-3 correspond to the S32 and S36 Orm1 phosphosites quantified from a 
triply phosphorylated peptide. B. Quantitative yeast phosphosite analysis. A total of 6219 unique phosphorylation sites were 
quantified in at least 2 biological replicates using Maxquant. Of those, 997 where showing a significant regulation of at least 
4 fold changes after myriocin inhibition in at least one time point. Regulated phosphosites were distributed by Euclidian 
distance according to 6 different clusters. The blue line represents the averaged trend of the specified cluster. C. Enriched GO 
functions of regulated phosphoproteins of 3 clusters. Graphical representation of GO enriched functions. Y-axis is displaying 
the statistical significance of enrichment as evaluated by the p-value while the x-axis displays the ranking of the enriched 
GO function according to the p-value (x-axis). 
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As expected, the cluster “downregulation at 30 min” contains phosphosites associated to 
early regulatory events. GO enrichment related enrichment of proteins involved in the 
mitogen-activated protein kinase (MAPK) signaling cascade, including the kinases Bck1, 
Ssk2 and Cla4 (Figure 3C and Table S4). Recent reports have suggested that the MAPK 
signaling cascade is known to be activated by disruption of SL homeostasis (33). Our data 
suggests that these kinases are indeed regulating early signaling events after SL depletion. 

Later time points (e.g. 60 min) are enriched for proteins with a role in phospholipid 
transport, including the kinases Ypk1 and Fpk1 (Figure 3C and Table S4). Interestingly, 
those kinases are known to be involved in TORC2 dependent control of Orm proteins. 
Indeed our data shows an increased phosphorylation on multiple sites of these kinases 
over the entire time of treatment and independently of their protein abundance (Table 
S3) (9). 

Another process that is enriched at early time points is vesicular mediated transport 
(and specifically ER to Golgi trafficking through COPII vesicles) (Figure 3C and Table S4). 
Ceramides themselves have to be trafficked between the ER and Golgi and it has already 
been shown that SLs affect ER to Golgi trafficking (34). Our data suggests that an important 
effector of this crosstalk is Sec16, an enigmatic regulator of COPII vesicle formation, as 
Sec16 is phosphorylated at 11 different sites upon SL depletion (Figure S4 and Table S4). The 
lipid transfer proteins, Osh2 and Osh3, are also differentially phosphorylated on multiple 
sites suggesting that they are either involved in ceramide transfer themselves or counter-
balancing its depletion by transferring other lipids (35).

Uncovering novel regulators of the SL pathway using functional screens

Using the temporal analysis above, we were able to distinguish cellular processes altered 
by myriocin. However, the majority of phosphoproteins displaying significant changes 
have never been proposed to be involved in SL homeostasis. Hence it was impossible to 
dissect from this data alone which changes were active responses, essential for regulating 
SL biosynthesis and which were secondary effects of the cellular changes that occurred. 
Since we wanted to identify novel and active regulators of the pathway, we reasoned that 
their presence must be important for dealing with myriocin induced SPT inhibition. We 
therefore decided to measure the ability of cells to respond to myriocin treatment in 
the absence or overexpression of the proteins whose phosphosites were changing with 
functional screens (Figure 4A). 
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Our underlying hypothesis was that if a protein gets phosphorylated or dephosphorylated 
during myriocin treatment and this post-translational modification is an important 
enabler for the cell to survive under myriocin inhibition, then this protein’s function must 
become either essential or detrimental (and the phosphorylation/dephosphorylation 
would be activating or repressing accordingly). To see which proteins are either necessary 
or toxic during growth in myriocin we performed two systematic growth screens in yeast. 
We grew either a whole-genome mutant library (consisting of ~5,000 non-essential 
deletions (12) and ~1,000 hypomorphic alleles of essential genes (13)) or an overexpression 
library (14, 15)) on myriocin and scored the colonies for significant changes in size relative 
to growth without myriocin (Figure 4A and Table S2). 

Next we compared the list of high-confidence regulated phosphosites at any of the 
time points with proteins showing an effect in the functional screens. Five deletions 
were of proteins that had regulated phosphosites and were also sensitive to myriocin 
(Ssd1, Gph1, Shp1, Gvp36, Atg9). Four additional proteins displayed high sensitivity upon 
overexpression (Mlf3, Stp4, Aim21, Rod1) and had regulated phosphosites. 

To validate the above strains we re-measured their growth on myriocin relative to a 
control (WT) strain using a more accurate, serial dilution, assay (Figure 4B). Combining the 
phenotypes on myriocin (Figure 4B) and the phosphosites analysis (Figure 4C) we chose 
to continue with two deletions that caused increased resistance: gvp36, a bar domain 
protein (36) and atg9, a transmembrane protein involved in forming autophagic vesicles 
through an unknown mechanism (37). We also chose one deletion that caused increased 
sensitivity: stp4, a putative transcription factor (38).

If indeed these proteins modulate SL biosynthesis upon myriocin treatment, the 
biosynthesis of SLs should be altered in their absence even at very early time points. To see 
the immediate effect on SL metabolism we used metabolic labeling with radioactive [4, 5 
3H]-dihydrosphingosine which is a precursor of the SL pathway. We labeled cells with or 
without myriocin treatment and the extracted lipids were analyzed on thin layer 
chromatography (Figure 4D). In the case of ∆gvp36 and ∆stp4 we indeed saw a reduction of 
metabolic flow in the SL pathway that would account for their sensitivity to myriocin. 
Conversely, in the case of ∆atg9 we see a general increase that would explain its resistance 
to the drug. Quantifying these changes (Figure 4E) shows that the loss of these proteins 
exerted its effect already without myriocin, suggesting that these proteins act to regulate 
the SL pathway not only under myriocin treatment. How these proteins regulate SL levels 
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Figure 4.  Biological verification of newly identified proteins on SL homeostasis. A. Functional screens. A whole-genome 
mutant library (consisting of ~5,000 non-essential deletions (12) and ~1,000 hypomorphic alleles of essential genes (13)) or 
an overexpression library (where each yeast gene is under control of the highly expressed and regulated GAL promoter (14, 
15)) were grown on myriocin and the colonies were scored for changes in size. Based on the growth phenotype and 
phosphoproteome analysis we chose genes for further analysis. B. Validation of hits by dilution assays. Serial dilution of the 
indicated strains were spotted on agar plates containing 0 or 1,000 ng/ml myriocin and imaged after 48- 72h of growth. C. 
Individual dynamic profiles of the most interesting regulated phosphoproteins. Dynamic representation of Log2 ratio for the 
regulated sites belonging to 3 selected phosphoproteins. The histogram (in black) represents the Log2 protein ratio of the 
selected phosphoprotein for each time points. ATG9 and STP4 were not quantified at the protein level. D. Metabolic labeling 
of regulators. Cultures of the indicated strains in exponential phase were incubated with [4, 5 3H]-dihydrosphingosine for 30 
min. Lipids were extracted, separated on thin layer chromatography (A representative image of three independent 
experiment is shown.) E. Quantification of metabolic labeling. Quantification of three independent experiments of 
metabolic labeling. Values are normalized to wild type. Asterisks show statistical significance (* p< 0.05, ** p<0.01).
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will require further work, but it is appealing to suggest that their phosphorylation status 
may play an important role in their mode of action. More generally our findings highlight 
the power of combining functional screens alongside phosphoproteomics in specifically 
recognizing proteins whose presence underlies SL homeostasis in the cells.

 
Discussion

In our study we set out to discover new proteins involved in the maintenance of SL 
homeostasis. To tackle this we blocked the first committed step of de novo SL synthesis 
by employing myriocin, a highly specific inhibitor of the SPT complex, and defining 
changes to the transcriptome, proteome and phosphoproteome of Saccharomyces 
cerevisiae by high throughput sequencing, proteomics and phosphoproteomics. 
Our findings demonstrate, surprisingly, that the vast majority of changes following 
myriocin treatment are at the post-transcriptional and translational steps. This is 
in agreement with previously published microarray analysis of changes following 
myriocin treatment (39). Importantly, it highlights the importance of maintaining 
tight SL balance in the cell since Introducing small changes in SL composition greatly 
influences the overall biophysical properties of membranes very effectively (40). 
Therefore it seems that response to reduction of flow in the SL pathway by transcription, 
translation and transport of proteins to the site of action may take too much time and 
consume too much energy requiring that immediate activation and repression of 
pathways be utilized by posttranslational means.

Using this data we confirmed known phosphorylation sites of regulators such as Orm1 
and mapped their kinetics. We were not able to identify the Orm1 phosphorylation sites, 
which are known to be involved in controlling Orm1 activity via the TORC2 pathway upon 
myriocin treatment, releasing its inhibition on SPT complex (S51, S52, S53 (8, 9)). Instead 
we found upregulated phosphorylation sites previously linked to rapamycin treatment 
controlling SL homeostasis by upregulating complex SL synthesis via TORC1 and nutrition 
sensing pathway (S29, S32, S35, S36 (29)). Since the upregulation that we observe increases 
over the time course of the treatment it may be that cells turn on TORC1 pathway, primarily 
responsible for signaling nutrition depletion, to overcome the depletion of SL. Our screen 
failed to uncover a number of previously described phosphosites. This discrepancy can 
however readily be explained by differences in strategy, as our proteins were all native and 
untagged while previous studies used flag-tag enrichment (29).  

41297 Lebesgue, Nicolas_10p.indd   76 15-07-16   13:28



2

Multi-omics analysis of sphingolipid homeostasis in yeast

77

We identified and quantified 3 new phosphorylation sites for Ypk1 (S63, S653 and S672) 
that has never before been linked to myriocin treatment or SL homeostasis and hence 
their importance in maintaining SL homeostasis needs to be determined by further 
studies. Since Ypk1 directly phosphorylates the ceramide synthases, Lag1 and Lac (10), 
these phosphosites may regulate this interaction. 

To sift through the hundreds of proteomic changes to decipher those that have a regulatory 
role in controlling SL homeostasis, we combined the phosphoproteomics data with two 
functional screens – scoring growth of strains depleted/overexpressing each yeast protein 
during myriocin treatment. Our analysis enabled us to focus on three proteins that were 
never before suggested to control the flux of SL biosynthesis but whose presence was 
indeed a determinant of SL biosynthetic rate:

Gvp36 (Golgi Vesicle Protein of 36kDa) was first annotated with a function in a study 
that used an unbiased proteomic approach discovering proteins that change abundance 
during nutritional adaptation (36). Indeed ∆gvp36 cells show reduced growth rate, heat 
and salt sensitivity, defects in actin-cytoskeleton polarization, alterations in endocytosis 
and vacuolar biogenesis and defects in entering stationary phase upon starvation 
(36). Gvp36 has a predicted BAR (Bin-Amphiohysin-Rvs) domain similar to yeast Rvs161 
and Rvs167, which were isolated because they also exhibited reduced viability upon 
starvation (Rvs). Importantly, several central enzymes in the SL metabolic pathway were 
discovered as suppressors of the Rvs phenotype: Sur1 the MIPC synthase, Sur2 the 4-OH 
LCB hydroxylase and Sur4 the fatty acid elongase. Moreover, mutations suppressing 
the ∆rvs161-related salt sensitivity all occurred in genes required for SL biosynthesis: 
FEN1, SUR4, SUR2, SUR1, and IPT1 (41). Finally, altering SL metabolism by deleting SUR4, 
reinitiates endocytosis even on a ∆Rvs161 background (42). To this end, the two other BAR 
domain proteins have an obvious and tight association with SL biosynthesis suggesting 
that Gvp36 too might play such a central, as yet unappreciated, role. Most probably Gvp36 
is also required for adaptation to nutritional changes and may be able to sense or cause 
changes in membranes to allow endocytosis in concert with SLs. 

Atg9 (Autophagy Related 9) is a multipass transmembrane protein involved in autophagy 
and is conserved to humans. Atg9 has shown to be essential for formation of the 
phagophore assembly site (PAS). Once the autophagosome is formed Atg9 is excluded 
from the vacuolar pathway and recycles into the Atg9 peripheral structures (43). Atg9 
seems to have a role as a membrane carrier (44) and therefore may function in regulating 
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autophagy during SL depletion. During autophagy Atg9 is phosphorylated directly by Atg1 
(45) at sites that are different than the ones we could identify. Therefore it is possible that 
the sites regulated by myriocin treatment are phosphorylated by another kinase than 
Atg1. 

Stp4 (Species-specific tRNA Processing 4) is a predicted transcription factor with two close 
homologs in yeast that has no defined function yet. It has been reported to translocate 
to the nucleus upon DNA replication stress induced by hydroxyurea and methyl 
methanesulphonate treatment (46). It may be involved in controlling SL homeostasis by 
sensing depletion of SLs and translocating to the nucleus to induce genes that activate the 
synthesis of SLs. We identified 3 phosphorylation sites (T191, S193 and S214) as significantly 
regulated upon myriocin inhibition. 

 
Conclusion

Overall our data provide insights into dynamics of SL regulating networks and uncovers 
new regulators of this essential and tightly controlled metabolic pathway. The datasets 
presented here can and should be mined for the myriad of additional changes that exist 
and that may shed light on additional aspects of SL biology. 

 
Supporting information

Supplementary figures are located in Chapter 7.
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Abstract

Niemann-Pick disease type C (NPC) is a rare but fatal lysosomal storage disorder characterized 
by the accumulation of sphingolipids and cholesterol in the lysosomal compartment. To 
date, no curative treatment exists. The NPC1 gene encodes a transmembrane glycoprotein 
involved in the efflux of lipids from late endosomes/lysosomes to various cellular 
locations. Loss of function of the NPC1 protein results in the accumulation of lipids leading 
to the pathophysiology of the disease, which is characterized by a range of systemic effects 
including splenomegaly and neurodegeneration. Here we used quantitative MS based 
(phospho)proteomics to study the “in vivo” effect of both heterozygous and homozygous 
NPC1 loss of function mutations in cerebella of pre-symptomatic 5 weeks old mice. 
Using this approach we were able to identify potential new players in the Niemann-
Pick type C disease onset and progression. Significant deregulation of lysosomal protein 
expression was observed in the proteomes of homozygous NPC1 mutant cerebella, which 
correlates well with the disease phenotype. No deregulation of lysosomal proteins was 
observed for the heterozygous mutants, in concordance with the observed phenotype 
at this stage. The phosphoproteome analysis, however, does show significant changes in 
protein phosphorylation in both heterozygous and homozygous mutants. These results 
indicate that phosphorylation mediated signaling may play a role in the onset of the NPC1 
disease, as shown by the major changes in protein phosphorylation but absence of major 
protein expression changes in heterozygous mutants.  Our data provide a new resource for 
elucidation of deregulated pathways in NPC1 disease onset and progression and will aid 
the identification of potential new therapeutic targets.
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Introduction

Niemann-Pick disease, type C is a rare autosomal recessive lysosomal lipid storage disorder 
due to mutations of either the NPC1 gene (95% of the cases) or NPC2 gene (1). Defects in 
either gene result in an identical phenotype (1). The NPC1 gene encodes a 13-transmembrane 
protein localized in membranes of the late endosomes/lysosomes which is thought to play 
a role in the efflux of lipids such as unesterified cholesterol and other cargo molecules (2, 
3). However to date there is no consensus on the specific lipids that are effluxed by this 
pathway, nor it is exactly known how NPC2 contributes to this process (4). NPC1 deficient 
cells endocytose and hydrolyze low-density lipoprotein (LDL) normally, but unesterified 
cholesterol and a broad range of lipids including sphingomyelin, glycosphingolipids 
(GSLs) and sphingosine remain sequestered in the lysosomes, ultimately resulting in 
the accumulation of lipids in systemic organs (3, 5). The mechanisms underlying this 
complex storage disorder remain unknown (5). The disease was initially described as a 
cellular cholesterol storage trafficking defect. In the cerebellum, however, specific lipid 
species such as glycosphingolipids GM2 and GM3 accumulate preferentially in neurons, 
affecting cerebellar Purkinje neurons in particular, causing an acute neurodegeneration 
(6). Symptoms arise at different ages but invariably progress over time, ultimately leading 
to death. Miglustat, an inhibitor of glycosphingolipid biosynthesis, stabilizes and slows 
down the disease progression, but does not offer a permanent cure (4, 7). 

