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SUMMARY

Among the approximately 200 known post-translational protein modifications, glycosylation is
one of the most common ones in eukaryotes. Glycosylated proteins play a major role in cell-cell
and receptor-ligand interactions, immune response, apoptosis, angiogenesis and pathogenesis of
diseases (Varki, 1993; Woods et al., 1994). Despite great biological and clinical interest, our
knowledge of in vivo N-glycosylation sites - a prerequisite for detailed functional understanding
- is still very limited. Although in the past decade it has become possible to detect several
thousands of phosphorylation sites and to illustrate the kinetics of phosphorylation in complex
biological systems (Huttlin et al., 2010; Olsen et al., 2006; Wisniewski et al., 2010), large-scale
N-glycoproteomics has so far remained unexplored. Due to the lack of large-scale data, our
understanding of the extent and evolution of N-glycoproteomes is very limited.

The goal of our work was to develop a method of in-depth mapping of N-glycosylation with
very high accuracy using recent advances in proteomics technology and to apply it to various
biological questions. We developed a method based on the ‘Filter Aided Sample Preparation’
(FASP) technology (Wisniewski et al., 2009b) that allows highly efficient capture of
glycopeptides, even from membrane proteins. We used an LTQ Orbitrap Velos, a very advanced
mass spectrometer (Olsen et al., 2009), to acquire accurate mass spectrometric data at very high
resolution. In our initial study we mapped 6,367 N-glycosylation sites in four mouse tissues and
in mouse blood plasma. We found that sites almost always have the N-!P-[S|T]-IP motif (where
IP is any amino acid except for proline) but sometimes also the N-X-C motif or a non-consensus
sequence and that they are always oriented toward extracellular space or towards the lumen of

ER, Golgi, lysosome or peroxisome (Zielinska et al., 2010).



Furthermore, we measured the N-glycoproteomes of an additional six organisms:
Schizosaccharomyces pombe, Saccharomyces cerevisiae, Caenorhabditis elegans, Drosaophila
melanogaster, Danio rerio and Arabidopsis thaliana that representatively span more than a
billion years in evolution. Combined with the mouse N-glycoproteome we identified 15,771
sites and found that all eukaryotic N-glycoproteomes have invariant characteristics including
sequence recognition patterns, structural constraints and subcellular localization. We showed
that a large percentage of the N-glycoproteome coevolved with the rise of extracellular
processes that are specific within corresponding phylogenetic groups and that are essential for
organismal development and body growth.

Finally, we applied the method to determine the differences in protein N-glycosylation between
colorectal cancer and normal colonic mucosa using formalin-fixed paraffin-embedded human
material. We identified 1,885 glycosylation sites, many on proteins of very low abundance. The
majority of detected sites were on extracellular proteins with a predominant role in transport,
response to stimulus and cell-cell communication. In addition to known colorectal cancer
biomarkers including CEA and CD166, we identified novel candidate marker glycoproteins for
colorectal cancer such as LRP-4 and CAT-1 in the set of regulated glycosylated proteins. We
normalized the calculated ratios with the separately measured colon cancer proteome and we
showed that as a general rule the glycoprotein expression, and not the glycosylation site
occupancy, is altered in cancerous tissues. However, we also found evidence for differential
regulation of N-glycosylation.

During my PhD study I additionally performed proteomic and phosphoproteomic analyses. The

results of these unrelated to N-glycosylation side-projects are presented in appendix I-II.



I received the Young Scientist and Junior Scientist awards in recognition of my work. I believe
these awards help to underline the success of my research and reflect the interest of the

community in the field of N-glycosylation.






INTRODUCTION

N-Glycosylation versus Other Post-translational Protein Modifications

Site-specific covalent protein modifications play key roles in modulating protein activity and
function in biological systems (Hann, 2006; Krishna and Wold, 1993), Over 200 kinds of
protein post-translational modifications are known (Krishna and Wold, 1993). Phosphorylation
and glycosylation are among the biologically most important types of protein modifications.
Overall 30 % of proteins are phosphorylated and over 50% are estimated to be modified by
covalent attachment of sugar molecules at some point in their life cycle (Van den Steen et al.,
1998). Compared to the well-studied post-translational phosphorylation of proteins, little is
known about glycosylation. While it was possible to map nearly 7,000 phoshorylation sites in
one experiment in 2006 (Olsen et al., 2006), the largest reported N-glycoproteomic study had
identified only 1,495 N-glycosylation sites — in the model organism C. elegans (Kaji et al.,
2007). Other studies measured up to a few hundred N-glycosylation sites on cell surface
proteins of the immune system (Wollscheid et al., 2009), of mouse C2C12 myoblasts (Gundry et
al., 2009), in human blood plasma (Liu et al., 2005), in human serum (Bunkenborg et al., 2004),
in human saliva (Ramachandran et al., 2006) and in rat liver (Lee et al., 2009). According to the
most-comprehensive post-translational modification database PHOSIDA (Gnad et al., 2007) and
the largest protein database Swiss-Prot (Wu et al., 2006) over 100,000 phosphorylation sites but
less than 4,000 glycosylation sites have been experimentally observed in eukaryotes. This is
likely to be a dramatic underestimate of the true extent of the N-glycoproteome. Indeed, in our
study, by measuring the N-glycoprotecomes of seven major model eukaryotic organisms and
human colon tissue, we increase the number of known glycosylation sites by a factor of at least

five compared to that known up to the present date.



Biology of N-Glycosylation

N-glycosylation plays a major role in cell-cell and receptor-ligand interactions, immune
response, apoptosis, angiogenesis and pathogenesis (Varki, 1993; Woods et al., 1994). It is
known to be involved in the proper folding of newly synthesised polypeptides, the protection of
proteins from recognition by proteases and the modulation of interactions with other molecules.
Aberrant glycosylation has been implicated in a number of diseases including neurodegenerative
disorders and cancer (Liu et al., 2002),

Glycan molecules can be attached to proteins either N-linked or O-linked. The N-linked
glycosylation is more common (Nalivaeva and Turner, 2001). N-linked saccharides are attached
at the asparagine residue in the consensus sequence N-!P-[S|T] (where X represents any amino
acid except for proline) via N-acetylglucosamine (GlcNAc). Additional sugar residues depend
on the glycan type (Suzuki et al,, 1995). The O-linked glycosylation occurs on serines and
threonines. O-linked carbohydrates are typically attached to proteins via N- acetylgalactosamine
(GalNAc). A variation of O-glycosylation is the O-GleNAc modification that occurs on
nucleocytoplasmatic proteins, and often maps to the same or adjacent sites as phosphorylation
(Comer and Hart, 2000). My PhD study dealt exclusively with N-linked glycosylation.

The process of N-glycosylation starts in the endoplasmatic reticulum (ER) with the transfer of
oligosaccharide precursor to the nascent polypeptide. This reaction is catalyzed by oligosacharyl
transferase. After the protein is correctly folded, three glucose residues are removed and the
glycoprotein is exported to the Golgi apparatus for further glycan processing. Eukaryotic N-
linked glycans share a common core sugar sequence and are classified in three groups: high-
mannose, complex and hybrid. The pentasaccharide core-structure of N-linked glycans is
composed of two N-acetylglucosamines and three mannose residues. The core-structure can be

modified - in vertebrates and invertebrates by adding al,6 fucose to the asparagine-linked N-
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acetylglucosamine or in invertebrates and plants a1,3 fucose. Additionally, xylose may be
transferred to the B-linked mannose residue of the plant N-glycoproteins (Varki et al., 2008).

Up to now, a bacterial N-glycosylation system that is similar to the eukaryotic system was
exclusively found in C. jejuni (Wacker et al., 2002). It is the only bacteria whose genome
encodes a homologous protein to the eukaryotic oligosaccharyltransferase STT3. However, the
core structure of C. jejuni N-glycans is known to be different from eukaryotes (Liu et al., 2006;

Scott et al., 2009; Young et al., 2002).

Shotgun Proteomics for Mapping of N-Glycosylation

Mass spectrometers are instruments used to determine the masses of charged particles derived
from molecules. The key steps in mass spectrometry (MS) are production of gas-phase ions in
the ion-source, ion separation according to mass-to-charge ratio (m/z) in mass analysers,
measurement of ion quantity in detectors and finally processing of the ion signals into mass
spectra,

Since the introduction of the first mass spectrometer in the beginning of the twentieth century,
instrumentation has rapidly developed and mass spectrometry has become the most popular
platform in proteomics. It has become an ideal tool not only for studying protein expression and
interactions but aiso for identification of modification sites. Particularly, liquid chromatography
coupled to high-resolution mass spectrometry (LC-MS) has emerged as the key technology for
the in-depth large-scale analysis of post-translational modifications in general and N-
glycosylated proteins in particular (Aebersold and Mann, 2003; Jensen, 2006; Medzihradszky,
2005; Witze et al., 2007). For mapping of modifications the initial precursor mass is determined

and the most abundant peptides are selected for fragmentation. In such tandem mass



spectrometry experiments (MS/MS) the structural features are obtained from the masses of the
individual fragments. In principle, any PTM can be detected by the corresponding increases or
decreases of peptide masses.

The typical workflow for shotgun proteomics applied to PTM analysis is shown in Figure 1.The
key steps in 2 mass spectrometry based PTM study are sample preparation, specific enrichment,
fractionation, mass spectrometric measurement, MS data processing and bioinformatic analysis.

These steps are described in detail below.
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Figure 1. General workflow of MS-based analysis of post-translational protein modifications
Cells, tissues or whole organisms are lysed. Extracted proteins can be supplied to proteolytic
digestion either directly or after separation / enrichment at the protein level. Peptides can be further
fractionated / enriched or directly subjected to mass spectrometry. The MS output is searched
against protein sequence databases and acquired data is analyzed using bioinformatic tools.



Sample Preparation

Protein identification via MS can be carried out in the form of intact-protein analysis (top-down
approach) or peptide analysis (bottom-up method) (Han et al., 2008). The top-down approach of
analysing intact proteins is a challenging strategy when used for high-throughput studies
because of the analyte complexity and limitation in high quality proteome fractionation (Siuti
and Kelleher, 2007). Therefore, the bottom-up strategy is usually applied in modification-
specific proteomic experiments, where proteins are digested into small peptides prior to MS
analysis. Until recently two major strategies have been applied to generate peptides from
proteins extracted from biological samples. The first strategy is based on protein solubilization
with detergents, separation in the gel and ’in-gel’ digestion (Shevchenko et al., 1996). This
method is time-consuming and the peptides may have low recovery from the gel (Wisniewski et
al.,, 2011). The advantages of this method are a low degree of contamination and an extreme
robustness. The second strategy involves treatment of proteins with strong chaotropic reagents
such as urea or thiourea, protein precipitation and ‘in-solution’ digestion (Washburn et al.,
2001). This method is easier to carry out due to a higher degree of automation. However, not all
proteins are solubilized and the solution may contain impurities, hindering digestion. The
recently developed filter-aided sample preparation method (FASP) (Wisniewski et al., 2009b)
combines the advantages of the above-mentioned techniques. It allows the extraction of even
very poorly soluble proteins such as membrane proteins by using a very strong detergent sodium
dodecyl sulphate, which is then exchanged by urea on a standard filtration unit. The approach
eliminates impurities that can interfere with digestion and is very easy to handle, resulting in a
pure peptide mixture in a very short period of time. This method is of particular interest in the
study of N-glycosylated proteins that are in general localized on the hydrophobic plasma

membranes.



Quantification

Mass spectrometry can be also applied to detect differences in PTM abundances. In general,
most of the mass spectrometry based quantification methods employ stable isotope labeling that
introduce an easily detectable mass tag (Pan and Aebersold, 2007). Stable isotopes can be
incorporated by chemical reaction of isotope-coded affinity tags (ICAT) (Gygi et al., 1999),
isobaric tags for relative and absolute quantification (iTRAQ) (Ross et al., 2004), enzymatic
incorporation of '*0 into cleaved peptides (Reynolds et al., 2002) or metabolic labeling of whole
cells during protein synthesis (Oda et al., 1999). Quantification using isotope labeling is based
on the incorporation of a stable isotope signature in all proteins of one sample and using a
different stable isotope signature in all proteins of another sample. The samples are then
combined to serve as mutual references (Domon and Aebersold, 2006). The tandem mass tag
method and the iTRAQ method are based on the incorporation of two labeled elements that have
an overall constant mass. The relative intensity of the reporter group is measured (Thompson et
al., 2003). For absolute quantification using internal standards a defined amount of labeled
standard sample is added to the unlabeled sample allowing the absolute measurement of protein
abundance by determining peak abundance ratios.

Stable isotope labeling with amino acids in cell culture (SILAC) (Ong et al., 2002) has become
the method of choice for many quantification applications in proteomics. The method was
initially developed for cell culture, and later extended to model organisms (Kruger et al., 2008).
The need for complete labeling and the impossibility of labeling any organism with a diet
containing isotopes prevented it from some applications — like studying diseases using human
material, for example. These disadvantages can now be partially overcome by spike-in SILAC,
where only one cell state (or experimental state of an animal) is subjected to SILAC and added

to other states as reference (Geiger et al., 2010).
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Whereas isotope-based methods are presumably the most robust and accurate, label-free
quantification techniques are by far the simplest and most economical (Domon and Aebersold,
2006; Mueller et al, 2008). Recently emerging high-resolution mass spectrometers and
sophisticated computer tools have enabled label-free quantification to be applied successfully to

a number of proteomic studies including profiling of N-glycosite changes (Schiess et al., 2009).

Enrichment

Glycosylated proteins, like other post-translationally modified proteins, can often be present in
very low levels of concentration. To detect such low abundance glycosylated proteins among the
large excess of relatively high abundance proteins in complex mixtures, specific enrichment
methods have to be applied {Corthals et al., 2000). Such enrichment can be achieved either at
the intact protein level or at the peptide level (Jensen, 2004), most commonly based on lectin
affinity (Bunkenborg et al., 2004) or other general physical and chemical properties of attached
carbohydrates. Glycopeptides have higher masses and therefore can be easily separated by size
exclusion chromatography (Alvarez-Manilla et al., 2006). Other approaches use the hydrophilic
character of the glycans to interact with carbohydrate gel matrices such as cellulose or sepharose
(Wada et al., 2004). Alternatively, hydrophilic interaction-liquid chromatography can be
performed (HILIC) (Wuhrer et al., 2007), which may also be directly coupled to nano-
electrospray mass spectrometry (Wuhrer et al., 2005). Other approaches are based on specific
binding of sugar molecules to mannose-6-phosphate receptor, galectins or anti-carbohydrate
monoclonal antibodies (Wuhrer et al., 2007). Recently many novel enrichment methods based
on specific glycan interactions with different kinds of beads have been developed. Such methods

include beads functionalized with di-boronic acid (Sparbier et al, 2005), hydrazide
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functionalized beads (Zhang et al., 2003) and graphitized carbon (Larsen et al., 2005). Despite
the large number of available methods to enrich glycoproteins and glycopeptides, lectin affinity
chromatography is most widely used. Using a combination of lectins that specifically recognize
different classes of N-glycans, very high enrichment can be obtained (Kim et al., 2006). In this
study we have developed a muitilectin affinity chromatography based method, ‘N-glyco-FASP’
(Zielinska et al., 2010), that efficiently captures N-glycosylated peptides by simply adding a
lectin mixture to the top of filtration units (Figure 2). This method is very easy to handle and
does not require any affinity columns. It allows the in-depth detection of very low abundance
glycoproteins and can be applied to glycoproteomic studies of very complex protein mixtures
extracted from whole tissues or even organisms. It allows the identification of over 2,000 N-

glycosylation sites in one LC-MS/MS run from a minute amount of protein starting material.

#  Proteins

®  Trypsin

1 —  Paptides

) Lectins
PNGase

% Deglycosylated
peptides

Figure 2. FASP-based N-linked glycopeptide capture method

A standard filtration device with 30k molecular cut-off is used as a proteomic reactor. Whole SDS-
lysates of mouse tissues are processed according to the FASP protocol (a and b). To enrich for N-
glycosylated peptides the digests are incubated with free lectins on the filter unit (c). Unbound
peptides are removed by centrifugation. The bound glycopeptides are deglycosylated with PNGase
(d), eluted from the filter (e), and identified using high accuracy LC-MS/MS.
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Fractionation

The complexity of the protein mixture can be efficiently reduced by on-line or off-line
approaches to fractionate the analyte. In the on-line approach, peptides are separated in an in-
line set up within the instrument directly before injection into a mass spectrometer. In
proteomics, reversed phase liquid chromatography is most commonly used, where peptides are
separated on columns packed with C18 material. The off-line fractionation approach is
uncoupled from mass spectrometry and can be performed at the protein and/or peptide level.
Here, commonly used techniques include 1D- and 2D-gel electrophoresis. In particular two-
dimensional electrophoresis, which separates proteins by isoelectric point (pI) and molecular
weight, has been used in proteomics for many years (O'Farrell, 1975). This method provides
good separation, but is not applicable to large-scale proteomic analysis. Peptide separation with
immobilized pl strips is an alternative method. This approach is more reliable and results in an
increased number of identifications (Horth et al., 2006; Hubner et al., 2008). Other approaches
involve fractionating proteins by chromatofocusing (Chong et al., 2001), capillary isoelectric
focusing (Zhou and Johnston, 2005), size exclusion chromatography (SEC) (Lu et al., 2009) or

ion exchange (Sharma et al., 2007; Washburn et al., 2001; Wisniewski et al., 2009a).

Mass Spectrometry

All mass spectrometers consist of an ion source, at least one mass analyzer and a detector. Since
only ions in the gas phase can be analyzed, proteins or peptides have to be evaporated and
ionized prior to the mass spectrometric analysis. Ions are usually generated by electrospray
ionization (ESI) (Fenn et al., 1989) or matrix-assisted laser desorptionfionization (MALDI)

sources. The development of these soft ionization techniques allowing analysis of intact
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biomolecules, almost a century after the introduction of the first mass spectrometer,
revolutionized the field of mass spectrometry and was honoured with the Nobel Prize in
Chemistry in 2002. In this study we exclusively used electrospray ionization.

In LC-ESI-MS/MS, peptide mixture after chromatographic separation is directly sprayed into
the mass spectrometer. Charged droplets are generated by an electric field and converted into
intact ions in the gas phase. Their analysis in the mass spectrometer is divided into two parts, the
survey scan (MS scan) allowing acquisition of peptide intensities, and MS/MS scans of
fragment ions, performed after fragmentation of the highest abundance peaks from the survey
scan. Information derived from both scans is required for the identification of peptides.

Many different types of mass spectrometers are commercially available. In shotgun proteomics
the most popular is the combination of linear ion trap with high resolution mass analyzer
(Domon and Aebersold, 2006). The ion cyclotron resonance instrument with a 7T magnet
device was the first instrument that implemented this principle (Syka et al., 2004). Later, in
2005, the linear ion trap-orbitrap (LTQ Orbitrap) mass spectrometer with a powerful orbitrap
analyzer that uses electrostatic field for trapping ions was commercially introduced (Hardman
and Makarov, 2003; Hu et al., 2005; Makarov et al., 2006). Signal acquisition in the orbitrap and
simultaneous isolation of the most intense ions, their fragmentation and measurement in the ion
trap allow accurate mass measurements of proteins and high-confidence identification of post-
translational modifications. The next generation of the linear ion trap-orbitrap instrument, LTQ
Orbitrap Velos, with even greater sensitivity, dynamic range, mass accuracy, and sequencing
speed when compared to the traditional orbitrap instrument, is particularly suitable for PTM
analysis (Olsen et al., 2009). The LTQ Orbitrap Velos, unlike other mass spectrometers, is
capable of measuring not only peptide masses but also fragment masses with mass accuracies in

the part per million range while still retaining excellent sensitivity (Olsen et al., 2009).
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In our work we performed all MS analyses using LTQ Orbitrap Velos mass spectrometers in

high resolution precursor and high accuracy fragment mode (*high-high’ strategy).

Peptide Detection

Post-translational modifications are very different regarding size and physiochemical properties,
not only between the various types but also within the same group of modifications. For
example, glycans are composed of different combinations of sugar molecules which form
unique, branched structures. Furthermore, many glycosylation sites usually occur on a single
protein and function together to regulate the structure and functions of proteins (Yang, 2005).
The microheterogeneity and complex multi-site modification patterns make the identification of
glycosylation sites and characterization of their structures very challenging. Therefore, for the
determination of glycosylation sites — as opposed to the structure of the sugar — a universal
deglycosylating enzyme is usually employed. Endoglycosidase (PNGase) that cleaves between
innermost GIcNAc and asparagines is most common. It leads to the deamidation of the
asparagine residue to aspartic acid and a mass increase of 0.9848 Da that can be detected by
tandem mass spectrometry (MS/MS) as a mass shift of the precursor peptide and of its
fragments. If deglycosylation is performed in '®0-water, the resulting mass shift of 2.9890 Da
can easily be distinguished from spontaneous deamidation, adding confidence to the site
assignment (Kuster and Mann, 1999). Alternatively, deglycosylation can be performed by endo-
N-acetylglucosamidase leaving a GlcNAc tag (+ 185 Da) attached to the peptide. Released
glycans are usually characterized separately. Glycopeptides without prior deglycosylation can
be also analyzed via MS/MS or MS? experiments; these approaches, however, still require

further development in order to be applicable to complex protein mixtures.
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MS Data Processing

A key step in mass spectrometry-based proteomics is the identification of peptides in sequence
databases by their fragmentation spectra. Many approaches and algorithms for peptide and
protein identification by searching a sequence database using MS data have been described in
the literature (Sadygov et al., 2004). Although reported methods differ in their implementation,
the general concept is similar. The experimental data are compared with peptide and peptide
fragment mass values calculated on the basis of cleavage rules applied to the protein sequences
in the specified database. To assign measured spectra to a peptide sequence, the probability-
based search engine Mascot (Perkins et al., 1999) is a well established tool. It is primarily
optimized for the identification of sequence peptides based on the presence of calculated
fragment ions in the tandem spectra. Identified peptide sequences are assigned to protein entries
afterwards. Modification sites are localized using an algorithm that calculates the PTM scores
for all possible PTM combinations within a given modified peptide sequence by successively
placing the modification on each candidate residue (Olsen et al,, 2006). Recently, a novel
peptide identification algorithm Andromeda was introduced (Cox et al., 2011). It accurately
handles many modifications of the same peptide and also features a second peptide
identification algorithm for co-fragmented peptide precursors.

To deduce the exact localization of PTM events within a given peptide along with the
corresponding probabilities from the given spectrum, the algorithm is usually embedded into
special software developed for MS data analysis (Beausoleil et al., 2006). In our laboratory, we

use the MaxQuant software (Cox and Mann, 2008) publicly available at http://maxquant.org/.
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Bioinformatic Analysis

To understand biological systems that build up complex networks, experimental approaches
have to be complemented with bicinformatic analysis. Many bioinformatics tools employed for
proteomic analysis have already been developed in the genomic or transcriptomic era. Most
common among them are tools for data visualization and clustering. The hierarchical clustering
and k-means algorithm, in particular, have found numerous applications in modern proteomics
due to their clear and intuitive algorithmic assumptions (Kumar and Mann, 2009; Meunier et al.,
2007). However, the unique nature of post-translationally modified proteins stimulated
development of more sophisticated methods. The standard bioinformatic analyses used in
proteomics were comprehensively reviewed by Kumar and Mann (Kumar and Mann, 2009). The
high complexity of protein data with increased dimensionality caused by numerous
modifications requires application of statistically robust machine learning approaches (Hastie,
2001). For data mining in large scale modification sets the most common techniques are gene
ontology analysis (Barrell et al., 2009), KEGG pathway analysis (Kanehisa and Goto, 2000),
motif extraction (Schwartz and Gygi, 2005) and secondary structure analysis (Wagner et al,,
2005). The purpose of gene ontology and KEGG analysis is to find molecular functions,
biological processes, cellular components and pathways that are over- or under-represented in
the set of modified proteins. Motif extraction tools are widely used in modification-specific
proteomics to identify post-translational modification sequence motifs from the wvastly
increasing volume of mass spectrometric input data. To derive structural constraints of modified
sites from primary amino acid sequence, linear regression models and neural networks have
proven to be very accurate. These types of analysis are easily accomplished using standard
software tools, such as Cytoscape (Shannon et al., 2003) and its plugin BINGO (Maere et al,,
2005), DAVID (Dennis et al., 2003), Motif-X (Schwartz and Gygt, 2005) or SABLE (Wagner et

17



al., 2005). More sophisticated analysis can be performed using open source analysis programs.

In life sciences the statistical environment R (http:/cran.at.r-project.org/) together with

associated BioConductor (Gentleman et al., 2004) are most commonly used. The R framework,
traditionally used for micro-array data analysis is becoming more and more popular in
proteomics, mainly due to its intuitive environment, statistical capability and excellent graphics

(Kumar and Mann, 2009).
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Publication I

Precision Mapping of an In Vivo N-Glycoproteome Reveals Rigid Topological and
Sequence Constraints

Zielinska DF, Gnad F, Wisniewski JR, Mann M

O o7 ¢ .

N-glycopeptide enrichmew
FASP Filter —%‘;
4

ycan

High-Resolution Mags Spectrometry

Large-Scale Analysis Celluler Localization Consensus Sequence |

Cell, 2010

In this study we present the newly developed ‘N-Glyco-FASP’ method to precisely map N-
glycosylation sites from complex protein mixtures. We applied the method to study N-
glycosylation in five mouse tissues and mouse blood plasma. Our large-scale analysis resulted in
the high confidence identification of 6,367 N-glycosylated sites. Bioinformatics revealed many

interesting characteristics including constraints on sequence, structure and cellular localizations,
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SUMMARY

N-linked glycosylation is a biologically important
protein modification, but only a small fraction of
modification sites have been mapped. We developed
a “filter aided sample preparation” (FASP)-based
method in which glycopeptides are enriched by
binding to lectins on the top of a filter and mapped
6367 N-glycosylation sites on 2352 proteins in four
mouse tissues and blood plasma using high-accu-
racy mass spectrometry. We found 74% of known
mouse N-glycosites and discovered an additional
5753 sites on a diverse range of proteins. Sites
almost always have the N-P-[S|T]-IP (where IP is
not proline) and rarely the N-X-C meotif or nonconsen-
sus sequences. Combining the FASP approach with
analysis of subcaellular glycosite localization reveals
that the sites always orient toward the extracellular
space or toward the lumen of ER, Golgi, lysosome,
or peroxisome. The N-glycoproteome contains
a plethora of modification sites on factors important
in development, organ-specific functions, and
disease.

INTRODUCTION

N-glycosylation is one of the most prominent posttranslational
protein modifications and plays a major role in the assembly of
complex multicellular organs and organisms (Varki et al., 2009).
This modification is Involved in many cellular functions Including
cell-cell and receptor-ligand interactions, immune response,
apoptosis, and pathogenesls of many diseases (Varki et al.,
2009; Woods et al., 1994). N-glycosyltransferases are predomi-
nantly located in the lumen of the ER and Golgi apparatus and
attach this modification cotransiationally in a complex series of
processing staps to a subset of the sites with the consensus
sequence N-IP-[S|T] {(where IP signifies any amino acld except
proline). This motif has been extended to N-IP{S{T]-IP in

C. alagans {Kajl et al,, 2007), It is also possibla that thara are
consensus motifs differant from the canonical one.

Because of the topological location of the transferases, the
modification is thought to be localized on secreted molacules,
the extracellular part of plasma membrane proteins, and the
lumenal part of protelns in compartments of subcellular
organelles such as the endoplasmatic reticulum and the Golgi
apparatus, endosomes, and lysosomes. A number of authors
have raised the possibliity that N-linked glycosylation may also
be present in mitochondria (Chandra et al., 1998; Kung et al.,
2009), in the nucleus (Reeves et al., 1881), and in the cytoplasm
(Pedemonte et al., 1990). Howaver, these studies do not map
residua-specific N-linked glycosylation sites,

Despite great biclogical and clinicalintarest, our knowledge of
In vivo N-glycosylation sites—a prerequisite for detalled
functional understanding—is still very fimited. Liquid chromatog-
raphy coupled to high-resolution mass spectrometry {LC-MS}
has emerged as the key technology for large-scale analysis of
posttransiational modifications in general and N-glycosylated
proteins in particular (Aebersold and Mann, 2003; Jensen,
2006; Medzihradszky, 2005; Witze et al, 2007). The large
complexity of attached sugar molecules (North et al,, 2010)
and the low expression levels of many N-glycoproteins make
the characterization of complete N-glycosylation structures
very challenging. To detect low abundant N-glycosylated
proteins or peptides in complex mixturas among the large
axcess of their nonglycosylated counterparts, specific enrich-
ment methods have to be applied, most commonly based on
lectin affinity (Bunkenborg et al., 2004) or chemical linkage of
the sugar molety to surfaces (Zhang et al., 2003). For determina-
tion of glycosylation sites—as opposed to the structure of the
sugar—a universal deglycosylating enzyme {i.e., PNGase F) is
used. This lsads to deamidation of the asparagine residua to as-
partic acid and a mass increase of 0.9848 Da of the modification
site, which can be detected by tandem mass spactrometry (MS/
MS) as a mass shift of the precursor paptide and of its fragments.
if deglycosylation Is performed In ®0-water, the mass shift is
2.9890 Da, adding confidence to the site assignment (Kuster
and Mann, 1999),

Among large-scale N-glycoproteomic studies, the largaest
reported 1495 N-glycosylation sites from C. elegans (Kajl et al.,
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2007). Others measured up to a few hundred N-glycosylation
sites on cell surface protsins of the iImmune systam (Wollscheid
et al., 2009}, of mouse C2C12 myoblasts (Gundry et al., 2009), in
human blood plasma {Liu et al., 2005), in human serumn {Bunken-
borg et al., 2004), in human saliva (Ramachandran et al., 2008},
and in rat liver {Lee et al., 2008},

The data of large-scale proteomics studies and some directed
studles are combinad In the Swiss-Prot database (Wu et al.,
2006), which results in 830 mouse and 1998 human N-glycosyl-
ation sites. This s likely a drastic underastimate of the true extent
of the mammalian N-glycoproteome. Notably, even though the
Swiss-Prot database presents the most comprehensive
resource of annotated N-glycosylation sites, it is not complete
becausa of the difficulty In retrieving single sitas from numerous
literature studies.

Given its biomedical Importance, we set out to map this modi-
ficationin-depth and at vary high accuracy using recent advances
in proteomics technology. We have developed an N-glycopeptide
enrichment method based on “filter aided sample preparation™
(FASP) (Wisniewski et al., 2009b), which allows highly efficient
capturs of glycopeptides even from membrane proteins. We
employ the abllity of the recently introduced LTQ-Orbitrap Velos
Instrumant to measure peptide fragments, and not only peptide
precursor masses, with low ppm mass accuracy and at high
sensitivity (Olsen et al., 2008). Our analysis of four different mouse
tissues and blood plasma achieves very high confidence and
covers a substantial part of the mouse N-glycoproteome —allow-
ing in-depth characterization of this protein madification.

RESULTS

Development of a FASP-Based N-linked Glycopeptida
Capture Method (N-Glyco-FASP)
Most N-linked glycosylations gccur on membrane proteins,
which have traditionally been difficult to analyze by proteomic
methods, We have recently shown that the FASP method Is espe-
cially well suited to analyze this class of proteins becauss it
achieves complete protein solubllization In SDS while still allow-
ing gel-free analysis (Wisniewski et al., 2009b). We reasoned that
FASP could be comblined with paptide affinity capture simply by
adding the affinity reagent—in this case lectin—to the top of the
filter after on-filter protein digestion. Glycosylated peptides are
bound by lectin and thersby ratained whereas nonglycosylated
peptides can be washed through the filter. Next, glycopeptides
are efficiently deglycosylated by PNGase F and released
peptides are eluted, resulting In a peptide population of high
purity (Figura 1A). We used two different endoproteinases,
trypsin and Glu-C, to Increase the number and localization confi-
dance of glycosylation sitas. In our experiments with the “N-
glyco-FASP" method, sampla amounts were typically 200 ug of
total protein in 40 ul, but this can be scaled up or down as desired.
To capturs all three classes of N-glycosylated peptides, multi-
lactin enrichment can be employed (Yang and Hancock, 2004),
In N-glyco-FASP, lactins do not nead to ba coupled to a solid
support because they ara retained by the filter, and theraefora
any lectin or mixture of lectins can be employed. We selectad
concanavalin A (ConA), which binds to mannose, wheat germ
agglutinin (WGA), which binds to slalic acid, as well as N-acetyl-
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glucosamine and agglutinin RCA2q, which captures galactose
modified at the 3-0 position {e.g., with sialic acid or another
galactose) as well as terminal galactose. Enrichment with this
mixture of lectins was as efficient as separate experiments
basad on enrichment with all single lectins (Figure 1B). Overall,
83% of all N-glycosylation sites identified in a given tissue could
be datected in a single LC-MS/MS experiment by multl-lectin
enrichment. In comparison, €99 of a given tissue N-glycopro-
teome was covered when combining three LC-MS/MS experi-
ments based on single lectin enrichment. WGA proved to hava
the highest binding efficiency among the applied lectins. The
proportion of glycosylated peptides —measured as deamidated
peptides after PNGase F digestion—to all identified peptides in
single run analysis was 46%6. In our experiments, this is compa-
rable to or higher than ths enrichment of phosphorylated
peptides (Macek et al., 2009) and substantially higher than the
enrichment of lysine acetylated peptides (Choudhary et al,,
2009). Without lectin enrichment, glycopeptides were 0.5% of
total peptides, indicating an enrichment factor of about 100-
fold (Figure 1C). We also interrogated our datasets for other
modifications but did not find large numbers of such peptides,

Precision Mapping of N-Glycosylation Sites

To Identify deglycosylated peptides we used on-line liquid chro-
matography electrospray mass spectromstry (LC-MS/MS} on
the recently introduced finear ion trap orbitrap Instrument
(LTQ-Orbitrap Velos}). The LTQ-Orbitrap Is capable of fragment-
ing peptides by *higher-anergy dissaciation” (HCD), in which the
fragment mass spectrum Is analyzed in the high-resolution part
of the instrument without loss of low-mass jons (Olsen et al.,
2007). The superior sequencing capabilities of HCD compared
to lon trap fragmentation (CID} normally come st the cost of
reduced sensitivity. However, the Velos Instrument features
20-fold Improved HCD performance (Olsen et al.,, 2008). We
therefore tested if we could measure the N-glycosylation sites
with HCD without loss of sensitivity. Comparison of orbitrap
HCD andion trap CID showed that HCD identified approximately
the same number of glycosylated peptides and that it did not
discriminate against low-abundance peptides {Figure S1 avail-
able online). Wa thaerafore performed all subsequent MS anal-
yses in high-resolution precursor and high-accuracy fragment
mode (“high-high” strategy).

We applied N-glyco-FASP combined with high-high MS
measurement to four mouse organs (brain, liver, kidney, and
heart) and blood plasma, which we group together with the
other tissues for simplicity. Each tissue was independently
prepared In triplicates and measured 11 times by single LC-
MS/MS runs with 4 hr gradients after deglycosylation In *%0-
water by both single and multi-lectin enrichment. Furthermora
we measured N-glycosylation sites in four subceliuler fractions
of liver cells, Together, 59 LC-MS/MS runs were acquired
(Table S1A). Additionally, we performad 84 experiments without
1%0-water (Tabla S1B). Analysis of the data was parformed with
the MaxQuant software (Cox and Mann, 2008) specifying a false
discovery rate of 1% at the peptide and site level. Average
absolute mass deviation was 0.57 ppm for identified peptides
and 3 ppm for all fragment ions contributing to peptide identi-
fication (Figure 2A). The median Mascot Identification score for
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Figure 1. Sample Preparstion and Enrichment of N-Glycosylated Peptides: N-Glyco-FASP

(A) A standard fiitration device with 30k molecular cut-off ls used as a proteomic

reactor. Whole SDS-lysates of mouse tissues are processed according to the

FASP protocol (a and b). To enrich for N-glycosylated peptides the digasts are Incubated with free lactins on the filter unit {c). Unbound peptides are removed by
centrifugation, The bound glycopeptides are deglycosylated with PNGase F (d), eluted from the filter (e), and Identified using high-accuracy LC-MS/MS, Peptide

ions are fragmanted via higher-anergy dissociation (HCD).

{B) The proportion of N-glycosylated sites identifiad In a single LC-MS/MS experimant was lower In the case of single-lectin envichment {ConA, RCA120, WGA)

compared to multi-lectin enrichment. Using a mixtura of lactins in one LC-MS/MS
Imenta in three LC-MS/MS runs.

run was nearly &s efficiant as combining aingle lectin ensichment-based exper-

{C) The propartion of detected N-glycoaylated to unmodified peptides In en experiment without snrichment was 0.5%. With N-glycosylation enrichment the

proportion increasad by a factor of about 100 {to & median of 46%).
Ses also Tebla S1 and Table 52,

glycopeptides was 65 (Perkins et al., 1999) and the median
posttransiational modification (PTM} score was 112 (Olsen
et al., 2006} (Figures 2B and 2C). Because neither Mascot nor
PTM scores Incorporate the high fragment mass accuracy
into database identification scores, confidence of glycopep-
tides identification is much higher than even those scores indi-
cate, The average localization probability of all identified sites
was 94,92%. This Indicates that both peptide identification
and localization of the modification in the peptide sequence
with single amino acid resolution wers unambiguous. Out of
all Identifiad N-glycosylated sites, we derived those that had
a minimum residue localization probability of 95% and that
were identified In two or more experiments with a minimum
of one confirmation In the '®0-water experiment to build
a top confidence {class ) set (Table S2A). N-glycosites that
do not satisfy these extremely strict criteria but show & rasidue
localization probability higher than 90% are also high-confi-
dence sites (class |, Table S28), but they were not included
in the global analyses described in this paper. Average localiza-
tion probabllity of class | and Il sites was 99.97%.

We performed PNGase digestion both with and without °0-
water (see Extended Experimental Procedures). As mentionad
above, °0-water deglycosylation events lead to a mass incre-
ment of 2.9890 Da that can be readily distinguished from spon-
tansous deamidation (mass Increment of 0.9858 Da). Therefore
the experimental confirnation with '®0-water was considered
as criteria for the definition of our top confidence set as
describad above. An example spectrum for N-glycopeptide
identification is shown In Figure 2D.

The In Vivo Mouse N-Glycoproteome

Our large-scale analysls resulted in the high-confidence identifi-
cation of 8367 N-glycosylated sites with a localization probability
higher than 90% on 2352 protsins (class | and Il; Table S2; all sites
are available in the PHOSIDA database along with their comre-
sponding spectra; Gnad et al., 2007). This dataset covers 74%
of the 830 exparimentally derived mouse N-glycosites recorded
in Swiss-Prot (Version 57.12), Overall, 5753 sites of our set
were not previously recorded as experimentally identified.
Swiss-Prot also contains a large number of potential N-glycosites

Cell 741, 897-007, May 28, 2010 2010 Elsevier Inc. 899
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Figure 2. Identification of the Glycosylation Sites by High-Accuracy Tandem Mass Spectrometry using HCD Fragmentation
Distribution of MS/MS mass deviations (A), Mascol scores (B}, and PTM scores (C) of the sequenced deglycosylated peptides.
(D} Representativa MS/MS spectrum of the peptide WEGELGTDLVSIPHGPNVTVR of p-secretass 1, identified in *®0-water. The masa Increment of 2.9890 Da is

Indicatad.
See also Figure 51.

{11,848}, partly by similarity to the 1898 known human shes but
mainly derived from bloinformatic prediction. Of these sites, we
cover 33%, which is excellent agresment given the fact that algo-
rithmas are generally adjusted toward overprediction.

Several lines of experimental evidenca suggest that our data-
set achieves very deep coverage of the mouse N-glycopro-
teome: Technical and biologlcal repeats of N-glyco-FASP
enriched tissue samples resulted in largely overlapping N-gly-
cosites (on average 80% between any two single runs) and
added only a small number of additional sites (Figure 3A).
Additional fractionation either on tha pratein level by size-exclu-
sion chromatography (Zielinska et al., 2009) or on the peptide
lavel by anion exchange chromatography (Wisniewski et al.,
2009a) resulted in only a few percent of additional glycosites.
In contrast, performing these additional fractionation steps for
the tissue proleoms mere than doubled the number of detected
proteins compared to & single run (Figure 38). Both cbserva-
tions are consistent with a glycoprotaome that is thoroughly
sampled by our analysis.

Sequence Racognition Motifs, Structure Prefarence,
and Occupancy

The canonical N-linked glycosylation motif is N-1P-[S[T]. We
reasoned that our high precision and large-scale dataset might

800 Cell 741, 897-907, May 28, 2010 ©2010 Elsevier Inc.

provide a good basis to test the generality of this motif and to
discover further censensus sequences. We compared the posi-
tion-specific amino acid frequancies of the surrounding
sequences (six amino acids to both termini) of glycosylated
asparagines that have serine or threonine on the second position
to the C terminus with thosa of all asparagines that occur in the
mouse protaome. We found that proline is drastically underrep-
resented not only in the first position relative to the modification
site (0% compared to 6.16% expacted) but also in the third posi-
tion (0.54% compared to 5.16% expected; p = 0; Table S3A).
Notably, cysteine was highly enriched in the sumounding
sequences of N-glycosites that match with the canonical
N-IP-[S|T] motif. Threonine occurs more frequently (1.4-fold)
than serine at the second position—the reverse proportion as
in the surrounding sequences of nonglycosylated asparagines
that match with the consensus motif,

Next we asked Iif thera were any motifs different from the
canonical one. We applied the de novo method Motif-X
(Schwartz and Gygl, 2005) to the surrounding sequences of
all top confidence N-glycosylated asparagines (Extended
Experimental Procedures). This resulted in the identification of
three further significantly overrepresented consensus
sequences (Figure 4A). Of 5052 sites, 177 did not match the
N-IP-[S|T] motif. These sites turned out to be heavily enriched
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of idantified N-glycasites, whersas the number of detected proteins In a proteome measurement increasad mors than 2-fold.

for cysteine or valine In place of 8/T. In addition, glycine was
enriched on the first position toward the C terminus. This result
Is Interesting, as no other motifs except for N-1P-[S|T] and
anecdotal evidence for the N-X-C motif are known (Zajonc
et al., 2008). Overall, 112 N-glycosylated sites do not match

with any of the consensus sequences. To further verify the exis-
tence of N-glycosylation on sites that do not match with the
known motifs, we performed western blotting on Apolipopro-

tein A1 {ApoAl) and Apolipoprotein E (ApoE) (Extended Exper-
imental Procedures). In our large-scale dataset we found both
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Figure 4. Sequence Recognition Matifs, Structure Preference, and Multiple Glycosylation
(A} N-glycosylation consensus sequence as derived using Motif)X. WeblLogo {Schneider and Stephens, 1950) was used to creats relative frequency plots. The
most significant sequence moti is tha canonical one, with serine and threonine on position 2. In following Rerative steps the consensus aequences N-X-C,

N-G, and N-X-V wers statistically idemtified.

{B) Proportion of N-glycosylated and non-N-glycosylated asparagines Jocalized In loops, a helices, and p sheets.

{C} Distributlon of singly and muliply glycosylated proteins.
Ses also Figure $2 and Table S3.
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proteins to be N-glycosylated {ApoA1 on position 66, ApoE on
position 130), even though they do not contaln any asparagines
that match with N-IP-[S|T] or N-X-C. In westemn bilols, both
proteins shifted their apparant molecular weights after PNGase
treatment (Figure S2).

We predicted the secondary struciure localizations and
solvent accessibilities of N-glycosylated and non-N-glycosy-
lated asparagines of N-linked mouse glycoprotsins with SABLE
2.0 (Wagner et al., 2005) (Extended Experimental Procedures).
As expected, N-glycosites are enriched on the protein surface.
Like their unmodified counterparts N-glycosylated sites are
mainly located in oop structures (719 versus 75%), Strikingly,
we found evidence for a highly significant enrichment
{p < 107'% in P sheets in comparison to non-N-glycosylated
asparagines. Overall, 15% of glycosylated asparagines ara pre-
dicted to be locallzed in p sheet structures in comparison to 5%
of nonglycosylated asparagines (Figure 4B).

The percentage of proteins modified at a particular site ("site
cccupancy” or “stoichiometry") Is often very low for reversible
PTMs. N-glycosylation is thought to be stable and frequently
serves structural roles, which would favor high site occupancy.
Studies in the literature frequently report high N-glycosylation
site occupancy. For example, transferrin and a.-antitrypsin
showed 988%-100% occupancy in human serum {Hulsmeler
et al., 2007). However, experimental evidence for incomplete
occupancies has also been reported. For example, in mouse
brain the major prion protein has two different N-glycosylation
sites with incomplete occupancy (86% of proteins glycosylated
on both sites, 14% on one site, and 20% nonglycosylatad)
(Bradford et al., 2009).

If glycosylation mainly cccurred in high stolchiometry, then the
nonmeodified counterparts of the brain N-giycopaptides should
rarely be datected, In a separately measured braln protecme,
we found that 98.8% of 2714 N-linked glycosylated peptides
were not presant in their unmodified form among 33,198 identl-
fied peptides. The lack of such peptides suggests high occu-
pancy of glycosylation sites.

Of the total of 1938 N-glycosylated proteins from the top
confidence set, approximately half carried a single N-linked
sugar chain (Figura 4C). For 22% we detected two N-glycosyl-
ation sites, 13% carried three identified sites, and the average
degree of glycosylation was 2,6, Notably, there was a group
of 247 proteins that contained § or more N-glycosylation sies
and 44 with at least 10. Low-density lipoprotein receptor-
related protein | and Il were the most heavily glycosylated
proteins with 41 and 32 asparagine-linked glycosylation sites,
raspectively.

We applied cluster analysis to test whether N-glycosites occur
In specific sequence sagments of the protsins or whether they
are randomly distributed on the primary sequence {Extended
Experimental Procedures). Bootstrapping-based comparison
of primary sequence distances between N-glycosylated and
non-N-glycosylated asparagines of multiply glycosylated
proteins did not reveal significant differences (Table S3B).
Instaad, the sites in some protelns such as sortilin (858 residues;
N160, N272, N404, N682) are evenly distributed over the
sequence, whereas they tightly cluster in other proteins such
as Latrophilin-1 {1466 rasidues; N528, N635, N736, N785, NB0O).

802 Call 7471, 897-907, May 28, 2010 ©2010 Elsevier Inc.
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Cellular components (A} and moteculer functions and biological processas (B)
that are significantly overrepresented in the N-glycoproteome compared to the
entire mousa proteoms, according 1o Gene Ontology analysis, See also Table
54 and Table S5.

Cellular and Functional Classification of N-Glycosylated
Proteins

We wished to obtain an overview of the subcellular compart-
ments and the cellular functions that N-linked glycoproteins
are preferentially associated with. We applied Cytoscape
{Shannon et al, 2003) and BinGO (Maere et al., 2005) to
determine Gene Ontofogy (GO) categories overrepresentad in
the glycoproteome compared to the entire mouse proteomne.

A total of 31% of the N-linked glycoproteome was in the
“plasma membrane” GO category and 25% In “extracellular
region” (Table S4A). Taking into account nonaxclusive localiza-
tion in GO, 52% of the N-glycoproteome is located at the outside
or bayond the plasma membrane (832 of 1594 N-glycoproteins
with GO annotation). Furthermore, the ER, the Golgi apparatus,
and the lysosome ara ovemrepresented (Figure 5A). We also
found N-glycosylatad proteins associated with the peroxisoma,
endosome, and vacuole. Together, these Intralumenal locations
of cellular organelles accounted far 20% of tha N-glycoproteome
with GO annotation. Intriguingly, a number of proteins were as-
signed to compartments that are not topologically connected
with the lumen of the ER or Golgi. However, In aimest all cases,
these annotations were nonexclusive or they were different In
other databases such as Ensembl.

To directly address the long-standing question of N-glycasyl-
ation In unexpected cell compartments, we applied subcsllular



fractionation to mouse liver using sucrose gradient separation
(Extended Experimental Procedures). Consistent with the
above results, we did not find any N-glycasites in proteins
that were annotated on the basis of experimental evidence to
be localized exclusively in the nucleus, in the mitochondria, or
in the cytosol.

Within the set of plasma membrane protelns, 99% of 912 N-
glycosylated sites were located in the extraceliular region basad
on predicted Swiss-Prot topology assignmants. Our dataset
contains five examples of N-glycosylation, annotated to occur
In cytoplasmic domains (Table S4B). However, sach of these
topology assignments was based on bioinformatic prediction
rather than experimental evidence. Given the uncertainties of
such predictions and the fact that only 5 out of 912 sites were
mapped to an unexpected topological location, we concluda
that our dataset contains no statistically significant evidence
for N-glycosylation on the cytoplasmic face of proteins.

Many functions that are known to be characteristic for N-
glycoproteins were erriched In our set, including transporter
activity, raceptor activity, and carbohydrate binding (Figure 5B,
Table S4C). Cell adhesion, response to extemal stimuli, and
multicellular organismal processes were the major overrepre-
sented biclogical processes (Figure 5B, Table S4D). Most of
the functional categories appear to be secondary to tha location
of the proteins at the membrane. For example, transmembrane
protein tyrosine kinase activity" Is significantly overrepresented
p<10°%),

To test the robustness of our blioinformatic enrichment anal-
ysis, we repeated it by matching only the brain N-glycoproteome
against the brain proteome derived as part of this study (5880
proteins). We obtained very similar results, indicating that the
results are not tissue specific nor affected by using the total pro-
teome instead of tissue proteame as background (Table S4E).

KEGG pathway enrichment analysis (Kanehisa and Goto,
2000) using DAVID (Dannis et al., 2003) led to similar results
and additionally revealed that our N-glycoproteome Is enriched
for proteins that are involved in neurodegenerative diseases
such as Alzheimer’s and prion disease (Table S5).

Tissue Distribution of the N-Glycoproteome

Tha function and axtant of N-linked glycasylation ara likaly to be
different between the tissues. To Investigate this issue, we sepa-
rately analyzed and overlapped the N-glycosites according to
the tissue in which thay had been identified.

The blood plasma N-glycoproteoma comprised 1119 sites.
According to GO annotation, they overwhalmingly mapped to
“extracellular space” with only a few sites from lumenal organel-
lar localizations. As blood Is present in all tissues—even after
perfusion of mice, as done hera—sites that were identified in
bath biood plasma and anather tissua cannot be unambiguously
assigned to one of the tissues {marked in orange in Figure 8).

The highest number of N-glycosylation sites (3162) was
observed In brain. Of these, 1140 were not identified in any other
tissue and this group includes many brain-specific proteins,
Heart had the fowest number of identified sites (2213 total and
83 axclusive). All tissues had a large proportion of N-glycosyla-
tion sites that were found In at least one other tissue (purple In
Figure 6).

Plasma 1119
] T
Kdney | 341 | 1705 756
e {327 | 1585 855
wetpy a2 e
0 o
HN-Ghycosylated shes

Flgure 8, N-Glycoproteames of Different Mouse Tissues

Number of identifiad N-glycasylated sites in blood plasma, brain, kidney, liver,
and heart. Sitea detected in blood plasma are In orange. Gray: sites only de-
tected in one organ; purpla; sitas detected in at laast two organs, Sea also
Figure S3 and Table S8.

Accurate Relative Quantification of the In Vivo
N-Glycoproteome

To dermonstrate the capability of our approach to quantify N-gly-
coproteome changes under different conditions in vivo, we
applied stable isotope labeling of amina acids in cell culture (SI-
LAGC) (Ong et al., 2002). Using brains from non-SILAC and SILAC
mice {Kruger et al., 2008) we compared the N-glycosylation site
pattem In old versus young mice (Extended Expsrimental
Procedures). We performed two Independent axperiments,
using different protechytic enzymes, and each experiment was
repeated after swapping the SILAC labels between old and
young mice. We quantified 7683 N-glycosylation sites using
LysC and 1118 N-glycosylation sites using trypsin. in both sats
we found the sama N-glycosylation sites to ba under- or ovemrap-
resented in forward and reverse experiments (Figure S3A,
Table S6A). To determine if the apparent glycosylation changes
wera instead due to changes In protein abundance, wa also
quantified the brain proteins batween the mice, Indeed, we
found that the detected regulations occur not on the site but at
the protein level (Table S6B and Table S6C). Although these
experiments do not exclude subtle changes between the N-
glycoprotaome as & function of age, thay suggest that thera
are no drastic changes. They also demonstrate that the N-
glyco-FASP method is fully compatible with accurate SILAC-
based guantification.

Evolution of N-Glycosylation

To derive orthologous proteins In 36 eukaryotic species, we
assigned N-glycosylated proteins to thelr corresponding gene
entries in Ensembl (Flicek et a!., 2008; Gnad et al., 2009) and
retrieved evolutionary annotation data from the Ensembl
Compara Database (Vilslla et al., 2009), We defined only “one-
to-one” orthologs as interspecles homologs In our analysls.
This strict definition excludes between-species paralogs and
“one-to-many” or “many-to-many” orthologs in the homology
set, Mousa N-glycoproteins have more orthologs In vertebrates
compared to all mouse proteins (Figure S3B). However, in
contrast to acetylated and phosphorylatad proteins (Choudhary
et al., 2009; Gnad et al., 2007), mouse N-glycosylated proteins
have less orthologs In Invertebrates and yeast. For exampls,
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8% of mouse N-glycoproteins have orthologs in fly In compar-
ison to 149 non-N-glycosylated mouse proteins. This finding
also held true for sach tissue-specific N-glycoproteome and
may reflect the specific functions of many N-glycosylated
proteins in multiceliular organisms. Consistent with the drop in
conservation to lower organisms, only 32 of the 820 N-
glycosylatad proteins Identified in a C. elegans N-glycoproteome
{Kali et al., 2007) had one-to-one orthologs in our mouse N-gly-
cosets. Finally, as expected, N-glycoproteins were not signifi-
cantly conserved to prokaryotes compared to the entire
proteomse, as assessed by BLAST-based conservation analysis
{Figure S3C}.

DISCUSSION

A Proteomic Approach for In-Dapth Mapping

of the In Vivo N-Glycoproteome

We have developad and applied a strategy based on FASP,
multi-lactin affinity, and high-accuracy mass spactrometric
characterization. The N-glyco-FASP method allowed the deter-
mination of over 8000 N-glycosylation sites from five mouse
tissues. In single LC-MS/MS runs It Is possible to map over
2000 sites from 200 pg starting material, which opens up inter-
esting areas of application. Enrichment efficlency is reflacted
by the detection of more than 1000 N-glycosites on almost 500
protelns in blocd plasma—thus N-glyco-FASP may be an
efficlent method for plasma proteome characterization In
a blomarker context Zhang et al., 2005). Importantly, the difficult
class of membrane proteins, on which most N-glycosylation
occurs, was excellently covered in our dataset due to the use
of SDS solubilization in the FASP protocol. Further highlighting
the deep coverage of the brain N-glycoproteome, we found
that 58% of 1296 Identified N-glycoprotelns were not contained
in our brain proteome consisting of 5880 proteins. Although
demonstratad for multi-lectin affinity here, the method is equally
applicable to the enrichment of other modified peptides. For
example, phosphotyrosine peptides could be enriched with
a mixture of anti-phosphotyrosine antibodies, which would not
have to be coupled to any support.

The data in our study were acquired with the LTQ-Orbitrap Ve-
los mass spectrometer with which peptide ions can be sfficiently
and sensitively frapmented via HCD {Olsen et al., 2009). Mass
accuracy for fragments was in the low ppm range, about a factor
100 better than what we achleved in recent large-scale studies of
the phosphoproteome and the acetylome {Choudhary et al.,
2009; Qlsen et al,, 2006). Thus a “high high” strategy with HCD
is a powerful tachnology for in-depth posttransiational modifica-
tion identification, as it allows very high-confidence identification
of individual peptides and ensures precise localization of modifi-
cations within the peptide sequence.

N-Glycoproteome Characterization

Our datasst covers 74% of all known mouse N-glycosylation
sites and Increases the number of all experimentally identified
N-glycosites by a factor of about seven compared to the
Swiss-Prot referance database. Interestingly, the number of
Identified N-glycosylation sites does not increase significantly
with repeated measuremsants and additional fractionation, sug-
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gesting that our dataset covers a substantial part of the mousa
N-glycoproteome. This Is in contrast to phosphoproteome
analysis, in which repeated runs and fractionation add a large
parcentage of additional sites, Detactlon of 2352 N-linked glyco-
proteins demonstrates that more than 10% of the mouse
proteoms is N-glycosylated. The fact that glycosylated peptides
are rarely found in their unmodified form points to high site
occupancy {stoichiometry). In contrast, phosphorylation and
acetylation are generslly attached to the proteins in a substoi-
chiometric manner, and nonmodified counterparts can be found
for a large proportion of the phosphopeptides in proteomics
studies (Olsen et al., 2010).

Blology and Evolution of the N-Glycoproteome

We find N-glycosites to be predominantly located in loops and
tums on the protsin surface, similarly to what we previously
found for phosphorylation or acetylation sites (Choudhary
et al., 2009; Gnad et al., 2007). However, unlike either acetylation
sites or phosphorylation sites, N-glycosylation is also preferen-
tally locatad In i sheats, This points to a more stable and rigid
binding of cotranslationally attached sugar molacules in contrast
to reversible phosphorylation for which sites have to ba acces-
sible posttransiationally to kinases and phosphatases.

Basides such structural constraints, the vast majority (96.5%)
of N-glycosylated asparagines match tha stringent glycosylation
consensus sequence N-IP-[S[T]. Sequence motil analysis
reveals additional constraints on the known sequence recogni-
tion pattemn. Wa find that proline Is also underrepresented on
the third position relative to the asparagines. This has already
been shown in C. elegans (Kaji et al., 2007) but not in vertebrates.
Threonine occurs more often than serine on the second position,
in contrast to nonglycosylated sites that match the motif by
chance and to phosphorylation sites, which occur much more
often on serine than threonine, Furthermore, there are scattered
reports of N-X-C motif on individual proteins. Our results show
that this motif is widespread but that it occurs with a low
frequency of about 1.3%. Furthermore, 2.2% of the N-glycosites
did not match with either of the two motifs. We found these sites
to be enriched for either valine on the second position or glycine
an the first position relative to the N-glycosylated asparagine.
The N-G and N-X-V sequence overrepresentation is statistically
significant (Figure 4), and It will be interesting to Investigate if it
reprasents further minor motifs for the N-glycosylation
machinery. Additionally, western blotting validated the occur-
renca of N-glycosylation on sites that do not match with the
known motifs {Figure S2). Thus our study provides in silico as
well as experimental evidence for N-glycosylation on consensus
sequences different from N-1P-[S|T] and N-X-C.

Evolutionary analysis reveals that N-glycosylated mouse
proteins are more highly conserved throughout vertebrates but
not invertebrates compared to non-N-glycosylated mouse
proteins. This finding undariines tha essential role of N-glycosyl-
ation on protelns that evolved with the rise of veriebrates, in
concordance with the role of N-glycosylation in complex multi-
callular organisms. In particular, the adaptive Immune system
evolved in vertebrates and is thought to be Intimately connected
with recognition glycostructures by host and pathogen,



providing a further reason why N-glycoprotelns ara more highly
conserved than their nonglycosylated counterparts.

Cellular Organization of N-Glycosylation

Wa almost exclusively found N-glycosylation to occur on
secreted molecules, on the extracellular face of membrane
proteins, and on the lumenal side of ER, Golgi spparatus, or
lysosomes. This is in agreement with the topology of glycosyl-
transferases that attach the sugar chains and usually have their
active sites within the lumens of the ER and Golgl.

There have baen suggestions ragarding the presence of N-gly-
cosylated proteins in the nuclear, cytoplasmatic, and mitochon-
drial compariments for many years (Pedemonte et al., 1990;
Reeves et al., 1981; Chandra et al., 1998; Kung et al., 2009).
Several experimental and conceptual attempts have been
undertaken to explain and prove this hypothesis. Nonconven-
tional soluble glycosyitransferases may exist In the cytoplasm
or nucleus and directly modify the proteins in these compart-
ment, or soluble N-glycosylated proteins may be fiipped acraoss
membranes or originate from secretory pathways (Vark et al.,
2009). Experimental evidence for such mechanisms was mostly
based on protein binding to lectins or radioactive labseling but did
not include mapping of the sugar attachment sites, For axample,
sodium/potassium-transporting ATPase subunit alpha from dog
kidney was reported to contain N-glycan in its cytoplasmatic
domain but without defining the sites (Pedemonte ot al., 1990).
Here, we detected a few N-glycosylation sites on parts of the
proteins sequence that wera annotated as cytoplasmic domains
of plasma membrane proteins; however the topology of these
proteins is based on prediction methods. Therefore this
observation does not supply experimental evidence for the pres-
ence of N-glycosylation in the cytoplasm, Instead, despite In-
depth mapping of these cellular compartments, we did not
detect any proteins that were annotated to occur exclusively in
the nucleus, in the mitochondria, or In the cytosol. In summary,
our data point to a universal requirement of N-glycosylation sites
to be in topological continuity with the lumen cof the ER and Golgi.

Tissue-Specific and Disease-Related N-linked
Glycoprotains

Many novel glycosylation sites have been datected for tissue-
specific proteins, such as neurotransmitter receptors and con-
tacting for brain or cubllin and megalin for kidney. For exarnple,
wae found 30 kidney-specific sitas on megalin (low-density lipo-
protein receptor-ralated protein 2, 520 kDa), out of which only
one was reported in a recent N-glycoproteomic study
(Wollscheid et al., 2009).