Previous studies show that NPC1 heterozygous mice do not develop any clinical 
symptoms at early age, but show severe neurological disorders at later age (8), 
suggesting that human heterozygous NPC1 mutations may be a risk factor for 
neurodegenerative disorders, such as tauopathy, a characteristic of Alzheimer disease 
(8). A precise understanding of the regulation of pathogenic signaling cascades involved 
in NPC storage disorders and neurodegeneration is prerequisite for the development of 
future drug treatments. A large scale investigation of deregulated protein expression 
and post-translational modifications (PTMs) in the NPC1 disease is therefore timely. 
Previous studies have shown that the identification of PTMs is a valuable step in the 
evaluation of functional alterations of proteins and also elucidates biochemical and 
structural explanations for possible pathophysiological insights of neurodegenerative 
diseases, like NPC1 (9).  Mass spectrometry based proteomics is well suited for studying 
the dynamic changes in protein expression and phosphorylation as it allows for 
the confident identification and quantification of many thousands of proteins and 
phosphorylation sites in a cellular system or tissue. Recent work has shown the potential 
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of Ti4+-IMAC phosphopeptide enrichment in combination with dimethyl labeling 
quantitative strategy and its suitability to study the changes in phosphorylation in 
cerebellum tissues from mouse having different genetic background (10). Here, we used 
a (phospho)proteomic strategy to elucidate the effect of NPC1 loss of function in the 
mouse cerebellum. The data show that single Npc1 allele deficiency does not significantly 
alter the proteome in Npc1 heterozygous mutant mice, but does affect the proteome 
of the homozygous mutant, especially the proteome of the lysosomal compartment. 
Interestingly, a single NPC1 allele deficiency significantly alters the phosphoproteome 
leading to the hypothesis that NPC1 linked neurodegeneration onset is primarily linked 
to deregulations of phosphorylation mediated signaling pathways. This work provides a 
first large scale study of protein deregulation in NPC1 disease and provides an integration 
between defective post-lysosomal lipid trafficking and deregulated signaling pathways 
in both disease onset and progression. Altogether the data presented here serves as a 
rich resource for further research into NPC1 neurodegenerative disease and the quest 
for new therapeutic targets. 

 
Experimental section

Mouse model -  BALBc/NPCm1N mice were bred as heterozygotes to generate Npc1−/− mice 
and control genotypes (11). Mice were bred and housed under non-sterile conditions, with 
food and water available ad lib. Five-week-old males and females were sacrificed, and 
cerebella were dissected, snap frozen with liquid nitrogen and stored at -80°C until use. 

Sample preparation -  Samples in five biological replicates were processed as previously 
(12).  Briefly, frozen cerebella were lysed by sonication in lysis buffer consisting of 8 
M urea in 50 mM Ambic (ammonium bicarbonate), protease inhibitors (Complete 
mini EDTA-free mixture, Roche Applied Science) and phosphatase inhibitor mixture 
(PhosSTOP, Roche Applied Science). After centrifugation (20,000 x g for 10 min at 4°C), 
the protein concentration of the supernatant was measured using the Bradford assay 
and ~1 mg of proteins for each condition was subjected to digestion. Protein reduction 
and alkylation were performed using a final concentration of 2mM dithiothreitol and 4 
mM iodoacetamide, respectively. Proteins were first digested for 4h at 37°C with Lys-C 
(enzyme/substrate ratio 1:100). The second digestion was performed over night at 37°C 
with trypsin (enzyme/substrate ratio 1:100) in 2 M Urea. 
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On-column stable isotope dimethyl labeling - The resulting peptides were chemically 
labeled using stable isotope dimethyl labeling as described elsewhere (13). In all 
experiments, control wild-type tissues were labeled “Light” (L), Npc1+/- mutant tissues were 
labeled “Intermediate” (I) and Npc1-/- mutant tissues were labeled “Heavy”(H). Next, an 
aliquot of each label was measured on a regular LC-MS/MS run. The labeling efficiency for 
all labels was higher than 95%. Samples were mixed 1:1:1 (L/I/H) according to the number 
of PSMs identified in each samples. 

Strong Cation Exchange (SCX) - The 5 different labeled samples were reconstituted in 
10% formic acid (FA) and fractionated using strong cation exchange (SCX) as described 
previously (12). Briefly, the SCX was performed using a Zorbax BioSCX-Series II column 
(0.8 mm inner diameter X 50 mm length, 3.5 µm). SCX solvent A consisted of 0.05% FA 
in 20% acetonitrile (ACN) and solvent B of 0.05% FA, 0.5 M NaCl in 20% ACN. The SCX 
gradient was as follows: 0-0.01 min (0-2% B); 0.001-8.01 min (2-3% B); 8.01-18.01 min (3-
8% B); 18.01-28 min (8-20% B); 28-38 min (20-40% B); 38-44 min (40-100% B); 44-48 min 
(100% B); and 48-50 min (100- 0% B), at a flow rate of ~40 µl/min. A total of 50 fractions 
were collected after injection of ~250 µg of labeled peptides and dried down in a vacuum 
centrifuge prior LC-MS/MS analysis.

 Ti4+-IMAC enrichment of phosphopeptides - ~250 µg of the peptide mixtures from the 
5 different labeled mixtures were reconstituted in 10% formic acid (FA) and mixed in a 
1:1:1 ratio were subjected to phosphopeptide enrichment using Ti4+-IMAC material in two 
technical replicates, as described previously (14). Briefly, the mixtures of labeled samples 
were dried to completion and reconstituted in 80% ACN, 6% trifluoroacetic acid (TFA) 
and loaded onto the Ti4+-IMAC columns. After washing with 50% ACN, 0.5% TFA, 200 mM 
NaCl and 50% ACN, 0.1% TFA consecutively, the phosphopeptides were eluted first with 
10% ammonia and then with 80%ACN, 2% FA and were dried to completion in a vacuum 
centrifuge. 

Liquid chromatography and mass spectrometry (SCX and TI4+-IMAC) - After reconstitution 
in 10% FA, 5% dimethyl sulfoxide, the SCX fractions containing doubly and triply charged 
peptides and the phosphopeptide enriched samples were analyzed using nano flow 
reverse phase liquid chromatography on a Agilent 1200 Infinity nanoLC system (Agilent) 
coupled to a Q-Exactive mass spectrometer (Thermo, San Jose, CA). Depending on the SCX 
UV trace, 0.5-10% of each fraction was injected. The injected samples were first trapped 
(Dr Maisch Reprosil C18, 3 μm, 2 cm, 100 μm) with solvent A (0.1%  formic acid  in water) 
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before being separated on an analytical column (Agilent Poroshell EC-C18, 2.7 μm, 50 cm, 
50 μm). Peptides were chromatographically separated by a 120-min linear gradient 
from 7% to 30% solvent B (0.1% formic acid in acetonitrile) at a flow rate of 100 nl min−1. 
Nanospray was achieved with an in-house pulled and gold coated fused silica capillary 
(360 µm outer diameter, 20 µm inner diameter, 10 µm tip inner diameter) and an applied 
voltage of 1.7 kV. Full-scan MS spectra (from m/z 375 to 1500) were acquired in the 
Orbitrap with a resolution of 35,000 for the Q-Exactive. Up to ten most intense ions for 
the phosphopeptide enriched samples or twenty most intense ions from the SCX fractions 
above the threshold of 500 counts were selected for fragmentation. HCD fragmentation 
was performed in data dependent mode, as previously described. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
(15) partner repository with the dataset identifier PXD003742.

Data analysis - The RAW output files were loaded into MaxQuant Version 1.5.1.2 (16) and 
searched using the complete Swissprot Mus musculus database (Date: 10/29/2014). The 
following default parameters were used including labeling method: dimethyl labeled 
arginine and lysine, fixed modification: cysteine carbamidomethylation, variable 
modification: methionine oxidation, max charge of the peptide: 6, minimum peptide 
length: 6, FT MS/MS tolerance: 20ppm. For phosphopeptide analysis, serine, threonine 
and tyrosine phosphorylation were added as an additional variable modifications 
and match between runs with a matching time window of 0.7min was applied. 
The “Requantify” option was enabled, which integrates noise levels for undetected 
dimethyl-labeled partners. For phosphopeptide validation, a minimum score of 40 
and a PSM FDR was set to 1%. Peptides that were only identified by site, reverse hits, or 
contaminants were filtered out from the resultant protein list generated by MaxQuant 
and only phosphopeptides with at least 75% site confidence were considered for 
quantification. For the proteome analysis, the “Requantify” option was also enabled. 
Proteins were validated using default Maxquant parameters with a minimum protein 
and PSM FDR set at 1%. Peptides and proteins that were only identified by site, reverse 
hits, or contaminants were filtered out from the protein list generated by MaxQuant 
prior to statistical analysis.

PCA was performed using the scikit-learn (0.17.1) machine learning library, which performs 
dimensionality reduction via singular value decomposition. RAW intensity values were 
normalized by column median and filtered to include significantly up- or down-regulated 
proteins and phosphopeptides between heterozygous and WT or homozygous and WT 
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groups at p < 0.01. Resulting scores were plotted with 95% confidence intervals for each 
group.

Western-blot analysis - P54 mice were killed by terminal anaesthesia, and transcardially 
perfused with 40ml of ice-cold PBS. Cerebellums were dissected from the midbrain, and 
then either snap-frozen in isopentane on dry-ice, and stored at -80°C or homogenised 
immediately. Tissue was homogenised in soft tissue homogenisation tubes (Precellys) 
with ice-cold lysis buffer (1% IGEPAL-CA, 0.5% Sodium deoxycholate, 0.1% SDS and 1% 
protease inhibitor cocktail (Sigma, P-8340)) using the Precellys 24-dual homogeniser 
(Precellys) at 2x 6000Hz over 13 seconds. Homogenates were rocked for 20mins on ice, 
before spinning at 12,000g for 20 minutes. Supernatants were aliquoted and frozen at 
-80°C until use. Protein concentration was quantified using a bicinchoninic acid (BCA) 
assay kit (Sigma, BCA-1). For SDS-PAGE, 20μg of protein was heated for 10mins at 70°C 
in Laemmli sample buffer before loading onto a 12% bisacrylamide gel. The gel was run 
at 100V before transferring onto PVDF membrane. Blotted membranes were blocked in 
PBS containing 0.1% Tween-20 (PBS-Tw) and 5% milk powder before washing in PBS-Tw. 
Blocked blots were incubated with primary antibodies (mouse anti-MBP, 1:2,500 (SMI-
94R-100, Covance Research Products); mouse anti-CNPase, 1:1,000 (SMI-91R-100, Covance 
Research Products)) in 0.1% PBS-Tw overnight at 4°C. Blots were washed three times 
before incubating with secondary antibody (Sheep anti-mouse IgG HRP conjugated, 
1:10,000 (NA931, Amersham) for 2h at room temperature in 0.1% PBS-Tw, followed by 
three washes in 0.1% PBS-Tw. Beta actin was quantified using mouse anti-beta actin HRP 
conjugated antibody, 1:25,000 (A3854, Sigma), incubated for 2h at room temperature 
followed by three washes in 0.1% PBS-Tw. Washed blots were incubated in ECL reagent 
(RPN2106, Amersham) for 1 minute, before imaging using the BioRad ChemiDoc XRS+. 
Images were quantified using the ImageLab software (V3.0, BioRad Laboratories). Bands 
for MBP and CNPase were normalized for beta actin.

41297 Lebesgue, Nicolas_10p.indd   89 15-07-16   13:28



Chapter 3

90

Results and discussion

Alterations in the cerebellar proteome of Npc1 deficient mice

NPC1 heterozygous mutant mice do not develop any clinical symptoms at early age, but a 
recent study showed that neuronal function is impaired in aged Npc1 heterozygous mouse 
brains (8). A comparison of mice brain proteomes expressing different levels of functional 
NPC1 protein could elucidate aberrant protein regulation and reveal potential therapeutic 
targets in the NPC1 neurodegenerative process. To achieve this, we first performed an in-
depth quantitative proteome screen on cerebellar Npc1 heterozygous and homozygous 
deficient mice and compared these with those of their wild-type littermates of identical 
genetic background. We used triplex dimethyl stable isotope labeling to quantitatively 
profile the proteome in three different samples simultaneously using five biological 
replicates (Figure 1). After tryptic digestion, the peptides from WT, heterozygous and 
homozygous NPC1 deficient mice were respectively labeled with light, intermediate 
and heavy reagent in all five biological replicates. These five peptide mixtures were 
fractionated using SCX and 20 fractions were consecutively analyzed via reversed phase 
high-resolution LC-MS/MS using an Orbitrap Q-exactive. 

Similarity between biological replicates of each genotypic group was evaluated using 
Principal Component Analysis (PCA) (Figure 2A). Using RAW intensities, proteins found 
to be significant between significantly regulated between heterozygous and WT or 
homozygous and WT groups at p < 0.01 were considered for the analysis. This subset of 
regulated proteins was sufficient to discriminate the 3 distinct groups (WT, heterozygous 
and homozygous mutants) showing both reproducibility of biological replicates and 
absence of batch effects. 

Our proteome approach allows to identify a total of 6866 cerebellar proteins using 
Maxquant, of which 4663 could be efficiently quantified in at least three biological 
replicates and in at least one ratio (heavy/light, medium/light, heavy/medium) (Figure 
2B, Supplementary Table 1). Among those proteins, more than 98% were quantified with 
more than one unique peptide (4597) (Supplementary Table 1). 
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Figure 1. Phosphoproteomics workflow to unravel new therapeutic targets in NPC1 disease. Cerebella from WT, Npc1 
heterozygous and homozygous deficient mice were lysed in 8 M urea and proteins were digested with Lys-C and trypsin. 
Samples were respectively dimethyl labeled with light, intermediate and heavy reagents and mixed in a 1:1:1 ratio. To 
enhance proteome coverage, sample complexity was reduced by fractionating the resulting peptide mixtures using strong 
cation exchange (SCX). The same samples were used for phosphoproteome analysis, using phosphopeptide enrichment by 
Ti4+-IMAC in a technical duplicate. All the (phospho)peptide mixtures were analyzed via ultra-high-performance LC-MS/
MS. After protein and phosphopeptide quantitation, the data were subjected to statistical analysis.

To compare the protein expression levels, we applied a t-test to the logarithmic ratios of 
the WT, heterozygous and homozygous Npc1 deficient mice using the Perseus software. 
Only the proteins with a minimum ratio Npc1-/-/ Npc1+/+ or Npc1-/+/ Npc1+/+ of at least 1.46 
fold, corresponding to a minimum variation of two standard deviations were considered 
as significantly regulated. Out of 4663 proteins, 139 proteins were showing a significant 
regulation in at least one ratio (Figure 2B, Supplementary Table 1). Of those, 32 proteins 
(15 proteins up-regulated and 17 proteins down-regulated) were showing a significant 
regulation in the heterozygous mouse as compared to the wild-type (Figure 2C, 
Supplementary Table 1).  85 proteins (55 up-regulated and 30 proteins down-regulated) 
were showing a significant change in the homozygous mutant as compared to the WT using 
2 standard deviation fold change and a p-value < 0.05 (Figure 2C, Supplementary Table 1). 
73 proteins were showing a significant change in the homozygous mutant as compared 
to the heterozygous using 2 standard deviation fold change and a p-value < 0.05 showing 
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that most of the changes are occurring in the homozygous mutant (Supplementary Table 
1). Only 6 proteins were significantly regulated in both heterozygous and homozygous 
mutants (Figure 2C, Supplementary Table 1).  In summary, we observed less than 2% of 
the proteome changing between the two different Npc1 mutated genotypes. 

Proteins down-regulated 
We manually scrutinized the literature to better understand the role of the significantly 
down-regulated regulated proteins in Npc1 heterozygous and homozygous mutants and 
their putative role in Niemann-Pick type C disease. The significantly regulated proteins 
were subjected to functional analysis using Gorilla (17) (Supplementary Table 2). Cellular 
component analysis of the down-regulated proteins in the homozygous mutants shows 
a clear enrichment of proteins in the myelin sheath (7 out of 30 down regulated proteins, 
p-value 3.83e-5, Supplementary table 2)  that is not observed in the heterozygous mutants 
related to the appearance of a neurodegenerative pre-symptoms at this age in NPC1 
diseased mouse(Supplementary table 2).  We followed up 2 of the major constituents 
of myelin for further validation (Figure 2D). Myelin basic protein (MBP) and 2’, 3’-cyclic 
nucleotide 3’ phosphodiesterase (CNP) are two main constituents of myelin sheet. 
Downregulation of MBP and CNP in relation with deficient myelination of the CNS has 
already been reported for Niemann-Pick disease type A which is caused by a deficiency 
of acid sphingomyelinase (18). In the proteomic study, MBP and CNP are downregulated 
more than 2 fold in homozygous mutants compared to wild-type (Supplementary Table 
1). We performed Western-blot analysis of MBP and CNP proteins in 8 week old mice and 
3 independent biological replicates to validate our quantitative proteomic approach. The 
analysis shows the same trend for both proteins being downregulated more than 2 fold in 
homozygous mutant cerebella (Figure 2D, Supplementary Table 1). 

In summary we observe a clear downregulation of all major protein constituents of the 
myelin sheet (MOG, TSPAN2, MYO1D, CNP, CLDN11, ERMN, MBP, Supplementary Table 
1 and 2) in our proteome data for the homozygous Npc1 mutant, confirming earlier 
observations (19–22). Our results demonstrate the validity of our proteomics approach 
and demonstrate a good correlation of our proteomic data with our western-blot data. 
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Figure 2. Proteome analysis in NPC1 deficient mice. A. Principal component analysis WT, Npc1 -/+ and Npc1 -/- biological 
replicates, using significantly regulated proteins, revealing high similarities between biological replicates of three Npc1 
genotypic groups B. Venn diagram of identified, quantified (in at least 3 biological replicates) and significantly regulated 
proteins (with at least 2 standard deviation fold change, 0.05 p-value and in at least one stable isotope ratio). C. MA plot of 
logarithmic protein ratios for Npc1 homozygous and heterozygous mutants in comparison to their littermate wild-type. The 
red dots are displaying significantly regulated proteins. D. Western-blot analysis of Myelin binding protein (MBP) and 2’, 
3’-cyclic nucleotide 3’ phosphodiesterase (CNP) homozygous Npc1 mutant mice of 8 weeks old age.

Proteins up-regulated
Gene Ontology analysis of the significantly up-regulated proteins in the homozygous 
mutant reveals the involvement of distinct cellular components in NPC1 
neurodegeneration. The significantly upregulated proteins specifically seem to reside in 
the lysosomal compartment or the vacuole (26 proteins, p-value 3.26e-27) as well as in 
the endosomal compartment (15 proteins, p-value 1.88e-6) for the homozygous mutant 
(Supplementary Table 2). This over-representation of misregulated proteins in the 
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lysosomal or vacuolar compartment has been already observed using genome expression 
profiling of NPC1 asymptomatic mice in relation with the excessive lipid storage in Npc1 
homozygous mutant mice at this age (23). GO annotation of biological processes affirms 
this observation. Deregulated proteins in the homozygous mutants are over-represented 
in processes such as lysosomal organization (6 proteins, p-value=5.26e-8) and lipid 
metabolic process (12 proteins, p-value=2.48e-4) (Supplementary Table 2) in correlation 
with the observed phenotype. 

Interestingly, we observed that proteins belonging to lysosomal and extracellular space 
(16 proteins, p-value 2.29e-9) including many cathepsin isoforms (CTSF, CTSZ) are highly 
expressed in homozygous mice (Supplementary table 2). Most of the cathepsins are 
proteases that become proteolytically active upon arrival in the low-pH environment of 
the lysosome (24). Previous reports show that lysosomal cathepsin levels are elevated 
in NPC1 deficient mice (25) and suggest that an increased release and activation of 
cathepsin can trigger neurodegeneration and possibly contribute to NPC1 pathogenesis 
(26). Our data suggest that a defective lipid storage, as observed in NPC1 disease, alters 
the expression and/or activity of cathepsins potentially contributing to the observed 
phenotype. However, further research need to be performed to determine the precise 
relationship between NPC1 disease, cathepsins and neurodegeneration.

We also detected an enrichment of proteins belonging to the TOR signaling pathway in 
homozygous mutants (5 proteins, p-value=1.48e-5) including subunits of the Ragulator 
complex (LAMTOR1, 2, 3, 5) as well as RRAGC (Supplementary Table 2). It is known that 
inhibitors of endosomal/lysosomal cholesterol trafficking as well as siRNA knockdown of 
NPC1 and NPC2 cause inhibition of mTOR in endothelial cells (27). A previous report also 
shows that ezetimibe, an inhibitor of cholesterol transport, led to the down-regulation 
mTORC1 activity by decreasing mTOR recruitment to the late endosome/lysosome and 
activated autophagy (28). Interestingly, we found that mTOR is not misregulated in Npc1 
homozygous (Log2 ratio=-0.072, -log10 p-value=0.235). Our data suggest that cholesterol 
accumulation alters the expression of the Ragulator subunits, previously known to 
be responsible for targeting mTORC1 to the lysosome.  Since mTOR is not found to be 
misregulated, the mislocalization of the kinase could potentially trigger defective signaling 
pathways contributing to autophagy and neurodegeneration. Future works needs to be 
aimed at determining the contribution of this kinase in NPC1 disease. Interestingly, the 
spinster 1 homolog (SPNS1) protein shows a close to 4 fold upregulation but does not pass 
our significant test, however it also shows a 2 fold regulation in heterozygous mutants 
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(Figure 2C, Supplementary Table 1). This protein is known to be required for autophagic 
lysosome reformation in Drosophila (29). Recent literature suggest that the autophagic 
process, which degrades and recycles cytoplasmic components, is deregulated in 
Niemann-Pick type C1 disease(30). Upregulation of Spns1 could indicate that autophagic 
vacuoles are accumulating in NPC1 disease. Validation studies will be performed to 
measure the autophagic vesicles and flux.

In conclusion, GO analysis of misregulated proteins detected in homozygous mutants 
correlates with the fact that homozygous mice present a lipid accumulation in organs, 
including the cerebellum, contributing to the extent of a neurodenerative process which is 
not observed in heterozygous mice at 5 weeks of age. We can deduct from our observations 
that Npc1 single allele deficiency does not induce a significant alteration of the lysosomal 
compartment in heterozygous mutants, which is reflected by the low number of proteins 
that shows to be deregulated in this compartment compared to the homozygous mutants. 

Alterations in the cerebellar phosphoproteome of Npc1 deficient mice

As discussed above, for the 32 proteins that were differentially regulated in the Npc1 
heterozygous mutant we did not find immediate indications for proteins that could 
explain the neurodegeneration process that occurs in aged heterozygous mouse 
brains. The proteins that were affected in homozygous mouse brains still seem to be 
largely unaffected in heterozygous mouse brains, indicating that these protein changes 
are reflective of an end-point state of the disease. To gain deeper insight into NPC1 
disease onset and progression we set out to study the underlying signaling pathways. 
It is known that protein phosphorylation is impaired in neurodegenerative disorders 
including Alzheimer’s disease and Parkinson’s disease (31). To elucidate the effect 
of NPC1 loss of function on phosphorylation dependent signaling in heterozygous 
and homozygous mutants, we used an adapted Ti4+-IMAC-based phosphopeptide 
enrichment strategy shown to be suited for dimethyl labeling quantification. For the 
phosphopeptide enrichment, the same cerebella were used as for the proteome analysis 
(Figure 1). We performed phosphopeptide enrichment in two technical duplicates for 
each biological replicate due to the higher phosphorylation dynamic compared to the 
protein expression. 

As before, data were evaluated using Principal Component Analysis (PCA) (Figure 3A).  
Using RAW intensities, phosphosites found to be significant between heterozygous and 
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WT or homozygous and WT groups at p < 0.01 were considered for the analysis. This 
subset of regulated phosphosites was sufficient to discriminate the 3 distinct biological 
groups (WT, heterozygous and homozygous mutants) with absence of any technical 
batch effects. Biological replicates from WT genotype were more segregated from 
replicates of Npc1 heterozygous and homozygous mutants, in contrast to the proteome 
data, suggesting homologies at the phosphoproteome level between heterozygous and 
homozygous mutants.

A total of 6694 unique phosphorylation sites were identified after we ran the enriched 
phosphopeptide fractions. 3382 of those phosphorylation sites, belonging to a total of 1390 
proteins, were quantified in at least 3 out of 5 biological replicates and in at least one ratio 
(Medium/Light, Heavy/Medium and Medium/ Heavy) (Figure 3B, Supplementary Table 3). 
To evaluate the modulation of the phosphosites, we applied a  t-test to the logarithmic 
ratios of the WT, heterozygous and homozygous NPC1 deficient mice using Perseus 
software. A total of 185 phosphorylation sites were significantly regulated with at least 2 
standard deviation fold change for the homozygous and 114 phosphorylation sites were 
regulated in the heterozygous mutant (Figure 3B, Supplementary Table 3). Surprisingly, 
the overlap between regulated phosphosites in homozygous and heterozygous mutant 
is much larger (R2=0.49) than the overlap of the regulated proteins (R2=0.17) (Figure 3C, 
Supplementary Table 3) hinting that we in fact are looking at deregulated signaling 
pathways on the phosphoproteome level. Of the 70 phosphorylation sites deregulated 
in the heterozygous mouse, over 60% were also identified in the homozygous mouse. 
As no phenotype is observed in heterozygous mice at this age, the deregulated pathways 
could highlight potential biomarkers for later neurodegeneration in aged heterozygous 
mutants.  

Using Gene ontology analysis on the significantly regulated phosphosites in the 
heterozygous mutants, we found enrichment of cellular components including cell 
projection. These findings corresponds to proteins involved in axon extension of 
neurons, (28 proteins, p-value=2e-4), dendritic membrane (5 proteins, p-value 2e-4), 
neuron projection membrane (6 proteins, p-value=6.21 e-4) and perikaryon (6 proteins, 
p-value=6.21e-4) showing that reduction in NPC1 expression induces changes in the 
phosphorylation state of proteins involved in neuronal structures (Supplementary 
table 4). Consistent with our proteome data, we found that regulated phosphosites in 
homozygous mutants are enriched in neuronal organization including the myelin sheath 
(14 proteins, p-value=1.18e-4) (Supplementary table 4).
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Figure 3. Phosphoproteome analysis in NPC1 deficient mice. A. Principal component analysis of WT, Npc1 -/+ and Npc1 -/- 
biological replicates showing similarities between biological replicates of three Npc1 genotypic groups. B. Venn diagram of 
identified, quantified (in at least 3 biological replicates) and significantly regulated phosphosites (with at least 2 standard 
deviation fold change, 0.05 p-value and in at least one stable istotope ratio). C. MA plot of logarithmic phosphosite ratios for 
Npc1 homozygous and heterozygous mutants in comparison to their littermate wild-type. C. Logarithmic phosphosite 
ratios were plotted for Npc1 homozygous and heterozygous mutants in comparison to their littermate wild-type. The red 
dots are displaying significantly regulated phosphosites.  D. Motif analysis of phosphopeptides displaying significantly 
regulated serine phosphosites in heterozygous and homozygous. 

 
By performing a motif analysis using Motif-X (32, 33) of the significantly regulated 
phosphopeptides in both altered genotypes, phosphopeptides containing KSP motif are 
highly enriched in homozygous (29 peptides, score=29.05, fold increase=13.72) (Figure 
3D, Supplementary table 5). Interestingly, this motif is also enriched in heterozygous 
(25 peptides, score=29.16, fold increase=21.03) (Figure 3D, Supplementary table 5). Such 
a phosphorylation motif is known to be repeated in the C-terminal region of heavy 
neurofilament polypeptide and has been shown to be phosphorylated at significantly 
greater abundance in Alzheimer disease brain (34). Our data suggest that single 
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Npc1 allele deficiency induces misregulation of phosphoproteins involved in axonal 
structure, potentially contributing to the onset of a neurodegeneration. Misregulation 
of phosphoprotein signaling pathways contribute in NPC1 neurodegeneration in a much 
earlier response as compared to the proteome in heterozygous mice.

Phosphosites up-regulated
We scrutinized the literature to find potential relationship between the up-regulated 
phosphosites and NPC1 disease. The intracellular transport of organelles along an axon 
is crucial for the maintenance and function of a neuron and axonal transport can be 
affected by alterations to various components of the transport machinery (35) . Out of 58 
phosphoproteins presenting upregulated phosphorylation sites in heterozygous mutants, 
21 are involved in transport processes. This includes proteins involved in cytoskeletal-
dependent intracellular transport (AP3B1, NEFM and KCL2), transmembrane transport 
and calcium transport (KCN1, CACNB4, CACNA1A, ATP2B2, ATP2B1, GPRN6A) and 
vesicular as well as vacuolar transport (ARRB1, CANXX, CACNA1A, CCDC132, AP3B1 and 
PCLO) (Supplementary table 6).  Emerging evidence suggests that mutations contributing 
to neurodegenerative disease are associated with dysfunction of cytoskeletal components 
that influence vesicular biogenesis, vesicle/organelle trafficking and synaptic signaling 
(36). 

We found many phosphoproteins involved in mRNA processing (7 proteins, 
p-value=7.059-2) including ACIN1, THRAP3, LEO1, HNRNPC, HNRNPM, HNRNPA2B1, 
PRPF4B known to be involved in transcriptional activity (Supplementary Table 6). 
Interestingly, THRAP3 (Ser-248) and BCLAF1 (Ser-644) are found to be hyperphosphorylated 
in both mutated genotypes with 8 fold changes (Figure 3C, Supplementary Table 3). Those 
proteins are members of two different protein complexes: SNIP1/SkIP associated RNA-
processing  (SNARP) complex and Wilms’ tumor 1-associating protein (WTAP) protein 
complex. Both complexes are involved, independently, in the regulation of cell cycle 
progression through the stabilization of Cyclin D1 (SNARP complex) (37) or Cyclin A2 
(WTAP complex) (38) mRNA. It is known that cyclin-dependant kinases are  involved in 
protein hyperphosphorylation, cytoskeletal lesion formation, and motor defects in NPC 
mice (39). However, our data do not reveal a significant regulation of cyclin or Cdks at the 
proteome nor at the phosphoproteome level. This is suggesting another involvement of 
Bclaf1 and Thrap3 proteins in NPC1 pathogenic process that would be of interest for a 
better comprehension of the pathogenic cascade.
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We found phosphoproteins involved in response to stress (9 proteins, p-value=4.55e-1) 
and protein folding (3 proteins, p-value=3.18e-2) including INPP5F, DNAJB2, BCLAF1, 
HSP90AB1, CANX, ATP2B1, AP3B1, NEFH and ACIN1 (Supplementary Table 6). HSP90AB1 
is found to be hyperphosphorylated on its activation site Ser-255 in both genotypes. In 
addition the isoform HSP90AA1 was found to be hyperphosphorylated at Ser-263 in 
homozygous mutants. In parallel, Calnexin (Canx), another chaperone protein, was found 
to be hyperphosphorylated at Ser-563 in both genotypes (Supplementary table 3). It 
is known that mutations in the NPC1 gene leads to the expression of unstable proteins 
that are selected for endoplasmic reticulum-associated degradation (ERAD) with the 
participation of HSP90, HSP70 and Canx (40). 

Phosphosites down-regulated
By looking at the ontology processes of the downregulated phosphosites in both 
genotypes, we found that many phosphoproteins belonging to anatomical structure 
development (8 proteins, p-value=6.6e-1), including MLLT4, PCLO, MTAP1B, ADD1, NEFH, 
ANK2, ADD1 ATXN2 and SIK3 (Supplementary Table 6), have downregulated phosphosites 
compared to WT. For instance we found MTAP1B and MTAP2 highly dephosphorylated on 
Thr-527 and Ser-626 respectively (Supplementary Table 3). Those two proteins are involved 
in microtubule polymerization and are required for synaptic maturation. Once again, our 
data show misregulation of signaling pathways involved in neuronal organization in NPC1 
disease. A particular protein attracted our attention: we found FAM21, a subunit of the 
WASH complex, highly dephosphorylated in heterozygous and homozygous mutants 
on two residues, Ser-613 and Ser-614, with 8 fold changes as compared to wild-type mice. 
FAM21 is a member of the WASH complex, an evolutionarily conserved protein complex 
regulator of the ARP2/3 complex. WASH generates actin subdomains on endocytic 
vesicles and is important for several sorting and maturation steps as well as sorting and 
trafficking of other signaling molecules, such as integrins, the epidermal growth factor 
(EGF), and transferrin receptors (41). Our data show that endosomal transport might 
already be affected in Npc1 heterozygous mutants. 