Besides tissue-specific N-glycosylation sites, wa also de-
tected a number of N-glycoproteins that are assoclated with
various diseases. For example, wa found many N-glycosites
on proteins that are involved in Alzheimer's disease {(AD), the
most common type of dementia (Price et al., 1998). Because
N-glycosylation is involved In many processes impaired In AD,
such as protein folding, proteln anchoring to cell membranes,
and protein delivery to organellas, it Is possible that N-glycosyl-
ation is directly involved In cause or progress of AD (Selkos,
2004; Suzuki st al,, 20086). Surprisingly, using both high-accuracy
mass spectrometry and westem blotting, we found N-glycosyla-

tion on Apolipoprotein E, an important AD protein (Kim et al.,
2009), which does not contain any asparaginas that match the
known motifs N-IP-[S[T| and N-X-C.

Summary and Outlook

Here we provide a practical and highly efficient method for
mapping the attachmant sites of N-glycostructures. Modification
sites occur on many proteins of pivotal Importance in develop-
ment, multicellular communication, and many other basic
biological functions. These high-confidence N-glycosylation
sites can now be used by the community for detailed functional
studies. We have also shown that N-glyco-FASP Is fully compat-
Ible with quantitative proteomics methods such as SILAC, which
could be used to study the many diseases that directly or
Indirectly Involve N-glycosylation.

EXPERIMENTAL PROCEDURES

Tissue Proparation, Proteln Extraction, and Digestion

Tissues used In our study were dissacted from inbred mouss strain CS7BL/S,
males, aged 3 months and procaeded sccording to tha FASP protocot {ls-
niewskl et al., 2009b). The resulting peptides were eluted In lectin binding
butfer (1 mM CaClz, 1 mM MnClz, 0.5 M NaCl In 20 mM TrisHCI, pH 7.3). For
mare detalls, sea the Extended Exparimental Procedures,

Lectin Enrichment and Deglycosylation

Approximately 100 ug of digested peptides were mixed with lectin solution
contalning elther a combination of ConA, WGA, and RCA,z0 (Sigma) or just
ona fectin at a time, resulting in mixtures of peptides and lectins with a mass
proportion of 1:2. The mixtures were transferred to new YM-30 filter units
(Microcon, Milipore). After 1 hr Incubation at room temperature the unbound
peptides were eluted by centrifugation. The captured peptides were washed
followed by deglycosylation with PNGase F (Roche). After incubation for 3 hr
at 37°C deglycosylated peptides were elutad. A more detalled protocol Is
avallable in the Extended Experimental Procedures section.

Mass Spectrometric Analysis

The eluted peptides were purified on StageTips [Rappsliber et al., 2003) and
analyzed on the LTQ-Orbitrap Velos mass spectrometer; (Thermo Fisher
Sclantific, Genmany) coupled to HPLC via a nancelectrospray lon source.
Full MS scans were acquired with resolution of 30,000 at m/z 400 In the
orbitrap analyzer. The ten most intense lona were fragmented by higher-
energy collislonal dissociation (HCD) in the octopole coliision cell, The HCD
fragmant lon apectra were acguired in the orbitrap analyzer with resolution
of 7500 at m/z 400. The MS data were analyzed using MaxQuant (Cox and
Mann, 2008). Proteins were identifiad by searching MS and MS/MS data using
the MASCOT search engine (Matrix Sclance, UK) (Perkina et al., 1839). Sas the
Extended Experimental Procadures for further information,

SUPPLEMENTAL INFORMATION

Supplemental information includes Extended Experimental Procedures, three
figures, and six tables and can be found with this article onfine at dol:10.1018/.
cell.2010.04.012.
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Publication II

Evolution of N-glycosylation

Zielinska DF, Gnad F, Schropp K, Wisniewski JR, Mann M

Here we used the previously developed technology to answer the question: how did the N-
glycoproteomes evolve? We detected nearly 10,000 N-glycosylation sites from six evolutionary
distant model species that span more than a billion years in evolution. Surprisingly, we found

that N-glycoproteomes, unlike phosphoproteomes or acetylomes, are more conserved within the
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same phylogenetic group compared to the corresponding proteomes, but less in distant species.
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N-linked glycosylation is an important posttranslational
modification involved in diverse biological processes and
it plays a major role in the development of complex
multicellular organisms'. The core mechanism of N-
glycosylation is highly conserved in eukaryotic species™
but almost nothing is known about the evolution of N-
glycoproteomes. Mass spectrometric methods now allow
in-depth and highly accurate mapping of the sites of N-
glycosylation*®. Here, we measure N-glycoproteomes of
the major model organisms Arabidopsis thaliana,
Schizosaccharomyces pombe, Saccharomyces cerevisie,
Caenorhabditis elegans, Drosophila melanogaster and
Danio rerio providing a high quality resource to the
respective communitfes. Together with the recently
determined in-depth mouse N-glycoproteome” these data
sets representatively span the eukaryotic domain of life.
The number of detected N-glycosylation sites varied
between 425 in fission yeast, 516 in budding yeast, 1,794
in worm, 2,186 in plant, 2,229 in fly and 2,254 in
zebrafish, We find that all eukaryotic N-glycoproteomes
have invariant characteristics including sequence
recognition  patterns, structural constraints and
subcellular localization. However, a surprisingly larpe
percentage of the N-plycoproteome evolved after the
phylogenetic  divergences between plants, fungi,
nematodes, insects and vertebrates. Many N-glycosylated
proteins coevolved with the rise of extracellular processes
that are specific within corresponding phylogenetic
groups and essential for organismal development, body
growth and organ formation.

To rapidly characterize the sites of N-glycan attachment in
multiple species, we applied the recently described N-glyco-
FASP method that combines highly efficient ‘on-filter®
protein digestion®, multiple-lectin enrichment and PNGase
deglycosylation®, We chose to investigate the established
model organisms Arabidopsis thaliana, Schizosaccharomyces
pombe, Saccharomyces cerevisige, Caenorhabditis elegans,
Drosophila melanogaster and Danio rerio (Fig. 1a). Whole
organisms were homogenized in strongly denaturating buffer
and processed on filter, which enable the removal of

detergent, digestion enzyme, lectins and PNGase. Lectin
mixture containing Con A, WGA and RCA |2 were added to
the top of the filters to capture the three N-glycan classes
(hiph-mannose, complex and hybrid). Peptides from non-
glycosylated proteins as well a&s non-glycopeptides from
glycoproteins were efficiently eluted resulting in better than
100-fold enrichment. Deglycosylation was performed in
H,'®0, followed by high resolution, high mass accuracy
measurement of the resulting peptide precursors and MS/MS
fragments on a linear ion trap Orbitrap mass spectrometer'®,
ensuring extremely low false positive rates for peptide
identification and site determination®. A slightly modified
protocol was applied to plant material.

To maximize coverage of the N-glycoproteome we used two
different enzymes — trypsin and GluC — for protein digestion.
This yielded a 25% to 50% incresse in the number of
identified sites compared to tryptic digestion alone. For each
enzyme the measurement of multiple replicates only added
few novel sites, suggesting that essentially all detectable N-
glycopeptides were indeed identified. Furthermore, site
identification was highly reproducible between runs showing
that the applied method was robust and applicable to entire,
homogenized organismns. Cumulatively and including the
previously measured mouse N-glycoproteome' , we
determined 15,771 sites across the seven model organisms at
high confidence {99% certainty of identification and 95%
certainty of single amino acid localization),

In fission and budding yeast, 425 and 516 high-confident
sites were mapped, while in multicellular eukaryotes the
number ranged from 1,794 in worm to 2,186 in plant, 2,229
in fly and 2,254 in zebrafish. These 9,404 distinct sites
occurred on 4,900 proteing (Supplementary Table 1,2). To
date little was known about the N-glycoproteomes of plant,
yeast, fly and zebrafish and essentially all the sites identified
here are novel. C. elegans is the only model organism for
which a large-scale glycoproteome has previously been
reported'?. Overall, according to the Swiss-Prot database®
96% of the 9,404 sites identified in the six species are novel
and we extend the number of known sites in these species
more than fifteen-fold (Fig. 1b).
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Figure 1: Workflow and identified N-glycoproteomes. a, Protcins were extracted from 4. thaliana, 8. cervisiae, S. pombe, C. elegans, D.
melanogaster and D.rerio and processed using the N-glyco-FASP method. Peptides were measured on high resolution mass spectrometer
with high mass accuracy for precursor and fragment ions. b, Overlaps between N-glycosylation sites annotated in the Swiss-Prot database

and detected in this study.

N-glycosylation might also occur in prokaryotes' and we
therefore used our methodology to investigate this possibility,
Up to now, a bacterial N-glycosylation system that is similar
to the eukaryotic one was exclusively found in C. jejuni'®. It
is the only bacteria whose genome encodes a homologous
protein to the eukaryotic oligosacharyltransferase STT3. This
pene was reported to be acquired by lateral gene transfer
from Achaea or eukaryotes'®. However, the core structure of
C. jejuni N-glycans is different from eukaryotes, implying
their resistance to PNGase digestion'®"?. Consistently, in the
bacterial model systems E. coli and B. subtilis we found no
firm evidence for N-glycosylation sites — at least those
recognized by the lectins employed here and liberated by
PNGase F.

In mice, N-glycosylation adheres to very rigid topological
and sequence constmints’. In all model systems, N-
glycosylated proteins were annotated to be located in the cell
outside or in the expected intracellular compartments such as
ER and Golgi (Supplementary Fig. 1a, Supplementary Table
3). The extracellular region was particularly over-represented
according to Gene Ontology (GO) analysis'. Based on
experimentally validated annotations we did not find
evidence for the occurrence of N-glycosylation in non-
expected topological locations, such as mitochondria, cytosol

and nucleus. Specifically, we did not find mitochondrial N-
glycoproteins as had been observed in a recent study based
on protein microarrays®’.

In the investigated species 97 to 99% of the identified N-
glycosites match the known canonical motif N-!P-[S|T],
where IP represents any amino acid except proline.
Threonine oceurs more frequently than serine at the second
position {(Supplementary Fig. 1b) and proline is not only
underrepresented at the first position, but also at the third
position {Supplementary Table 4). No additional constraints
around the canonical motif could be derived by statistical
tests or machine leaming approaches (Supplementary
Information). Only a minute proportion of sites match with
other motifs including the previously reported N-G and N-X-
C motifs® (Supplementary Fig. 2). Approximately half of the
identified glycoproteins carry a single sugar chain, about
20% of the proteins have two identified N-glycosylation sites
and 25% three or more sites (Supplementary Fig. lc). N-
glycosylation sites were enriched in f-sheets and depleted in
a-helices in all orgenisms (Supplementary Fig. 1d). Thus our
analysis of mode! species separated by more than 1,000
million years revealed that rigid topological and sequence
constraints on N-glycosylation are universal in eukaryotes.
This finding is in concordance with the fact that the



underlying core ‘N-glycosylation machinery’ consists of
relatively few proteins, which are highly conserved in all
eukaryotic species, whereas the different eukaryotic
glycosyltransferase families are more complex and species
specific’.

In the extensively studied S. cerevisiae and S. pombe model
organisms, in total 49 N-glycosylation sites were kmown
before. We detected approximately 500 distinct sites pro
analyzed species, demonstrating that these unicellular
organisms extensively employ N-glycosylation. In addition to
the classical cellular localizations, a large proportion of sites
occur on fungi specific proteins incorporated into the yeast
cell wall. Consequently many yeast N-glycoproteins are
involved in the organization and biogenesis of the cell wall
such as the mannoprotein PST1 in 8. cerevisiae or alpha-1,3-
glucan synthase AGS1 in S. pombe. Despite its unicellularity,
yeast encodes secreted proteins some of which we found to
be N-glycosylated, including the canonical example S.
cerevisiae invertase 2.

In accordance with the pivotal role of N-glycosylation in
extracellular processes such as cell-cell communication,
organ development and body growth, the number of detected
sites was substantially higher in all multicellular organisms
compared to yeast (Supplementary Table 5). For example in
all studied animals, we detected an averape of 45 N-
glycosylation sites on laminins and 30 on istegrins. We found
species specific glycosylated subunits of these proteins, such
as the insect specific protein integrin alpha-PS2, which
functions in sensory perception and in morphogenesis'. In
addition to response to environmental conditions N-
glycosylated proteins of multicellular animals play a
fundamental role in development. In fly, smooth and timp are
involved in the development of the wings®2. We mapped sites
on the N-terminal extracellular domain of smooth and the
NTR domain of the secreted protein timp, which is involved
in axon puidance. Zebrafish is an important vertebrate model
of development and disease but no N-glycosylation sites have
been mapped experimentally so far. Among the 2,254 high
confidence sites reported here, many map to developmentally
important proteins, such as three sites in the vertebrate
specific neural cadherin (Chd2)®. Deficiency in delta-
sarcoglycan is linked to cardiac dysfunction®. Standard
bicinformatics methods did not predict this integral
membrane protein to be glycosylated and slso incorrectly
predicted its membrane topology {(Supplementary Fig. 3),
illustrating the usefulness of our experimental data. Amyloid
beta protein is an intensively studied Alzheimer’s disease

protein®® whose N-glycosylation status was not known in the
zebrafish model before this study.

In green plant, despite its biotechnological and industrial
potential, only few N-plycosylation sites are known. In
contrast to fungi end animals, green plants contain
chloroplasts. Initially it was thought that proteins can only
enter the chloroplast in an organelle-specific way®?".
Recently, it was shown that chloroplast-located proteins can
take an altemative route through the secretory pathway and
become N-glycosylated before entering the chloroplast®®, Our
dataset with several examples of N-glycosylated chloroplast-
located proteins, including three ideatified sites on alpha-
carbonic anhydrase that was reported to be exclusively
located in the chloroplast stroma®, proves this model.

As already mentioned for yeast, the different N-
glycoproteomes contain a large number of proteins specific to
the phylogenetic class of the model organism, This was
unexpected given the common core N-glycosylation
machinery and raised the question of the extent of
conservation of the N-glycoproteome. Glycosyltransferase
responsible for the modification of sugar chains and
consequently the glycan families co-developed with the
evolution of multicellularity', but lack of experimental data
has so far prevented any investigation of the evolution of N-
glycosylated substrates.

Global bioinformatic analysis clearly showed that the
identified N-glycoproteomes are higher conserved than the
non-N-glycosylated proteomes within their corresponding
phylogenetic proup, but less in other phyla (Fig. 2,
Supplementary Fig. 4, Supplementary Table 6). Relative to
their proteomes, the S pombe and S cerevisige N-
glycoproteomes are highly conserved in other fungi, whereas
only a low proportion of yeast N-glycoproteins has orthologs
in multicellular species. Likewise the C. elegans N-
glycoproteome is higher conserved in nematodes compared
to the whole proteome, but shows relatively low conservation
in other eukaryotic species. The A.thaliana, D. melanogaster,
zebrafish and mouse data proved that the same rule held true
for the N-glycoproteomes of plants, insects and of vertebrates
(p < 10" for all species).

To check if the observed phenomenon is secondary to the
extracellular localization of glycoproteins, we compared the
conservation degrees of extracellular N-glycosylated proteins
with extracellular non-N-glycosylated proteins that are
known to be poorly conserved. We found that N-glycosylated
and non-N-glycosylated proteins are similarly week
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Figure 2: Evolution of N-glycoproteomes, For each analyzed organism the proponion of N-glycoproteins with orthologs in other species
was calculated. In addition the proportion of the whole protcome with orthologs was derived. For cach phylogenctic group (plants, fungi,
nematodes, insects, fishes, and mammals) the average of these proportions was calculated and compared between the N-glycoproteome and
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proteome. The A. thaliana N-glycoproteome is significantly conserved within plants (green), the S. cerevisige and S. pombe N-
glycoproteomes in fungi (orange), the C. elegans N-glycoprotcome in nematodes (pink), and the D. melanogaster N-glycoproteome in
insects (yellow). The zcbra fish and the mouse N-glycoproteomes have significantly more orthologs than the corresponding protcomes in
vertebrates (blue). Negative N-glycoproteome conservation degree values indicate a lower proportion of N-glycoproteins with orthelogs and
are represented in gray. These observations show that a large proportion of N-glycoproteins evolved after the respective phylogenetic
divergence and are therefore specific to the corresponding phyla. Phylogenetic group specific N-glycoproteins are overrepresented in the
plasma membrane and in the extracellular region compared to non-specific N-glycoproteins that have at least one ortholog in another group.
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conserved across phyla, however extracellular N-
glycosylated proteins are significantly higher conserved
within the same phylogenetic group. This suggests that the
majority of glycoproteins developed after the species
divergence and remained conserved maintaining its pivotal
role in the phyla.

cell communication processes that are essential for the
development and growth of organisms and accordingly their
cellular localizations are generally on the outer region of the
cell (p < 10% Fig. 2). The evolutionarily conserved N-
glycoproteins are instead overrepresented in the intracellular
compartments involved in the attachment and processing of

glycans (p < 10™*; Fig. 2).
The high proportion of phylogenetically specific N-

glycoproteins in each species (Supplementary Fig. 5)
supgests the co-evolution of the N-glycoproteome with the
adaption of complex eukaryotic species to their present-day
ecological niches. The functional roles of phylogenetically
specific N-glycoproteins are heavily overrepresented in cell-

In contrast to N-glycosylated proteins, the vast majority of
phosphorylated proteins is located in the cytoplasm and is
often involved in intracellwlar signal transduction.
Phosphoproteins already occurred in the earliest life forms,
whereas their regulation via phosphorylation evolved much



later®. A similar pattern holds for lysine acetylated
proteins®, Therefore, the evolution of the N-glycoproteome
with its high interspecies diversity presents en outlier among
post-translational modifications. Our analysis suggests that
the mechanism responsible for this outlier status is that the
core N-glycosylation machinery decorates proteins with N-
glycosylation in strict concordance with the sequence motifs
and topological locations of the substrates. Novel N-
glycosylated proteins are easily evoived by providing them
with sequence motifs that direct them along the ER/Golgi
route and that ensure N-glycosylation by the core machinery.
As discussed above, common cellular functions tend to take
place in intracellular compartments and cell type specific
functions in extracellular compartments, which therefore
provide & rational for the preferential non-conservation of the
N-glycoproteome.

In summary, N-glycosylation occurs on many proteins of
pivotal  importance in  development, multicellular
communication and many other basic biological functions.
Besides shedding light on the evolution of the N-
glycoproteome, our results should be wuseful for
biotechnological applications, for example those that involve
the production of human glycoproteins in insect cells, and in
general for the study of human disease proteins in model
organisms, The modification sites determined here have been
uploaded to the Posttranslational Modification Database
PHOSIDA® and can now be used by the community for
detailed functional biological as well as bioinformatic
studies.

METHODS SUMMARY

A. thaliana, S. pombe, Scerevisiae, C.elegans,
D.melagonaster and D.rerio were lysed and processed
according to the N-glyco-FASP protocol®. For details see
Supplementary Information. Briefly, lysis buffer containing
0.1 M DTT, 4% SDS in 0.1 M Tris/HCI pH 7.6 was added to
the frozen organism samples, followed by homogenization,
sonication and subsequent boiling. Clarified supematants
containing approximately 400 pg protein were transferred to
30 kDa filtration units {Millipore). Filters were rinsed three
times with 8 M urea followed by 20 min incubation with
iodoacetamide. Subsequently, three additional washes with 8
M urea and three washes with 40 mM ammonium
bicarbonate were performed. Finally, proteins were digested
using 4 pg trypsin or 20 pg GluC at 37°C or 25°C. After 12 h
incubation, peptides were eluted in lectin binding buffer (1
mM CaCl2, 1 mM MnCl2, 0.5 M NzCl in 20 mM TrisHCI,
pH 7.3) and transferred to a new 30 kDa filtration unit, Lectin
mixture containing Con A, WGA and RCA;3 in a mass

proportion to peptides of 2:1 was added to the top of the
filters. Not bound peptides were eluted, Captured peptides
were washed with the binding buffer prior to PNGase F
addition. Deglycosylation was performed in H,'*O at 37°C.
Deglycosylated peptides were measured on a linear ion trap
Orbitrap mass spectrometer (LTQ-Orbitrap Velos)'®. MS data
were analyzed using MaxQuant*. Slightly modified protocol
wes applied to plant material. General characteristics of the
N-glycoproteomes were determined on the basis of common
bicinformatic tools as described in Supplementary
Information. Phylogenetic relationships were derived from
the Ensembl Compara database™. In the case of 5. pombe and
A. thaliana homologs were derived using BLAST*, Global
sequence alignments between orthologous proteins were
generated using the Needle software®.
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Tissue samples in biobanks are typically formalin-fixed and paraffin-embedded {FFPE), in which form
they are preserved for decades. It has only recently been shown that proteins in FFPE tissues can be
identified by mass spectrometry-based proteomics but analysis of post-translational modifications is
thought to be difficult or impossible, The filter aided sample preparation {FASP) method can analyze
proteomic samples solubilized in high concentrations of SDS and we use this feature to develop a
simple protocal for FFPE analysis. Combination with simple pipet-tip based peptide fractionation
identified about 5000 mouse liver proteins in 24 h measureament time—the same as in fresh tissue.
Results from the FFPE-FASP procedure do not indicate any discernible changes due to storage time,
hematoxylin staining or laser capture microdissection. We compared fresh against FFPE tissue using
the SILAC mouse and found no significant qualitative or quantitative differences between these samples
either at the protein or the peptide level. Application of our FFPE-FASP protocol to phosphorylation
and N-glycosylation pinpointed nearly 5000 phosphosites and 1500 N-glycosylation sites, Analysis of
FFPE tissue of the SILAC mouse revealed that these post-translational modifications were quantitatively
preserved. Thus, FFPE biobank material can be analyzed by quantitative proteomics at the level of
proteins and post-translational modifications.

Keywvords: FFPE » FASP » post-translational modification = phosphorylation « N-glycosylation « Orbitrap

Velos = high resolution mass spectrometry

Introduction

Formalin-fixation and paraffin-embedding (FFPE) is a rou-
tine procedure for the preservation of human specimens for
histopathological analyses. Since FFPE samples can be stored
over long periods, many pathology laboratories possess vast
banks of human samples with associated patient, treatment,
and outcome information. These could in principle be used
for identification of disease biomarkers and drug targets.
Currently, such investigations rely on immunohistochemistry
{IHC) with paraffin compatible antibodies, but this method is
laborious, is not truly quantitative,! and is only applied to
already known or suspected markers.

It would be attractive to complement IHC with the powerful
methods of high resolution, mass spectrometry-based proteo-
mics.2~* However, proteins in FFPE are cross-linked and have
therefore long been thought to be unsuitable to MS-based
proteomics. Indeed, the identificatdon of a few hundred or

* To whom conrespondence should be addressed. Matthias Mann and
Jacek R. Widnlewskl, Department of Proteomics and Signal Transductlon,
Max-Planck Institute for Biochemistry, Am Klopferspitz 18 D-B2152 Martin-
sried, Germany. E-mail: mmann@®blochem.mpg.de or jwisniew@biochem.
mpg.de. Fax: -+4% 83 8578 2219,

' Max-Planck Institute for Biochemistry.

¥ Wroclaw Medical University.
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thousands of proteins in FFPE has only been reported during
the past few years 51!

Several of these studies compared protein identifications
from fresh or frozen tissue to FFPE tissue and generally agreed
that similar numbers could be identified in both cases.
However, there was less agreement on the efficiency of protein
retrieval from FFPE compared to fresh tissue, discrimination
against certain amino acids—especially lysines—or the eifect
of the fixation duration. Almost all previous studies on FFPE
tissue have been performed by low-resolution mass spectrom-
etry and without quantification by stable isotope labeling,
which may explain some of these disagreements. Taken
together with the fact that reported numbers of identifications
are lower than those that can be obtained with fresh tissues
with optimized sample preparation and high resolution mass
spectrometry,*' it is still not clear if proteome analysis from
FFPE tissue and fresh tissue are qualitatively and quantitatively
equivalent,

Furthermore, the fundamental question whether it is pos-
sible te analyze the phosphoproteome after FFPE has remained
unanswered. In particular, it is not known il phosphorylation
sites are preserved in FFPE samples and, if so, whether they
can be measured by modern mass spectrometric methods. This
is a very important issue because large-scale analysis of PTMs
such as phosphorylation is one of the most important and

101021/pr10024w  © 2010 American Chemicel Saciety



FASP-based FFPE Analysis of Post-Translational Modifications

active areas of proteomics. It is conceivable that the quanti-
tation of the phosphoproteome may yield as much diagnostic
information for cancer and ather diseases as quantitation of
protein expression levels.

It has been known since the early '90s that application of
heat during sample preparation (termed AR method for "an-
tigen retrieval”) is advantageous in unmasking epitopes for IHC,
presumably by reversing cross-links.* Furthermore, sodium
dodecy! sulfate (SDS) based extraction has generally been found
to be advantageous for FFPE® but this detergent was not
compatible with downstreamn MS analysis. We have recently
described the Filter Aided Sample Preparation Methed (FASP),
which combines advantages of gel-based and gel-free pro-
teomic workflows and utilizes high concentration of SDS while
still producing pure peptides for MS analysis.'* We reasoned
that this method might be particularly well suited to the
analysis of FFPE and developed a simple protocol that com-
bines boiling in SDS with a FASP-based proteomic workflow.

The recendy described SILAC-mouse'® provides a fully
labeled contro! tissue proteome to quantitatively compare
results from fresh and FFPE tissues. We show that the FFPE-
FASP approach allows unbiased and quantitative investigation
of fixed tissue. Importantly, it is also suitable for comparative
mapping of thousands of phosphorylation sites. Our results
demonstrate that the phosphoproteome is preserved in FFPE
samples and that it is analyzable by high resolution MS-based
proteormics.

Experimental Procedures

SILAC Mouse, For SILAC experiments labeled mice (C57BL/
6) were used.'® Briefly, mice were raised on a protein free diet
for several generations, which, in addition to the other amino
acids, contained “heavy” L-1*Cg-lysine (Silantes GmbH, Munich,
Germany). We chose lysine because it is an essential amino
acld and is not converted to other amino acids. SILAC-mice
are morphologically and behaviorally normal.® In the experi-
ments reported here we used liver tissue from a third genera-
tion (F3) SILAC-mouse, ensuring complete labeling.

Tissue Dissection and Fixation. Liver samples were obtained
from 5-months old male mice (C57BL/6), euthanized by
chloroform. From each mouse half of che liver was immediatety
tmmersed in 10 mL of 10% buffered formalin solution and fixed
overnight (unless indicated otherwise) whereas the second half
was subjected to immediate protein extraction or protein
extraction after freezing in liquid nitrogen (see below). To
embed a fixed sample in parafiin, samples were equilibrated
in turn in a 50% {v/v) solution of ethanol in 10% formalin (1
h), then 70% ethanol (30 min), 95% ethanol {2 x 40 min),
absolute ethanol (2 x 40 min), xylene (2 x 40 min), and paraffin
{3 x 30 min).

Microdissection. For microdissection, FFPE-samples were
sliced in a microtome (5 ym sections), mounted on standard
histological slides (Menzel Glaser, Braunschweig, Germany),
deparaffinized with xylene, and hydrated via an ethanol/water
series. Sectlons were stained with Mayer's hematoxylin for 20 s
and again dehydrated. Tissue (40 mm?) was dissected either
with a needle or with Laser Pressure Catapulting (LPC) usinga
PALM Instrument (Zeiss, GOttingen, Germany). Liver areas
subjected to laser microdissection were marked using a 10x
objective and dissected In Auto-LPC mode. Dissected tissue was
collected in Adhesive Caps (Zelss, Gottingen, Germany} and
then suspended In the lysis buffer.
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Protein Extraction from Fresh Tissue. Liver tissue was
briefly washed in PBS solution and homogenized in 10 mL lysis
buffer (0.1 M Tris-HCl, pH 8.0, 0.1 M DTT using a blender (T
10 basic Ultra, IKA, Staufen, Germany). The homogenate was
sonicated using Branson Sonifier 250 (Heinemann, Schwiibisch
Gmiind, Germany) (output control 5; duty cycle 20%) on ice
for 3 min. SDS was then added to the suspension to a final
concentration of 4% and the mixture was incubated for 3 min
at 95 °C. The crude extract was then clarified by centrifugation
at 16 000x gat 18 °C for 10 min.

Protein Extraction from FFPE. Paraffin was removed from
tissue slices by successive incubations in xylene (2x) and
absolute ethanol (2x) and then the samples were rehydrated
in series of 97, 80, 70, and 50% ethanol solution in water.
Following vacuum-drying, the tissue was homogenized in 0.1
M Tris-HCI, pH 8.0, 0.1 M DTT in a tissue to buffer ratio of
1:20 using the blender and sonifier as described above. After
addition of SDS to a final concentration of 4% the homogenate
was incubated for 60 min at 99 °C in a heating block with
agitation (600 rpm). The crude extract was then clarified by
centrifugation at 16 000x g at 18 °C for 10 min, A detailed
protocol for performing FFPE-lysis is described in Supplemen-
tary Data (FFPE-FASP-Protocol).

Protein Digestion by FASP. Detergent was depleted from
the lysates and the proteins were digested with trypsin (qualita-
tive experiments) or LysC (SILAC experiments) using the FASP
protocol.'® Briefly, to YM-30 filter units (Millipore, Carrigtwohill,
Ireland) containing protein concentrates, 200 uL of 8 M urea
in 0.1 M Tris/HCI, pH 8.5 (UA), was added and the samples
were centrifuged at 14 000x g at 20 °C for 15 min. This step
was repeated once. Then 50 gL of 0.05 M fodoacetamide in 8
M urea was added to the filters and the samples were incubated
in darkness for 20 min. Filters were washed twice with 100 uL
of 8 M UA followed by two washes with 100 4L of 40 mM
NH,HCO;. Finally, trypsin (Promega, Madison, WI) or LysC
{(Wako, Richmond, VA) were added in 40 ulL of 40 mM
NH,HCO; to each filter. The protein to enzyme ratio was 100:1
for trypsin and 50:1 for LysC. The samples were incubated
overnight at 37 °C and peptides were collected by centrifugation.

Total Protein Determination. Protein content was deter-
mined using Cary Eclipse Fluorescence Spectrometer (Varian,
Palo Alto, CA) as described previously.'® Briefly, 1-2 uL of
sample or tryptophan standard was mixed with 2 mL of 8 M
urea in 10 mM Tris-HCI pH 8.0, Fluorescence was measured
at 295 nm for excitation and 350 nm for emlission. The slits
were set to 10 nm.