Finally, we found many proteins involved in transport process (12 proteins, p-value=1.079e-1) 
and particularly in the regulation of cation transport including potassium transport 
(KCNH2, ANK2, HCN2, SLC12A5) (Supplementary Table 6). Previous reports suggest that 
upregulating Ca2+-activated potassium channels may be a potential therapeutic strategy 
for certain lysosomal storage diseases and common neurodegenerative disorders (42). 
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Overall, significantly regulated sites in phosphorylation mediated signaling in 
heterozygous mutants are in agreement with the metabolic and phenotypic observations 
in Niemann-Pick type C disease suggesting that targeting aberrantly regulated 
phosphorylation signaling pathways in NPC1 disease could be of potential therapeutic 
interest.

Kinases are potential therapeutic targets in Niemann-Pick disease
Since, phosphorylation processes are known activators of neurodegenerative disease, we 
focused on the phosphorylation sites belonging to kinases to decipher new therapeutic 
targets in NPC1 disease (Figure 4). The activation of major kinases in human, such as Ser/
Thr, MAPK, ERK, PKA, JNK, PKC, CAMKII, Calpain, and GSK3β, in neurons is associated 
with AD pathology (43). We found that the activation site of some of those kinases was 
hyperphosphorylated (Figure 4). 

Figure 4. Kinase phosphorylation sites profiling in Npc1 heterozygous and homozygous mice. Significantly regulated 
phosphosites belonging to kinases with at least 2 standard deviation in heterozygous or homozygous mutants as compared 
to the WT have been selected for this analysis.

Interestingly, activation of protein kinase C (PKC) and mostly the epsilon isoform has 
previously been shown to ameliorate the cholesterol transport defect in Niemann-Pick 
Type C1 (NPC1) cells by increasing the soluble levels of vimentin (44). Three specific 
sites from PRKCε need to be phosphorylated for its activation including Thr-566 
(activation loop of the kinase domain), Thr-710 (turn motif) and Ser-729 (hydrophobic 
region). We were unable to quantify changes in Thr-566 and Thr-719, however our data 
shows that Ser-729 is hyperphosphorylated compared to WT with 3 fold changes in 
homozygous mutant (Figure 4, Supplementary table 3). Despite the fact that we cannot 
evaluate PRKCε activity, it has been proposed that Ser-729 phosphorylation specifies a 
perinuclear localization in fibroblasts (45, 46) and that phosphorylation of this site is 
triggered by the activation of PKC by PDK1(47). We found also that PRKCε was highly 
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dephosphorylated at Ser-350 in both genotypes. It has been previously shown that 
phosphorylation on this site is enhanced by p38 kinase, allowing a subsequent Ser-
346 phosphorylation by GSK3β kinase that is found to be hyperphosphorylated with 
1.5 fold in heterozygous and homozygous (Figure 4, Supplementary table 3). Our data 
suggest that PKCε is involved in NPC pathogenesis. However, the influence of PKC 
localization and the involvement of kinases including Gsk3β	and p38 needs to be further 
investigated. We found other phosphorylation sites belonging to conventional PKCs (α, 
β and δ) including the activation site showing a hyperphosphorylation of more than 2 
fold changes in homozygous mice (Supplementary table 4). However, PRKCε requires 
phosphorylation of two other residues in the turn and hydrophobic motif that were 
not showing significant phosphorylation (Supplementary table 4). Globally, the data 
presented show an involvement of PRKCε rather than other isoforms in agreement with 
previous publication. However, the precise role of the kinase in NPC1 neurodegeneration 
needs to be further analyzed. 

We found CAMKII to be highly phosphorylated on its activation site Ser-287 in heterozygous 
(3 fold changes) and even more in homozygous mutant mice (4 fold changes) (Figure 3E, 
supplementary table 3). CAMKII is activated by Ca2+/calmodulin (8). Binding of calmodulin 
results in conformational change that relieves intrasteric autoinhibition and allows 
autophosphorylation of Thr-287 which turns the kinase in a constitutively active form 
and confers to the kinase a Ca2+-independent activity. Interestingly, curcumin is also an 
inhibitor of CAMKII activity (48). It has been shown that curcumin-induced elevation in 
cytosolic calcium overcomes reduced lysosomal calcium and corrects endocytic transport 
in NPC1-null cells (5). Targeting CAMKII using specific inhibitors would contribute 
to a better understanding of the relationship between calcium defects and NPC1 
neurodegeneration.

Finally, we found that MAPK8/10, known in human as JNK1 and JNK3, are showing 
hyperphosphorylation on Thr-183 and Tyr-185 which corresponding to the activation 
sites of the kinases. It is known that JNK kinases mediate pro-inflammatory actions of 
microglia (49).This process is also known to be involved in Niemann-Pick disease (50). 
Moreover, U18666A, an inducer of cholesterol accumulation increased JNK activation, and 
DNA damage in the wild type (WT)-aNSCs (51). Then focusing on the activation of these 
kinases would be of therapeutic interest in NPC1 disease to potentially prevent the pro-
inflammatory response observed in NPC disease.
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We performed a functional network analysis of the proteins presenting significantly 
regulated phosphorylation sites in Npc1 heterozygous and homozygous mutants using 
the Phosphopath visualization software (52) and the STRING database (Figure 5). We 
found multiple highly enriched KEGG pathways known to be involved in NPC1 disease 
including calcium signaling pathway (8 proteins, p-value=1.58e-2), protein processing 
in the ER (8 proteins, p-value=1.58e-2), Fc gamma R-mediated phagocytosis (5 proteins, 
p-value= 4.019e-2), MAPK (98 proteins, p-value= 4.019e-2), Erb signaling pathway (6 
proteins, p-value= 4.019e-2) and amyotrophic lateral sclerosis (ALS) (5 proteins, p-value= 
6.88E-5) (Figure 5, Supplementary Table 7). In NPC1 disease, sphingosine storage in 
the acidic compartment, including late endosomes and lysosomes, leads to calcium 
depletion in these organelles, which then results in a secondary storage of cholesterol, 
sphingomyelin and glycosphingolipid storage in these compartments. This unique 
calcium phenotype represents a new target for therapeutic intervention (5). Our data 
are showing the central involvement of PRKC and CAMKII as central cores of the calcium 
homeostasis regulation (Figure 5, Supplementary Table 7). Those kinases are tightly 
connected to RYR2 whose antagonist ameliorate lipid storage in patient fibroblasts 
expressing NPC1 I1061T by modifying mutant NPC1 proteostasis (53). This connection 
is extended to CACNA1A, CACNB4, ATP2B1, ATP2B2 known to play an important role in 
intracellular calcium homeostasis. 

We found MAPK8/10 and HSP90 as central nodes of protein processing in the ER. Those 
kinases are tighlty linked to proteins involved in the ubiquitination process (UBE4B, 
UFD1, DNAJB2) as well as the quality control apparatus of the ER (CANX, BAX) (Figure 
5, Supplementary Table 7). Previous study shows that NPC1(I1061T) mutation  causes 
protein misfolding and induces NPC1 targeting to the ER for degradation (54). Under 
stress conditions, Bax undergoes a conformation change that causes translocation to the 
mitochondrion membrane, leading to the release of cytochrome c triggering apoptosis, 
found to be higher in Npc1-/- mice brains (26). Our data show a potential therapeutic 
interest to target chaperones to prevent ER stress conditions inducing apoptosis in NPC1 
disease.

Finally, we found enrichments of 2 distinct signaling cascades including MAPK and ErbB 
(Figure 5, Supplementary Table 7). Those signaling cascades are known to contribute 
to activation of JNK, CAMKII and PKC in human. Previous reports shows that abnormal 
cholesterol metabolism in NPC disease may be responsible for activation of the mitogen-
activated protein kinase-signaling pathway and site-specific phosphorylation of tau in 
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vivo, leading to tauopathy in NPC (55, 56). Targeting the MAPK and Erb signaling pathways 
including kinases such as PRKC, MAPK8/10, CAMKII would be of interest in Niemann Pick 
type C disease to prevent neurodegenerative consequences linked to lipid accumulation 
in the lysosome. 

Figure 5. Kinases and chaperones as central coordinators in NPC1 pathogenesis. A. Network visualization of phosphosite-
centric dynamics using PhosphoPath. Differential expressed proteins/phosphosites in Npc1 heterozygous and homozygous 
interacting with PKC, CAMKII, HSP90 or MAPK8/10 (in green) are analyzed in Cytoscape using the STRING database for 
protein-protein interaction network as well as the Phosphosite Plus database for phosphosite annotation. Quantitative 
information of phosphorylation sites are represented by a bar color corresponding to the Log2 fold change in Npc1 
heterozygous, followed by the Log2 fold change in Npc1 homozygous mutants. Phosphorylation sites quantified on singly 
phosphorylated peptides or multiply phosphorylated peptides can be distinguished by the multiplicity described in front of 
the color bar. Arrows are indicating known downstream targets of kinases. 
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Conclusion

Our approach revealed that a complete loss of NPC1 functional protein in mice significantly 
alters the proteome and reflects phenotypic traits observed such as lysosomal lipid storage 
inducing a neurodegenenerative process including axon demyelination. Additionally, we 
did not observed such a misregulation with a partial loss of NPC1 protein. However, our 
data revealed a significant alteration of phosphoprotein signaling pathways with the 
metabolic and phenotypic traits observed in Niemann-Pick type C disease. This suggests 
that phosphorylation mediated signaling may play a role in the onset of NPC1 disease. 
Interestingly, many kinases and chaperones are presenting deregulated phosphorylation 
upon a partial loss of NPC1 functional protein suggesting that the use of target inhibitors 
or activators could have potential benefits in counteracting the disease. These screenings 
are further revealing the molecular mechanisms involved in disease onset at the proteome 
and phosphoproteome level and opening doors for new therapeutic opportunities for 
NPC1 disease and more globally to lysosomal storage disorders.
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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, yet current 
pharmacological treatments are limited. Serine/threonine protein phosphatase type-1 
(PP1), a major phosphatase in the heart, consists of a catalytic subunit (PP1c) and a large 
set of regulatory (R)-subunits that confer localization and substrate specificity to the 
holoenzyme. Previous studies suggest that PP1 is dysregulated in AF, but the mechanisms 
are unknown. The purpose of this study was to test the hypothesis that PP1 is dysregulated 
in paroxysmal atrial fibrillation (PAF) at the level of its R-subunits. Cardiac lysates were 
coimmunoprecipitated with anti-PP1c antibody followed by mass spectrometry-based, 
quantitative profiling of associated R-subunits. Subsequently, label-free quantification 
(LFQ) was used to evaluate altered R-subunit-PP1c interactions in PAF patients. R-subunits 
with altered binding to PP1c in PAF were further studied using bioinformatics, Western 
blotting (WB), immunocytochemistry, and coimmunoprecipitation. A total of 135 and 
78 putative PP1c interactors were captured from mouse and human cardiac lysates, 
respectively, including many previously unreported interactors with conserved PP1c 
docking motifs. Increases in binding were found between PP1c and PPP1R7, cold-
shock domain protein A (CSDA), and phosphodiesterase type-5A (PDE5A) in PAF 
patients, with CSDA and PDE5A being novel interactors validated by bioinformatics, 
immunocytochemistry, and coimmunoprecipitation. WB confirmed that these increases 
in binding cannot be ascribed to their changes in global protein expression alone. 
Subcellular heterogeneity in PP1 activity and downstream protein phosphorylation 
in AF may be attributed to alterations in PP1c-R-subunit interactions, which impair PP1 
targeting to proteins involved in electrical and Ca2+ remodeling. This represents a novel 
concept in AF pathogenesis and may provide more specific drug targets for treating AF.
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Introduction 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia. While current 
drugs improve the functional capacity and quality-of-life, many are proarrhythmic and 
some increase mortality (1), pointing to a lack in the understanding of AF pathogenesis. 
Various mechanisms contribute to structural, electrical and Ca2+-handling remodeling 
in AF, which provide a substrate for AF pathogenesis (2,3). Recent studies have revealed 
that abnormal phosphorylation levels of various ion channels and Ca2+-transporters are 
causally associated with AF development (2,4-6). Whereas several studies have implicated 
enhanced CaMKII activity as a potential cause of enhanced protein phosphorylation in AF 
(2,7). It has remained unclear why there is great heterogeneity in protein phosphorylation 
in AF (2,5,6).

Protein phosphatases (PPs) play a key role in regulating the phosphorylation level of ion 
channels and Ca2+-handling proteins in the heart (6). Serine/threonine protein phosphatase 
type-1 (PP1) is a major PP that is expressed ubiquitously in the heart, where it has a wide 
range of cellular targets (6,8). The PP1 holoenzyme consists of a catalytic subunit (PP1c) 
and a large set of close to 200 regulatory subunits (R-subunit) (8,9). Because there are only 
a few different PP1c isoforms, all of which share a high degree of homology, the spatial 
and temporal specificity of PP1 for different targets is largely regulated by association with 
these R-subunits. 

Recently, a number of studies have shown that the global expression and activity levels 
of PP1 are increased in patients with chronic AF (cAF), associated with inhomogeneous 
changes of protein phosphorylation levels across different subcellular compartments 
(4-6). For example, while the Ca2+-release channel ryanodine receptor type-2 (RyR2) is 
hyperphosphorylated, the L-type Ca2+-channel is hypophosphorylated in AF patients 
(4,7). In contrast, another study did not find any changes in PP1c expression levels in 
samples from patients with paroxysmal AF (pAF) (10). In experimental AF models, both 
unchanged PP1c levels with or without increased PP1c activity have been reported (6). 
These apparently contradictory findings may be due to the fact that PP1 is regulated at 
the level of its R-subunits, which underlie the heterogeneity in protein phosphorylation 
patterns within atrial myocytes.

With this in mind, the goal of our study was to assess the importance of PP1 R-subunits in 
pAF patients, since atrial remodeling is often still limited in such patients (10). To this end 

41297 Lebesgue, Nicolas_10p.indd   111 15-07-16   13:28



Chapter 4

112

we developed a novel proteomic method to quantify the levels of PP1c-bound R-subunits, 
in order to characterize the full extent of the PP1-interactome in the human atria. This 
unbiased approach revealed extensive changes in the binding of various R-subunits to 
PP1c in pAF patients. This suggests that remodeling of the PP1-interactome could be the 
main cause of subcellular heterogeneity in protein phosphorylation associated with AF 
pathogenesis. A better understanding of these R-subunits may therefore lead to novel 
classes of drugs for treating AF.

 
Experimental section

Study animals - All animal studies were performed according to protocols approved by the 
Institutional Animal Care and Use Committee of Baylor College of Medicine conforming to 
the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes 
of Health. Whole ventricles were harvested from C57BL/6 mice between the ages of 3-6 
months and were immediately flash-frozen in liquid nitrogen. 

Human samples - Right atrial appendages were dissected from patients (Table S1) and 
flash-frozen in liquid nitrogen, with the patients’ written informed consent. Experimental 
protocols were approved by the ethics committee of the Medical Faculty Mannheim, 
University Heidelberg (No. 2011–216N-MA).

Tissue lysate preparation - Frozen whole mouse ventricles or human atrial tissues were 
pulverized in liquid nitrogen using a customized set of stainless steel mortar and pestle. To 
lyse the pulverized tissues, lysis buffer made from phosphate-buffered saline (PBS) with 
0.1% Tween 20 (Bio-Rad, Hercules, CA) and protease inhibitor cocktail (Roche Applied 
Science, Indianapolis, IN) was added. After vortexing, these samples were rotated for 45 
minutes at 4 °C before being centrifuged at 16,000 RPM at 4 °C. The supernatants were 
collected and used for co-immunoprecipitation.

Co-immunoprecipitation, gel electrophoresis and protein digestion - The tissue lysates 
were incubated with Protein G Plus Agarose beads (Thermo Fisher Scientific, Waltham, MA) 
on a rotator for 2 hours at 4 °C for pre-clear. After removing the beads with centrifugation, 
the supernatant was incubated with either anti-PP1 or IgG isotype control antibody (Santa 
Cruz Biotechnology, Dallas, TX; sc-6104 and sc-2028, respectively) overnight at 4 °C. The 
next morning the samples were incubated with Protein G Plus Agarose beads on a rotator 
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for 1 hour at 4 °C. The beads were washed 3 times with 0.5% Tween 20 (Bio-Rad) in PBS 
supplemented with protease inhibitor cocktail Complete mini (Roche Applied Science). 
After incubation in Laemmli sample buffer supplemented with β-mercaptoethanol at 70 
°C for 10 minutes, the samples were run on a short gradient SDS-PAGE gel for 15-30 minutes 
at 40-80 V. The gels were washed with Milli-Q (MQ) water for 10 minutes, fixed with 40% 
methanol and 10% acetic acid for 30 minutes, stained with bio-safe Coomassie dye (Bio-
Rad) for 1 hour, and destained with MQ water for 1 hour or overnight. Each sample lane 
on the gels was then cut into three equally spaced pieces. Gel pieces were subsequently 
washed with MQ and acetonitrile (ACN). Pieces were reduced with dithiothreitol (DTT) at 
room temperature for 1 hour and then alkylated with iodoacetamide at room temperature 
in the dark for 30 minutes. Then, proteins were in-gel digested overnight with trypsin in 
50 mM ammonium bicarbonate. Supernatant of the digest was collected and pieces were 
further washed 2-3 times in ACN for further peptide extraction. Samples were dried in 
vacuo and stored at -80 °C until further use. For analysis, the peptides were reconstituted 
in 10% formic acid.

Nano LC-MS/MS analysis - Nanoscale liquid chromatography coupled to tandem mass 
spectrometry (LC-MS/MS) was performed in technical duplicate on a reversed-phase 
easy nano-LC 1000 (Thermo Fisher Scientific, Odense, Denmark) coupled to an Orbitrap 
Q-exactive mass spectrometer (Thermo Scientific, Bremen, Germany) using higher-
energy collisional dissociation (HCD) fragmentation or a LTQ Orbitrap Elite mass 
spectrometer (Thermo Scientific, Bremen, Germany) using collision induced dissociation 
(CID) or electron transfer dissociation (ETD). Briefly, peptides were loaded on a double-
fritted trap column (100 µm inner diameter x 2 cm, packed with 5 μm C18 resin, ReproSil-
Pur AQ; Dr. Maisch, Ammerbuch, Germany) at a flow rate of 5 µl/min in 100% buffer A 
(0.1% formic acid in HPLC grade water). Peptides were transferred to an analytical column 
(50 µm inner diameter x 50 cm, packed with 2.7 µm C18 particles, Poroshell 120 EC-C18; 
Agilent Technologies, Waldbronn, Germany) and separated using a 120 minutes gradient 
from 7 to 30% buffer B (0.1% formic acid in 100% acetonitrile) at a flow rate of 100 nl/min. 
Q-exactive survey scans were acquired at 35,000 resolution to a scan range from 350 to 
1500 m/z. The ten most intense precursors were submitted to HCD fragmentation using 
an MS/MS resolution set to 17,500, a precursor automatic gain control (AGC) target set to 
5 × 104, a precursor isolation width set to 1.5 Da, and a maximum injection time set to 120 
ms.  For LTQ Orbitrap Elite analysis, survey scans were acquired after accumulation to a 
target value of 500,000 in the linear ion trap from m/z 350 to m/z 1500 in the Orbitrap with 
a resolution of 60,000 at m/z 400. After the survey scans, the 20 most intense precursors 
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were subjected to CID or ETD with ion trap detection. A programmed data-dependent 
decision tree determined the choice of the most appropriate technique for a selected 
precursor. In essence, doubly charged peptides were subjected to CID fragmentation, 
and more highly charged peptides were fragmented using ETD. The normalized collision 
energy for CID was set to 35%. Supplemental activation was enabled for ETD. Dynamic 
exclusion was enabled (exclusion size list = 500, exclusion duration = 40 s).

Protein identification and quantitation - The RAW output files were loaded into 
MaxQuant Version 1.3.0.5 (1) and searched with either the mouse or human FASTA 
file from UniProt (Date Modified 7/24/2013) with the following default parameters: 
Methionine oxidation and N-term protein acetylation set as variable modifications, 
cysteine carbamidomethylation set as fixed modification, Max charge peptide = 6, 
minimum peptide length = 7, FT MS/MS tolerance = 0.05 Da, IT MS/MS tolerance= 0.6Da, 
peptide and protein identification set to 1% FDR. For label-free quantification (LFQ), 
match between runs was selected with a maximum shift time window of 4 minutes. 
Proteins that were only identified by site, reverse hits, or contaminants were filtered out 
from the resultant protein list generated by MaxQuant. Furthermore, proteins identified 
with only 1 unique peptide were also filtered out as well as all immunoglobulin proteins. 
The LFQ signals from the technical duplicates were averaged and ratios calculated from 
the averages. 

Normalization of human data - After analysis by MaxQuant using the parameters 
specified in the above section, the output file “ProteinGroup.txt” was exported to Excel and 
protein hits with “Only identified by site”, “Reverse”, “Contaminant”, or “0” intensity were 
filtered out. The remaining protein hits were sorted based on their total intensity (the 
“Intensity” column) from the largest to the smallest. The top 5 intensities were summed as 
a proxy for the total intensity for each sample. Then for each of the samples, the intensity 
of each protein hit were normalized to the sum of these 5 intensities in order to normalize 
the samples across the board (since the samples have different total intensities overall). 
After this, the normalized intensity of each protein hit was further normalized to the 
intensity of the bait, PPP1CA. This second normalization gives the relative amount of each 
interactor bound to PPP1CA. In summary, the first normalization is to normalize for the 
different total intensities across the samples and the second normalization is to find out 
the relative amount of each hit bound to PPP1CA, the bait for the pull-down. These final 
values were subjected to unpaired two-sample t-test for every protein between sinus 
rhythm (SR) and pAF samples. 
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Bioinformatics - Three FASTA files were generated containing either a list of 62 previously 
validated PP1-regulatory subunits that contain the RVxF motif or a list of 7 that contained 
the MyPhoNE motif or another list of 7 that contained the SILK motif (2). These files were 
submitted to MEME Version 4.9.0 (3) with the following parameters for each of the motifs. 
RVxF: Distribution of motif occurrences = zero or one per sequence; Minimum width = 4; 
Maximum width = 5; Maximum number of motifs to find = 5; and Search given strand only 
(RVxF). MyPhoNE motif: Distribution of motif occurrences = one per sequence; Minimum 
width = 8; Maximum width = 8; Maximum number of motifs to find = 10; and Search given 
strand only (MyPhoNE). For the SILK motif, 7 FASTA sequences of PP1-regulatory subunits 
that contain the SILK motif were submitted to MEME with the following parameters: 
Distribution of motif occurrences = one per sequence; Minimum width = 4; Maximum 
width = 4; Maximum number of motifs to find = 5; and Search given strand only (SILK). 
Following this, the sequence LOGOs generated by MEME for each of the 3 motifs (Figure 
3C) were submitted to FIMO Version 4.9.0(4) to search against the list of binding partners 
from the mouse and human IP-MS experiments (Figure 2; Tables S2 and S3) with P<0.001 
as considered significant. 

Western blot analysis - The same lysates made from human atrial samples as described 
above were subjected to electrophoresis on 10% acrylamide gels, and transferred onto 
polyvinyl difluoride (PVDF) membranes. Antibodies against the following targets were 
used to probe the membranes: PP1c (1:1,000; 1950-1; Epitomics, Burlingame, CA, USA), 
PPP1R7 (1:1,000; SAB4100115; Sigma, St. Louis, MO, USA), CSDA (1:1,000; SAB1404593; 
Sigma), PDE5A (1:1,000; 524583; Calbiochem, Darmstadt, Germany), and GAPDH 
(1:10,000; MAB-374; Millipore, Darmstadt, Germany). Membranes were then incubated 
with secondary anti-mouse and anti-rabbit antibodies that are conjugated to Alexa-
Fluor 680 (Invitrogen Molecular Probes, Carlsbad, CA, USA) and IR800Dye (Rockland 
Immunochemicals, Gilbertsville, PA, USA), respectively. Bands were quantified using the 
ImageJ software. 

Myocyte isolation - Single atrial and ventricular myocytes were isolated from wild-type 
C57BL/6 mice between the ages of 3-6 months as previously described with modifications 
(5). Briefly, the heart was removed from the mice following isoflurane anesthesia and 
rinsed in KB solution (90 mmol/L KCl, 30 mmol/L K2HPO4, 5 mmol/L MgSO4, 5 mmol/L 
pyruvic acid, 5 mmol/L β-hydroxybutyric acid, 5 mmol/L creatine, 20 mmol/L taurine, 10 
mmol/L glucose, 0.5 mmol/L EGTA, 5 mmol/L HEPES, pH 7.2). The heart was cannulated 
through the aorta and perfused on a Langendorff apparatus with 0 Ca2+ Tyrode (3-5 
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minutes, 37 °C), then 0 Ca2+ Tyrode containing Liberase TH Research Grade (Roche Applied 
Science, Indianapolis, IN, USA) for 10-15 minutes at 37 °C. After being digested, the heart 
was perfused with 3 ml KB solution in order to wash out the collagenase before being 
minced in KB solution, gently agitated, and filtered through a 210-μm polyethylene 
mesh. After settling, the atrial or ventricular myocytes were washed once and stored in KB 
solution at room temperature until use.

Immunocytochemistry - As previously described (5), the isolated atrial or ventricular 
myocytes were placed on round cover glasses coated with 20 μg/ml laminin in PBS for 
30 minutes before being fixed with 4% formalin for 15 minutes, washed with PBS (3 
times), and permeabilized with 0.1% Triton X in PBS for 10 minutes. The fixed myocytes 
were blocked with 1% normal goat serum (NGS) in PBS for 1 hour and incubated 
overnight at 4 °C with the following combinations of antibodies diluted in 1% NGS and 
1% bovine serum albumin (BSA) in PBS: 1) Rabbit PP1c (1:100; 1950-1; Epitomics) and 
mouse PPP1R7 (1:100; SAB4100115; Sigma); 2) Rabbit PP1c (1:100; 1950-1; Epitomics) 
and mouse CSDA (1:100; SAB1404593; Sigma); and 3) Mouse PP1c (1:100; P7607; Sigma) 
and rabbit PDE5A (1:100; 524583; Calbiochem). The next morning the cover glasses was 
washed and incubated with Alexa Fluor® 568 Goat Anti-Mouse IgG and Alexa Fluor® 
488 Goat Anti-Rabbit IgG (Invitrogen, #A11004) at a dilution of 1:2,000 in 1% NGS/BSA 
in PBS at room temperature for 1 hour. The cover glasses were subsequently washed 
and mounted on glass slide with Vectashield media with DAPI (Vector Laboratories, 
#H-1200, Burlingame, CA, USA). Fluorescence images of the slides were taken with a 
confocal microscope (LSM510, Zeiss, Thornwood, NY, USA).  

HeLa cells were maintained in DMEM medium (Invitrogen, Carlabad, CA) supplemented 
with 10% fetal bovine serum, 1% Penicillium and streptomycin, and 2 mM L-glutamine. 
For immunocytochemistry, HeLa cells were transfected with FLAG-CSDA or empty 
pcDNA3.1 vector using LipoD293 (SignaGen Laboratories, Rockville, MD) according to 
the manufacturer’s instructions and replated on round cover glasses. 40 hours after 
transfection, the cells were washed in PBS and processed according the same protocol 
described above for cardiomyocytes except they were co-stained with mouse anti-FLAG 
(1:500; F3165; Sigma) and rabbit anti-PP1c (1:100; 1950-1; Epitomics) antibodies.

Molecular cloning and tissue culture - RNA was isolated from pulverized human atrial 
tissues using the Direct-zol™ RNA MiniPrep Kit by Zymo Research (Irvine, CA, USA). 200 
ng of RNA were reverse transcribed using the iScript™ cDNA Synthesis Kit according to 

41297 Lebesgue, Nicolas_10p.indd   116 15-07-16   13:28



4

PP1 interactome in atrial fibrillation patients

117

the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). Primers were designed to 
incorporate desired restriction enzyme sites and FLAG tag to amplify coding sequences. 

For CSDA, primers included 5’ EcoRI site, N-terminal FLAG tag, and 3’ XbaI site: Fwd: 5’- 
GGGCCCGAATTCGCCGCCACCATGGATTACAAGGATGACGATGACAAGagtgaggcgggcg 
aggcca-3’, Rev: 5’-CCCGGGTCTAGAAAGCTTttactcagcactgctctgctgggtgg-3’. Coding regions 
were amplified using the KOD Xtreme Hotstart DNA polymerase kit (Novagen, San 
Diego, CA) followed by agarose gel purification using Qiaex II DNA extraction kit (Qiagen, 
Valencia, CA).  PCR products and empty pcDNA3.1 vector were digested with appropriate 
restriction enzymes for 90 minutes at 37 °C followed by agarose gel purification. DNA was 
ligated with T4 DNA ligase for 10 minutes at room temperature and transformed into Max 
efficiency DH5α cells (Invitrogen, Carlabad, CA). Following colony screening, pcDNA3.1 
FLAG-tagged vectors were verified by Western blots. Construct containing the HA-tagged 
PPP1CA is on a pCMV-HA backbone and is a gift from Dr. Vinod K. Vijayan (Baylor College 
of Medicine). Both the FLAG-SEC31A(6) and VCP-EGFP (7) constructs were obtained from 
Addgene (plasmids 42110 and 23971, respectively).

HEK293 cells were maintained in DMEM medium (Invitrogen, Carlabad, CA) 
supplemented with 10% fetal bovine serum, 1% Penicillium and streptomycin, 
and 2 mM L-glutamine. For co-immunoprecipitation studies, HEK293 cells were 
co-transfected with FLAG-SEC31A, VCP-EGFP, or FLAG-CSDA and HA-PPP1CA 
constructs using LipoD293 (SignaGen Laboratories, Rockville, MD) according to the 
manufacturer’s instructions. 48 hours after transfection, the cells were collected 
in cold PBS and lysed by sonication in PBS with 0.1% Tween 20 (Bio-Rad, Hercules, 
CA) and protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN), on ice.  
Co-immunoprecipitation and Western blot analysis were carried out as described above in 
the section “Co-Immunoprecipitation, gel electrophoresis and protein digestion.”

Statistical analysis - Data are expressed as means ± standard error of the mean (SEM). 
Differences between the two groups were evaluated by unpaired two-tailed Student’s 
t-test and were considered significant when the P-value was less than 0.05.
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Results

Identification and label-free quantification of PP1c-interactors 

To study PP1 at the level of the R-subunits, we developed a simple yet powerful method 
for profiling these R-subunits in an unbiased way in vivo based on label-free quantification 
(LFQ; Figure 1; Supplemental Methods). We first optimized the protocol using lysates from 
mouse ventricles before using smaller atrial samples from 4 sinus rhythm (SR) patients 
(Table S1). Altogether, we identified and quantified 483 and 145 proteins from mouse 
and human cardiac lysates, respectively. Of these, 133 and 78 proteins were at least 3-fold 
enriched with PP1c-pull-down, indicative of specific binding to PP1c (Figure 2). To date, 
this is the largest number of putative PP1c-interactors identified in cardiac tissue.

Figure 1. A novel unbiased method for profiling PP1c-interactors. A. Schematic showing the major methodological steps. B. 
Western blot validation of the co-immunoprecipitation of PP1c and one known R-subunit (Ppp1r7). C. Western blot 
demonstrating equal efficiency of anti-PP1c antibody in pulling-down mouse (Mo) and human (Hu) PP1c. LC=liquid 
chromatography; MS/MS=tandem mass spectrometry; XIC=extracted-ion chromatogram; LFQ=label-free quantification. 