Peptide Practionation. Peptides were fractionated according
to a StageTip'?-based fractionation protocal {SAX).'? Briefly,
peptides were loaded into tip-columns made by stacking six
layers of @ 3 M Empore Anion Exchange disk (12145012
Varian, Palo Alto, USA) into a 200 L. micropipet tip. For column
equilibration and elution of fractions, we used Britton &
Robinson universal buffer (BRUB} composed of 20 mM acetic
acid, 20 mM phosphoric acid, and 20 mM boric acid titrated
with NaOH to the desired pH. Peptides were loaded at pH 11
and fractions were subsequently eluted with buffer solutions
of pH 8, 6, 5, 4, and 3. Phosphopeptides were separated using
a four-step elution with buffer of pH 6, 4.5, 3.5, and 3.5
containing 0.4 M NaCl

Phosphopeptide Enrichment. Peptide solutions were acidi-
fied with CFyCOOH and phosphopeptides were enriched on
TiO; beads'®!? according to a previously described protocol.2”
Twenty-five milligrams of 10 gm titansphere TiO; (GL Sciences,

Journal of Proteome Research » Val. §, No. 7, 2010



research articles

Tokyo, Japan) were suspended in 50 uL of 3% (m/v) 2,5-
dihydroxy benzoic acid (DHB), 80% (v/v) CHyCN, 0.1% (v/v)
CF,COOH and were diluted with 200 L of water before use.
Ten microliters of the TiQ; slurry were added to the peptide
solution and incubated under continuous agitation for 20 min.
The titanium beads were then sedimented by centrifugation
at 5000x g for 1 min and the supematants were collected and
mixed with another portion of the beads and incubated as
above. The pellets were resuspended in 150 4L of 30% (viv)
CH,CN containing 3% (v/v) CF,COOH and were transferred to
a 200 uL pipet tip containing one layer of Empore-C8 filter
{Millipore, Carrigtwohill, Ireland). The beads were washed 3x
with 30% (v/v) CHyCN, 3% (v/v) CF;COOH (v/v) solution and
3x with 80% (v/v) CH4CN, 0.3% (v/v) CF,COOH solution.
Finally, peptides were eluted from the beads with 100 xL of
40% (v/v) CH,CN and 15% (m/v) NH,OH and concentrated in
a speed-vac to 3 yL. Phosphopeptides were diluted with 20 mM
BRUB pH 6 and fractionated according to the SAX protocol
described above.

N-Glycopeptide Enrichment. N-glycopeptides were enriched
according to the N-Glyco-FASP procedure.?! Briefly, 100 ug
peptides were incubated with a mixture of ConA, WGA and
RCA120 (Sigma, 5t. Louis, MO) at a peptide to lectin ratio 2:1.
The mixtures were transferred to new YM-30 filter units and
after 1 h incubation at 25 °C, the samples were centrifuged at
14 000x gat 18 °C for 10 min and the elutates were discarded.
The filters were rinsed with 200 kL binding buffer and then
with 50 uL 40 mM NH,HCO; in H,'*0 water, Peptides were
deglycosylated with 2 units of PNGase F (Roche, Basel, Swit-
zerland) in 40 mM NH ;HCO, in H;*0 at 37 °C for 3 h, which
marks former sites of N-glycosylation by a 2.9890 Da mass
difference.?* The deglycosylated peptides were eluted by
centrifugation.

LC—MS/MS Analysis. LC was performed on a Proxeon Easy-
nLC System (Proxeon Biosysterns, Odense, Denmark). Peptides
were separated on & 15 cm fused silica emitter (Proxeon
Biosystems, Odense, Denmark) packed in-house with the
reverse phase material ReproSil-Pur C;,-AQ, 3 p#m resin (Dr.
Maisch, Ammerbuch-Entringen, Germany) with a 230 min
gradient from 2 to 80% of 80% (v/v) CH,CN, 0.5% (v/v} acetic
acid.

For investigating the effects of storage and processing on
FFPE samples, peptide mixtures were analyzed on an LTQ-
Orbitrap XL (Thermo Fisher Scientific, Bremen, Germany). The
recently introduced LTQ-Orbitrap Velos mass spectrometer™
was used for proteome and PTM analysis. The lock-mass at
miz 445.120025 provided internal mass calibration.?* In the
LTQ-Orbitrap XL full mass range scans at a resolution of 60 000
were acquired while up to 10 MS/MS spectra were acquired at
low resolution in the linear ion trap (“topl10” method}. On the
LTQ-Orbitrap Velos, MS scans were combined either with
tandem mass spectrometry by CID in the linear ion trap or in
a “high—high" strategy with Higher Energy collisional Dissocia-
tion (HCD)?® with high accuracy analysis of the fragment ions
in the orbitrap analyzer. For HCD analysis, transients of 100
ms were acquired, corresponding to a resolution of 7500,
Because HCD does not operate in parallel with the acquisition
of the MS spectrum, transients were limited to 0.5 s for the
MS spectra in the Velos instrument {30 000 resolution). Because
of the high sequencing speed of the Velos instrument, we
employed a “top20” tethod for CID (target value for MS/MS
5000) and a *topl0” method for HCD (target values for MS/
MS 50 000).
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Data Analysis. The MS data were analyzed using the software
environment MaxQuant,?®% version 1.0.12.36. Proteins were
{dentified by searching MS and MS/MS data of peptides against
a decay version of the International Protein Index (IPI) database
for Mouse (v. 3.46). Carbamidomethylation of cysteines was
set as fixed modification and exidation of methionines, acety-
lation of the protein N-terminus and phosphorylation of
serines, threonines, and tyrosines were variable modifications.
For non-SILAC experiments trypsin was used and accordingly
trypsin allowing for cleavage N-terminal to proline was chosen
as enzyme specificity. For SILAC experiments only lysine was
labeled, LysC was used for protein digestion and LysC was
chosen as enzyme specificity. A maximum of two missed
cleavages were allowed and only fully tryptic or LysC peptides,
respectively, were considered. The minimum peptide length
was specified to be 6 amino acids, The initial maximal mass
tolerance in MS mode was set to 7 ppm, whereas MS/MS
tolerance was set to 0.5 Da for CID data and 0.02 Da for HCD
data. The maximum peptide and site false discovery rates were
specified as 0.01. The PTM score was used for assignment of
the phosphorylation sites as described.’® The PTM localization
score reflects the normalized probability that the phosphory-
lation is indeed localized at the specified amine acid position.
It is calculated for all combinatorial phosphorylation site
possibilities from the overlap of assigned b and y ions and
observed matches, The algorithm is integrated into MaxQuant.
The “class T phosphorylation sites” discussed in the text are
defined by a localization probability of at jeast 0.75. To adjust
for unequal peptide loading, the phosphopeptide and glyco-
peptide SILAC histograms were centered at zero on the log,
scale.

Statistical Analysis. We used Student test for testing differ-
ences between the means of two populations. For small sample
sizes, two tailed hypothests test at the 0.05 level of significance
was applied.?® Significance of outliers from the quantitative
distributions was corrected for multiple hypothesis testing by
the Benjamini-Hochberg method.

Results

PASP-based FFPE Sample Analysis Protocol. In the devel-
opment of the method for filter aided sample preparation for
formalin-fixed paraffin embedded tssues (FFPE-FASP), we
started from the success of the “Antigen Retrieval” (AR) method
in immunohistochemistry, whose key polnt is heating FFPE
material in water or buffer solution. Furthermore, sodium
dodecyl sulfate (SDS) is a powerful and near universal solubi-
lization agent in proteomics and we therefore sought to include
it in the protocol. Previous work recognized the desirabllity of
employing SDS,2® but due to its incompatibility with subse-
quent MS analysis, researchers have explicitly striven to develop
protocols that substituted other denaturants and solubization
agents (see for example ref 7). In FASP, however, use of high
concentrations of SDS is the defining feature as the method is
based on the observation that SDS can be quantitatively
exchanged by urea on the matrix of a filter unit while still
leaving proteins accessible to a proteolytic enzyme.® We
therefore combined a procedure of boiling FFPE sample in SDS
buffer with subsequent loading onto 30k filter units and
digestion by trypsin or LysC. Note that these filters still retain
very small proteins because these are completely unfolded
under the denaturing conditions used.'® Figure 1 shows an
overview of the FFPE-FASP procedure, including downstream
proteomic analysis.
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Figure 1. Schematic overviaw of the FFPE-FASP method. For-
malin-fixad and paraffin embadded samplaes are deparaffinized
and heated in SDS-containing lysis buffer. The resulting protein
mixture is applied to the top of a spin filter where SDS is
completely exchanged with urea, followed by on-filter proteoclytic
digestion (FASP). Paptides pass through tha filter into another
pipet cantaining strong anion exchange filter material (SAX). Six
fractions sre eluted by pH staps and analyzed by high resolution
LC—MS/MS on a linaar ion trap orbitrap Instrumant.

FASP allows straightforward determination of the yield of
the method by measuring UV absorbance of total eluted
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peptide. We used this feature to optimize lysis and digestion
conditions. Best yields were achieved when the deparaffinized
tissues was homogenized in a SDS and DTT-containing buffer
and then lysed at 99 °C for 1 h. To compare the effectiveness
of protein extraction from fresh and fixed samples, we divided
fresh liver into eight parts and weighed them. Four were
subjected to immediate extraction whereas the other four were
fixed and embedded in paraffin before extraction. From 1 mg
of fresh tissue we obtained 140 £ 18 ug total protein and from
the same amount of FFEP tissue we extracted 155 =+ 16 ug
(Figure 2A). Thus protein extraction was very high in both cases
(given an estimated protein content of around 10% by weight
in tissues) and not statistically different from each other.

We next determined the digestion efficiency of FFPE tissue
boiled in SDS and processed by FASP. We found that 60% of
protein amount was converted to pure peptides ready for MS
analysis. This value was even somewhat higher than the
corresponding value for fresh tissue (Figure 2B); however, we
assume this is due to experimental variability. We visualized
the preteome extracted from FFPE and fresh liver by Coomassie
staining on a 1D gel (Figure 2C). The protein gels appear similar
except for a somewhat increased staining in the high molecular
weight region of the FFPE lane, which we attribute to proteins
that remain cross-linked to another protein at least at one
position, Note that this appears to affect a small percentage of
the proteome and that a small number of cross-links would
not necessarily influence overall protein extraction efficiency
or digestion yield. A step-by-step protocol for FFPE-FASP is
provided as Supporting Information.

Qualitative Comparisen of the FFPE and Fresh Liver
Proteome. To compare the numbers of identifiable proteins,
we first performed a pipet-based strong anion exchange
fractionation step (FASP-SAX)'? on the peptides retrieved by
FASP. Six fractions were measured by LC—MS/MS on the LTQ-
Orbitrap Velos with 230 min gradients and the results were
analyzed in the MaxQuant environment,®® specifying a 1% False
Discovery Rate (FDR). For each of the two samples, we
performed a techinical replicate. Together this resclted in the
identification of 5203 proteins in the FFPE sample and 5426
proteins in the fresh sample. Proteins were identified with seven
nonredundant peptides on average. The average absolute mass
deviation between calculated and measured peptide masses
was below 1 ppm for these and the experiments described
below (Supplemental Table 1, Supporting Information),

Between fixed and fresh tissue 91% of the identifications
were identical (Figure 2D). We suspected that this level of
overlap in identified proteins was as high as it would be
between identical samples and that it only reflected stochastic
aspects of which peptides are chosen for MS/MS in different
LC runs. Indeed, when we compared the proteins identified in
the technical replicates of the fresh sample, the overlap was
85%. (The slightly lower overlap than that of fresh and fixed
tissue is presumably due to the smaller depth of coverage of
the proteome achieved in two single experiments.) Further-
more, when we additionally matched sequenced peptides in
one condition to unsequenced peptides in the other condition
("match between runs” feature in MaxQuant), we obtained a
protein identification overlap between fresh and fixed tissue
samples of 96%. These results are compatible with an assump-
tion that FFPE tissue can be analyzed as readily as fresh tissue
by MS-based proteomics.

The chemistry of formalin fixation is not fully understood
but it is believed that the primary amines of lysine side chains

Journal of Protsome Research « Vol. 8 No.7, 2010 3%
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Figurs 2, Cormparison of FFPE-FASP and FASP protocols using FFPE and fresh tissue samples. Yields of (A) proteins and {B) peptides
obtained from FFPE and fresh and semples. Error bars represent standard deviation {n = 4). {C) Protein extracts from 100 ug wet tissus
that was either FFPE treated or fresh were separated by SDS-PAGE and Coomassie stained. (D) Overlap of proteins identified from
FFPE and fresh samples. (E} Frequencies of amino acid residues in identified peptides. (F) Subcellular distribution of identified proteins

using GeneOntology annotations.

are mainty involved in protein—protein cross-links and that
several residues like arginine, cysteine, serine and threonine
may also contribute.® Since the reversal of these fixation-
induced cross-links may only be partial and some residues may
remain modified, peptides containing them could be under-
represented in the proteomic data sets. Similar to previous
studies, we therefore analyzed the frequency distribution of all
residues in the presence and absence of formalin fixation, but
in our data we could not detect any such preferences or biases
(Figure 2E). Furthermore, because trypsin should not cleave
at modified lysine residues, the nurnber of tryptic peptides with
a C-terminal lysine might be a sensitive indicalor of extensive
lysine modification.® Howevetr, we found that 59% of the
identified peptides had a C-terminal lysine in both the fresh
and the FFPE tissue, compatible with the absence of large-scale
lysine modification (Supplemental Table 1, Supporting Infor-
mation}.

Next, we compared the subcellular distribution of proteins
identified in both types of samples and again did not observe
significant differences (Figure 2F). Notably, the percentage of

3692 Journal of Protsoms Ressarch « Vol. 8, No. 7, 2010

membrane proteins is high and is close to the value predicted
from genetic data® demonstrating that FFPE-FASP does not
discriminate against this class of proteins.

So far, our qualitative analysis had indicated no differences
between the analysis of fresh or fixed material by FFPE-FASP.,
In particular, large scale proteomic analysis was equally pos-
sible from fresh material and material from paraffin blocks.

Effect of Storage and Processing FFPE Samples. Since the
major advantage of using FFPE material is the possibility to
analyze and compare archival samples, possible effects of
storage time and sample processing need to be evaluated for
each new sample preparation procedure. We studied four key
aspects of FFPE tissue analysis: the storage time, the length of
fixation and a possible effect on sample harvesting of the
hematoxylin staining procedure or of laser microdissection. For
each of these we compared the results of the analysis of two
mouse liver samples, prepared identically except for the
parameter to be evaluated. After processing by the FFPE-FASP
procedure, each liver sample was measured in duplicate by
single 230 min LC-MS/MS runs on an LTQ-Orbitrap XL. In
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Figure 3. Effects of key processing steps in FFPE analysis. Liver samples were enalyzed in duplicate by single LC=MS/MS runs and
each run was analyzed separately {bars) or together {Venn diagrams). {A) Effects of storage period, (B) fixetion time, (C) Hematoxilin

staining, and (D) laser vs needle scraping were analyzed.

MaxQuant, data files were analyzed separately to determine
the number of proteins identified in each of the single runs as
well as together to determine the overlap of the data sets. This
enabled separate assessment of technical reproducibility and
the influence of the experimental variability under study
(Supplemental Teble 2, Supporting Information).

To address the effects of storage time, we stored a fixed and
paraffin embedded mouse liver for six months hefore analysis
whereas another liver was analyzed after one week after
embedding. In duplicate analysis, we indentified 1774 proteins
in the sample stored for one week and 1795 in the sample
stored for six months (Figure 3A). Of these proteins, 1638 (85%)
were identified in both samples, which is good agreement at
this limited depth of analysis.

Since fixation time is not standardized in the preparation of
FFPE tissue archives but usually takes between 24 and 48 h,
we checked if prolonged fixation would affect proteomics
results. For this purpose we compared two fragments of the
same liver. The first sample was fixed overnight and the second
one for five days. In duplicate analysis we identified 1774
proteins in the sample that was fixed overnight and 1651 in
the sample fixed for five days (Figure 3B). Eighty-two percent
of the proteins were identified in both samples. These results
showed that proteomic analysis was still possible after pro-
longed fixation time. The difference in the numbers of proteins
identified in both samples is relatively low (7%), but since it is
reproducible in the two duplicate analyses, we cannot exclude
that it is significant.

Staining of FFPE tissue is necessary to visualize cellular and
tissue morphology. The hematoxylin or hematoxylin and eosin
(H&E) stain is the standard staining method used routinely in
pathology laboratories. To test whether hematoxylin staining
has any effect on the number of identified proteins in mouse
tissue we analyzed adjacent liver sections that were stained or
unstained. In duplicate analysis of the unstained sections we
identified 1981 proteins and in duplicate analysis of the stained
sections we identified 1924. In addition to this very sitnilar total
number of identifications, B5% of the identifications were
identical, demonstrating that the staining procedure has little

if any influence on the depth of proteome analysis in our
procedure (Figure 3C).

Lastly, it was possible that laser cutting of FFPE tissue, as
employed in laser microdissection, could negatively affect
proteome analysis. We therefore analyzed adjacent tissue
sections that were either excised by Laser Capture Microdis-
section (LCM) or by needle scraping. In duplicate analysis 2178
proteins were identified in the scraped samples and 2201 in
the samples obtained with LPC, with 87% overlap between
identifications (Figure 3D). This indicates that LCM does not
affect bulk proteomic analysis.

Together, the analyses in this section shaw that key storage
and sample processing parameters have little or no influence
on the number and type of proteins identified by FFPE-FASP,
with the possible exception of prolonging fixation times up to
several days.

Accurate Quantitative Proteomics of FFPE Samples. The
experiments described above were qualitative rather than
directly quantifying fresh and fixed tissue against each other.
Accurate quantitative analysis is challenging because of the
limited amounts that are usually obtained from tissue sections.
As we had already excluded large changes between the fresh
and FFPE tissues, we therefore turned to the SILAC method,
which is very accurate and sensitive.*'? SILAC is normally
thought to be restricted to cell culture but here we made use
of the recently developed SILAC-mouse, in which an entire
animal is labeled by a heavy amino acid.'® This makes peptides
from any mouse tissue of the heavy label mouse distinguishable
from peptides from the same tissue of a control, "light” labeled
mouse. When combining tissue from heavy (**Cy-Lys) labeled
mice and light {12C,-Lys) control mice, and digesting with LysC,
every peptide will oceur as a pair (except the C-terminal peptide
of the protein), allowing accurate quantification of the parent
protein.

Figure 4 shows the scheme for quantifying potential differ-
ences between fresh and FFPE tissues. To eliminate experi-
mental variability between individual mice, we obtained a liver
from a control mouse and from a SILAC-mouse and cut thern
in half. In each case, we fixed and paraffin embedded one-
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Figure 4. Quantitative analysis of normal tissue samples vs FFPE
samples in the SILAC mouse. Mouse livers were taken from
normal and heavy SILAC-labeled mice, halved and each half
gither anslyzed fresh (after freezing) or after FFPE. SILAC
comparisons ware done between fresh and FFPE livers. Peptides
are sither quantified directly after FFPE-FASP or after a PTM
enrichment step. Note that the crossover experiment efiminates
individual differences between mice and exposes differences in
semple preparation.

half of the liver and processed the other half after freezing. We
then mixed the FFPE heavy liver sample with the fresh liver
sample of the control mouse. In a reverse iabeling control
experiment, we mixed the light FFPE liver sample with the
heavy labeled fresh liver sample. In this way, genuine quantita-
tive changes introduced by the FFPE-FASP protocol would need
to be reversed in the control experiment, independent of any
biological differetices between the livers of the two mice.

For the forward and for the reverse experiment, we prepared
fresh and FFPE liver by the FFPE-FASP protocol followed by
six fraction pipet-based SAX.!2 Each of the resulting 12 fractfons
was measured by LC~MS/MS with 230 min gradients on the
LTQ-Orbitrap Velos, resulting in the quantification of 19 145
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{dentified SILAC-peptide pairs and 3740 proteins in MaxQuant
{Supplementat Table 3, Supporting Information). Quantification
results for proteins are depicted in Figure 5. Plotting fold-
change vs protein abundance {total peptide signal per protein)
revealed that the vast majority of proteins are located at the
1:1 axds (zero on the log, scale) in both the forward and the
reverse experiment, regardless of abundance of the protein. A
2-fold change in protein amount is chosen as cutoff for
biological significance in many proteomic experiments. A full
96% of the proteins were within this interval (-1 to 1 interval
on the log; scale). This already demonstrated the lack of
widespread quantitative changes to the proteome due to FFPE
when using the FFPE-FASP protocol.

There are some statistically significant outliers in the plot,
colored red in Figure 5A and B. These could in principle be
due to the fixation and paraffin embedding or due to biological
differences in the samples. To distinguish these two possibili-
ties, we determined if any of the proteins changed in a manner
consistent with an effect of FFPE. We plotted fold changes of
heavy SILAC labeled fresh tissue to light (normal) labeled FFPE
tissue (H/L fold change) on the x-axis and light labeled fresh
tissue to heavy labeled SILAC FFPE tdssue (L/H fold change)
on the y-axis (Figure 5C). If there were any proteins that are
reduced due to FFPE they must be outliers in the positive fold
change direction on both axes. However, the upper right
quadrant of Figure 5C is empty, indicating that there are no
such proteins. Likewise there are no proteins whose quantity
is increased due to FFPE (empty lower left quadrant).

The outliers in the upper left quadrant are proteins that are
increased in the control liver sample compared to the SILAC
liver sample. When preparing liver samples, it is possible to
include small amounts of adjacent tissue in some cases, and
we suspected that this was the cause of these putliers. Indeed,
when inspecting the identides of the outlier proteins, we found
that some of thetn were myosin isoforms or creatine kinase
(belonging to the most abundant proteins in muscle tissue),
suggesting that some adjacent muscle tissue was included with
the control liver but not the SILAC liver. Additionally, some of
the outliers were mouse keratins. These are readily explained
by extensive sequence identity to human protein contaminants.
{These human contaminant proteins had been removed before
analysis.) Our results therefore do not reveal any quantitative
changes between fresh and FFPE tissue when analyzed by high
resolution mass spectrometry after FFPE-FASP).

In addition to ruling out general or specific quantitative
changes due to FFPE in our protocal, these results imply that
accurate quantification is possible from FFPE tissues. The ratio
distributions are quite similar to other large-scale data sets that
we have obtained on fresh SILAC material analyzed at equal
depths of proteome coverage, 3

Identification of Phosphorylation Sites. Analysis of changes
in posttranslational modifications can be crucial for under-
standing pathological processes. Having established the feasi-
bility of analyzing proteome changes both qualitatively and
quantitatively, we therefore wished to investigate if the phos-
phoproteome was preserved in FFPE and whether it was
analyzable by MS-based proteomics.

We prepared peptides by FFPE-FASP from 2.5 mg of fixed
mouse liver protein. The resulting peptides were enriched for
phosphopeptides on TiO; beads in a pipet and were separated
into 4 fractions using the SAX approach (Experimental Proce-
dures}. They were analyzed in 230 min gradients on the LTQ-
Orbitrap Velos using HCD fragmentation.?3% In duplicate
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Figure 5. SILAC quantification of fresh apgainst FFPE tissue samplas. Quantification was done as outlined in Figure 4. In each panel
plotted ratios ara fresh divided by FFPE protein signal. (A} Fresh, heavy labeled tissue sample against fixed, normal labeled tissue
sample. SILAC-protein ratios are plotted as a function of added peptide intensity of each protein. Statistically significant outlisrs are
colored in red {p < 0.01). {B} Crossover labeling axpariment. Fresh, normal labeled tissue sample sgainst fixed, heavy labeled tissue
sampla. {C) Ratios of the upper two panels plotted against each other. None of the statistically significant outliers are in the upper
right-hand quadrant or the lowsr left-hand quadrant, which would have Indicated selective influence of FFPE treatment. The outliers
in the upper left-hand corner are dua to differances in sampla handling {red dots}.

experiments with this minimal preparation protocol we identi-
fied 7718 different phosphopeptides in the fresh and 6870
different phosphopeptides in the FFPE tissue material {Supple-
mental Table 4, Supporting Information). These reduced to
5799 class I phospho-sites in fresh liver tissue and 4991 class [
phospho-sites in FFPE (Figure 6A}. Class I sites have a localiza-
tion probability of at least 75% by definition, but median and
mean localization probability was 0.99 and 0.87, respectively.

We found that 4121 (62%) sites were identified in both
experiments (Figure 6A). This limited overlap probably is not
due to differences in the phosphoproteome of fresh and PPFE
tissue because a separate experiment indicated a very similar
overlap of measured phosphosites between two fresh samples
(59%; Figure 6B). Rather, the explanation for this relatively low
degree of overlap is likely to be the large size of the phasphop-
roteome, of which we are only sampling a fraction. These
experiments demonstrated that large numbers of phosphory-
lation sites are preserved in FFPE tissues and that they can be
analyzed by LC—MS/MS to the same degree as fresh samples.

Next we investigated quantification of the phosphoproteome
in FFPE against fresh mouse liver tissue. We again made use
of the SILAC mouse and the experimental scheme indicated
in Figure 4, with the difference that we added a phosphopeptide
enrichment step. In the MaxQuant analysis of the combined
forward and reverse experiments we quantified 2417 different
phosphopeptides. As shown in the histograms in Figure 6C and
D, the quantitative distributions are roughly symmetrical.
Although slight bias toward light peptides can be observed it
could be explained rather by biological differences between two
samples (livers) than by differences caused by fixation, since
light liver was either fixed or unfixed for forward and reverse
experiment respectively. This indicates that FFPE does not
impede retrieval of phosphorylated peptides by FFPE-FASP.
The distribution of fold changes was somewhat broader than
it was at the protein level (Figure 6C, D). This is because
typically several peptides contribute to protein quantification
whereas usually only one phosphopeptide contributes to the
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Figure 8. Phosphoproteomic analysis of FFPE tissue material. One and a half milligrams of peptides obtained from FFPE and fresh liver
tissue samples were subjected to phosphopeptide enrichment, separated into four fractions by SAX and analyzed by LC—MS/MS
using HCD on an L.TQ-Orbitrap Velos, (A) Overlap in unique phosphorylation sites after duplicate anslysis of FFPE and fresh material.
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quantification of a single phosphosite. Therefore, to decrease To determine any potential changes in particular phospho-
the probability of random errer in quantitation of single peptide peptides due to FFPE, we plotted phosphopeptide ratios in the
analysis of phosphosites requires more repetitions than in the same way as we had done for the protein ratios before, As can
case of protein quantitation. be seen in Figure 6E, almost all phosphorylation sites are close

3646 Joumal of Protscme Research « Vol. 8, No. 7, 2010



FASP-based FFPE Analysis of Post-Translational Modifications

A
Fresh
1700
2 1373 327
FFPE
1458
77% overlap
C
250
200

Frequency

150
100
50 :."
I [E— | I I Wi

mmnmﬁmcm.-nmﬂmm
o - C? - o

Log, ] ;e ratio

research articles

B

=
-
3

e . .

i k-
= Iy .
‘ﬁ 3 Ad -

L3 K
&
2
10 5 0 5 10
Log, "%/ i1 TBti0
D
250

"TeY373d%s"a"an

LDB:“‘"/uuw ratio

Figure 7. Analysis of N-glycosylation sites. One-hundred micrograms of peptides obtained from FFPE and fresh liver tissue samples
ware subjectad to glycopaptide enrichment by N-Glyco-FASP and analyzed by LC-MS/MS on the LTQ-Orbitrap Velos using HCD.
Cumulative results of four or thrae LC—MS/MS runs for the gualitative and SILAC analysis, respectively, are shown. (A) Overlap of
uniqusa glycosylation sites batween FFPE and fresh tissue. (B} Ratios of the forward and crossover SILAC expariments show no significant
outliers. (C} Histogram of the fold changes observed betwean glycopeptides extracted from fresh, heavy labeled and FFPE, normal
labeled samplas. (D) Histogram from the crossovar expariment with ratios for FFPE, heavy labeled and fresh, normal labeled material.

to the origin. Few if any sites displayed an apparent change in
phosphorylation due to FFPE of the tissue, Thus, our results
demonstrate that qualitative and quantitative analysis of phos-
phorylation in FFPE material is feasible.

Mapping and Quantification of N-Glycosylation Sites.
Glycosylation is one of the most important protein modifica-
tions®® and changes in glycosylation patterns seem to be
extremely frequent in neoplastic tissue.3” A previous study
has already reported identification of 168 sites in FFPE lung
sample.3®

Here, we applied the recently developed N-Glyco-FASP
protocol?* to the analysis of FFPE tissues. Peptides were
processed as in the proteome analysis of FFPE samples
described above except that peptides were allowed to interact
with unbound lectins on top of the filters used in FASP.
Peptides that were not captured by the lectins were washed
through the filter. Deglycosylation in *Q-water (H'*0Q) by
PNGase F led to a mass shift of 2.9890 Da on the former
N-glycosylated asparagines, making them easily identifiable to
high resolution MS and HCD MS/MS on the LTQ-Orbitrap

Velos. In four single runs, this approach allowed us to identify
1458 N-glycosylated sites in FFPE tissue sample and 1700 in
fresh samples with an overlap 77% at the site level (Figure 7A,
Supplemental Table 5, Supporting Information).

The analysis of 1;1 mixtures of nonlabeled and heavy SILAC
labeled mouse liver tissue again showed a nearly symmetrical
distribution in both the forward and the reverse experiment
(Supplemental Table 5, Supporting Information, Figure 7C and
D). As in the case of the phosphoproteome, a bias toward heavy
peptides is likely due to biological differences between samples.
Likewise, there are no specific outliers that are due to FFPE
treatment of the sample (Figure 7B). Thus, glycosylation, in
addition to phosphorylation, can be quantitatively analyzed in
FFPE tissues.

In both the phosphorylation and glycosylation experiments,
slightly more peptides were identified from fresh tissues. Even
though this difference is small, we cannot exclude that it may
in fact be significant.
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For more than a hundred years, biopsies have been pre-
served by fixing them in formalin and embedding them in
paraffin blocks. In this form they are quite inert and easily
stored for years or decades. The flip side of this preservation
and stability is the inaccessibility of FFPE samples to analytical
procedures. In a pioneering study a few years ago, Hood et al,
first showed that FFPE material is in principle accessible to
proteomic analysis.® Since then several parameters have been
evaluated, mainly with a view to comparing analysis of FFPE
and fresh tissue material ® 810112339 These studies found that
best results were achieved when the samples were lysed at high
temperature and in the presence of a strong detergent, such
as SDS.?® Unfortunately, SDS even in small concentrations
impairs enzymatic digestion of proteins and is not compatible
with mass spectrometric analysis, Since effective removal of
5DS from minute amounts of biological samples using standard
biochemical methods is not easy, in the previous analyses of
FFPE material strong detergents were avoided.”™!! In contrast,
in this work we used high concentrations of SDS for tissue lysis
and processed the samples using the recently developed FASP
protocol (Figure 1). This FFPE-FASP protocol allowed ready
analysis of fixed and paraffin embedded sample.

Comparing out results with previously published data,>25!1
shows that we obtained the largest collection of proteins
identified from single FFPE samples so far. The depth of
analysis reached in this study is due to the method introduced
here as well as to state of the art MS analysis equipment and
the computational pipeline employed. Unlike most previous
studies, we employed high resolution, high mass accuracy
proteomics, resulting in subppm average absolute mass devia-
tions. Proteins in our study were typically identified with many
peptides (seven on average for the qualitative comparison of
fresh and FFPE tissue). In many experiments, we employed
high mass accuracy measurements not only in the MS but also
in the MS/MS dimension. This demonstrates that very high
data quality can be obtalned from proteomes extracted from
FFPE tissue material.

Accurate quantitation of thousands of proteins is still a
challenge for proteomics, especially for samples that do not
derive from cell lines and which therefore are less amenable
to metabolic labeling.*® Here, we used the completely labeled
SILAC-mouse as a tissue source for quantitative comparison
of fresh and fixed tissue. We found that quantitative accuracy
in these experiments was equivalent to SILAC experiments
comparing freshly prepared cell lines and conclude that
quantitative accuracy is not compromised when analyzing FFPE
material. While the SILAC-mouse is not a possible solution for
the analysis of human tissue, we believe that the recently
described super-SILAC strategy'' would allow accurate quan-
titation of human FFPE tissues. In super-SILAC, a superset of
labeled cell lines provides an accurate intemnal standard for a
human tissue. For FFPE analysis, the super-SILAC mix would
be added to the SDS-boiled protein extract during the FASP
procedure.

For possible future use of the protocol in biomarker discov-
ery, it is encouraging that our procedure- already at its current
stage of development - allowed identification of more than 5000
proteins form a single sample with about one day of measure-
ment time employing a relatively simple and fast pipet-tip SAX
fractionation method.'? In contrast, previously published pre-
tocols for in-depth proteome analysis of FFPE samples required
less straightforward sample fractionation systems such as
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isoelectric focusing!® or isotachophoresis.® Another practically
important aspect of our method is its extremely low reagent
cost, which is in marked contrast to commercial tissue prepa-
ration kits (which we did not discuss here because their
composition is not known to the pubtlic).

Using the above technologies, we investigated whether and
how the tissue proteome might be affected by the FFPE
procedure. Both qualitatively and quantitatively we were not
able to detect differences in protein levels between fresh or
fixed and paraffin embedded proteomes. This indicates that
the protein modifications induced by FFPE are not permanent
(at least at a bulk level that can be probed by proteomics
experiments) and that FFPE-FASP is efficient at reversing those
madifications before protein analysis. Our findings contrast
with several previous reports using different protocels and
LC—MS/MS analyses schemes. For example, the ratio of tryptic
peptides with lysine vs arginine at their C-terminus had been
reported to be affected by FFPE,*'! whereas we found no such
effect. Moreover, we found no evidence for reduced protein
extraction or digestion efficiency with FFPE-FASP compared
to fresh tissue, in contrast to other reports.!! These differences
may be due to the nearly complete solubilization efficiency
obtained by SDS, which is also reflected in the high proportion
of membrane proteins (30%) that we observed in fixed and
paraffin embedded mouse liver.

In agreetnent with other studies,”™!' we found that it is
possible to analyze FFPE material after prolonged storage.
Although we did not extend our observation period for more
than half a year, we believe this result applies to longer times,
too, because the process of formalin fixation is thought 1o be
completed in 1 month.3? In clinical settings fixation time is not
standardized and often exceeds 24 h. We tested the ability of
our protocol to retrieve proteins from samples fixed for five
days and found that prolonged fixation (5 days) somewhat
decreased the number of identifications. However, even after
fixation for such a long time, we still obtained a high overlap
in protein identifications with fresh tissue.

Microdissection is now a method of choice for obtaining
homogeneous population of cells from clinical samples. For
precise dissection of a region of interest it has to first be
visualized by staining. Since hematoxylin, a standard dye in
histopathology, can bind to DNA and thereby interfere with
PCR,*2 it was important to check whether hematoxylin can
impair mass spectrometric analysis, too. As the number of
identifications was not reduced by hematoxylin staining, we
conclude this standard stain can be used in conjunction with
FFPE-FASP and proteomic analysis.

Although the impact of a focused laser beam on tissue should
be restricted to the cutting line,** some authors prefer not to
use lasers in sample preparation since possible side-effects of
the laser on proteomics analysis are difficult to rule out.® We
compared samples dissected either with 2 laser or scraped-
out with a needle and found no significant difference in the
number of identifications.

Using the FFPE-FASP protocol we demonstrated for the first
time that the phosphoproteome is preserved in fixed and
paraffin embedded tissue. Using straightforward pipet-based
fractionation and TiO; enrichment, we identified 4991 phos-
phorylation sites with high localization accuracy. This number
i3 similar to the number of identifications from fresh tissue and
those that we have recently repotted from cultured liver cells™
or from cancer tissues in mouse models.*s
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Our glycoproteomic analysis of FFPE sample demonstrates
that other PTMs than phosphorylation can also be efficlently
analyzed by the FFPE-FASP protocol. A previous study aimed
al identification of N-glycosylation in FFPE material reported
168 sites in FFPE lung sample.®® With our protocol we were
able to identify about 10 times mores N-glycosylation sites in
a simple experiment without any additional fractionation of
proteins or peptides before LC—MS/MS analysis. Our data set
contains more than 1400 high-confidence N-glycosylation sites
from FEPE liver tissue, measured with high accuracy at the MS/
MS level by HCD.

A goal of the analysis of FFPE samples is to discover new
blomarkers useful for a more personalized therapy, for better
survival prediction or for an earlier diagnosis. Our work
provides a straightforward technique for quantitative analysis
of FFPE material. The FFPE-FASP procedure enables quantita-
tive mapping of phosphorylation and N-glycosylation sites to
a depth that has previously been achieved using fresh biological
material. The FFPE-FASP method described here has the
potential for opening new perspectives in the proteomic
exploration of archival clinical samples at the proteome and
the PTM level.
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This publication describes proteomic and N-glycoproteomic quantitative analyses of colorectal
cancer and normal colonic mucosa using formalin-fixed paraffin-embedded human material. We
identified 8,173 proteins and 1,885 N-glycosylation sites and compared their abundances. We
show that as a general rule the glycoprotein expression, and not the glycosylation site
occupancy, is altered in cancer. However, in several proteins we also find evidence for

differentially regulated site occupancy.
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SUMMARY

Colorectal cancer (CRC) is one of the most common cancers
and each year more than half a million people die of this
disease. CRC arise from the colonic mucosa and spreads
throughout the body forming metastases. Although these
processes have been extensively studied with biochemical
and genctic methods only little progress has been done in
characterization of the changes occurring at the proteome
level. Here we report results obtained in proteomic analyses
of laser capture microdissected formalin fixed tissues and N-
glycoproteomic analysis of macrodissected formalin fixed
tissues, Proteomic analysis of patient-matched sets of
colonic mucosa, the primary cancer and its nodal metastasis
allowed identification of more than 8,000 proteins and their
quantitative comparisons between the three stages. We
found 1,800 proteins which are significantly up or down
regulated in cancer (p < 0.05), but did not observe any
significant differences between cancer and metastasis. The
N-glycoproteomic analysis of patient-unmatched samples of
colonic mucosa and primary cancer enabled detection of
nearly 2,000 N-glycosylation sites on 1,000 proteins. We
observed that 400 glycopeptides were changed in cancer and
we showed that as a gemeral rule the glycoprotein
expression, and not the glycosylation site occupancy, is
altered in cancerous tissues. Furthermore, we found evidence
for different N-glycosylation pattemns between cancer and
normal colonic tissues, which could be of potential clinical
interest. Our datasets contains all known CRC protein
biomarkers and provide a resource of differentially
expressed proteins.

RESULTS
Identification of 8,000 Proteins from Laser Capture
Microdissected Colonic Mucosa, Primary Cancer and its
Nodal Metastasis

To survey and compare the proteomes of colonic
mucosa (N), primary cancer (C) and its nodal metastasis (M)
archival formalin fixed and paraffin embedded clinical
samples originating from eight patients were analyzed. Laser
capture microdissection was used to obtain enriched
populations of enterocytes, primary cancer, and
metastasizing cells. From each sample 175 nl of cells were
collected and processed using recently developed FFPE-
FASP procedure (Ostasiewicz et al., 2010). It yielded

de or mmann@biochem.mpg.de

3.120.9 pg total peptide per sample. The peptides were
fractionated by anion exchange chromatography inte 6
fractions and analyzed by LC-MS/MS on Orbitrap-Velos
instrument as described previously (Wisniewski et al,,
2011a) (Figure 1A). The obtained spectral data were
analyzed using the Andromeda searching engine (Cox et al.,
2011) and the MaxQuant software (Cox and Mann, 2008)
using a label frec quantitation option (Cox et al., submitted)
allowing quantitative comparison of the individual samples.
Our analysis allowed identification of 72,000 unique
peptides {Supplementary Table 1) corresponding to 8,173
proteins (Supplementary table 2). Overall, 841 of the latter
were reported as the components of human plasma {Schenk
et al., 2008) or erythrocytes (Pasini et al., 2006) and hence
may partially originate from bleod (Figure 1C). Comparison
of the N, C, and M protecomes revealed that 99% of the
identified proteins were common in all the three samples
(Figure 1D).

Mapping of 1,885 N-Glycosylation Sites in the Colonic
Mucosa and the Primary Cancer

To identify N-glycosylation sites on proteins
occurring in N and C we measured the N-glycoproteomes of
FFPE samples using the N-glyco-FASP method (Zielinska et
al., 2010) (Figure 1B). The suitability of this methods for
analysis of FFPE tissues was recently demonstrated
{Ostasiewicz et al, 2010). Since identification of
posttranslational modifications requires affinity enrichment
and hence larger starting amounts of total protein, the
profiling of N-glycoproteomes was performed using macro-
dissected material. The tissues were processed according to
the FFPE-FASP protocol (Ostasiewicz et al., 2010) using 30
kDa filtration units (Wisniewski et al., 2011b). N-glyco
peptides were enriched by adding a lectin mixture to the top
of the filters. After deglycesylation with PNGase F the
peplides were identified by LC-MS/MS on Orbitrap-Velos
instrument.

We analyzed cight samples per N and C in
duplicates originating from unmatched patients (in total 16
measurements per state). On average 1,000 highly confident
sites were identified per single LC-MS/MS run. In total we
identified 1,885 N-glycosylation sites with a minimum
localization probability of 95% and at least three
identifications per N or C state. These sites were distributed



on 962 proteins. It is the largest N-glyceproteomic dataset
for human tissue published to date. According lo Swiss-Prot
(Wu et al., 2006) we cover 40% of ail known human N-
glycosylation sites and increase the number of
experimentally validated sites from 2,000 to 3,000 {Figure
1E). Identified sites are listed in Supplementary Table 3 and
are available in the post-translational modification database
PHOSIDA (Gnad et al., 2007} (htip:/fwww phosida com).

The comparison of the proteomic and N-
glycoproicomic datasets revealed that 38% of the N-
glycoproteins were not detected in the proteome
measurement (Figure 1F). We found that glycoproteins that
were absent in the protcomic dataset were significantly
enriched for the low abundance proteins (p < 10"'%) (Figure
1G).

Global Characterization of the Proteomes of the Colonic
Mucosa, Primary Cancer and Metastasis

Using Gene Ontology annotations we calculated
the percentage of identified proteins per ‘cellular
compartment’ and ‘molecular function’, The C, M, and N
proteomnes contain high percentage of proteins annotated as
‘integral to membrane’ and ‘plasma membrane’, which
emphasizes the utility of the FFPE-FASP approach for
studying tissucs (Fig 2A). Based on the abundance of serum
albumin, we cstimated that 4% of detected proteins may
originate from body fluids. Comparing the N-
glycoprotcomic and proteomic datasels, we estimated that
8% of proteins identified in measurement of microdissected
normal mucosa are N-glycosylated (Fig 2C).

To describe the protein content constituting
defined celi compartments or molecular functions and to
provide insight into differences between states we calculated
the total protein amount using normalized spectral intensities
provided by the MaxQuant software. Figure 2 shows
representative examples of the protein content in selected
organelles and functions. These results demonstrate clear
alterations between N and C, and no obvious differences
between C and M. Whereas the N proteome contains 20-
30% more extracellular and integral to plasma membrane
proteins and about 30% less nuclear proteins then the C
proteome (Figure 2A), there are no clear differences between
N and C in the content of proteins belonging to cytoplasm
end its major components such as the Golgi body,
mitochondrion and endoplasmic reticulum. The differences
in subeellular composition are reflected by the functional
protein content (Figure 2B). Partial loss of integral
membrane proteins in cancer is accompanied with a 50 and
30% drop in the content of channel and transporter proteins
in N when comparing to C or M. Further, cancer cells have a
two fold increase in the content of proteins with transcription
factor activity, which is in concordance with elevated
expression of nuclear proteins in cancer, The increased
transcriptional activity is in connection with decreased
compactmess of chromatin, and therefore core histones are
more abundant in cancer whereas the levels of linker histone
remain unchanged between the nommal colon and cancer.
Additionally, elevated expression of proteins involved in cell
cycle regulation in C reflects higher cell division rates of
cancer celis in comparison to nommal cells. The elevated

expression of ribosomal proteins in C may refiect a portion
of ribosomes occurring in the nuclear envelope.

In all three states we found similar amounts of N-
glycoproteins that could partislly or solely reflect blood
contamination in the microdissected material {app. 4% of
total protein) (Figure 3). Comrect values are difficult to
calculate because many ccllular proteins can be found in
plasma and arc common to blood and solid tissue cells. The
content of N-glycosylated proteins in colonic mucosa (at
least 8 % of total cell protein) appears to be two times higher
than in cancer and melastatic cells (~ 4 %) (Figure 2C),
which is secondary to decreased glycosylation of
extracellular proteins in cancer (Figure 2D). In C, M and N
samples no cbvious differences were detected for N-
glycoprotein content in Golgi body and endoplasmic
reticulum. Interestingly, whereas a two-fold drop in the
content of N-glycoproteins with transporter activity was
observed for cancer cells, a tenfold decrease was found for
glycosylated proteins with channet activity (Figure 2E).

Proteome and N-glycoproteome changes in colon cancer

To identify potential driver proteins of cancer, we
first compared the intensities of detected proteins between
colonic mucosa, primary cancer and its nodal metastasis.
Hierarchical clustering of the protcomic data reveals that the
intensities of a substantial proportion of measured proteins
arc different between tumors and healthy samples, and that
there are no differences between cancer and metastasis
{Figure 3A). Student's t test was used to determine the
significance of protein differences. In total 1,800 proteins
were significantly down- or upregulated in tumor tissues (p
< {.05) (Figure 3B). Hierarchical clustering was used to
visualize the differential expression of regulated proteins
(Fig 3C). Next, we compared the intensities of detected
glycopeptides between colonic mucosa and primary cancer.
In total 398 N-glycopeptides on 288 proteins were
significantly down- or upregulated in tumor tissues (p <
0.01) (Figure 3D, E).

We compared the calculated glycopeptide ratios
with the ratios obtained from proteomic measurement and
we showed that as a general rule the glycoprotein
expression, and not the glycosylation pattern, is altered in
cancerous tissues (Figure 3F). For example, we identified
MUC2 to be downregulated in protecome measurement and
we detected its 15 glycosylation sites in N-glycoproteome
measurement that are consistently down-regulated.
Similarly, DPEP! and all mapped sites on DPEPI are up-
regulated, which is in agreement with its known protein
overcxpression in cancer (Toiyama et al., 2011).

Overall 75% of the 419 multiply glycosylated
proteins identified in this study contained all sites strictly
cither down- or up-regulated (Figure S1A). In total 5% of
identified proteins had differentially regulated site
occupancy between the cases (Figure S1B). For example, we
tdentified both highly up- and down-regulated sites on
macroglobulin alpha 2, which was reported to have a
decreased expression level in malignant breast cancer cells
(Liang et al., 2006). Similarly, CFR1, a marker protein for
the detection of precancerous and cancerous lesions
(Brandlein ct al., 2003), had two down- and onc up-



tegulated sites. Clusterin, known for differential expression
of multiple isoforms in cancer (Rodriguez-Pineiro et al.,
2006), also contains glycopeptides that arc differentially
regulated between the cancer and normal state.
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Figure 1. Proteomic and N-glycoproteomic profiling of colorectal cancer

(A) Proteomic workflow applied to microdissected samples of colonic mucosa, cancer, and metastasis (CMN).

(B) Workflow for mapping of N-glycosylation sites in normal colon and cancer.

{C) Identified proteins in protecome measurement. Proteins that may originate from blood are marked in pink.

{D) Overlap of the proteins identified from colonic mucosa, cancer, and metastasis.

(E) Overlap between here identified N-glycosylation sites and all experimentally derived sites in humen according 1o Swiss-
Prot. The glycosylated sites that may originate from blood are given in brackets,

(F) Overlap between detected colon cancer proteome and N-glycoproteome.

(G) Distributions of log; MS intensities for glycopeptides found on proteins detected in both datasets (bluc) and exclusively
in N-glycoprotcomic measurement {pink). The enrichment of low abundant glycosylated proteins in N-glycoproetomic
dataset is represented by the significant difference in the means between the two distributions (p < 10°'%),
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Figure 2. Comparison of protein and N-glycoprotein contents between cancer, metastasis and normal colon

(A) The underrepresentation of extracellular proteins and integral proteins to plasma membrane, unchanged expression
pattern in Golgi, ER and cytoplasm, and overrepresentation of nuclear proteins in cancer compared to normal colon is
pictured. In all states the amount of proteins that could petentially originate from blood (in red) is constant.

(B) Channels and transporters are underrepresented in cancer, kinases and mitochondrial proteins unchanged, whercas

ribosomal proteins, core histones and transcriptions factors overrepresented.

{C) In normal colonic tissue, afler subtraction of blood proteins (red), glycoproteins amounts approximately 8 % of total
proteins which is nearly twice as much as in cancer and metastatic tissues (app. 4%).
{D) The amount of total glycoprotein integral to plasma membrane is twice as low in cancer as in normal colon and the
amount of glycoprotein in ER and Golgi apparatus is unchanged.
(E) The expression of glycosylated transporters and channels is two-fold and ten-fold decreased in cancer when compared to

colonic muscosa.
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Figure 3. Proteome and N-glycoproteome changes in colon cancer
(A) Hierarchical clustering of the identified proteins in CRC protcome measurement. The samples are presented along the x-
axis and the identified proteins along the y-axis. The detected intensities are rescaled. Unsupervised hierarchical clustering of
the samples reveals that the protein intensity profiles differ sufficiently to clearly distinguish the normal state from
cancer/metastasis. For cancer and metastasis, the replicates from individual patients are comrectly clustered together.

(B) The intensity plot of identified proteins in CRC protecome measurement. Median of log; ratios of cancer to normal
intensities is presented along the x-axis and the median of log; intensities along the y-axis.

(C) Hierarchical clustering of the regulated proteins (p < 0.05) in CRC proteome.

(D) The intensity plot of identified glycopeptides in CRC N-glycoproteome measurement. Log; ratic of the median intensity
in cancer vs normal state is presented along the x-axis and the median of log; intensities along the y-axis. Among the
regulated proteins we find a number of proteins known to be involved in colorectal cancer like for example CEA, COX-2,
MUC-2 and CaCC-1.

(E) Clustering of regulated glycopeptides intensities. Columns represent samples and rows differentially expressed
glycopeptides. The color code on the right reveals that the majority of the regulated proteins is annotated to the extracellular
region (brown) and the minority belongs to intracellular proteins {orange).

(F) Ratio vs ratio plot. Log; ratio of the median intensity in cancer vs normal state is presented along the x-axis and the
median of log, ratios of cancer to normal intensities along the y-axis. Proteins that may originate from blood are shown in
red.



Publication V

Comparison of Ultrafiltration Units for Proteomic and N-Glycoproteomic Analysis by the
FASP Method

Wisniewski JR, Zielinska DF, Mann M

pn
£
= -
&
-

e

LCE B

Anal Biochem, 2011

This publication describes the performance of various commercially available filtration units that

are used as proteomic reactors in FASP and N-glyco-FASP protocols.






Analytical Biochemistry 410 (2013) 307-309

Contents lists available at ScienceDirect
Analytical Biochemistry

Jjournal homepage: www.elsevier.com/locate/yabio

Notes & Tips

Comparison of ultrafiltration units for proteomic and N-glycoproteomic analysis
by the filter-aided sample preparation method

Jacek R, Wisniewski*, Dorota F. Zielinska, Matthias Mann
Department of Proteomics and Signel Transduction, Max Planck Institute of Biochemistry, D-82152 Martinsried, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 1 October 2010

Recejved in revised {orm 3 December 2010
Accepted 3 December 2010

Avallable online 6 December 2010

The filter-aided sample preparation {FASP) method allows gel-free processing of biological samples sol-
ubilized with detergents for proteomic analysis by mass spectrometry. In FASP detergents are removed
by ultrafiltration, and after protein digestion peptides are separated from undigested material, Here
we compare the effectiveness of different filtration devices for analysis of proteomes and glycoproteo-

mes. We show that Microcon and Vivacon filtration units with nominal molecular weight cutoffs of
30,000 and 50.000 {30 and 50 k, respectively) are equally suitable for FASP, whereas Microcon 30 k units
are most appropriate for mapping of N-glycosylation sites, The use of filters with these relatively large
cutoffs facilitates depletion of detergents.

© 2010 Elsevier Inc. All rights reserved.

Filter-aided sample preparation (FASP) [1] is a technique allow-
ing processing of lysates containing large amounts of sodium dode-
cyl sulfate (SDS) or other detergents for mass spectrometry-based
proteome analysis. In FASP ultrafiltration units serve as “reactors”
for chemical modification and digestion of proteins. This concept
has also been used in several proteomic approaches [2-5] that were,
however, incompatible with strong detergents for protein solubiliza-
tion or did not allow complete detergent removal. In contrast, in
FASP proteins are quantitatively depleted from detergents in the
presence of concentrated urea [6], enabling analysis of both mem-
brane and soluble proteins in the same way. FASP has already been
successfully applied to mammalian [7-11], invertebrate [12], and
yeast [13] samples for protein identification and mapping of phos-
phorylation [13-15] and N-glycosylation [14,16] sites.

FASP operates in a proteomic reactor modus where the ultrafil-
tration membrane allows separation of proteins from detergents,
salts, and small molecular weight reagents before enzymatic diges-
tion. After the digestion, FASP enables isolation of pure peptides
that are free of undigested components such as nucleic acids and
large polypeptides without specific digestion sites. Recently, the
filtration principle of FASP has also been applied for lectin affinity
enrichment of N-glycosylated peptides (N-glyco FASP) [16} and
isolation of phosphotyrosine-containing peptides using uncoupled
monoclonal anti-phosphotyrosine antibodies [15]. In both proce-
dures, properties of the ultrafiltration membranes are essential

* Comresponding author.

E-mail address. jwisniew@blochem.mpg.de {J.R. Wisnlewski).

1 Abbreviations used; FASP, filter-alded sample preparation; SDS, sodium dodecy!
sulfate; 10, 30, and 50 k, molecular weight cutofls of 10,000, 30,000, and 50,000,
respectively; UV, ultraviolet; MS, mass spectrometry: LC<MS/MS, liquid chromatog-
raphy-tandem mass spectrometry; FDR, false discovery rate; ConA, concanavalin A;
WGA, wheat germ agglutinin; CMC, critical micelle concentration; 100 k, 100.000.

0003-2697(5 - see front matter © 2010 Elsevier Inc. Afl rights reserved.
doi;10.1016/§.ab.2010.12.004

for successful separation of individual components, leading to iso-
lation of pure peptide mixtures that can be injected into a mass
spectrometer.

FASP was originally developed using filters with small pores
with nominal melecular weight cutoffs of 3000 and 10,000, but fur-
ther developments showed that filters with larger pores signifi-
cantly facilitate the sample preparation process [9]. Here we
describe the performances of various commercially available fiftra-
tion units applied to the FASP and N-glyeco FASP protocols, We com-
pared the performances of Microcon (Millipore) and Vivacon
(Sartorius Stedim Bjotech)} with nominal cutoffs of 10,000, 30,000,
and 50,000 (10, 30, and 50 k, respectively} using equal amounts of
totaj cell lysate containing 45 pg of total protein. In all experiments,
we used the “FASP ]I” protocol (described in Ref. [1]} that allows
protein digestion in the absence of urea. Briefly, the SDS-solubilized
samples were mixed with UA solution (0.2 ml of 8 M ureain 0.1 M
Tris-HCl, pH 8.5), loaded into the filtration devices, and centrifuged
at 14,000g for 15 min (or 45 min for 10 k devices). The concentrates
were diluted in the devices with 0.2 ml of UA solution and centri-
fuged again. After centrifugation, the concentrates were mixed with
0.1 ml of 50 mM iodoacetamide in UA solution and incubated in
darkness at room temperature for 30 min. Following centrifugation,
the concentrate was diluted with 0.2 ml of UA solution and concen-
trated again. This step was repeated twice. Next, the concentrate
was diluted with 0.1 ml of 40 mM NaHCO; and concentrated again.
This step was repeated once. Subsequently, 0.45 pg of trypsin in
30 pl of 40 mM NaHCO; was added to the filter, and the samples
were incubated at 37 *C overnight. Peptides were collected by cen-
trifugation of the filter units, followed by two additional 30-pl
washes with 40 mM NaHCO;.

All tested ultrafiltration units led to isolation of similar amounts
of tryptic peptides with yields ranging between 47% and 50% of the
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loaded protein as measured by ultraviolet (UV) absorbance
(Fig. 1A). The UV spectra also showed that overnight digestion in
the Microcon filters results in contamination detectable in UV
spectra (“empty Microcon” line in Fig. 1A). For the calculation of
the protein concentration in the Microcon eluates, the background
absorption originating from the “empty" filter units was sub-
tracted. This contamination did not affect the mass spectrometry
{MS) analysis of the samples, likely because it was removed by
desalting of the samples on StageTips [17] before the analysis. To
quantify Jow amounts of peptides, we measure the peptide concen-
tration by fluorescence of tryptophan [15,18].

Each sample digest was analyzed in duplicate. Aliquots of 5-pg
peptides were desalted on StageTips and analyzed by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) using 4-h
gradients on a linear ion trap Orbitrap hybrid mass spectrometer
(LTQ Orbitrap XL, Thermo Fisher) as described previousiy [1]. Sin-
gle runs allowed identification of 6568-12,631 peptides represent-
ing 2507-2868 proteins at a false discovery rate (FDR) of 0.01 using
MaxQuant software [19] (see Supplementary Table 1 in supple-
mentary material). Between the individual filters, we did not ob-
serve any obvious bias against a specific group of proteins. Mass
distributions of the peptides and proteins identified in individual
experiments are shown in Fig. 1B and C, respectively. Even filters
with large molecular weight cutoffs (50 k) retained small proteins;
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Fig.1. Performances of Microcon and Vivacon protein concentration units in FASP
and N-glyco FASP. Total lysates of MCF7 cells were processed according to the FASP
procedure using different filtration wnits. The final eluates containing tryptic
peptides were analyzed by LC=-MS{MS. (A} UV spectra of the ecluates. {B and C)
Distribution of the molecular masses of identified proteins (B) and peptides (C). (D)
Retention of trypsin (1), GluC (g), and lectin mixture (1) containing ConA, WGA, and
RC-20 on Microcon filter with nominal malecular weight cutoffs of 10,30, and 50 k.
(E) Total lysates of mouse liver were processed according to the N-glyco FASP
procedure using Microcon 30k and Vivacon 30k hlters, and deglycosylated
peptides were analyzed by LC-MS{MS, Each analysis was performed in duplicate,
The bars represent the mean values, and individual results are shown in
parentheses.

this can be explained by the “bulky” nature of unfolded proteins
that prevents them from passing the filter membrane. Presumably
for similar reasons, the distribution of the isolated peptides
showed that the 30 and 50k units passed more peptides with
molecular weights greater than 1500 Da than did the 10k filters.
Thus, the 30 and 50k wultrafiltration units are better suited for
FASP. An additional practical advantage of these higher motecular
weight cutoff filters is that the centrifugation time needed to con-
centrate samples is three to four times shorter than that with the
10 k units,

The N-glyco FASP pratocol uses the ultrafiltration device twice;
once for the generation of peptide mixtures (FASP}and once for affin-
ity enrichment and deglycosylation of the glycan-containing pep-
tides, The goal of the first step is to obtain the maximum possible
amount of glycan-containing peptides. Because the peptides are
incubated with lectins in the second step, the FASP eluate must be
free from the proteinase used for digestion (e.g., trypsin, GluC). In
the second step, lectins and the deglycosylation enzyme {PNGase
F) must be fully retained on the filters because any leakage of them
would affect the downstream MS analysis. To select ultrafiltration
devices with pore sizes fulfilling these requirements, we tested the
Microcon and Vivacon devices for their permeability tothe digestion
enzymes and the lectins (under the native conditions used in the
protocol). We found that among the tested units, only the Microcon
50 k filters are not suitable for the N-glyco FASP method because the
membrane retains neither proteinases nor the lectins (Fig. 1D).

To compare the performances of the Microcon and Vivacon filters
in the N-glyco FASP protocol, we analyzed whole mouse liver lysates
using 30 k filters. Briefly, the samples containing 0.4 mg of total pro-
tein were processed according to the FASP Il protocol. Here 0.1 mgof
the eluted peptides was transferred to new filtration units and incu-
bated with 150 pig of each concanavalin A (ConA) and wheat germ
agglutinin (WGA) in the buffer containing 1 mM CaCl, 1 mM Mncl,,
and 0.5 M NaCl in 20 mM Tris~-HCl {pH 7.3) for 1 h. The unbound
peptides were eluted by centrifugation. The bound peptides were
washed four times with 200 p! of binding buffer and twice with
H,'%0. The captured fractions were deglycosylated by PNGase F in
H,'80 as described previously [16]. With the Microcon filter, we
identified 959 and 792 glycosylation sites in two independent exper-
iments (see Supplementary Table 2 in supplementary material), The
analyses with Vivacen filters identified only 400 and 335 sites in
these experiments (Fig. 1E), Combining both filters by using Micro-
con for protein digestion and Vivacon for the N-glyco enrichment,
we identified 886 and 843 sites in these two experiments. This result
suggests that the Vivacon 30 k filter has tighter pores and prevents
elution of some of the glycosylated peptides.

During one period of the development and application of the
N-glyco FASP, we observed that the filtration properties of the
Microcon 30 k ultrafiltration units were variable between batches.
Apparently, some batches had larger than usual pores that led to
the elution of trypsin and GluC in the peptide mixture and im-
paired the N-glyco FASP analysis. As a result, we tested each batch
of the Microcon 30 k units for their performance using a standard
mouse liver lysate before using them in experiments.