Of the 133 proteins differentially enriched from mouse hearts, 13 are known PP1 
R-subunits with a “PPP1R” designation (=PP1 regulatory subunit; followed by a unique 
number) according to the HUGO Gene Nomenclature Committee (red dots in Figure 2A) 
and 4 are R-subunits or interactors that do not (yet) have a “PPP1R” designation (blue 
dots in Figure 2A) (9). In addition, there are two other known interactors, Pfkm and 
Hspb6, that fell below the 3-fold cut-off (dotted line in Figure 2A), which suggests that 
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Figure 2. Identification and label-free quantification (LFQ) of PP1c-interactors. Cardiac lysates made from mouse 
ventricles (A) or human atria (B) were immunoprecipitated with anti-PP1c versus isotype-control IgGs and analyzed by 
mass spectrometry. Y-axis plots the LFQ signals of each protein from the anti-PP1c pull-down. X-axis plots the ratios of the 
LFQ signals from the anti-PP1c pull-down over that from the control pull-down. Proteins with a ratio greater than 3 are 
considered PP1c-interactors. Proteins with an infinite ratio (∞) have no LFQ signals from the control pull-down. Known 
PP1c-interactors are labeled with their gene names while the baits Ppp1ca and PPP1CA are marked by a larger circle. 

these do not, or only partially interact with PP1c in mouse hearts (Table S2). The  remaining 
116 are putative interactors that were not reported previously. Similarly, of the 78 proteins 
identified from human atria (Table S3), 7 are known PP1 R-subunits with a “PPP1R” 
designation, 2 are R-subunits or interactors that do not have a “PPP1R” designation, and 
the remaining 69 are putative interactors not previously reported. 
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Analysis of PP1c-interactors 

First, we analyzed only the known R-subunits by determining their relative binding to PP1c. 
To do so, we normalized their LFQ intensities to their respective sequence length, since a 
larger protein will generally result in more peptides analyzable by MS, leading to higher 
intensity (12). For the mouse sample, the top PP1c-interactors or R-subunits that occupy 
the most number of PP1c molecules were Ppp1r7, Ppp1r2, and Ppp1r11, in descending 
order. For human atria, they were PPP1R7, PPP1R18, PPP1R2, and PPP1R8 (Figure 3A-B). 
Of these, PPP1R7 and PPP1R2 were consistently the most highly PP1c-bound R-subunits 
between mouse and human. Conversely, we did not detect PPP1R1A (or protein inhibitor-1; 
I-1) binding to PP1c most likely due to its low abundance in the heart (13) and/or the fact 
that I-1 only interacts with PP1c when it is phosphorylated at T35 by PKA (8).

Next, we analyzed all the putative PP1c-interactors in terms of three known PP1c-docking 
motifs: RVxF, MyPhoNE, and SILK (14). Out of the 135 PP1c-interactors identified from 
mouse hearts, 105 have at least one of the motifs with 53, 68, and 45 having the RVxF, 
MyPhoNE and SILK motif, respectively (Figure 3C and Table S2). Similarly, out of the 78 
PP1c-interactors identified from human atria, 60 have at least one of the motifs with 39, 
42, and 27 having the RVxF, MyPhoNE, and SILK motif, respectively (Figure 3C and Table 
S3). Of these, most have more than one motif and some have all 3 motifs (Figure 3D-E). 

Besides bioinformatics, we further validated our MS method in vitro by co-transfecting 
3 putative PP1c-interactors, SEC31A (Protein transport protein Sec31A), VCP (Valosin-
containing protein), and CSDA (cold-shock domain protein A), with PP1c in HEK293 cells. 
Co-immunoprecipitation (IP) followed by WB using these samples showed a specific 
interaction between PP1c and these novel interactors, confirming our MS findings 
(Figure 4).

Changes in PP1c-interactome in pAF patients

Since PP1c expression is altered (along with other extensive electrical and structural 
remodeling) in cAF but not pAF (5), samples from pAF patients were used in this study 
to avoid potential confounders. Applying our new methodology, we discovered three 
specific alterations in the PP1c-interactome: PPP1R7 (1.59-fold, P=0.044), CSDA (5.67-
fold, P=0.0010), and phosphodiesterase type-5A (PDE5A; 1.75-fold, P=0.049) all had 
significantly increased binding to PP1c in pAF (Figure 5 and Table S4). Since PPP1R7 is the 
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Figure 3. Bioinformatic analysis of PP1c-interactors. Relative binding of known PP1 regulatory subunits to PP1c based on 
LFQ signal intensities normalized to sequence length of each protein for mouse ventricles (A) and human atria (B). C. 
Sequence LOGOs of the 3 most common PP1c-docking motifs (KVxF, MyPhoNE, and SILK)(9) generated from validated 
PP1c-interactors using MEME. The E-values of the 3 motifs are 5.9E-4, 2.3E-6, and 3.8E3, respectively. PP1c-interactors that 
have at least 1 of these motifs were plotted in Venn diagrams for mouse ventricles (D) and human atria (E).

top interactor of PP1c in human atria as shown in Figure 2B with the highest LFQ signal 
and Figure 3B with the largest pie piece (43%), a 1.59-fold increase in this binding between 
PPP1R7 and PP1c translates to a large change in the PP1c-interactome (e.g. 43% X 1.59 = 68%). 
Furthermore, we validated this increase in PP1c-PPP1R7 interaction using WB as shown in 
Figure 6A-B, even though WB detection is not nearly as sensitive or quantitative as MS. 

In terms of the novel PP1c-interactors CSDA and PDE5A, bioinformatic analysis showed 
that PDE5A harbored all three of the PP1c-docking motifs (Tables S2 and S3), unlike CSDA 
which may bind to PP1c through alternative means (Figure 4C) (9). Nevertheless, CSDA 
does have the highest increase in PP1c-binding in pAF (Figure 5A-B), making it a potential 
key regulator of PP1 action in pAF. 
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Figure 4. In vitro validation of mass spectrometry findings. Co-immunoprecipitation followed by Western blots were 
performed using lysates from HEK293 cells that were co-transfected with one of 3 putative PP1c-interactors, SEC31A (A), 
VCP (B), and CSDA (C), and HA-tagged PP1c. SEC31A and CSDA were FLAG tagged while VCP was EGFP tagged. 
SEC31A=Protein transport protein Sec31A; VCP= Valosin-containing protein; CSDA=cold-shock domain protein A.

 

Figure 5. Comparison of binding between PP1c and known or novel interactors in sinus rhythm (SR, n=7-8) versus 
paroxysmal atrial fibrillation (pAF, n=5) patients. A. Known interactors that are unchanged in their binding to PP1c. B. 
Interactors that are changed in their binding to PP1c in pAF patients, with CSDA and PDE5A being novel PP1c-interactors. 
Quantification is based on LFQ signals and ACTC1 is used as an internal control. ACTC1=actin-1; CSDA=cold-shock domain 
protein A; PDE5A=phosphodiesterase type-5A; TNS1=tensin-1.

To correlate these changes in PP1c-binding to global protein levels, we performed WB and 
found that relative to PP1c’s global protein level, PPP1R7 and CSDA are unchanged while 
PDE5A is upregulated by 1.35-fold in pAF patients (P<0.05; Figure 6C-D). This suggests that 
for PPP1R7 and CSDA, the increases in their binding to PP1c (Figure 5B) are independent 
of their global levels which remained unchanged in pAF (Figure 6C-D). In contrast, the in-
crease in binding between PDE5A and PP1c may be partially attributed to the increase in 
PDE5A’s global level. Nevertheless, if PDE5A’s increase in binding (1.75-fold) is normalized 
to its increase in global level (1.35-fold), there is still a positive ratio of 1.3-fold. In other 
words, there still may be some increases in binding between PDE5A and PP1c that are in-
dependent of the increase in PDE5A’s global level. Taken together, these findings suggest 
that while PP1 is relatively unchanged in its global level in pAF (Figure 6C-D) (10), it is dys-
regulated at the level of at least three R-subunits/interactors. 

41297 Lebesgue, Nicolas_10p.indd   122 15-07-16   13:28



4

PP1 interactome in atrial fibrillation patients

123

Figure 6. Global levels of select PP1c-interactors in sinus rhythm (SR) versus paroxysmal atrial fibrillation (pAF) patients. 
A-B. PP1c immunoprecipitation followed by Western blots confirming the increase in binding between PP1c and PPP1R7 in 
pAF patients. C-D. Representative Western blots and quantification showing the global protein levels of the 3 interactors 
(PPP1R7, CSDA, and PDE5A) relative to that of PP1c. CSDA=cold-shock domain protein A; PDE5A=phosphodiesterase type-
5A. *P<0.05 vs SR. 

Targeting function of PP1c-interactors

To further validate the two novel PP1c-interactors Csda and Pde5a, immunocytochemistry 
was performed using isolated mouse atrial myocytes with Ppp1r7 as a positive control. We 
found that both Csda and Pde5a localized to the periphery of the isolated myocytes, unlike 
Ppp1r7 which stained mostly intracellularly (Figure 7). Nevertheless, all three co-localized 
with Ppp1ca (PP1c). Of note, Csda co-stained more strongly with Ppp1ca at the periphery 
than Pde5a while the latter co-stained more strongly with Ppp1ca intracellularly (Figure 7). 
To assess whether these findings were atrial-specific, we performed the same experiments 
in isolated mouse ventricular myocytes and found the same co-staining patterns (Figure 
S1). Together, these results suggest that each interactor targets PP1c to distinct subcellular 
compartments where PP1c may dephosphorylate different target proteins. 
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Figure 7. Co-localization of Ppp1ca (PP1c) and its interactors. Atrial myocytes isolated from adult mice were co-stained 
with different antibodies to show the co-localization between Ppp1ca (PP1c) and 3 of its interactors: Ppp1r7 (A), Csda (B), 
and Pde5a (C). Representative images were chosen out of 10-12 cells from 2-3 mice. Scale bar=20 μm. 

Figure 8. Subcellular targeting of PP1c by CSDA. HeLa cells were transfected with either FLAG-CSDA or empty vector and 
co-stained with anti-FLAG and anti-PP1c antibodies. White arrows in the middle panel point to nuclear or perinuclear 
aggregations of PP1c, which are absent without CSDA and which co-localize perfectly with CSDA as shown in the bottom 
panel. Scale bar=20 μm. 

41297 Lebesgue, Nicolas_10p.indd   124 15-07-16   13:28



4

PP1 interactome in atrial fibrillation patients

125

To further test this hypothesis, we transfected HeLa cells with FLAG-tagged CSDA and 
performed immunocytochemistry to see how this may affect the subcellular localization 
of PP1c. Figure 8 shows that cells that were transfected with FLAG-CSDA demonstrated a 
distinct PP1c staining pattern compared to non-transfected cells or cells transfected with 
the empty vector. Specifically, the white arrows in Figure 8 point to nuclear or perinuclear 
aggregations of PP1c, which are absent without CSDA and which co-localize perfectly 
with CSDA. This supports the hypothesis that these interactors target PP1c to distinct 
subcellular compartments, as summarized in the Central Illustration.

 
Discussion

This study provides the first characterization of the extensive remodeling of the PP1c-
interactome in the atria of pAF patients. Using a novel proteomic method, we found that 
PP1c is dysregulated in pAF patients by altered binding to at least 3 interactors: PPP1R7, 
CSDA, and PDE5A. In addition, we identified a total of 135 and 78 PP1c-interactors in vivo 
from mouse and human cardiac tissues, respectively, and analyzed them according to the 
most common PP1c-docking motifs, providing further insights into the mechanisms by 
which PP1 is regulated by these R-subunits/interactors. Taken together, our study suggests 
that alterations in the PP1c-interactome via R-subunits may contribute to subcellular 
heterogeneities underlying AF pathogenesis.

Comparison to previous studies on PP1-regulatory subunits in heart

More than half of all human proteins undergo reversible phosphorylation, the 
dysregulation of which drives the pathogenesis of cardiac disease (6). To balance the action 
of a plethora of kinases, the limited number of PP catalytic subunits rely on their numerous 
R-subunits to convey localization and substrate specificity (8). Because R-subunits are at 
the crux of deciphering PP1 regulation, studies have increasingly recognized the need 
and importance of investigating individual R-subunits (15-19). However, these studies are 
not only few and far between but are also limited to specific R-subunits based on prior 
(biased) knowledge. 

In the heart, the most-studied R-subunits are two PP1 inhibitors, PPP1R1A (I-1) and 
PPP1R2 (I-2), in the setting of HF (6). To date, however, the functional roles of I-1 and 
I-2 with respect to global PP1c activity remain controversial. Some studies suggest 
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Central Illustration. PP1c-interactome in cardiomyocytes. Cartoon modifi ed from (6) with elements from ‘Servier Medical 
Art’. Localization of novel PP1 regulatory (R)-subunits is based on immunocytochemistry data (Figures 7 and S1) and 
previous studies that used non-cardiac tissues. See Table S5 for abbreviations.

that decreased I-1 or I-2 and the correspondingly increased PP1c activity drive HF 
progression (13,20-25). Others found the exact opposite and suggested that decreased 
PP1c activity actually negatively affects the heart (26,27). All of these studies, however, only 
measured or manipulated the global levels of I-1, I-2, or PP1c, which invariably may have 
affected many cellular processes and thereby confounded the fi ndings. A more precise 
way to tease apart the many roles of PP1 in HF would be to examine its entire interactome 
in order to identify hot-spots of dysregulation, as we have done for pAF patients in the 
present study and for cAMP nodes in HF recently (28). In fact, the methodology developed 
in this study may be easily adapted to study HF in both animal models and human 
patients.

Potential implications for targeted dephosphorylation of cardiac proteins

Besides I-1 and I-2, previous studies have also identifi ed a few other PP1 R-subunits that may 
play key roles in cardiac physiology and pathophysiology, such as PPP1R9B (spinophilin) and 
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PPP1R3A (RGL), which target PP1c to RyR2 and phospholamban, respectively (6,19). To our 
best knowledge, however, only 6 such R-subunits had been studied in cardiomyocytes; our 
present study doubles this number with validated R-subunits as summarized in the Central 
Illustration. Furthermore, we identified another 67 putative R-subunits from human atria 
and over 100 from mouse ventricles (Figures 2 and 3; Tables S2 and S3). It is highly likely that 
some of these novel R-subunits target PP1c to key cardiac proteins with currently unknown 
R-subunits, such as Na+/Ca2+-exchanger and voltage-dependent Na+-channel (Central 
Illustration) (6). Lastly, our study provides the relative binding levels of these R-subunits to 
PP1c (Figure 3A-B), which may be useful for future drug design considerations. 

One of the previously unappreciated R-subunits in the heart is PPP1R7 (SDS22), 
which turned out to be the most highly bound R-subunit in both mouse ventricles 
and human atria (Figure 3A-B). PPP1R7 is required for cell cycle progression or mitosis 
completion in yeast by targeting PP1c to the nucleus (8,29), which is consistent with 
our immunocytochemistry finding (Figures 7A and S1A). However, the role of PPP1R7 
in the heart is virtually unknown, where it is not only highly expressed (Figure 6B) but 
also abundantly associated with PP1c (Figure 3A-B). Furthermore, the binding between 
PPP1R7 and PP1c is increased in pAF (Figures 5B and 6A-B), which in relation to its level of 
PP1c-binding translates to a very large disturbance in pAF. Future studies are needed to 
determine the precise role of PPP1R7 in the heart. 

Novel findings and potential clinical implications

Besides capturing a number of known R-subunits, we discovered numerous novel PP1c-
interactors, two of which showed upregulated binding to PP1c in pAF (Figure 5B). CSDA 
is a member of the protein family containing the highly conserved cold-shock domain 
and are considered as transcriptional and translational regulators (30,31). As such, it 
is perceivable that the increase in CSDA-PP1c association may underlie some of the 
transcriptional changes observed in pAF and perhaps drive the eventual electrical and 
structural remodeling in cAF (32,33). However, besides one study showing by Northern-
blot that CSDA is highly expressed in cardiac muscles (34), its role in the heart is completely 
unknown. Here we found that CSDA is not only a novel PP1c-interactor but that it localizes 
specifically to the sarcolemma in isolated cardiomyocytes (Figures 7 and S1), which is 
different from its cytoplasmic and nuclear localization in HeLa cells (Figure 8) (34). This 
may suggest an additional and previously unappreciated role for CSDA, particularly in the 
context of pAF. 
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PDE5A was the first cGMP-selective phosphodiesterase discovered and is expressed mainly 
in vascular smooth muscle, endothelium, and fibroblasts but also in cardiomyocytes with 
some controversy (35). It is generally believed that PDE5A localizes to Z-disks, which is 
consistent with our findings in isolated myocytes although we also detected a significant 
level at the sarcolemma (Figures 7C and S1) (35). In cardiac hypertrophy and HF, PDE5A 
is upregulated to reduce cGMP and PKG activity, associated with oxidative stress (35). In 
our study, we also detected both a global upregulation as well as an increased binding 
to PP1c in pAF (Figures 5B and 6C-D), which may constitute a similar mechanism as in HF. 
On the other hand, another study suggested that PDE4’s activity on cAMP is protective 
against atrial arrhythmia and showed that it decreases with age and in cAF patients (36). 
The fact that PDE5A is upregulated both globally and in association with PP1c may point 
to a compensatory mechanism early in AF pathogenesis. 