The strength of the FASP procedure is its ability to remove SDS
from protein lysates in a straightforward way. To demonstrate this,
we loaded 100 pl of the 2% SDS solution into ultrafiltration devices
and concentrated the solution to less than 5 pl. The retentate was
diluted with 100 pl of buffer without SDS, and the detergent con-
centration was measured according to Rusconi and coworkers
[20]. Because micelles of SDS are relatively small (~18,000-
40,000 Da) [21) and the critical micelle concentration (CMC} of this
detergent is relatively high {1-10 mM) [22], SDS easily passes the
30 k ultrafiltration membrane and two washes with 8 M urea were
sufficient for quantitative depletion of the detergent (Fig. 2A).
Washing of the filters with buffer solution without urea, as done
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Fig.2. Detergent depletion. {(A) Removal of 0.2% SDS using Microcon 10 and 30k
concentrators by repeated elution with 8 M urea or water. SDS was determined
according to Ref. [20]. (B) Removal of 0.2X (w/v) solutions of Triten X-100 {Fluka,
product No. 93427}, Triton X-114 (Sigma-Aldrich, product No. X114), and Igepal
CAB30 (Nonidet P-40) (Sigma-Aldrich, product No. 13021) by repeated centrifuga-
tion-mediated elutions and sample dilutions. The concentraticn of the detergents
was determined by absorbance measurement at 275 nm. (C) Extent of detergent
removal after three washing steps.

by Manza and coworkers [4], is less effective and does not enable
complete depletion of SDS (Fig. 2A). Therefore, that method is
not useful for analysis of samples containing detergents. In con-
trast to SDS, detergents with large micelles and low CMCs, such
as Triton X-100, Triton X-114, and Igepal CA630 (Nonidet P-40),
could remain in the filter during FASP, resulting in inhibition of
the digesting enzymes andfor generation of detergent-contami-
nated peptides. The Tritons and Igepal are frequently used for
partial solubilization of cells and membrane fractionation at con-
centrations of 1 to 20 mM. Already at submillimolar concentra-
tions, these detergents aggregate into micelles of 100,000 (100 k)
molecular weight [23]. Therefore, we tested the retention of this
group of detergents in the FASP procedure as we did for SDS. We
loaded 100 pl of the 0.2% detergent solution (3.2 mM for Triton
X-100) into ultrafiltration devices and measured their concentra-
tions after the initial centrifugation and the washes with the buffer.
Fig. 2B shows that Triton X-100 can be quantitatively removed
from the 30 and 50 k filters by three or four elution steps, whereas
the 10k filters required additional elution steps for complete
depletion of the detergent. Triton X-114 and [gepal CAG30 behaved
in the same way as Triton X-100. Three washing steps allowed
complete removal of all these detergents (Fig. 2C). In the absence
of urea, removal of Triton X-100 was very slow and in practice it
cannot be removed quantitatively,

In conclusion, filters with larger nominal molecular weight cut-
offs of 30 and 50k, as opposed to the originally described 10k
ones, have advantages in peptide yield and sample preparation
time. In addition, depletion of detergents with low CMCs is more
efficient on filtration devices with larger cutoffs, We have shown
that filters of both tested brands can be used in the FASP protocol
with similar results. However, for N-glycoproteomic studies, the
30 k filters from Millipore are more suited than the Vivacon ones.
We hope that this note will prove to be useful for the many
researchers currently adopting the FASP protocol.
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CONCLUDING REMARKS AND PERSPECTIVES

The aim of this PhD study was to develop a simple and straightforward yet powerful N-
glycopeptide capture methed and to apply it to biological and biomedical questions that involve
N-glycosylation. When taking into account relatively modest success but great focus over the
past years of several research groups including those exclusively dedicated to N-glycosylation,
this was a very challenging PhD project. N-glycosylation has been extensively studied on a case
by case basis but, mainly due to a lack of suitable methods, it has until now remained largely
unexplored at a global scale. The N-glyco-FASP method developed here allows efficient capture
of glycopeptides even from membrane proteins. Since it enriches glycopeptides by simply
adding a lectin mixture to the top of a filtration unit, no homogenous phase affinity columns are
required. This technique can easily be applied to cell culture, tissues or even whole organisms
and allows identification of over 2,000 N-glycosylation sites from a2 minute amount of protein
starting material within one day. This is nearly as many as all the glycosylation sites in
eukaryotes experimentally derived over the last decades. Our method is compatible with
formalin-fixed paraffin-embedded material, which enables N-glycoproteomic investigation of
the vast banks of clinical samples available in many pathology laboratories.

We have successfully applied N-glyco-FASP to precisely map the N-glycoproteomes of seven
eukaryotic model organisms and to study N-glycosylation changes in colorectal cancer.
Altogether we identified nearly 18,000 different N-glycosylation sites. This large volume of
input data enabled detailed biological, evolutionary and biomedical characterization.

In summary, we provide a method that can now be applied to elucidate glycoproteins even from
very low abundance clinical material and thereby has a potential to be used in biomarker

discovery. Our dataset allows general insights into N-glycosylation in evolutionary and cancer
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contexts and contains a catalogue of novel glycosylation sites on many biologically important
and disease-related proteins that can now be used by the respective communities for further
functional and clinical studies. Since it is well known that most of the clinical biomarkers are
glycoproteins, I hope that our method will become a standard technique used for biomarker
discovery and that our work will contribute to a better understanding of the role of N-

glycosylation in diseases and our lives in general.
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Appendix 1

Caenorhabditis elegans Has a Phosphoproteome Atypical for Metazoans That Is Enriched
in Developmental and Sex Dermination Proteins

Zielinska DF, Gnad F, Jedrusik-Bode M, Wiéniewski JR, Mann M

The Worm Phosphoproteocme

J Proteome Res, 2009
Here we describe a high accuracy C. elegans phosphoproteome of almost 7,000 sites, 99% of

which are novel. We find distinct characteristics when comparing to phosphoproteomes of other

multicellular eukaryotes.
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Caenorhabditis elegans Has a Phosphoproteome Atypical for
Metazoans That Is Enriched in Developmental and Sex
Determination Proteins

Dorota F. Zielinska,’* Florian Gnad,** Monika Jedrusik-Bode,® Jacek R. Wi§niewski,*' and
Matthias Mann*!
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In eukaryotic spacies, signal transduction is often mediated by posttranslational modifications that can
serve as regulatory switches. Although nematodes have usually been studied by genetic rather than
biochemical methods, PTMs such as phosphorylation are thought to control all aspects of biological
functions including sex determination and development. Here, we apply high accuracy mass
spectrometry and comprehensive bioinformatic analysis to determine and characterize the in vivo
Caenorhabditis elegans phosphoproteome for the first time. We detect nearly 7000 phosphorylation
sites on 2400 proteins, which are disproportionately involved in development and sex determination.
Interestingly, the worm phosphoproteome turns out to be very distinct from phosphoproteomes of
othar multicellular eukaryotes as judged by its phylogenetic conservation, kinase substrate motifs and
site analysis by a support vector machina. This result agrees with the large proportion of worm specific
kinasas praviously discovered by genome sequencing. Furthermore, our data show that the C. elegans
specific dosage complex can be phosphorylated on most subunits, suggesting its regulation by kinases.
Avallabllity of the C. slegans phosphoprotecma should add a novel dimension to functional data

abtainad by genetic screens in this organism,

Keywords: C. elegans » phosphorylation » mass spectrometry s bioinformatics

Introduction

Protein phesphorylation plays a crucial role in the regulation
of cellular signal transduction processes and is the most widely
studied type of post-translational modification in eukaryotes.!™*
Recent advances in mass spectrometry allow the high accuracy
identification of phosphoproteomes of various eukaryotic and
prokaryotic organisms in a large-scale manner.5® Phosphop-
roteomes of yeast, fiy, mouse, and human have already been
reported and analyzed.” '® Caenorhabditis elegans is the only
major model organisim whose phospheproteome has not been
characterized yet. C. elegans is a small, approximately 1 mm
long, free-living, round worm which has proven an ideal system
to study gene regulation and function due to its short life cycle,
well-defined developmental pattern of its 959 somatic cells and
relatively small genome (3 x 10° bp), which was the first
metazoan genome to be fully sequenced.!! Worms employ
many different reproductive strategles, often related to their
parasitic life histories, and can be either gonochoristic (male/

* To whom correspondence ehould be addressed: Martthias Mann (mmann@
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female) or hermaphroditic (self-fertilizing female). In the
laboratory, C. elegans is usually grown as self-fertilizing her-
maphrodite. The essential signal for sex determination in C.
elegans is the ratio of X chromosomes to autosomes (X/A):
hermaphrodites have two X chromosomes, whereas males only
have one, Thus, the control of expression of X chromesome
linked genes is crucial for sex determination. The dosage
compensation complex, which equalizes the gene expression
levels between sexes by lowering the transcription levels of
genes on the X chromosome, is therefore a key system in C.
elegans.

In favorable conditions, nematode eggs go through four
larval stages in three days, and then they live for another 2-3
weeks.'2 In unfavorable conditions, worms adopt an alternative
life form, termed the dauer larva stage. This stage is specialized
in structure and behavior for long-term survival and dispersal,’?
Apart from its interest to the developmental community, C.
elegans is the organism in which the seminal discoveries of
specific longevity mutants have been made and it continues
to be a prominent model for aging.!* Recently, the worm
proteome has been measured using a shotgun proteomics
approach.'>!®

Here, we analyze the phosphoproteome of C. elegans using
high accuracy MS in combination with chromatographic
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fractionation, Filter Aided Sample Preparation (FASP) based
protein digestion,'” and phosphopeptide enrichment, We found
close to 7000 phosphorylation sites on 2400 proteins and
investigated the identified worm phosphoproteome using
comprehensive bioinformatic data analysis. We explored main
features of the biological role of phosphorylation in the worm
through gene ontology annotations. Furthermore, we eluci-
dated structural constraints and evolutionary conservation of
phosphorylation sites.

A recent evolutionary study on the phosphoproteomes of
yeast, fly, mouse, and human has shown that the phosphosites
of single cell eukaryotes are not significantly conserved in
higher eukaryotes.!® In contrast, phosphosites of human,
mouse, and also fly are significantly more conserved than their
nonphosphorylated counterparts throughout higher eukaryotes.
This suggests that many phosphorylation patterns evelved after
the speciation event that separated yeast from higher eukary-
otes. These observations are in concordance with the existence
of large kinase familles that are specific to either single cellular
or multicellular species.!®

The collection of worm kinases, the worm kinome, differs
from the ones of other multicellular eukaryotes to a high
degree. There is evidence for a dramatic expansion of worm
specific kinases that resulted in a kinome tree that is nearly
twice as large as the one of fly.'® Therefore, there may he
nematode specific phosphorylation events and we were inter-
ested to confirm this hypothesis on the basis of a comprehen-
sive evolutionary study of our worm phosphoproteome along
with consensus sequence motif analysis. Indeed, bioinformatic
analysis of our C. elegans phosphoproteome provides direct
evidence that the phasphoproteome is very different from that
of other metazoan model organisms,

Materials and Methods

Culturing of C. elegans. The samples of synchronized adult
wild-type worms were prepared by growing the worms in liquid
culture at 20 °C using concentrated Escherichia coli OP50 as
the food source.?® The worm culture was monitored, and
additional E. coli OP50 was added when needed. The adult
worms were washed in M9 buffer (22 mM KH;PO,, 42 mM
Na;HPO,, 0.1 M NaCl, 1 mM MgSO, in H,0] and frozen in
liquid nitrogen.

Protein Extraction. A total 240 mg of frozen worms (esti-
mated protein amount 6 mg) was lysed in 1 mL of lysis buffer
(0.1 M Tris-HCI, pH 7.6, 0.125 M DTT containing “Complete,
EDTA free” Protease Inhibitor Cocktail Tablet (Roche) and
“PhosSTOP" Phosphatase Inhibitor cocktail Tablet (Roche))
using Branson SONIFIER 250 (G-HEINEMANN Ultraschall- and
Labortechnik, Germany) for 3 min on ice (output control 5;
duty cycle 20%). A total of 250 uL of 20% (w/v) SDS in 0.1 M
Tris-HC, pH 7.6, was added to the suspension and the mixture
was incubated for 3 min at 95 *C. The crude extract was then
clarified by centrifugation at 16 000g at 18 °C for 10 min.
Subsequently, 36 mg of iodoacetamide was added to the
supernatant, and after 30 min incubation, the sample was
centrifuged at 16 000gat 18 *C for 10 min. The protein content
was determined using Cary Eclipse Fluorescence Spectrometer
{Varian) as described previousiy.?! Briefly, 1-2 uL of sample
or tryptophan standard was mixed with 2 mL of 8 M urea in
10 mM Tris-HCl pH 7.6. Fluorescence was measured at 295
nm for excitation and 350 nm for emission. The slits were set
to 10 nm.
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Protein Fractionation. The protein extract was concentrated
on Microcon filters YM-30 (Millipore) to 200 4L. A total of 100
4L, containing approximately 2 mg of protein, was loaded onto
a Superdex 200 10/300GL column (GE Bioscience). The proteins
were eluted using 25 mM Tris-HC], pH 8.0, 0.1 M NaCl, and
0.2% (w/v) SDS, and 400 uL fractions were collected. Fractions
containing proteins were pooled together into 5 fractions of
similar protein content and concentrated on Microcon filters
YM-30 to 30 ul.

Protein Digestion. With the use of the FASP protocol,"” the
proteins were subjected to trypsin digestion. Briefly, to YM-30
filter units containing protein concentrates, 200 4L of 8 M urea
in 0.1 M Tris/HCL, pH 8.5, was added and the samples were
centrifuged at 14 000g at 18 °C for 15 min. This step was
repeated three times. Then, 100 xL of 40 mM NHHCO; was
added to the filters and the samples were centrifuged for 10
min under the same conditions as before. This step was
repeated once. Finally, 7 g of trypsin (Promega) in 40 uL of
40 mM NHHCO, was added to each filter {resulting in
approximately 1:100 (w/w) ratio of enzyme to protein). The
samples were incubated overnight at 37 °C. Peptides were
collected by centrifugation. The filters were rinsed with 50 4L
of 40 mM NH,HCO,. Subsequently, the peptide solutions were
acidified with 5 4L of 10% (v/v) CF;COOH.

Phosphopeptide Enrichment. Acidified protein digest was
enriched for phosphopeptides using a TiO, enrichment
protocol®?? with slight modifications. Twenty-five milligrams
of dtansphere TiO; 10 ym (GL Sciences, Inc., Japan) was
suspended in 50 uL of 3% (m/v) DHB, 80% (v/v) CH,CN, 0.1%
CFsCOOH and diluted 1:4 with Milli-Q water before use. Ten
microliters of this TiO; slurry was added to each sample and
incubated under continuous agitation for 20 min. Then, the
titanium beads were sedimented by centrifugation at 5000g for
1 min and the supernatants were collected and mixed with
another portion of the beads and incubated as above. The
pellets were resuspended in 150 uL of 30% (v/v) CH3CN
containing 3% (v/v) CF;COOH and were transferred to a 200
uL pipet tip plupged with one layer of Empore-C, filter. The
beads were washed 3 times with 30% (v/v) CH,CN, 3%
CF;COOH (v/v} solution and 3 times with 80% CHLCN (v/v),
0.3% CF;COOH (v/v) solution. Finally, the peptides were eluted
from the beads with 100 uL of 40% CH;CN (v/v) and 15%
NH40H (m/v) and vacuum-concentrated to 3 uL.

Mass Spectrometric Analysis. Peptide mixtures were ana-
lyzed on the LTQ-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Germany) coupled with HPLC via a nanoelectrospray
fon source. Sample solutions were applied to a 15 cm fused
silica emitter (Proxeon Biosystems, Denmark) packed in-house
with the reverse phase ReproSil-Pur C18 -AQ, 3 um resin (Dr.
Maisch, GmbH). A 230 min gradient from 2% to 80% of 80%
{vlv) CHs;CN, 0.5% (vfv] CH,COOH was used to separate
peptides. Lock-masses were used to improve accuracy®® and
MS scans were acquired with resolution of 60 000. Each full
scan petformed in Orbitrap was followed by MS fragmentation
events in the LTQ for the eight most intense jons as described.**
Multistage activation was enabled upon detection of a neutral
loss of phosphoric acid {97.97, 48.88, or 32.66 Th) for further
jon fragmentation.?® Annotated spectra of all detected phos-
phopeptides are available via the Phosphorylation Site Database
{www.phosida.com).

Data Analysis. The MS data were analyzed using MaxQuant,
version 1.0.12.36. Proteins were identified by searching MS and
MS/MS data of peptides against Wormbase 200 (containing
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23 973 entries) combined with 175 common contaminants and
concatenated with reversed versions of all sequences using the
MASCOT search engine (Matrix Science, U.K.). Carbamidom-
ethylation of cysteines was set as fixed modification and
methionine oxidations, protein N-terminal acetylation, phos-
phorylation of serines, threonines, and tyrosines as variable
maodifications. Trypsin allowing for cleavage N-terminal to
proline was chosen as enzyme specificity. A maximum of two
miscleavages were allowed. The minimal peptide length was
specified to be 6 amino acids. The initial maximal mass
deviation of parental ions was set to 7 ppm, whereas for
fragment ions it was set to 0.5 Da. The maxdmum peptide false
discovery rate was set to 0.01.

The PTM score was used for assignment of the phosphory-
lation site(s) as described.? Briefly, the PTM localization score
reflects the normalized probability that the phosphorylation
is indeed localized at the specified amino acid position. It is
calculated for all combinatorial phosphorylation site possibili-
ties from the overlap of assigned b and y ions and observed
matches. The algorithm is integrated into MaxQuant. Class [
phosphorylation sites are defined by a localization probability
of 0.75. Phosphorylation sites were made nonredundant with
regards to their surrounding peptide sequence and all alterna-
tive proteins that match a particular phosphosite were reported
as one group.

Gene Ontology Enrichment Analysis. We used Cytoscape®®
and BinGO® to derive biological functions, processes and
cellular components that were significantly overrepresented in
the phosphoset. Corresponding gene ontology annotations
were derived from WormBase 200 (www.wormbase.org). The
significance of overrepresented gene ontology annotations in
the phosphoset compared to entire worm proteome was based
on the hypergeometric model and the Benjamini Hochberg
false discovery rate correction. A probability value of 0.0001
was considered significant.

Genome Annotation. Identified phosphorylated peptides
were assigned to gene products annotated in the Ensembl
database (http://www.ensembl.org) (Version 53.190).*° Each
peptide was assigned to a maximum of one gene product.® If
a given phosphopeptide matched to more than one Ensembl
database entry, it was assigned to the gene product that
contained the highest number of matching phosphopeptides
in total. With the Proserver Version 2.8 technology,3? we
established a PHOSIDA DAS source that enables Web users of
the genome database Ensembl to retrieve genome or gene
seginents that encode phosphorylation sites in C. elegans.

Bootstrapping. We created bootstrap distributions from
10 000 sets of randomly selected C. elegans proteins annotated
as “known” in Ensembl. Each random set contained as many
proteins as the given phesphoset. We calculated the proportion
of one-to-one orthologs in the chosen species and the histo-
gram of these 10 000 proportions provided the bootstrap
distribution.'®

Next, we created a bootstrap distribution for a given species
from 10 000 sets of serines, threonines, and tyrosines that were
randomly selected from phosphorylated proteins that had one-
to-one orthologs according to the Ensembl Compara annota-
tion. Only those residues were included in the analysis that
showed the same predicted structural constraints as phospho-
rylated residues (high accessibility and localization in loops)
using SABLE 2.0.3? For each set, we calculated the proportion
of conserved resldues in the chosen specles and the histogram
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of these 10 000 proportions provided the bootstrap distribution,
Resulting histogramns were illustrated via MatLab (The Math-
Works).

Phosphorylation Site Prediction. The SVM was trained on
the primary sequence comprising the site and its 12 surround-
ing residues as described before.3* Identified worm phospho-
rylation sites (5427 pS, 1230 pT, and 123 pY) made up the
positive training sets. We randomly tock sites from worm
proteins that were annotated In WornmBase Web site, http://
www.wormbase.org, release W5200, and not reported to be
phosphorylated, to create negative sets of the same size. The
positive and negative sets were iteratively split inte a training
set {90%) and a test set {10%) to estimate the accuracy of
prediction {5-fold cross-validation). We optimized the param-
eters and chose the Kemmnel function as reported before.®*

Results

A C. elegans Phosphoproteome. Our C. elegans phospho-
proteome study combines chromatographic protein separation,
FASP based protein digestion, TiO,-resin based phosphopeptide
enrichment, and high accuracy mass spectrometry. We directly
extracted proteins from C. elegans using 4% SDS and fractioned
them by gel filtration into five fractions, which were concen-
trated and processed in 30k filtration units according to the
FASP protacol.'? The resulting peptides were enriched for
phosphopeptides using TiO; affinity chromatography and were
analyzed using high accuracy LTQ-Orbitrap mass spectrometry.

With this approach, we detected 6780 phosphorylation sites
from 2373 proteins with an estimated false positive rate of less
than 1%. We only considered class I phosphorylation sites (99%
identification probability and localization probability to a single
residue of at least 75%).% The average localization probability
for class I phosphosites was 97%, which means that a majority
of sites were detected with close to absolute certainty. Because
of the very high and peptide dependent mass accuracy achieved
by analysis in MaxQuant,®® even peptides with relatively low
P'TM score reached 89% identification significance.?* Neverthe-
less, overall, B6% of the comesponding phosphopeptides have
Mascot identification scores higher than 14. All phosphorylation
sites identified in our experiment are listed in Supplementary
Table 1 and in Phosida. Around one-third of all identified
peptides were phosphorylated, A majority of the identified
phosphopeptides were singly phosphorylated, whereas only
20% of the detected peptides were multiply phosphorylated
(Supplementary Figure 1). The proportion of phosphorylated
serines, threonines, and tyrosines was 80%, 18.2%, and 1.8%,
respectively (Supplementary Figure 2).

Protein kinases are one of the largest gene families and are
estimated to phosphorylate at least one-third of the proteome.
Even though around 80% of the human kinome have orthologs
in C. elegans, around half of the worm kinome is nematode-
specific.!® The KinBase database (www.kinase.com/kinbase)
contains kinases of several eukaryotic species including worm.
Among the phosphorylated substrate proteins, we found 54
kinases (highlighted in Supplementary Table 1). One-third of
the AGC kinases, including PKC and GRK, were phosphorylated,
as were members of known phosphatase families such as 1A2
and PP2A. As expected from the regulatory roles of the
phosphoproteome, many phosphorylated worm proteins con-
tain binding domains such as pleckstrin homology (PH),
phosphotyrosine (PTB), and Src homology 2/3 (SH2/SH3)
domains. For instance, the insulin receptor substrate (isr-I}
homologue was phosphorylated on a serine at position 611
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Figure 1. Biological functions that are significantly overrepresented in the phesphoset compared to the entire worm proteome according
to gane ontology annotation. Cytoscaps and BinGO were used for the enrichmant analysis. Relative proportions of phosphoproteins
with corresponding functions laccording to gene ontology annotation) wera comparad with the proportions of all proteins that are

annotated in the WormBase database.

(S611) that is located directly C-terminal to the pleckstrin
homology domain. An example of a phosphorylated, unchar-
acterized, and nematode-specific protein is the one encoded
by C. elegans gene Y37D8A.4 with phosphorylation on 5102
directly N-terminal to the SH2 domain.

Using Cytoscape®® and the BinGO plugin,®® we derived
protein functions and cellular component localizations that
were overrepresented or underrepresented in the phosphoset
according to GO (gene ontology) annotation (Supplementary
Table 2, see also Materials and Methods). We found that many
signaling related functions such as protein binding and ATPase
activity were significantly enriched in the set of phosphopro-
teins compared to the entire Wormbase database {Figure 1).
Additionally, transcriptional and translational regulator activi-
ties including helicase activity and DNA/RNA binding were
overrepresented in the phosphoset.

Furthermore, identified phosphorylated proteins were sig-
nificantly overrepresented in membranes, on the cytoskeleton,
and in the nucleus (Supplementary Figure 3). In contrast, only
a small subset of phosphoproteins was located in the extra-
cellular region. This serves as a useful biological control because
extracellular proteins are not usually controlled by phospho-
rylation and probably become substrates only during biogen-
esls. The enrichment of membrane proteins in our phosphoset
was interesting because this is a compartment that is very much
involved in cell signating but which had been underrepresented
in previous studies.?

Ta associate phenotypes from C. elegans genomic screens®%
with the identified phosphorylated proteins, we overlaid the
phenotype analysis on our data using corresponding accession
numbers from WormBase. We found that phosphorylation is
present in all phenotype classes suggesting an important role
of phosphorylation throughout all developmental stages of the
worm (Supplementary Table 3).

Chromosome Localization of Genes That Encode Phos-
phoproteins. Genomic studies have found evidence for differ-
ences in gene type or function across thewoerm chromosome.3 "
Chromosome arms excluding tips are more prone to recom-
bination and mutation compared to chromosome centers. To
compare the chromosome localization distribution of genes
encoding phosphorylated proteins with the distribution of
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all worm genes, we assigned detected phosphopeptides to
Ensembl entries as described in Gnad et al3! (see Materials
and Methods). This gene assignment appreach allowed the
annotation of the worm genome in Ensembl via the Proserver
technology.? Interestingly, the proportion of phosphaprotein
encoding genes that were localized on the chromosome arms
was somewhat higher than the one of all other genes in the
case of four out of six chromosomes (11, IV, V, and X).
Supplementary Figure 4 shows the difference between the
distribution of genies encoding phosphoproteins and the one
of all other genes localized on defined proportional ends of
the sex chromosome. The investigated chromosome regions range
from middle of the chromosome to 1% of the telomeres (Supple-
mentary Table 4). Supplementary Figure 5 depicts the total
number of all genes (left panel) and genes encoding phospho-
proteins (dght panel) on the six C. elegans chromosomes.

Distinct Characteriatics of the Worm Phosphoproteome
in Comparison to Higher Eukaryotes.

1. Derivation of Unknown Putative Kinase Motifs. We
estimated the kinase correspondence of phosphorylated sub-
strates by applying a sequence motif analysis as described in
Zanivan et al.*® We calculated the proportion of phosphorylated
sites in worm that match with published motif sequences of
human kinases® and compared it with the proportion of
matching sites that one would expect by chance. We found that
sequence motifs of kinase families which are highly conserved
throughout eukaryotes matched significantly with sites that are
phosphorylated in C. elegans (Supplementary Table 5). The PKA
motif R-R/K-X-pS/T, for example, was enriched by a factor of
10 compared to the distribution that is expected by chance.
Furthermore, sequence motifs of other conserved kinases such
as AKT, CAMK, CDK, and ERK are also significantly enriched.

In addition, we applied a de nove method that identifies
significantly overrepresented sequence motifs from large-scale
data sets without any a priori knowledge.*' The main purpose
of this approach is to find potential motifs that correspond to
worm specific kinases and therefore have not been reported
yet. In addition to detected sequence motifs that matched with
the ones of conserved eukaryotic kinases, we found consensus
sequences {such as pS-X-X-X-X-P) that have not been reported
to be kinase motifs and therefocre present potential worm-
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Figure 2. Proportion of worm genes that have orthologs in other eukaryotes. Genes that encode phosphorylated proteins have more
orthologs than other worm genes {upper panel). The significance of the difference was confirmed on the besis of a bootstrapping
approach {lower panel for elephant). The proportion of phosphogenes that have orthologs in elephant is marked in red.

specific kinase motifs (Supplementary Table 6). We applied the
same approach to phosphorylation sites identified in fly using
the same parameters. Strikingly, the number of significantly
overrepresented unknown motifs in worm was 2x higher than
that in fly.

2. Low Conservation of Worm Phosphosites in Higher
Eukaryotes. With phosphorylated sites assigned to their gene
products in hands, we next used the phylogenetic information
provided by the comparative genome database Ensembl Com-
para to Investigate the proportion of genes that have orthologs
in other eukaryotic species. For each investigated specles, worm
genes that encode phosphoproteins had proportionally mote
orthologs than all other genes (Supplementary Table 7). Overall,
21% of phosphorylated worm proteins had orthologs in the

elephant, for example, in comparison to 10% of all ather
proteins (Figure 2, upper panel). To confirm the statistical
significance of this observation, we applied a bootstrapping
approach as described before.'® The resulting histograms
reflecting the distribution of logarithmized proportions of
ortholegs fllustrate the significant difference between the set
of interest (phosphoset) and randomly selected sets (Figure 2,
lower panel).

Next, we investigated the conservation of phosphorylated
sites. We calculated the proportions of phosphorylated and
nonphosphorylated serines, threonines, and tyrosines that are
conserved In other eukaryotic species. We only considered sites
of phosphorylated proteins that have orthologs. Furthermore,
only sites located on nonregularly structured regions on the
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protein surfaces according to SABLE 2.0 structure predictions
were included in our analysis, as previous experience has
shown that phosphorylation sites are predominantly located
in those fast evolving regions.? Structure prediction on phos-
phorylated C. elegans proteins confirmed preferential phos-
phorylation events in loops also in worm (Supplementary
Figure 6). To reduce the structure effects on the conservation
analysis, we excluded sites that occur in the hydrophobic core
of the proteins in our evolutionary study.

We found that phosphorylated residues are as conserved as
their nonphosphorylated counterparts. To confirm the statisti-
cal significance of our observation, we applied a bootstrapping
approach {Figure 3). Unexpectedly, phosphorylated residues
were even less conserved than nonphosphorylated residues in
some species, which can be explained by the structural
localization of phosphorylated worm residues (loops with high
flexibility).

3. The Requirement for Worm-Specific Phosphosite Predic-
tion and Its Application To Establish Species-Specific Phospho-
rylation Patterns. We have previously established yeast, fly,
mouse, and human specific phosphorylation site predictors®
on the basis of support vector machines (SVMs), a machine
learning technology.*? Each species-specific prediction tool is
freely available via the Phosphorylation Site Database (www.
phosida.com). We compared the accuracies of predicting worm
phosphosites and human phosphaosites on the basis of a SVM
that we had specifically trained on human sites.® As expected,
the human site predictor determined human phosphosites
much better than it did worm phosphosites (Supplementary
Figure 7). This underlines the fact that the worm phosphop-
roteome is distinct as already concluded from the conservation
analysis described above and suppors the usefulness of
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species-specific prediction. Interestingly, the accuracy of pre-
dicting fly phosphosites with the human phosphosite predictor
was better than the accuracy for predicting worm phosphosites.

Therefore, we created a worm-specific SVM-based phospho-
site predictor using the large nutnber of in vivo phosphorylation
sites identified in C. elegans. The main concepts of the training,
testing, and application of the predictor have been described
before™ (see also Materials and Methods). To eur knowledge,
the resulting online application provides the first C. elegans
specific predictor that is capable of identifying worm phos-
phorylation sites in silico on the basis of the protein sequence.

Iteratively, we used 90% of the positive and negative sets for
training and 10% for testing (5-fold cross-validation). Overall,
85% of the phosphoserines were predicted correctly in the test
set (on a 1:1 phospho vs nonphospho data set). High accuracy
was also observed for the prediction of phosphothreonines
{80%). The resulting Precision-Recall curves for the worm-
specific phosphoserine and phosphothreonine prediction are
llustrated in Figure 4. Precision is the proportion of true
positives out of all predicted positives, whereas recall describes
the number of true positives to the sum of true positives and
false negatives. Because of the low number of phosphoty-
rosines, it was not possible to create a worm-specific pY
predictor. The prediction of phosphorylated serines and thre-
onines on any input protein sequence was integrated into
PHOSIDA.