Potential limitations 

As with most other AF studies, this study is limited by the sample size of the atrial 
biopsies and by the inherent variability among the patients. Consequently, we were not 
able to identify and quantify as many interactors as we did with mouse samples. On 
the other hand, the inherent variability in these samples may have masked the subtler 
but potentially important changes in some of the PP1c-interactors. Also similar to other 
AF studies, this study is limited by the number of samples/patients used for each of the 
mass spectrometry and biochemical experiments, which diminished the overall ability 
to detect small changes and also increased the probability of false positives. Therefore, 
future studies with larger sample sizes are needed to confirm our findings. Finally, the 
SR and pAF patients are not perfectly matched in terms of age and gender although the 
differences are not statistically significant (P>0.05; Table S1).

 
Conclusions

In this study, we demonstrated that PP1 is dysregulated in pAF at the level of protein-
protein interaction with R-subunits that modify PP1 enzymatic activity and/or subcellular 
targeting. In particular, we identified three major alterations in the PP1c-interactome that 
may play a role in AF pathogenesis. In addition, we developed a novel, powerful technique 
for capturing and quantifying the PP1c-interactome directly from cardiac tissues, which 
enabled us to identify 135 and 78 PP1c-interactors in vivo from mouse ventricles and human 
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atria, respectively. Overall, we present a rich dataset that may open up new avenues of 
research toward the understanding of both cardiac physiology and AF.

 
Perspectives

Competency in Medical Knowledge
 
The interactome of serine/threonine protein phosphatase type-1 (PP1) is dysregulated 
in patients with paroxysmal atrial fibrillation at the level of protein-protein interaction 
between the PP1 catalytic subunit and its various regulatory subunits.

 
Translational Outlook 

A novel and powerful technique was developed to study the PP1c-interactome directly 
from human cardiac tissues. This enables future studies of PP1 in atrial fibrillation 
and other cardiac diseases in order to pinpoint the molecular sites of dysregulation for 
development of novel therapeutics.
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Over the last decade, mass spectrometry-based proteomics has emerged as a powerful 
tool to qualitatively and quantitatively compare proteomes of cells, tissues and organisms 
with different phenotypes and/or submitted to different conditions. The analysis of 
proteolytic peptides and their fragment ions enables the identification and quantification 
of the corresponding proteins. However, proteins are existing in a multitude of proteoforms 
due to alternative splicing in combination with PTMs in a certain biological condition.  
MS-based data often relies on partial information from proteomes and often probalistic 
inferences on incomplete information is made. Moreover, the analysis of proteomics data 
as well as their integration with other types of -omics data remains a challenge. Thereby, 
the biological implication of post-translational modifications on proteins, including 
phosphorylation, remains uncovered. Here, we discuss those challenges and their further 
implications in understanding systems biology.

Challenges in (phospho)proteomics
The first fundamental step in proteomic profiling is linked to the sample preparation and 
mainly the proteolytic digestion of proteins to generate peptides suitable for MS. Trypsin 
is by far the gold standard protease used in proteomics, because of its high cleavage 
specificity at lysine and arginine, generating peptides suitable for MS analysis (1). 97% of 
the identified peptides are on average between 7 and 35 amino acids. However, the majority 
of the generated proteolytic peptides (56%) are very small (< 6aa) and do not pass the rigid 
filtering that is applied to control the level of false-positive identifications (2). Although for 
typical proteomic experiments complete proteome coverage is not necessary, it is crucial 
for characterizing sub-proteomes including system-wide phospho-proteomes. Therefore, 
the use of a single proteolytic enzyme will limit the theoretically observable part of a given 
proteome and many phosphorylation sites will remain inaccessible (2, 3). 

20–30% of all genes in an organism encode integral membrane proteins, which are 
involved in numerous cellular processes (4) including sphingolipid metabolism (5). 
Those proteins are of low solubility in the digestion medium of trypsin and possess 
long hydrophobic sequences that are often poorly mapped in tryptic complex digests. 
Therefore, the combination of multiple protease including endopeptidases (Arg-C, Glu-C, 
Chymotrypsin) can be used to generate complimentary peptides, but also to prevent 
protease bias (6). Of course, such an implementation is more MS time consuming, more 
expensive and requires more starting material. Generating longer peptides also reduces 
sample complexity, in turn allowing deep proteome coverage (7). The emergence of 
middle-down proteomics by analyzing longer peptides generated by proteolytic enzymes 
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such as Lys-N in with the implementation of fragmentation method such as ETD could 
allow to observe multiple PTMs at once of specific protein isoform, further facilitating the 
investigation of PTM crosstalk (8).

Due to sub-stoichiometric nature of protein phosphorylation, specific enrichment prior 
to LC-MS/MS analysis is required. Nowadays, the use of IMAC and/or MOAC strategies 
are widely used (9–11) allowing the identification and quantification of thousands 
of phosphorylation sites. However, binding capacities and elution efficiencies did 
profoundly disturb the enrichment efficiency as well as the reproducibility. Careful a priori 
evaluation and optimization of enrichment conditions is required on a case-by-case basis 
for every experimental system (12). Therefore, implementation of high reproducible and 
standardized system remains a prominent challenge for the accurate biological meaning 
of phosphoproteomic data. 

The complexity and dynamic range of the proteome will influence its coverage by LC-MS/
MS analysis. The parameters ranging from lysis to peptide separation and MS acquisition 
will influence this aspect. Nowadays, it is common practice to use two-dimensional liquid 
chromatography (LC) techniques for pre-fractionation due to the higher dynamic range, 
better reproducibility, higher throughput and advanced multiplexing capabilities as 
opposed to gel-based approaches. In this work, offline set-up of strong cation exchange 
(SCX) was chosen as a first dimension prior to reversed phase (RP)-LC for proteome analysis 
(Chapter 3). The use of ultra-high pressure liquid chromatography (UHPLC) contribute 
additionally to an increased sensitivity and accuracy, through the increase of separation 
power, allowing a better proteome coverage (13–15). The type of MS instrumentation 
should also be chosen accordingly to the type of experiment. For a global proteome study 
of the sort presented here, a high-resolution and high accuracy instrument should be 
used, and high sensitivity and speed should be the goal. Instruments such as the Orbitrap 
can nowadays characterize around 5,000-10,000 proteins, in human cells (16, 17). The 
recently introduced Orbitrap Fusion™ Tribrid™ (18) equipped with a mass filter, a collision 
cell, a high-field Orbitrap analyzer, and, finally, a dual cell linear ion trap analyzer allowing 
high scan speed and high mass accuracy. Its increased acquisition rate enabled the 
identification of the Saccharomyces Cerevisiae proteome within 1h analysis (19) as compared 
to our data where we were able to identify nearly 3000 proteins in 3h analysis. Also, The 
Q Exactive HF (20), a benchtop mass spectrometer with a pre-filter, high-performance 
quadrupole and an ultra-high-field Orbitrap analyzer allowed to identify 5000 proteins 
in standard 90 min gradients of tryptic digests of mammalian cell lysate as well as 60% 
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improvement of class I phosphorylation site identifications (21). Nowadays, implementing 
new MS instrumentation could render comprehensive analysis of the human proteome 
within a few hours and will allow a faster comprehension of system biology by deeper 
proteome characterization (19).

Determination of the techniques for quantification need to be discussed according to 
the goal of the experiment. In chapter 2, we applied XIC based label free measurement 
allowing a deepest proteome coverage as compared to labeling strategies in order to 
determine novel regulators of the sphingolipid metabolism. Although the relationship 
between peptide quantity and ion current holds for samples of limited complexity, 
measuring differences in protein abundances in complex mixtures is problematic due to 
subtle variations in sample preparation, injection volume, retention time and co-eluting 
species as well as temperature and LC pressure fluctuations (22). Therefore high resolution 
and accurate mass instrumentation, robust LC system and appropriate peak alignment 
software in combination with a high number of biological and technical replicates for the 
analysis is fundamental to obtain high statistical significance on the results. This kind of 
strategy is therefore limited for samples with a limited amount of peptides. Therefore, we 
applied a dimethyl labeling strategy allowing the reduction of sample handling as well 
as better accuracy, precision and reproducibility for protein quantification (23). It is of 
importance to deal with better identification and accurate quantification according to the 
goal of the experiment. 

As an output, quantitative proteomic strategies propose large data repositories accessible 
to the scientific community with lengthy list of quantified proteins and sites associated to 
different phenotypes or diseases. Today it is possible to generate huge amounts of data, 
and currently there is an enormous challenge to figure out how to actually analyze this 
data and generate real biological insights. Data from a quantitative shotgun experiment is 
analyzed by a database search algorithm that assigned the mass to a sequence detected by 
the MS. In this thesis, acquired MS/MS spectra were matched to theoretical MS/MS spectra 
generated by in silico digestion of a protein database for the organism studied. It assumes 
that proteomics databases are complete and contain all protein sequences and their 
variants found in the sample of interest. Many variants have not yet been characterized 
and documented in databases therefore, many more spectra remain unmatched and 
unassigned (22). Problems arise even with an extensively populated database. If only 
one peptide entry fits the experimental data, this is no guarantee of correct assignment 
to its specific isoform leading to erroneous assignments and misleading conclusions 
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with biased protein quantification (22). Every list originating from large discovery 
experiments contains a number of random false hits. The false discovery of proteins or 
post-translational modification (PTM) can be attributed to random false identifications, 
uncontrollable biological variability and the large number of hypothesizes that are being 
tested in a small number of samples. However, several strategies have been developed 
to minimize such a drawback for peptide identification and quantification rates (24–26). 
Therefore, the successful assignment of the fragment ion spectra to peptide sequences, 
the correct assignment of the position of PTMs, the inference of the proteins represented 
by the identified peptides still present complex computational and statistical challenges 
(27–29). The performance of database search engine tools (including the mostly used 
Mascot, Sequest and X!Tandem algorithms) have been already compared and differs from 
one another in terms of speed, mass accuracy, sensitivity and false discovery positives. New 
software, new search strategies, and new algorithms need to be continuously developed, 
almost at the same speed as the MS instrumentation and sample preparation methods. 
This can potentially lead to consistency in inter-experimental data analysis and aid in 
in vivo system analysis where accuracy and reproducibility are required due to limited 
sample availability.

With the rise of novel ‘’omics’’ technologies, biological systems are being further 
investigated at an unprecedented scale by generating heterogeneous and often large 
data sets.  The proper extraction of biological significance data remains challenging. This 
is partly determined by the ease of data analysis, but also the ease of complementary 
data accessibility, with both fields in need of improvements. In particular for post-
translational modification, there is a significant lack of information concerning PTMs and 
their respective involvement in protein functionalities. Many advances have already been 
made for analyzing the data generated in a fairly automated fashion, through protein 
annotation databases including String (30), David (31), Uniprot (32) as well as phosphosite 
annotation database including Phosphosite Plus (33), Phosida (34) and Phospho.ELM 
(35). On the other hand, appropriate data dissemination is also important, since it will 
contribute for proper function assignment of uncharacterized proteins, for example. 
Certain initiatives have moved forward in order to storage data in different formats, such 
as PRIDE (36) and ProteomeXchange (37). All of these databases at different ends of data-
flow have made and are still making continuous efforts to improve data accessibility. 
Also, the emergence of different high-throughput omics including transcriptomics, 
proteomics, and metabolomic data open doors for new concepts in system biology as 
well as challenges concerning their integration and, consequently, their consistency. For 
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instance, it was generally assumed a direct correspondence exists between the level of 
mRNA transcripts and generated protein expressions according to the central dogma. 
However, the modest correlation (as observed in chapter 2) can be due to various factors 
that affect protein levels independently of transcripts such as different half-lives, post-
translational machinery, transport and localization, covalent modification, assembly into 
complexes and alternative splicing. Thus, multi -omics data have important implications 
for systems biology approaches and raise fundamental questions about the complexity 
of the relationships between various biological scales involved in complex genetic traits 
(38). However, there is a need for improved annotation standards and statistical analysis 
to enable better integration, exploration and visualization of such heterogeneous omics 
data. Thereby it would provide a more comprehensive understanding of the cellular 
molecular dynamics and regulatory mechanisms.

Determining the importance of phosphorylation in sphingolipid homeostasis and sphingolipidoses
It is evident that protein phosphorylation plays an important role in the regulation 
of many biological processes in cells including in the sphingolipid homeostasis. In 
general, large scale phosphoproteomic analysis are performed to quantify and identify 
phosphorylation sites which, for the majority, the function are not known according to 
the current databases. After such an analysis, hundreds of sites are showing a significant 
regulation in response to a particular treatment or in a particular phenotype. 

In chapter 2, we identified many phosphorylation sites significantly regulated upon 
myriocin inhibition with different dynamic profiles in yeast. Those sites belong to 
phosphoproteins that may be involved in SL homeostasis. However, further investigation 
is required to determine if those regulated phosphoproteins are new regulators of SL 
homeostasis or the product of a SL depletion from yeast cells. In our study, we determined 
Atg9, Stp4 and Gvp36 as new homeostatic regulators of SL metabolism using a multi 
-omic approach including proteomics, phosphoproteomics and functional screens. 
Phosphorylation of proteins is of fundamental importance and influence the structure, 
the activity but also the intracellular localization of the protein. 

Determining the direct impact of the regulated phosphorylation site on sphingolipid 
homeostasis using a metabolic assay on mutated strains would validate the involvement 
a precise phosphorylation site. However, SLs have a broad spectrum of localization since 
their biosynthesis is initialized in the ER and end in the Golgi apparatus. Moreover, SLs 
are playing significant roles in membrane structure as well as signaling pathways that 
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regulate cell function in a multitude of cell compartments. Determining the localization 
of the regulated phosphoproteins using a GFP protein localization screen upon myriocin 
inhibition would determine what phosphoproteins are migrating or localized in the ER 
upon myriocin inhibition. It would determine new regulators directly involved in de novo 
synthesis of sphingolipid. 

In a functional perspective, knowing the upstream or downstream targets including 
kinases and phosphatases of those regulated phosphoproteins upon SL depletion would 
be of interest to determine their interactors potentially belonging to signaling pathways 
controlling SL homeostasis. Techniques such as yeast two hybrid system (39) and affinity 
purification (40) have been used for protein-protein interaction studies. Such a study 
allowed to decipher members of the SPOTS complex as well as regulation of the SPT by 
Orm phosphorylation states (41). Applying such a strategy in future perspectives would be 
relevant to determine new signaling pathways controlling SL homeostasis as well as the 
connexions with other signaling pathways involved in pathogenesis of sphingolipidoses. 
Therefore, the relevance of those future findings is necessary to be translated to in vivo 
system in order to determine the relationship between SL homeostasis and phenotypes 
or diseases.

In chapter 3, we show that cholesterol accumulation in Niemann-Pick disease contribute 
also to the modulation of a multitude of phosphorylation sites in heterozygous and 
homozygous mutants. However, we found that Npc1 heterozygous mutants are displaying 
a significant alteration of the phosphoproteome as compared to the proteome. The same 
challenges, as previously described, to understand the role of those phosphoproteins in 
NPC pathogenenesis are related. However, we found many kinases and phosphatases 
with significantly regulated activation sites. Known inhibitors and activators in clinical 
phases are already available. Modulating the activity of those targets in parallel of 
evaluating the pathogenic processes, including lysosomal accumulation of cholesterol 
and demyelination process, in human cell lines would be a valuable tool to determine the 
involvement of those proteins in the lysosomal storage disorders. However, the interaction 
of those targets with biological processes misregulated NPC1 disease remains unclear and 
need further investigation.

Later on, treatment of in vivo mammalian systems such as NPC1 deficient mouse would 
give an enormous feedback about the relationship between kinases/phosphatases and 
the deficient phenotype observed. This would open doors for therapeutic intervention. 
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Lysosomal dysfunction may not be unique to lysosomal storage diseases. It has been 
found that lysosomal dysfunction plays a role in more common neurodegenerative 
diseases, infectious diseases and inflammatory conditions. These findings suggest that 
therapies developed for treating lysosomal disorders may have utility in more common 
human disorders.

Sphingolipid metabolism is complex system as well as the pathologies associated with 
its misregulation. Omic technologies are powerful tools to unravel genes, proteins 
and PTMs misregulated upon a certain condition, a certain genotype or phenotype. In 
this perspective, Omic technologies are opening new doors to better understand the 
molecular mechanism of signaling pathways in life and disease. However, integrating 
and understanding the biological meaning of such large amount of data is challenging 
based on the current knowledge offered by database annotations.  Future research should 
focus on a better integration and a more comprehensive overview of large scale -omic 
data. Finally, targeted proteomic approaches need to be considered to determine the 
relationship between defective molecular mechanisms and phenotypes. Those efforts will 
ultimately give new opportunities for confident therapeutic intervention in sphingolipid 
disorders in human. 
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Summary 

Sphingolipids (SLs) are essential components of cell membranes and are broad-
range of bioactive signaling molecules with imbalances affecting cellular function 
and contributing to pathologies ranging from neurodegenerative and metabolic 
disorders to cancer and aging. Deciphering how SL homeostasis is maintained and 
uncovering new regulators are key aspects for understanding lipid biology and defining 
opportunities for therapeutic interventions. Protein phosphorylation appeared as a 
key post-translational modification in SL homeostasis as it is controlling the activity of 
the serine palmitoyltransferase involved in the first initial and rate limiting step of SL 
biosynthesis. However, to date the exact extent and role of protein phosphorylation in 
response to changes in SL homeostasis as largely unknown. Mass spectrometry (MS) 
based proteomics has become a valuable tool to analyze and perform temporal profiling 
of the phosphorylation events occurring within cells, tissues or organisms submitted 
to different environmental conditions. The work presented in this thesis allowed to 
meticulously identify phosphorylation events occurring on several crucial sphingolipid 
signaling pathways to better understand how misregulation of phosphoprotein 
signaling can be linked to sphingolipidose pathologies.

In chapter 1, a general introduction is given into mass spectrometry-based (phospho)
proteomics workflows and sphingolipid metabolism which is the main topic investigated 
in this thesis. The type of research question strongly determines the type of experimental 
workflow and equipment required. Therefore, a myriad of techniques/approaches are 
available to answer the biological question related to sphingolipid metabolism.

In chapter 2, we combined different -omic strategies including transcriptomics, 
proteomics, phosphoproteomics and functional screens to initially elucidate some of the 
regulatory proteins controlling de-novo SL biosynthesis. To this end yeast has been used 
as a model system, in which SL homeostasis has been disturbed using a treatment with 
myriocin, a drug blocking the biosynthesis and causing a decrease of SL in the cell. Our 
findings demonstrate that the vast majority of changes following myriocin treatment 
are at the post-transcriptional and translational steps. Our study determined new 
modulators of SL homeostasis controlled by protein phosphorylation including Gvp36, 
Stp4 and Atg9. We revealed that the regulatory system of SLs is highly responsive at 
the post-translational level, extremely dynamic and much more complex and intricate 
than previously envisaged. The datasets presented should be mined for the myriad of 
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additional changes that exist when SL homeostasis is disturbed and may shed light on 
additional aspects of SL biology.

In chapter 3, we applied in a clinical context a quantitative (phospho)proteomic strategy  
in a mouse model of Niemann-Pick disease type C (NPC) to study the “in vivo” effect of 
NPC1 loss of function in cerebellum. In patients suffering of NPC disease lipid homeostasis 
has been disturbed causing accumulation of lipids in diverse organs, leading to 
neurodegenerative diseases. We were able to decipher the potent implication of signaling 
pathways and phosphorylation signaling pathways in Niemann-Pick pathogenesis by 
analyzing the proteome and phosphoproteome of NPC1 mutant mice cerebella. Our 
results indicate that phosphorylation mediated signaling might play a role in the onset of 
the NPC1 disease, as shown by the major changes in protein phosphorylation but absence 
of major protein expression changes in heterozygous mutants displaying a reduction of 
NPC1 functional protein compared to ‘’normal’’ mice.  This is in agreement with the clinical 
symptoms of the mice, in which the heterogeneous mice develops neurodegeneration only 
at a later age. Our data provide a new resource for elucidation of deregulated pathways 
in NPC1 disease onset and progression. This will aid the identification of potential new 
therapeutic targets including kinases, which are favorable drug targets.

In a parallel project, chapter 4 investigates the involvement of a serine/threonine protein 
phosphatase type-1 (PP1) in heart paroxysmal atrial fibrillation (AF). AF is one of the most 
common sustained cardiac arrhythmia, yet current pharmacologic treatments are limited. 
By co-immunoprecipitating the catalytic subunit of PP1 in cardiac lysates followed by a 
MS based proteomics in combination with label free quantification, we show that the 
phosphatase is dysregulated at the level of its regulatory (R)-subunits in AF patients. This 
alteration impairs PP1 targeting to proteins involved in electrical and Ca2+-remodeling as 
a new pathological concept and may provide more specific drug targets for treating AF.

In chapter 5, we discuss perspectives addressing the applicability of mass spectrometry 
based quantitative (phospho)proteomics for the study of sphingolipid homeostasis. Also, 
we focus on the main research question that should be addressed to determine cross-
talk between sphingolipid metabolism and post-translational modifications including 
phosphoprotein signaling pathways and their application in the clinic.
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Samenvatting 

Sphingolipiden (SLs) zijn essentiële componenten van cel membranen en zijn tevens 
een uiteenlopende verzameling van bioactieve moleculen betrokken in signaal 
transductie. Een verstoorde balans in de hoeveelheden sphingolipiden kan verschillende 
cellulaire functies beïnvloeden. Deze verstoorde balans kan onder meer leiden tot 
neurodegeneratieve en metabole ziektes, kanker en veroudering. Het ophelderen van de 
mechanisme van SL homeostase en het aan het licht brengen van nieuwe facetten van 
hun regulatie zijn essentiële aspecten om de biologie van lipiden te begrijpen en nieuwe 
therapeutische interventies te definiëren. Het is gebleken dat eiwit fosforylering een 
belangrijke post-translationele modificatie is in SL homeostase. Onder andere wordt 
de activiteit van serine palmitoyltransferase door fosforylering gereguleerd, tijdens de 
eerste, en snelheid bepalende, stap van de SL biosynthese. Echter, tot dusver is de exacte 
rol van eiwit fosforylering als gevolg vanveranderingen in SLs homeostase niet bekend. 
Massa spectrometrie (MS) is een belangrijke techniek om temporele ontwikkelingen in 
het fosfo-proteome te analyseren en te karakteriseren, in cellen, weefsels en organismen, 
en onder invloed van verschillende condities. In dit proefschrift wordt de identificatie 
van gereguleerde eiwit fosforylering, voorkomend in cruciale sphingolipide signaal 
transductie processen, beschreven. Het werk beschreven in dit proefschrift  draagt hiermee 
bij tot een beter begrip van hoe misregulatie van fosforylering gestuurde signalering kan 
leiden tot aandoeningen gerelateerd aan een verstoorde balans in SLs. 

In hoofdstuk 1 wordt een globale introductie gegeven van de experimentele werkwijze 
van (fosfo-)proteomics, gebruik makend van massa spectrometrie, en van sphingolipide 
metabolisme, de voornaamste onderwerpen van deze thesis. Het type onderzoeksvraag 
bepaalt sterk de experimentele werkwijze en benodigde apparatuur. Derhalve is er een 
wijd scala aan technieken nodig om de biologische vragen gerelateerd aan sphingolipide 
metabolisme te kunnen beantwoorden. 

In hoofdstuk 2 worden verschillende -omics technieken gecombineerd, waaronder 
transcriptomics, proteomics, fosfo-proteomics en functionele screens, om de eiwitten te 
identificeren die cruciaal zijn in de aanmaak en regulatie van 'nieuwe' sphingolipiden. 
Hiervoor werd gebruikt gemaakt van gist als model systeem en de balans in SLs werd 
verstoord door behandeling met de Myrioncin, een drug die de aanmaak van SLs 
blokkeert waardoor SL hoeveelheden omlaag gaan. Hierbij zijn onze bevindingen dat 
de meeste veranderingen, volgend op de myriocin behandeling, op post-transcriptioneel 
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en translationeel eiwit niveau plaatsvinden. Ons onderzoek heeft een aantal nieuwe 
modulatoren van SL homeostase geïdentificeerd welke beïnvloed worden door 
fosforylering, waaronder Gvp36, Stp4 en Atg9. Wij betuigen dat de regulatie van SLs sterk 
beïnvloed wordt op een post-translationeel niveau, extreem dynamisch is en aanzienlijk 
meer complex is dan hiervoor werd aangenomen. De data die hier wordt gepresenteerd 
kan worden gebruikt als bron voor de vele veranderingen die optreden wanneer de balans 
in SLs wordt verstoord en zal opheldering geven over de regulatie van SLs.

In hoofdstuk 3 is een wederom een fosfoproteomics benadering gebruikt om in een muis 
model van de ziekte van Niemann-Pick type C (NPC) het in vivo effect van het verlies van 
functioneel NPC1 eiwit in het cerebellum te analyseren. In Niemann-Pick type C patiënten 
is de lipide huishouding verstoord, waardoor lipiden in verschillende organanen ophopen 
wat onder meer tot neurodegeneratie kan leiden. Door middel van (fosfo)proteoom 
onderzoek in de cerebella van ons muismodel konden we verschillende signaal paden 
ophelderen welke betrokken zouden kunnen zijn in de pathogenese van de ziekte 
van NPC. Onze resultaten impliceren dat fosforylering gestuurde signalering in cellen 
een grote rol speelt in de aanvang van de ziekte van NPC. Dit leiden we af uit de grote 
veranderingen in eiwit fosforylering die we zien in de cerebella van heterozygote mutant 
muizen (de helft van functioneel NPC1) ten opzichte van 'normale' muizen. Daarentegen 
zien we nauwelijks veranderingen in eiwit hoeveelheden als we de cerebella van deze 
muizen vergelijken. Dit is in overeenstemming met de klinische symptomen van de 
muizen, waarbij bij de heterozygote muizen alleen op latere leeftijd neurodegeneratie 
optreedt. 

Onze data verzorgd een nieuwe bron om incorrect gereguleerde signaal transductie in de 
aanvang en progressie van de ziekte van NPC op te helderen. Dit kan helpen om nieuwe 
therapeutische targets te identificeren, waaronder kinases welke eiwitten uitermate 
geschikt zijn om met medicijnen te remmen.

In parallel wordt in hoofdstuk 4 een project beschreven aangaande de 
betrokkenheid van het eiwit complex serine/threonine protein phosphatase type-1 
(PP1) in paroxysmale atriumfibrillatie (AF). AF is een van de meest voorkomende 
hartritmestoornissen, desalniettemin zijn therapieën gelimiteerd. Door middel van een 
co-immune precipitatie gevolgd door massa spectrometrie en label-vrije kwantificatie is 
het katalytische deel van PP1 uit hartweefsel geanalyseerd. Hiermee is aangetoond dat 
het regulerende deel van PP1 uit balans is in AF patiënten. Deze verandering vermindert 
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de werking van PP1 betreffende de aansturing van eiwitten geassocieerd met elektrisch- 
en Ca2+ afhankelijke opbouw. Dit is een nieuw pathologisch concept, en deze data kan 
ervoor zorgen dat behandeling van AF patiënten verbeterd. 

In hoofdstuk 5, bespreken we perspectieven betreffende de toepassing van massa 
spectrometrie en kwantitatieve (fosfo-)proteomics in het bestuderen van sphingolipiden 
homeostase. Eveneens focussen we op de centrale onderzoeksvraag, richtend op de 
verbinding tussen sphingolipide metabolisme en post-translationele modificaties, 
waaronder fosforylering, en de toepassing ervan in de kliniek. 
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Supplementary figures to Chapter 2

Figure S1. Effect of sphingolipid synthesis inhibition on yeast growing in various concentrations of myriocin. SEY6210 
yeast cells were incubated with 0 to 300 ng/ml of myriocin in YPD medium. OD600 was measured every hour during 8 
hours. Changes in growth rate start to become apparent only after 3h of growth in myriocin.

Figure S2. Qualitative evaluation of cell viability in response to low-dose of myriocin. SEY6210 yeast cells were grown in 
YPD medium in presence (B) or absence (A) of 150 ng/ml of myriocin. Cells were collected after 5min, 60 min and 120 min of 
myriocin inhibition, washed in fresh distilled water and stained with Coomassie blue reagent. Results indicate that myriocin 
does not alter cell viability between 5 and 60 min of treatment. A significant proportion of cells are non-viable after 120 min 
of treatment (B).
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Figure S3. Protein expression heatmap of proteins involved in (de)phosphorylation processes. For every time point, the 
color scale is displaying the Log2 protein ratio of the regulated proteins belonging to phosphorylation and dephosphorylation 
processes in yeast according to Gene Ontology. 

Figure S4. Individual dynamic profile of Sec16 phosphorylation. Dynamic representation of Log2 ratio for the regulated 
sites belonging to Sec16. The histogram (in black) represents the Log2 protein ratio of the selected phosphoprotein for each 
time points.
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Supplementary tables and figures to Chapter 4 

SR PAF P-value
Patients, n 22 14
Gender, m/f 17/5 6/8 0.073
Age, y 63.8±2.4 71.3±2.9 0.061
Body mass index, kg/m2 27.4±0.7 28.5±7.8 0.566

CAD, n 10 6 0.175
MVD/AVD, n 4 4 0.683
CAD+MVD/AVD, n 2 4 0.181

Hypertension, n 20 13 1.000
Diabetes, n 6 2 0.441
Hyperlipidemia, n 16 8 0.471

LVEF, % 40.2±2.6 46.9±3.7 0.136

Digitalis, n 1 3 0.277
ACE inhibitors, n 14 9 1.000
AT1 blockers, n 1 2 0.547
β-Blockers, n 16 9 0.716
Dihydropyridines, n 4 5 0.267
Diuretics, n 10 7 1.000
Nitrates, n 1 1 1.000
Lipid-lowering drugs, n 17 7 0.148

Table S1: Characteristics of patients. Values are presented as mean±SEM or number of patients. SR, patients in sinus 
rhythm; PAF, paroxysmal atrial fibrillation patients; CAD, coronary artery disease; LAD, left atrial diameter, MVD/AVD, 
mitral/aortic valve disease; LVEF, left ventricular ejection fraction; ACE, angiotensin-converting enzyme; AT, angiotensin 
receptor. No statistical differences were found between SR and pAF groups using unpaired Student’s t-test for continuous 
variables and Fisher’s exact test for categorical variables.
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Abbreviation Full Name Alternate Name(s)
CSDA Cold-shock domain protein A
CSQ2 Calsequestrin type-2

I-1 Protein inhibitor-1 PPP1R1A
I-2 Protein inhibitor-2 PPP1R2; IPP2
ICa,L L-type Ca2+-current

IK,ACh Acetylcholine-dependent inward-rectifier K+-current
IK1 Basal inward-rectifier K+-current
IKr Rapid delayed-rectifier K+-current
IKs Slow delayed-rectifier K+-current
IKur Ultra-rapid delayed-rectifier K+-current
INa Na+-current
INaK Na+–K+-ATPase current
INCX Na+/Ca2+-exchanger current
Ito Transient-outward K+-current

MyBP-C Myosin-binding protein-C
PDE5A Phosphodiesterase type-5A

PLM Phospholemman
PLN Phospholamban

PMCA Plasma membrane Ca2+ ATPase
PP Protein phophatase

PP1c Protein phosphatase type-1 catalytic subunit
PPP1R12A Protein phosphatase type-1 regulatory subunit 12A MBS; MYPT1
PPP1R12C Protein phosphatase type-1 regulatory subunit 12C MBS85
PPP1R18 Protein phosphatase type-1 regulatory subunit 18 Phostensin
PPP1R7 Protein phosphatase type-1 regulatory subunit 7 SDS22
PPP1R8 Protein phosphatase type-1 regulatory subunit 8 NIPP1

RGL Regulatory subunit of the glycogen associated protein phosphatase PPP1R3A; GM
RyR2 Ryanodine receptor type-2

SERCA2a Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase
Sp Spinophilin PPP1R9B; neurabin-II
TnI Troponin-I

Table S5: List of abbreviations used in the central Illustration.
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Figure S1. Co-localization of Ppp1ca (PP1c) and its interactors. Ventricular myocytes isolated from adult mice were 
co-stained with different antibodies to show the co-localization between Ppp1ca (PP1c) and 3 of its interactors: Ppp1r7 (A), 
Csda (B), and Pde5a (C). Representative images were chosen out of 12-21 cells from 3 mice. Scale bar=20 μm

41297 Lebesgue, Nicolas_10p.indd   164 15-07-16   13:29