Phosphorylation in Worm Sex Determination, Sex Differen-
tiation, and Development. The gene ontology enrichment
analysis for biological processes described above revealed that
a significantly higher proportion of proteins that play funda-
mental roles in the sex determination and development of C.
elegans was found to be phosphorylated compared to the entire
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proteome (Figure 5). For example, 40% of phosphorylated
proteins compared to 25% of all worm proteins are involved
in reproduction. Furthermore, many genes essential for sex
determination were found to be phosphorylated in our study
(Table 1).434¢

The gene xol-I plays the key role in sex determination in
warm, as it ‘counts’ the X chromosomes of a given individual
and thereby controls both sex determination and dosage
compensation.*S Its repressor SEX-1 {signal element on X) was
found to be phosphorylated on a serine at position 238 (5238),
which matches with the CKl kinase motif, To our knowledge,
this is the first evidence for phosphorylation of SEX-1. Interest-
ingly, most of the proteins that are involved in the X chromo-
some dosage compensation process,*® which plays a crucial
role in the sex specific gene regulation of the worm, were

Table 1. Examples of Phosphorylated Sex Determination

Proteins

gene role in sex determination

gld-1 germline translational repressor of tra-2

mag-1  germline repressor of male promoting genes

mog-1  global repressor of fem-3 translation

mog-5  global repressor of fem-3 translation

nos-3 germline cofactor of FBF-1/2, repressor of
fem-3 translation

sex-1 X-dosage counting element

sde-3 X-dosage compensation complex component, her-1
transcriptional repressor

tra-2 receptor of HER-1, repressor of fem gens

tra-3 recepter of HER-1, repressor of fem gens
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Figure 6. Two condensin complexes in C. elegans. (A) The
condensin complex specialized for the rasolution, compaction,
and segregation of mitotic and melotic chromosomes is con-
served in all eukaryotes ranging from yeast to human. All known
subunits of the complex are detected to be phosphorylsted in
our set {the phosphorylatad proteins are marked yellow). (B}
Nematode specific X chromosome dosage compensation com-
plex that binds to both X chromosomaes of hermaphrodites and
aqualizes the gene expression betwsen males and females.
Accordingly, most of the involved proteins were found to be
phosphorylated in our study. The color code represents homolo-
gous proteins in these two complexes, Protelins in light gray and
light magenta are assumed to be present in the complexes
{original sourca: http://www.wormbook.org; Reprinted with per-
mission from ref 48. Copyright 2005 Barbara J. Meyer.)

detected to be phosphorylated in our study (Figure 6B). MIX-1
(mitosis and X) is an essential dosage compensation compo-
nent*’ and was identified to be phosphorylated on a CK2 motif
matching 5366. The chromesome segregation protein DPY-27
was phosphorylated on 51419 (matching kinase motifs of GSK3,
CAMK2, PLK, PLK1) and S1423 (matching kinase motifs of CK1).
Additional important dosage compensation proteins that match
with kinase motifs of diverse kinase families and were phos-
phorylated in our study are DPY-26 (528, S612, T617, 5985,
T1060, T1062), SDC-3 (T205, T1581, S1647) and DPY-21 (T565,
5776, T1329).

Furthermore, as highlighted in Figure 6A, all known com-
ponents of the condensin complex (MIX-1, SMX-4 and HCP-
6), which is specialized for the resolution, compaction, and
segregation of mitotic and meiotic chromosomes, were phos-
phorylated. All proteins involved in the condensing complex
are conserved throughout the entire eukaryotic domain and
homologous to members of the dosage compensation complex,
which is nematode-specific.

Notably, the phosphorylation sites of both worm complexes
are not conserved throughout the eukaryotic demain, raising
the possibility that regulation by phosphorylation of this
complex is nematode-specific.

. .
Discussion

The main goal of this work was to provide a phosphopro-
teome of the model organism C, elegans to the community as
a resource and to obtain functional insights from it, Our study
identified 6780 phosphosites from 2373 proteins within a single
experiment using 6 mg of C. elegans protein starting material.
Overall, 99% of the sites were novel as judged by thelr Swiss-
Prot database entries. Gene ontology analysis of phosphorylated
proteins revealed enrichment in membrane proteins, in con-
trast to our previous phosphoproteomic studies.® This is
presumably due to the FASP method, which allows the solu-
bilization of proteins in strong detergents such as SDS and
therefore does not penalize membrane proteins in proteomic
analysis.
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As expected, some basic features of the worm phosphopro-
teome are shared with the phosphoproteomes of other eukary-
otes. For examnple, the distribution of phosphorylation events
on serine, threonine, and tyrosine (80%, 18.2%, and 1.8%,
respectively) in worm is similar to the distribution in other
eukaryotes.? Moreover, phesphatases and kinases were identi-
fied among the phosphorylated proteins. For instance, the
mitogen activated protein kinase was found to be phosphory-
lated on T191 and Y193. Both of these phosphorylation events
have been suggested by sequence similarity analysis according
to Uniprot, but lacked experimental evidence in C. elegans so
far. The putative cell division cycle protein kinase 7 was also
determined to be phosphorylated at 54 and S17. These phos-
phosites have not been reported or predicted se far. The protein
kinase C-like kinase was phosphorylated on six residues that
have not been reported yet. Three phosphorylation sites (S533,
T534, 5538) are located in the protein kinase domain and may
therefore be involved in the regulation of this kinase. We also
found evidence for enriched biological functions that are
characteristic for signaling proteins. Binding functions and
transcription/translation regulative functions including DNA/
RNA binding were significantly overrepresented in our phos-
phoset. This has already been reported for other eukaryotic
species and underlines the universal regulatory impact of
phosphorylation throughout all domains of life. Structure
analysis showed that worm phosphosites are predominantly
located in loops and turns on the protein surface, again in
concordance with previous experience of other eukaryotic
phosphoproteomes. Furthermore, phosphorylated worm pro-
teins have more orthologs than nonphosphorylated proteins.
This observation is consistent with evolutionary analyses of
other eukaryotic phosphoproteomes'® suggesting evolutionary
pressure to maintain phosphorylated proteins with crucial
regulatory functions in signaling during evolution.

Even though general features of the worm phosphoproteome
are similar to other eukaryotes and many phosphorylated
substrates were already present in common ancestors, we
found that the site specific phosphorylation patterns in worm
are quite distinct from other eukaryotic phosphoproteomes.
For example, phosphorylated amino acids were as conserved
as nonphosphorylated amino acids of the same protein. The
relatively low conservation of worm phosphosites compared
to other metazoans indicates different phosphorylation patterns
between nematodes and higher eukaryotes. Previous work had
already shown that the phosphoproteomes of yeast, a single
cellular species, and higher eukaryotes are very distinct.* While
this is perthaps not surprising, our study demonstrates that
signaling functions via post-translational phosphorylation can
also differ drastically within multicellular model eukaryotes, as
worm phosphosites are not significantly conserved compared
to nonphosphorylated residues in other higher eukaryotes such
as human. We had earlier seen evidence for this lack of
conservation in another large-scale evolutionary study of
eukaryotic phosphorylation sites which showed that phaspho-
rylation sites identified in human cells were significantly
conserved in other higher eukaryotes, but not in worm.!®
Furthermore, the relatively low conservation of worm phos-
phosites is in agreement with the fact that around half of the
worm kinome is nematode-specific. The C. elegans kinome
expanded dramatically from a relatively small number of kinase
classes. It is nearly 2x larger than the fly kinome, for example.
Even though our motif analysis showed that a large proportion
of worm phosphosites likely are substrates of kinases that are
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conserved in eukaryotes, the many novel sequence motifs that
were identified via de novo motif analysis point to phospho-
rylation by C. elegans specific kinases.

Species-specific phosphophosite predictors constructed and
trained by machine learning provide further evidence of the
‘outlier status’ of the C. elegans phosphoproteome. The human
phosphosite predictor is more accurate on human sequences
and even on those in fly, which has roughly the same
evolutionary distance from man as the nematode, Together,
our data and analyses provide strong evidence of nematode-
specific phosphorylation, which cannot be captured by the
human phosphosite predictor. This finding motivated us to use
the large number of in vivo phosphorylation sites to establish
& C. elegans specific phosphorylation site predictor on the basis
of a support vector machine. Overall, in 1:1 nonphospho and
phosphosets, its accuracy is 85% for predicting phosphorylated
serines and 80% for predicting phosphorylated threonines.
Since this predictor is relatively accurate and its application is
purely in silico without any experimental effort, it may be of
use to the C. elegans community, for example, to generate
putative target sites for functional experiments.

Biological process analysis suggested a highly significant
overrepresentation of phosphoproteins involved in nematode
development and sex determination. For example, the phos-
phorylated protein, W04D2.6, is required for normal growth,
embryonic viability and oogenesis.® Repressors such as tra-2
and mog-5 are essential regulators for sex determination in
nematodes and we found them to be phosphorylated in our
set.5' "% The X-chromosome counting factor sex-1 and the pre-
mRNA splicing factors mag-1 and mog-1 are further essential
sex determination regulators®~%® and we found them to be
phosphorylated in worm, too.

In nematodes as well as in other multicellular eukaryotes,
sex is determined by the ratio of X chromosomes to autosomes
(X/A).** Female worms have two X chromosomes, whereas
male worms have only one X chromosome. The interpretation
of the X/A is very sensitive in C. elegans as evident from triploid
and tetraploid worms: it has been shown that worms with two
chromosomes and three sets of autosomes O{/A = 0.67) develop
as males. In contrast, tetraploid worms with consequently
higher X/A ratios (X/A = 0.75) develop as females.5'*® There
are diverse strategies for dosage compensation, a process that
yields equalized expression levels of genes located on the X
chromosome between males and females.*® In male flies, for
example, the expression level of genes on the X chromosome
is boosted to compensate the lack of anather X chromosome.
In contrast, in worm, the dosage compensation complex binds
te both chromosomes of hermaphrodites (females) and reduces
the expression level on both chromosomes by a factor of 2.
Interestingly, we found the majority of the subunits of the DCC
cemplex to be phosphorylated suggesting a putative control
of the mechanism by phosphorylation. The C. elegans DCC
complex is similar to the well-conserved 13 S condensing
complex that resolves and condenses mitotic and meiotic
chromosomes. All subunits of this complex were detected to
be phosphorylated, suggesting a regulatory role of phosphory-
lation.

The DCC complex and the 13 S complex share the phos-
phorylated protein MIX-1. Mutation in MIX-1 was reported to
cause not only disruption of dosage compensation, but also
incorrect chromoseme resofution and condensation resulting
in death of both female and male nematodes,*”5*# M[X-1
binds to hermaphrodite X-chromosomes when it associates
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with the dosage compensation protein DPY-27 or to the mitotic
female/male chromosomes after association with mitotic/
meiotic-specific protein SMC-4, Both DPY-27 and SMC-4 were
identified to be phosphorylated in our study. Another essential
phosphorylated dosage compensation protein that is recruited
to X by binding to other proteins is DPY-21.%' Mutation studies
showed that amino acid changes in these proteins lead to the
disruption of dosage compensation and therefore to reduced
viability of hermaphrodite, but not of male nematodes.*® All
these observations suggest putative regulatory roles of phos-
phorylation in sex determination and development of worm
and provide a starting point for functional studies at a site
specific level.

Conclusion and Dutlook

Our study demonstrates the capability of rapidly developing
mass spectrometry based proteomics to measure an in vivo
phosphoproteome of a complex sample such as whole worms
with a starting material of less than 6 mg of protein within less
than 1 week. Recently developed methads including FASP and
TiO, chromatography even allow the in-depth detection of low-
abundance or insoluble phosphoproteins such as membrane
proteins.

Bioinformatic analyses uncovered the role of the C. elegans
phosphorylated proteins in sex differentiation and development
and proved our hypothesis that the worm phosphoproteome
is very distinct from phosphoproteomes of other eukaryotes
with respect to its role in biological processes, kinase specificity,
and evolutionary conservation.

We hope that this work will stimulate research on some of
the identified phosphorylation sites to determine their biologi-
cal functions in C. elegans. One of the most interesting results
of our study is the high degree of phosphorylation in the
chromoseme dosage complex. It would be interesting to
investigate identified phosphorylation sites of this fundamental
complex or to compare phosphorylation site patterns in males
versus fermales or in different developmental and phenotype
stages,

The C. elegans phosphoproteome along with the prediction
application was integrated into PHOSIDA (www.phosida.com).
The retrieval of phesphorylated peptides and sites along with
cross-links to biological annotations including evolution and
structure in the phosphorylation site database is explained in
detail in Gnad et al.** Alternatively, the background sections
of the database provide information about the application of
PHOSIDA. In addition, our C. elegans phosphoproteome data
set will be made available within WormBase.

Abbreviations: DCC, dosage compensation complex; DHB,
dihydroxybenzoic acid; FASP, filter aided sample preparation;
HPLC, high performance liquid chromatography; LTQ, linear
trap quadrupole; MS, mass spectrometry; SDS, sodium dodecyl
sulfate; SEC, size exclusion chromatography; SVM, support
vector machine.
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Supporting Information Available: Supplementary
Table 1, phosphorylation sites identified in C. elegans. Phos-
phorylation sites of kinsases are marked in blue. Phosphosites
of phosphatases are presented in green. Supplementary Table
2, enriched functions, processes and cellular component
localizations of phosphoproteins. Supplementary Table 3,
phenotype analysis of phosphoproteins. Supplementary Table
4, differences between the distribution of genes encoding
phosphoproteins and the distribution of all other genes of the
worm chromosomes from the ending 1% to 50% of the
chromosomes on both sides (relative to the entire chromosome
lengths). Supplementary Table 5, proportion of worm phos-
phosites that match with annotated eukaryotic kinase motifs.
Proportions of worm phosphaosites that match with annotated
eukaryatic kinase motifs are compared with the proportions
of worm phosphosites that would match with kinase motifs
by chance. The resulting y* values estimate the significant
difference between those two proportions. Supplementary
Table 6, identified significantly overrepresented sequence
motifs. Supplementary Table 7, proportion of warm genes that
have orthologs in other eukaryotic species. Supplementary
Figure 1, distribution of identified singly and multiply phos-
phorylated peptides. Supplementary Figure 2, distribution of
Class I phosphorylation sites by amino acids. Supplementary
Figure 3, enriched cellular component localizations of phos-
phoproteins. Supplementary Figure 4, difference between the
distribution of genes encoding phosphoproteins and the dis-
tribution of all other genes of the X chromoesome from the
ending 1% to 50% of the chromosome on both sides (relative
to the entire chromosome length}. Genes encoding phospho-
proteins are located on the chromosome ends to a higher
degree than all other genes. Supplementary Figure 5, distribu-
tion of all worm genes (left) and worm genes that encode phos-
phoproteins (right) on each chromosome. Supplementary
Figure 6, average accessibilities (a) and proportional loop
localizations (b) of phosphorylated and nonphosphorylated
serines/threonines/tyrosines in C. elegans (according to struc-
ture prediction using SABLE 2.0) Supplementary Figure 7,
Precision Recall curves for worm (red), fly (green) and human
(blue) phasphoserine prediction based on a human phospho-
site predictor. We applied the human phosphosite predictor
separately on phosphorylated worm serines {and their non-
phosphorylated counterparts), on phosphorylated fly serines
{and their nonphosphorylated counterparts) and on phospho-
rylated human serines (and their nonphosphorylated counter-
parts). On the basis of cross-validation, the performance for
human phosphosite prediction was better than the one for
worm phosphosite prediction. This material is available free
of charge via the Internet at http://pubs.acs.org.
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Appendix I1

Evolutionary Constraints of Phosphorylation in Eukaryotes, Prokaryotes and
Mitochondria

Gnad F, Forner F, Zielinska DF, Birney E, Gunawardena J, Mann M

Mol Cell Proteomics, 2010

This paper is a combined proteomics and biocinformatic study of the mitochondrial mouse
phosphoproteome and addresses, for the first time, the evolution of phosphorylation from
prokaryotes to mammals. We identified 174 phosphorylation sites in mitochondria and showed
that mitochondrial phosphorylation sites are not conserved throughout prokaryotes, consistent
with the notion that serine/threonine phosphorylation in prokaryotes occurred relatively recently

in evolution.
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Evolutionary Constraints of Phosphorylation in
Eukaryotes, Prokaryotes, and Mitochondria*s

Florian Gnad}, Francesca Forner§, Dorota F. Zielinska§, Ewan Birney]|,
Jeremy Gunawardenat, and Matthias Mann§j|

High accuracy mass spactrometry has proven to be a
powerful technology for the large scale identification of
serine/threonine/tyrosine phosphorylation in the living
cell. However, despite many described phosphopro-
teomes, there has been no comparative study of the ex-
tent of phosphorylation and its evolutionary conservation
in all domains of life. Here we analyze the results of phos-
phoproteomics studies performed with the same technol-
ogy in a diverse set of organisms. For the most ancient
organisms, the prokaryotes, only a few hundred proteins
have been found to be phosphorylated, Applying the same
technology to eukaryotic species resulted in the dataction
of thousands of phosphorylation events. Evolutionary
analysis shows that prokaryotic phosphoproteins are
preferantially conserved in all living organisms, whereas-
site specific phosphorylation is not. Eukaryotic phos-
phosites are generally more conserved than their non-
phosphorylated counterparts (with similar structural
constraints) throughout the eukaryotic domain. Yeast and
Caenorhabditis elegans are two exceptions, indicating
that the majority of phosphorylation events evolved after
the divergence of higher eukaryotes from yeast and re-
ftecting the unusually large number of nematode-specific
kinases. Mitochondria present an interesting intermediate
link between the prokaryotic and eukaryotic domains. Ap-
plying the same technology to this organelle yielded 174
phosphorylation sites mapped to 74 proteins. Thus, the
mitochondrial phosphoproteome Is similarly sparse as
the prokaryotic phosphoproteomes. As expected from the
sndosymbiotic theory, phosphorylated as well as non-
phosphorylated mitochondrial proteina are significantly
conserved in prokaryotes. However, mitochondrial phos-
phorylation sites are not conserved throughout pro-
karyotes, consistent with the notion that serine/threonine
phosphorylation in prokaryotes occurred relatively re-
cently in evolution. Thus, the phosphoproteome reflects
major events in the evolution of life. Molecular & Cellu-
lar Proteomics 9:2642-2653, 2010.
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Reversible protein phosphorylation on serines, threonines,
and tyrosines plays a crucial role in regulating processes in all
living organisms ranging from prokaryoctes to eukaryotes (1).
Traditionally, phosphorylation has been detected in single,
purified proteins using in vitro assays. Recent advances in
mass spectrometry (MS)-based proteomics now allow the
identification of in vivo phosphorylation sites with high accu-
racy (2-7). On-line databases such as PhosphoSite (B),
Phospho.ELM (8), and PHOSIDA' {10} have collected and
organized thousands of identified phosphosites. These data-
bases as well as dedicated analysis environments such as
NetworKIN (11, 12) offer and use contextual information
including structural features, potential kinases, and conserva-
tion. They constitute resources that should allow the deriva-
tion of general patterns for phosphorylation events. Specifi-
cally, the recent availability of data for archaeal, prokaryotic,
and diverse eukaryotic phosphaoproteomes in these data-
bases should enable investigation of the evelutionary history
of this post-translational medification,

Prokaryotes have two separate classes of phosphorylation
avents. Apart from the canonical histidine/aspartate phos-
phorylation, which has been studied for decades, serine/thre-
onine/tyrosine phosphorylation is also present and has re-
cently become amenable to analysis by MS (13). Bacterial
phosphoproteins are involved in protein synthesis, carbohy-
drate metabolism, and the phosphoenclpyruvate-dependent
phosphotransferase system. Recent phosphoproteomics
studies of Bacillus subtilis, Escherichia cofi, and Lactococcus
lactis described around 100 phosphorylation sites on serine,
threonine, and tyrosine in each of these specles {13-15).
Bacterial phospharylation sites can change in response to
environmental conditions (18).

Interestingly, even archaea have serine/threonine and tyro-
sine phosphorylation. A recent study of Halobacterium safina-
rum described 75 serine/threonine/tyrosine phosphorylation
sites on 62 proteins involved in a wide range of cellular pro-
cesses including a variety of metabolic pathways {(17).

Although only a few hundred phosphorylation events have
been found in prokaryotic species, similar experimental con-
ditions and effort have yielded the detection of thousands of
phosphorylation events in eukaryotes ranging from yeast to

1 The abbreviations used are; PHOSIDA, posttransiational modifica-
tion database; IPl, Intemational Protein index; FDR, false discovery rate;
PTM, post-transiational modification; LTQ, linear trap quadrupole.
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human (7, 18-21). Before the advent of large scale phospho-
proteomics, serine/threonine/tyrosine phosphorylation has
been estimated to affect one-third of all proteins (22). Recent
large scale phosphoproteomics studies now suggest that
more than half of all eukaryotic proteins are phosphorylated
(23).

A key event in evolution was the endosymbiosis of pro-
karyotes that enabled the development of a much more
complex type of life, the eukaryotic cell. Analyses of mito-
chondrial genes suggest that the a-proteobacterium Rickett-
sla prowazekil Is the endosymbiotic precursor leading to mod-
e mitochondria (24). Almost all of the mitochondrial genes
have migrated to the nuclear genome during subsequent evo-
lution, and it is predicted that 10-15% of eukaryotic nuclear
genes of organisms encode mitochondrial proteins (25).

Thus, mitochondria with their unique evolutionary position
between prokaryotes and eukaryotes form an interesting link
for the evolutionary analysis of phosphorylation. Several stud-
ies investigated the mitochondrial phosphoproteome in differ-
ent organisms using gel electrophoresis or specific enrich-
ment methods coupled with mass spectrometry (26-28).
Those studies established potential mitochondrial phospho-
proteins, Three large scale studies based on affinity enrich-
ment of phosphopeptides and mass spectrometry obtained
direct experimental evidence of phosphorylation sites in mi-
tochondria. Lee et al. (29) used a combination of different
peptide enrichment strategies and found 80 phosphorylation
sites of 48 different proteins from mouse liver. Very recently, a
study by Deng et al. (30) characterized the murine cardiac
mitochondrial mouse phosphoproteome, covering 236 phos-
phosites on 181 proteins. Investigating yeast, Reinders et al.
{31) assigned 84 phosphorylation sites in 62 proteins.

To enable comparative analysis of phosphoproteomes be-
tween all domains of life and mitochondrig, here we experi-
mentally determined a high accuracy mitochondrial mouse
phosphoproteome based on technology conditions similar to
thosa applied to the identification of prokaryotic and eukary-
otic phosphoproteomes. We then performed a detailed evo-
lutionary study of the conservation of the identified phospho-
proteins and phosphorylation sites in prokaryotes and in
eukaryotes, This allowed an [nitial comparison of the phos-
phoproteomes of prokaryotes, mitochondria, and eukaryotes.

EXPERIMENTAL PROCEDURES

Cell Culture and Primary Csll Isolation—3T3-L1, brown preadipo-
cytes, C2C12, and Hepa 1-6 cell lines were subculiurad and differ-
entiated in DMEM supplemented with 10% fetal bovine serum (In-
vitrogen) and antibiotics in 5% CO, at 37 *C. Stable isotope lebeling
by amino acids in cell culture was performed as described with
L-[**C,, 15N, ]lysine and L-['C,,'®N Jarginine. 3T3-L1 preadipocytes
were grown and differentiated as described previously (32}, Brown
preadipocytes were differentiated as described {33). Confluent
C2C12 ware differentiated into myotubes by reducing the percentage
of serum to 2%. For the isolation of primary brown adipocytes,
interscapular brown adipose tissue from 20 C57BL/8 newbom mice
{1-2 days) was excised, immarsed in Hank’s buffered salt salution,

cleanad free of connective tissue under a binocular microscope,
minced, and digested with 1 mg/ml collagenase A (Roche Applied
Sclenca) at 37 *C for 30 min, After digestion, the slumry was passed
through 250-pum-mesh cpening fiber material (Safar) and centrifuged
at 500 X g for 1 min. The floating adipocytes and the supsmatant
were discarded. The stromal vascular fraction was resuspended in
DMEM supplementad with 10% fetal bovine serum (Invitrogen) and
antibiotics and transferred into 7-cm-diameter Petri dishes. Preadi-
pocytes were grown to confluence and differentiated as described
(33).

Isolation of Mitochondria—Cells were harvested with trypsin (In-
vitrogen} and diluted with DMEM supplemented with protease Inhib-
ltors (Rocha Applied Sciencs) and a 5 mm concentration of each of the
following phosphatase inhibitors: sedium fluoride, 2-glycerol phos-
phate, sodium vanadate, and sodium pyrophosphate (Sigma), Cells
were centrifuged at 1000 x g for 10 min. Cells were then resuspended
with SEH buffer (250 mm sucrose, 10 mm Hepsas, pH 7.4, 0.1 mm
EGTA) supplemented with protease and phosphatasa inhibitors and
washed twice. The cell suspensions were homogenized in a 7-ml
Dounce homogenizer, Membrane disruption was checked with trypan
blue staining. The tissua homogenate was centrifuged twice at 800 X
g for 10 min at 4 °C. The supematant was centrifuged at 10,000 X g
for 10 min at 4 *C. The crude mitochondrial pellet was rasuspended in
SEH buffer supplemented with protsase inhibitors (Roche Applied
Science). The suspension was further centrifuged at 7000 X g for 10
min at 4 *C and purified with Percoll gradients as described (34).
3T3-L1 cell mitochondria were purified by means of protease treat-
ment of crude mitochondrial fractions with trypsin as described pre-
viously (35).

Phosphopepltide Enrichment—Mitochondrion-enriched fractions
were rasuspended in SEH buifer supplemented with Inhibitors. 500
#g of mitochondrial proteins were dissolved in 8 M urea, 2 M thiourea,
20 mm Hepes, pH 7.4; reduced with dithiothreitol; alkylated with
lodoacetamide; digested for 3 h with endoproteinase Lys-C (1:50,
wiw) (Waco); diluted 4 timas with 10 mm ammonium hydregen car-
bonate; and further digested overnight with trypsin (1:50, w/w} (Pro-
mega). Trypsin cleaves peptida chains at the carboxyl side lysine or
arginine except when either is followed by proline. Lys-C cleaves at
lysina residues. The resulting psptide mixture was eaptured on TiO,
beads (GL Sciences). Briefly, TiO, beads were preincubated with
2,5-dihydroxybanzoic acid {final concentration, 5 g/liter), About 10 mg
of TiO, beads wera added to each sample and incubated for 60 min
at room temperature. After washing twice with 80% acetonitrile, 0.2%
trifluoroacetic acid, peptides ware eluted from the beads with 0.5%
ammonium hydroxide solution in 40% acetonitrile (pH 10.5), aimost
completely dried In a vacuum centrifuge, and resuspandad in 10 pl of
1% trifluoroacetic acid, 2% acetonitrile in water for LC-MS analysis.

Mass Spectromatry—Liquid chromatography was performed on a
1100 nano-HPLC system (Agilent) coupled to an LTQ-Orbitrap mass
spectrometer (Thermo Fisher). Peptides {5 ul) were eluted over 140-
min water/acetonitrile gradients. The LTQ-Orbitrap was operated In
the positive ion mode with the following acquisition parameters. A full
scan raecorded in the Orbitrap analyzer {resolution, 60,000} was fol-
lowed by MS/MS of the flve most Intense peptide ions in the LTQ
analyzer, Multistage activation was enabled Iin all MS/MS events to
improve fragmentation spectra of phosphopeptides. Raw MS spectra
were processed in Quant.exe, tha first module of our in-house built
software MaxQuant (Version 1.0.13.13) (36). The derived peak list
was searched with the MASCOT search angina (Matrix Science,
London, UK) (Version 2.1.0). The following search criterla were
used: tryptic specificity was required; carbamidomathylation was
set as a fixed modification; oxidation (Met), N-acetylation (protein),
and phosphorylation (Ser/Thr/Tyr) were set as variable modifica-
tions. We performed the MASCOT search against the International
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Protein Index {IPl) mouss database Version 3.37 containing 51,262
proteins to which 175 commonly observed contaminants and all the
raversad sequences had been added (37). Maximally two missed
cleavages were allowed. Initial mass tolerance for pracursor and
fragments ions was 7 ppm and 0.5 Thompson, respectively. All
spectra and ail sequence assignments made by MASCOT were
imported into MaxQuant.

The derived peptides and their assigned proteins were further
processed in I|dentify.exe, the second module of MaxQuant. The
posterior arror probability and false discovery rate (FDR) were used
for statistical evaluation. The FDR is derived from the number of
ldentifications from reversed protein sequences. All phosphopeptide
Identifications suggested by MASCOT were filtered In MaxQuant by
applying thresholds on MASCOT score, peptide length, and mass
error. Wa accepted peptides based on the criteria that the number of
forward hits in the database was at least 100-fold higher than the
number of reversed database hits (incorrect peptide sequences),
which gives an estimated FDR of less than 1%. To achieve highly
reliable identifications, the following criteria wers used: maximal pep-
tide posterior error probability of 0.1, maximal peptida FDR of 0,01,
and minimal peptide length of 6.

In case the Identified peptides of one protein included all
peptides of another protein, these proteins {(s.g. homclogs and
isoforms) were combined by MaxQuant and reported as one proteln
group. Phosphorylation sites were made non-redundant with re-
gard to their surrounding sequence. The PTM scora was used for
assignment of the phosphorylation sites as described Ref. 18.
Phosphosites fulfiliing the following two criteria are defined as
unambiguously identified sites: 1} their localization probability for
the assignment is at least 0.75, and 2) the PTM score difference
from the second possible localization assignment is 5 or higher,
These cutoffs proved to yield highly accurate results in previous
studies (18). The localization probability of such class | sites Is
almost always higher than 0.98. Phosphorylated peptides were
uploadad to PHOSIDA (10). Finally, to further reduce the probability
of including non-mitochondrial proteins in the data set, we retained
only thosae proteins that were also defined as mitochondrial in the
MitoCarta repository or In the gene ontology annotation.

Conservation Analysis—To derive homologous proteins between
mouse and prokaryolic species, we used BLASTP (38) (sup-
plemental Fig. 1). Te check the phosphorylation site conservation,
we generated global protein alignments betwean homologous pro-
tein pairs via Needle (39). To derive orthologs between sukaryotic
species, wa checked the phylogenaetic relationships and conserva-
tion of triplets encoding phosphosites in comparison with triplets
that encode non-phosphorylated serines or threonines localized on
exposed loop structures of phosphorylated proteins throughout 37
eukaryotes on the basis of cDNA alignments as provided by
Ensembl.

Our previous large scale phosphoproteomics study demonstrated
that phosphorylation sites are predominantly located in non-regularly
structured regions on the protein surface (10). Therefore, the sur-
rounding sequence regions may diverge to such an extent that the
structural effect (fast sequence evolution in loop regions) effectively
competes with the constraining pressure of function {slow sequence
evolution of kinase substrate motifs). To comectly assess the degree
of conservation of phosphosites, it is therafore important to take the
structural effect into account. We did this by choosing only sites
located in loop regions according to SABLE {40) predictions for the
comparison set, which should isolate the functional, evolutionary
constraints on the phosphosita itself,

Bootstrapping—We crealed a bootstrap distribution for a given
species from 10,000 sets of randomly selected human proteins
annotated as “known" in Ensembl, Each random set contained as

many proteins as the given phosphoset. For each set, we calcu-
lated the proportion of orthologs in the chosen species, and the
histogram of these 10,000 proportions provided the bootstrap dis-
tribution. The resulting histograms reflecting the distribution of
logarithmized propartions of orthologs illustrate the significant dif-
ference between the set of interest (phosphoset) and randomly
selected sets.

Next, we created a bootstrap distribution for a given species from
10,000 sets of serines, threonines, and tyrosines that were randomly
selected from phosphorylated proteins that had an ortholog, Only
those residues were included In the analysis that showed the same
predicted structural constraints as phosphorylated residues fhigh
accessibility and localization in loops). For each set, we calculated the
propostion of conserved residues in the chosen species, and the
histogram of these 10,000 proportions provided the bootstrap
distribution. Resulting histograms were lllustrated using MatLab
(MathWorks).

RESULTS

The basis of our evolutionary studies is high accuracy
phosphoproteomes that have been published during the
last 3 years and that are deposited in PHOSIDA (10). The
data were acquired using the technology described in detalil
in Olsen et al. (18). Briefly, cellular proteomes are digested
to peptides, and phosphopeptides are enriched using a
TiO, metal affinity matrix in the presence of 2,5-dihydroben-
zolc acid (41) and measured by tandem mass spectrometry
on a linear ion trap Orbitrap mass spectrometer using mul-
tistage activation (42). Phosphopeptide assignment includ-
ing localization of the phosphogroups to particular amino
acids is performed in MaxQuant (36). Mass accuracies are in
the ppb range, and the false discovery rate of each data set
is lower than 1%. Note that the high accuracy of detection
of phosphorylation sites refers to the minimization of false
positives. The percentage of false negatives, on the other
hand, is not known in phosphoproteomics data sets. Site-
specific localization assignments of the phosphogroup pep-
tides from MS/MS fragmentation spectra were determined
in MaxQuant, which contains an algorithm to predict phos-
phorylation site localization (18, 43). We used a threshold
probability of 75%; however, median localization scores on
phosphopeptides were typically about 98% {44). Eleven
high quality phosphorylation sets from nine species that are
available in PHOSIDA were used in our evolutionary analy-
sis. Together they comprise 39,574 phosphorylation sites
from E. coli {14), B. subtilis (13), L. lactis {15), H. salinarum
(17), Saccharomyces cerevisigze (46), Caenorhabditis el-
egans (44), Drosophila melanogaster (47), Mus musculus
(48, 49) and Homo saplens {18, 50).

The generation of each phosphoproteome with the same
generic work flow ensured that analysis on the phosphopro-
teome was performed to a comparable depth for each data
sat. Because no mitochondrial phosphorylation data set was
available that was acquired in the same way, we performed a
high accuracy large scale mass spectrometry study of the
mitochondrial phosphoproteome as described below. This
extends the compendium of evolutionary data for these phos-
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Fie. 1. Ovarlap of prokaryotic phosphorylation sites. The overlap
between phosphorylation sites of E. coli {A), B. subtilis (8), L. lactis
(C), and H. salinarum (D) Is very low,

phoproteomes and in particular allowed us to analyze the
mitochondrial phosphoproteome, the link between the do-
mains of life, including its conservation.

Conservation of Prokaryote and Eukaryote Phosphopro-
teomes—The size of the phosphoproteomes of the four
prokaryotes analyzed here are remarkably similar. They
range from 73 sites for L. lactis to 81 sites for E. coli (www.
phosida.com). Note that these numbers do not reflect the
true size of the prokaryote phosphoproteome but rather the
extent that can be readily probed with current technology.
Nevertheless, the fact that the same technology results In
about the same size phosphoproteome clearly indicates
that the phosphoproteome Is similarly sparse across differ-
ent prokaryotic species.

Furthermore, the prokaryotic phosphoproteomes hardly
overlap with each other. We found that a considerable pro-
portion of proteins including elongation factors and glycolytic
enzymes are phosphorylated in prokaryotes and highly con-
served throughout the domain. However, these proteins, al-
though conserved in prokaryotes, are not phosphorylated in
all prokaryotic species, and if a given phosphoprotein occurs
in more than one species, the phosphorylation sites do not
overlap (Fig. 1).

In eukaryotes, phosphorylation regulates many key pro-
cesses including cell growth, proliferation, differentiation, and
immune response (51, 52), many of which do not occur in
prokaryotes, Reflecting the fundamentally different biological
roles of phosphorylation in eukaryotes and prokaryotes, the
phosphoproteomes obtained with cumrent tachnology are
vastly larger. Using the technology described here they range
from more than 3500 sites for yeast (46) to more than 20,000
sites for mammalian specles such as human {23).

In previous bioinformatics analyses of the eukaryotic phos-
phoproteomss, we determined that phosphorylation sites, es-
pecially those on serine and threonine, tend to be located in
fast evolving loop and hinge regions of proteins. We consid-

ered the PHOSIDA serine/threonine/tyrosine phosphopro-
teomes of mouse and other eukaryotes including human, fly,
worm, and yeast, representing the most comprehensive evo-
lutionary study on eukaryatic phosphoproteomes so far. The
results on the protein level showed commonality between all
eukaryotes. Within the eukaryotic domain, identified phos-
phoproteins have more orthologs than non-phosphorylated
proteins (supplemental Table 1). This held true in a large
variety of experimental systems throughout the eukaryotic
domain. For each analyzed species, based on a bootstrap
approach, the proportion of orthologous phosphoproteins to
all phosphoproteins was clearly outside the distribution, and
the resulting »* values indicated extremely high statistical
significance (sea “Experimental Procedures”).

Analysis of phosphoproteome conservation at the lavel of
individual sites is potentially much more informative than anal-
ysis of entire substrate proteins. This is because secondary
effects such as protein abundance cannot skew comparison
between sites on orthologous proteins. More importantly, in-
dividual phosphorylation sites are specific substrates of one
or more kinases and phosphatases, and they mediate the
functionality of this post-translational modification.

To study the conservation of phosphorylation that occurs
throughout the entire mouse cell and other eukaryotic cells at
the site level, we created bootstrap distributions by repeated
random selections of non-phosphorylated serines, threoni-
nes, and tyrosines from proteins of each species from the
Ensembl database. For these thousands of random sets, the
proportion of conserved residues in the given species was
derived, and the histogram of the proportions of conserved
sites then provided the bootstrap distribution. The »? test
assigns a p value to the difference between the proportion of
conserved and non-conserved phosphosites and the propor-
tion of conserved and non-conserved counterparts (non-
phospharylated Ser/Thr/Tyr). In soma cases, the conservation
of phosphothreonines differs from the conservation of phos-
phoserines, probably because of the roughly 10-fold lower
number of phosphothreonines in the data sets. For this rea-
son, only the analysis on serine residues is discussed in more
detail. For none of the investigated organisms was it possible
to find a significant pattern regarding the conservation of
highly accessible phosphotyrosines in alignments of ortholo-
gous proteins because of the low number of these residues
present in the data sets.

We found that the proportion of conserved phosphoryla-
tion sites was clearly outside the bootstrap distribution, and
the calculated y* values were higher than 6, which corre-
sponds to p values lower than 0.01, for all analyzed species
except for yeast and worm {supplemental Table 2}. The
yeast conservation study showed that ~13% of phosphor-
vlated serines were conserved in human orthologs, the
same number as for non-phosphorylated serines. The same
trend was observed in worm, In these two species, the p
values was not statistically significant, which indicates that
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phosphorylated and non-phosphorylated residues have the
same degree of conservation.

Interestingly, in fly, which has roughly the same phyloge-
netic distance to mammals as worm, the phosphorylated
serines were more conserved than non-phosphorylated
serines throughout higher eukaryotes {e.g. 20% of fly phos-
phoserines and 16% of non-phosphorylated fly serines were
conserved in human) (supplemental Fig. 2). The same pattern
was observed for all mammalian phosphoproteomes. Note
that conservation at the residue level can be very high be-
tween mammalian species in general. For example, 92% of
human serines are conserved in proteins that are orthologous
in chimpanzee and humans. However, aven in this case, our
study of human phosphosites (18) found that the conservation
of phosphorylated residues is even higher; for example, 97%
of human phosphoserines are conserved in chimpanzee
alignments (supplemental Fig. 3). The different mouse and
other mammalian phosphodata sets resulted in similar
numbers.

Together, phosphorylation sites of fly, mouse, and human
are more conserved than non-phosphosites of the same pro-
teins with the same structural features throughout higher eu-
karyotes. In contrast, yeast and worm phosphorylation sites
are not highly conserved with respect to higher eukaryotes.
The bootstrapping approach and the x? test verifiad the sta-
tistical significance of these observations. They agree with
recent findings that many of the known human kinases
evolved after the divergence between yeast and higher eu-
karyotes (54). Therefore, there are a considerable number of
yeast-specific kinases that are not present in higher eu-
karyotes and vice versa, The worm kinome also differs signif-
icantly from kinomes of other eukaryotes. It is 2 times larger
than the fly kinome, and half of the worm kinases are nema-
tode-specific. This shows that the majority of phosphorylation
events have evolved after the divergence of higher eukaryotes
from yeast, which is in concordance with the unusually large
number of nematode-specific kinases.

Characterization of Mitochondrial Phosphoproteame—To
obtain a map of mitochondria! phosphorylated proteins
across different cell types in basal conditions, we isolated and
purified mitochondria from different mouse cell lines (C2C12,
Hepa 1-6, 3T3-L1, and brown adipose tissue) and from mouse
primary brown adipocytes. From these mitochondrial frac-
tions, we enriched phosphorylated peptides using TiO, chro-
matography following the work flow of Olsen et al. (18). Pep-
tides were analyzed via nano-LC-MS/MS on the high mass
accuracy L.TQ-Orbitrap. Raw data were processed with in-
house developed MaxQuant software (36).

To further distinguish between mitochondrial proteins and
the contaminants resulting from the biochemical preparation,
mitochondrial localization of these proteins was manually ver-
ified against the MitoCarta database (55} and gene ontology
localization description. In total, we identified and confidently
assigned 174 phosphorylation sites on 74 mitochondrial pro-

teins with an estimated false positive rate of less than 1% for
phosphopeptide identification and median phosphorylation
localization probability greater than 99.9% (Table | and
supplemental Table 3). The median MASCOT score and the
median PTM score were 47.36 and 147.94, respactively. The
median absolute mass deviation was 0.29 ppm. Further pa-
rameters for quality assurance in MaxQuant are described by
Cox and Mann (36). The MitoCarta database comprises
around 1100 mitochondrial proteins. Thus, the proportion of
phosphorylated to all mitochondrial proteins is around 7%,
which Is similar to that of bacterial phosphoproteomes. In
E. coli, for example, around 100 of 4000 {3%) proteins are
known to be phosphorylated, In comparison, more than half
of all proteins in eukaryotic cells are estimated to be
phosphorylated.

Around 40% of the identified mitochondrial phosphosites
were identified in at least two cell types {(supplemental Fig. 4);
this is a relatively high value given the comparatively low
number of phosphorylation sites. The phospharylation distri-
bution on serines, threonines, and tyrosines was 88.7, 9.2,
and 1.1%, respectively (Fig. 2A4). This distribution Is similar to
the distributions we previously measured for eukaryotic and
prokaryotic cells (18, 20). Ptpra (receptor-type tyrosine-pro-
tein phosphatase a precursor) and Pgrmc1 (receptor-type
tyrosine-protein phosphatase a) were found to be phosphor-
ylated on tyrosine rasidues. Overall, 80 of 174 phosphoryla-
tion sites are nove! according to the Swiss-Prot database. For
axample, elongation factor Ts (Ser-269), pyruvate carboxyl-
ase (Ser-22, Ser-143, and Ser-1033), and long chain-specific
acyl-CoA dehydrogenase {Ser-55) are not annotated to be
phosphorylated on these sites in the Swiss-Prot database.
Overall, 11 of 84 mitochondrial phosphorylation sites identi-
fied by Lee ot al. (29) overlap with our set.

Gene ontology analysis shows that the mitochondrial phos-
phoproteome is enriched for proteins that are involved in
protein binding, transporter activity, ATP binding, nucleotide
binding, and ribonucleotide binding (Fig. 2B) compared with
the entire mouse proteome. Supplemental Table 4 lists all
overrepresented gene ontology categories along with the cor-
responding mitochondrial phosphoproteins based on the
DAVID analysis tool {56). Furthermore, we checked the sur-
rounding sequences of the identified mitochondrial phos-
phosites to derive the putative corresponding kinases. The
phosphorylation sites match significantly with motifs of vari-
ous kinases including casein kinase ||, calcium/calmadulin-
dependent protein kinase type I, and protein kinase D
(supplemental Table 5). The wide spectrum of corresponding
kinases is also reflected in the overall position-specific amino
acid frequency as illustrated in Fig. 2C (57).

Evolutionary Conservation of Mitochondrial Phosphopro-
teome in Prokaryotes—Mitochondria and bacteria probably
share an a-proteobacterial ancestor and are therefore evolu-
tionarily related. Phylogenetic analyses suggest that the clos-
est relative of the mitochondrial ancestor Is Rickettsia, an
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TasLE |
Mitochondrial mouse phosphorylation sites
IPI accession no. accggls‘:o?ltm. Gene symbol Phosphosites
1PI00108147 P70335 Rockl Ser-1102, Ser-1105
IP100108685 P18052 Ptpra Tyr-825
IP100109033 Q3UJK3 Fam54b Ser-100, Ser-235
IPI00111770 Q06185 AtpSi Ser-68
IPI00112339 Q9ERGO Limat Ser-367, Ser-372, Ser-374, Ser-488, Ser-580, Ser-
581, Ser-615, Ser-617, Ser-620
IP100113052 Q9CZR8 Tsfm Ser-289
IPI00114209 P26443 Glud1 Ser-128, Thr-410
IPI00114710 Q05920 Pc Ser-22, Ser-143, Ser-1033
IPI0OD316138 Q99KK9 Hars2 Ser-66
IPID011B8414 QgoLsg Sntb1 Ser-86, Ser-218
IPI00117689 054724 Pt Ser-21, Ser-42, Ser-169, Ser-368, Ser-388, Ser-31
1PI00119114 P51174 Acad! Ser-55
IPi00119320 Q91Wo6 Teirg Ser-693
IPI00120715 QoDCC8 Tomm20 Ser-135, Ser-138
IPI00121190 Q01279 Egir Thr-695
IPI00122547 Q60932 Vdac2 Ser-116
IPI0D122549 Q60932 Vdect Ser-117, Thr-120
IPI00123183 Q02013 Agp1 Ser-262
IPI00123410 A2APH4 Usp24 Ser-2044
IPI00123709 QIWTQS Akapiz Ser-631
IPI00123881 PE7315 Csmp1 Ser-192
IPl00126253 Q92424 Lass2 Ser-341, Ser-346, Ser-348, Ser-349
IPI00126634 Q91VAB Poldip2 Thr-292
IP100126939 Qac054 Prkcdbp Ser-165, Ser-166, Ser-188, Ser-194
IPI00128522 P14602 Hspb1 Ser-86, Ser-87
IP{00130280 Q03265 Atp5al Ser-53, Ser-65, Ser-76, Ser-451
IPI00130444 Qg9Z1T1 Apibt Ser-276
IPI0D132076 0B8587 Comt Ser-260, Ser-261
IPI00132478 QocaF4 Sar-108, Ser-116
1P100133440 P&7778 Phb Ser-151
IPi00133608 Q9CRDO Oclad Ser-108, Ser-147
IP100135660 Q63918 Sdpr Ser-203, Ser-204, Ser-218, Ser-359, Ser-363
IPI00137194 P53986 Slc16al Ser-210, Ser-213, Ser-461, Ser-462, Ser-477,
Ser-482, Ser-491

IPI00138190 P55288 Cdh11 Ser-714, Ser-788
IPIDD139795 P99027 Rplp2 Ser-79, Ser-86, Ser-102, Ser-105
IPI00153842 Q9JLR9 Higd1a Ser-8
IPloD169862 QBK1Z0 Cog9 Thr-78, Ser-81
IPI00222496 Q922R8 Pdlat Ser-433
1P100228826 P54310 Lipe Ser-77, Ser-600, Ser-602, Ser-694
IPID0229548 P51912 Siclas Ser-509, Ser-521
1PI00230283 Q8KaD5 Gfm1 Ser-92
IPI100272690 P09470 Ace Ser-1305
IP100308161 Q3BGvE Smer7! Ser-55, Thr-58, Ser-59
IP100308885 P83038 Hspd1 Ser-70
IPI00315135 QacPQ3 Tormm22 Ser-15, Ser-45
IPI00317684 QaccJ3-3 KiaaD776 Ser-458
IPI00318935 QsDaT? Stirp Thr-104, Ser-105
IPI00319973 055022 Pgrmci Tyr-180, Ser-181
1PI00321489 P58017 Bcl2it3 Ser-387, Thr-38¢
IPI00331555 P50136 Bckdha Ser-338, Thr-339, Ser-348
IP100337893 P35486 Pdhat Thr-231, Ser-232, Ser-293, Ser-285, Ser-300
IPIDD344090 Q5ND52 Rnmt!t Ser-42
IPI0D352475 Q3UHX2 Pdap1 Ser-60, Ser-63
IPI00356904 Q3UYs8 Farp1 Thr-24, Ser-373, Ser-882
IPI00378428 Q3uU0Q9 Tnsi Ser-790, Ser-782, Thr-1343, Ser-1346, Ser-1468,

Ser-1470, Ser-1535
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TaBLE |—continued

UniProt
IPI accession no. accession no. Gene symbal Phasphosites
IPI1DD379441 XP_485703 EG433968 Thr-123
IPI100387392 Qocqs4 Sic25a46 Thr-45
IPI00387480 Q8CGN5 Plin Ser-130, Ser-174, Ser-384, Ser-410
IPI00408119 P27546 Mapd Ser-475, Ser-506, Ser-517, Ser-901, Ser-1046
IPIOD453589 070404 Vamp8 Ser-5
IPIOD453688 QacoT5-1 Sipailt Ser-1528
IP100459443 P5aa71 Tnkstbpi Thr-533, Ser-B07, Ser-974, Ser-1370, Ser-1375,
Ser-1611, Ser-1612, Ser-1657
IPIN0480432 Q6ZQ33 Rab11fip5 Ser-307
IPI00551411 Q8BXx70 Vpsi3c Ser-871, Ser-873
IPID0556700 Q2YDW1 Eif3f Ser-14, Ser-16
IPI00620800 Q3uMe2 Fam38a Thr-632, Ser-634
IPI00623114 Q62033 Fatt Ser-4483
{PID0G49184 QoOwWTI? Myote Ser-408
IPI00649326 Q9JMHS Myoi8a Ser-1950, Ser-1978, Ser-1982, Ser-2049, Ser-2051
IPI00G78532 qasuJug Fam82c Ser-44, Ser-46
IPI00751137 Q3TSX8 Tomm70a Ser-94, Ser-99
IPIOD754876 Q3UFQ5 Tic7h Ser-732, Ser-733
IPIDD757909 QapoL? Armc10 Ser-41, Ser-43
IP100848443 Q55wWuU9 Acaca Ser-63, Ser-647
A mSerine @ Threonine = Tyrosine B
9% 1%
50
B Mitochondrial Mouse
45 Phosphoproteome
= Mouse Proteome
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L35
.
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Fig. 2. Characterization of mitochondrial mouse phosphoprotaome. A, serina/threonina/tyrosine distribution. 8, molecular functions that
are enriched in the mitochondrial phosphoset compared with the entire mouse proteome, C, relative position-specific amino acid frequency

around phosphorylated sites.

obligate intracellular parasitic a-protecbacterium that could
have initiated the endosymbiotic event (24). Our study pro-
vides independent evidence for the endosymbiotic hypoth-
esis through the comparison of the conservation of mito-
chondrial versus non-mitochondrial proteins in prokaryotes
(supplemental Fig. 5 and supplemental Table &) (see "Ex-
perimental Procedures”). Mitochondrial mouse protains are
more highly conserved in prokaryotes than mouse proteing
that are located in other organelles {Fig. 3). On average,
around 35% of the mitochondrial proteins (MitoCarta data
set) are conserved in any prokaryote in comparison with
13% of the non-mitochondrial proteins. The same pattern

was observed for phosphorylated proteins. Overall, 28% of
the phosphorylated mitochondrial proteins {from our set as
well as from the Lee et al. {29) data set) are conserved in a
prokaryotic species compared with 20% of the phosphory-
lated non-mitochondrial proteins. These absarvations are in
concordance with the prokaryotic character of mitochondria
expected from the endosymbictic hypothesis,

However, the mitochondrial and the prokaryotic phospho-
proteomes of E. coli (14), B. subtilis (13), and L. /actis (15)
hardly overlap. Elongation factor G and elongation factor Ts
were found to be phosphorylated in mitochondria as well asin
all investigated bacteria. However, phosphorylation events on
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are more highly conserved in pro-
karyotes than phosphorylated (PHO-
SIDA data set) and non-phosphorylated
(Swiss-Prot Database) proteins, which
are located in other compartments of the
cell. These observations are in concord-
ance with the endosymbiotic scenario as
Mustrated In the Jower panel. As a mea-
sure for conservation, we used the
average proportion of orthologs in 62
prokaryotes.

these elongation factors were identified on different residues
of the proteins. Other homologous proteins that were phos-
phorylated in mitochondria and in at least one of the selected
bacteria were histidyl-tRNA synthetase, 60-kDa heat shock
protein, and a “protein similar to nucleoside-diphosphate ki-
nase.” This protein is the only one with a phosphorylation site
{threonine 123) that was found to be phosphorylated in mito-
chondria as well as in bacteria {(serine 123 in B. subtilis). These
findings are in agreement with a model that regulation of
mitochondrial proteins via phosphorylation evolved after the
endosymbiotic event.

Evolutionary Conservation of Mitochondrial Phosphopro-
teome in Eukaryotic Domein—In the eukaryotic evolutionary
study, we studied the conservation of the mitochondrial phos-
phoproteome in 36 eukaryotic species that are contained in
the Ensembl database and that span the eukaryotic domain.
Based on ¥° statistics, mitochondrial mouse phosphoproteins
derived from our study and the one by Lee st al. (28) have
significantly more homologs in the eukaryotic domain than
other mouse proteins (supplemental Table 7). Even for yeast,
the species most evolutionarily distant from mouse, this was
the case.

Previous studies have already shown that non-mitochon-
drial phosphoproteins of other eukaryotes are also signifi-
cantly conserved in a defined set of a few species (10). To
check in more detail whether the high proportion of or-

Mitochondrial Proteome

Phosphoproteome Profsome

Mitochondrinl
Phosphoproteoms

thologs is a common feature of different phosphoproteomes
in more detail, we studied the conservation of non-mito-
chondrial proteins of different phosphoproteomes in 36 eu-
karyotic species.

To study the conservation of mitochondrial phosphorylation
at the site level, we derived the conservation of phosphory-
lated serines/threonines and non-phosphorylated serines/
threonines of the same mitochondrial phosphoproteins in or-
thologous proteins of different eukaryotic species that are
annotated in tha Ensembl database. Because the identifica-
tion of eukaryotic phosphoproteomes is far from being com-
plete, we restricted our analysis tc amino acid conservation,
which means that in most of the cases there is no experimen-
tal evidence for phosphorylation of sites that are phosphory-
lated in mouse and conserved in another species. We found
that mitochondrial phosphosites tend to be more conserved
than non-phosphorylated serinesfthreonines in other eu-
karyotes (supplemental Table 8). Although the high conserva-
tion of mitochondrial phosphosites is evident in all eukaryotic
species, the significance decreases for lower eukaryotes,
probably because of the low number of homologous proteins
in species such as Ciona Intestinalis.

DISCUSSION

Despite a large number of phosphoproteome studies of
diverse organisms, our knowledge of each of them is not
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comprehensive. The huge and continuing increase of mea-
sured mammalian phosphorylation sites makes it clear that
the identification of the whole phosphoproteome Is far from
being complete. In fact, akhough previously one-third of all
mammalian proteins were estimated to be phosphorylated,
recent developments even suggest that the majority of all
proteins are phosphorylated at least under some circum-
stances. As a practical matter, all evolutionary studies on
phosphorylation are limited to the currently identified phos-
phoproteins. However, the number of known phosphosites
turns out to very similar for different prokaryotic species and
for mitochondria, whereas phosphoprateomes for eukaryotes
range from over 3000 to more than 20,000 sites. This argues
that large scale comparisons of phosphoproteomes can use-
fully be undertaken at this time. To this end, we took advan-
tage of the recent avallability of high resolution phosphoryla-
tion data and the PHOSIDA environment, which integrates
biological context to quantify constraints of phosphorylation
on a proteome-wide scale. We focused on phosphosets from
PHOSIDA because it contains phosphoproteomes of a wide
range of organisms all obtained with high accuracy and ana-
lyzed with the same stringent criteria. Other phosphorylation
databases such as PhosphoSite and Phospho.ELM focus on
mammalian phosphoproteomes only. Although they are more
comprehensive than PHOSIDA, they also contain low resolu-
tion data sets with difficult to control overall false positive
rates. More importantly, those data sets were obtained with
widely diverging experimental work flows precluding compar-
ative analysis. The data sets derived from PHOSIDA, aithough
analyzed in the same way, are derived from different investi-
gations. To exclude that this could cause any bias, we com-
pared changing and non-changing subsets of the phospho-
proteome, which showed that the results from our
evolutionary study are valid for the whole phosphoproteome.
For example, human phosphorylation sites that are unaffected
by the stimulation of EGF show nearly the same conservation
patterns as ell other human phosphosites. Furthermore, our
phosphoproteomes almost always contain the “basally phos-
phorylated peptide” for each phosphopeptide that is found to
change upon a stimulus. This latter observation also argues
that we have already covered a sizable proportion of the
stimulus-specific phosphoproteome. We conclude that the
general trends regarding the conservation of phosphorylated
residues should already be contained in our analysis.

For all analyzed prokaryotes, the phosphoproteome Is very
sparse. Prokaryotic phosphorylation sites are hardly con-
served, and only one site is identical in all four investigated
prokaryotic phosphoproteomes. This finding Is compatible
with a model in which site-specific phosphorylation co-
evolved with the adaption of the bacterial species to their
present-day ecological niches (15). The presance of phospho-
rylated prokaryotic proteins might also partially result from
gena transfars as many eukaryote-like kinases have been
found in prokaryotes by metagenomics projects (45). This

suggests that regulation via phosphorylation was a relatively
recent development that occurred late in prokaryotic evolu-
tion. Future studies will likely lead to the identification of larger
prokaryotic phosphaorylation data sets, but it seems unlikely
that these studies will result in numbers comparable with
eukaryotic phosphoproteomes or to a large overlap between
prokaryatic phosphoproteomes.,

In contrast to the mitochondrial and prokaryotic phospho-
proteomes, which comprise a few hundred phosphosites, the
application of high accuracy mass spectrometry to eukaryotic
cells yields the identification of thousands of phosphorylation
sites. A combined analysis of the phosphoproteomes of hu-
man, mouse, and fly democnstrates that phosphorylated
serines and threonines are more highly conserved than non-
phosphorylated serines and threonines that are also localized
in loops ar turns on the protein surface. in contrast, yeast and
worm phosphorylation sites are not highly conserved with
respect to higher eukaryotss. These observations are in con-
cordance with recent findings that many of the known human
kinases evolved after the divergence between veast and
higher eukaryotes (54). Therefore, there are a considerable
number of yeast-specific kinases that are not present in
higher eukaryotes and vice versa. The worm kinome also
differs significantly from kinomes of other eukaryotes. It is 2
times larger than the fly kinome, and half of the worm kinases
are namatode-specific.

In this study, we were particularly interested in the avolution
of phosphorylation in the mitochondrion, the organelle that
presents the phylogenetic link between prokaryotes and eu-
karyotes according to the endosymbiotic theory. Phosphory-
lated peptides from mitochondria were enriched from different
mouse cell types (myotubes, hepatocytes, and adipocytes).
The experiments were performed in cell lines {(3T3-L1, C2C12,
Hepa 1-6, and brown preadipocytes) and tissue samples
(brown adipose tissue). These cells play a pivotal role in
essential body functions such as energy expenditure, man-
agement, and storage, which are assoclated with maln mito-
chondrial processes {8.g. pyruvate/acetyl-CoA utilization, ox-
idative phosphorylation, and fatty acid oxidation). The
phosphoproteome of mouse mitochondria represents a rich
source of novel roles of protein phosphorylation in this or-
ganelie and forms the basis for comparison of mitochondria
with prokaryotes and eukaryotes.

Mitochondria from the different cell types were enriched by
biochemical approaches. Proteins identified as phosphoryla-
ted by MS were further filtered based on validated mitochon-
dria repositories and annotations {MitoCarta and gene ontol-
ogy). This was done because all biochemical methods have
soma limitations, making it impossible to purify any organellar
fraction to complete homogeneity, Without this filtering, phos-
phorylation sites originating from relatively minor cytosolic
contaminations of the mitochondrial fraction would otherwise
dominate the phosphoset, especially when adding the phos-
phoproteome from several cell types.

2650 Molecular & Cellular Proteomics 9.12
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The measured mitochondrial phosphoproteome consists of
174 phosphorylation sites on 74 mitochondral proteins. Al-
though mitochondria are part of eukaryotic cells, our analysis
thus clearly shows that In terms of the size of their phospho-
proteome they are similar to prokaryotes. The phosphopro-
teoma is enriched for essential proteins that are involved in
binding and transport, The comparatively sparse mitochon-
drial phosphoproteome underlines the difficulty to identify
phosphorylation sites in this organelle. Thus, the overlaps
between different Identified mitochondrial phosphopro-
teomes are not expected to be high. In fact, only 13% of our
phosphosites overlap with data from a previous mitochondrial
study by Lee et al. (29). In comparison, the overlap between
our data sets derived from different cell types is relatively high
{around 40%). This motivated us to confirm our conclusions
with other mitochondrial data sets. We found that mitochon-
drial proteins are indeed relatively more conserved in pro-
karyotes than the non-mitochondrial eukaryotic proteome
(Fig. 3). This is consistent with the endosymbiotic theory.
However, the overlap between mitochondrial and bacterial
phosphoproteomes Is very low, which is in agreement with a
model in which regulation of mitochondrial proteins via phos-
phorylation may have evolved after the endosymbiotic event.
This finding is also In concordance with the fact that prokary-
otic phosphoproteomes themselves have a very low overlap
and with the idea that regulation by phosphorylation is
relatively recent introduction during evolution.

Mitochondrial phosphoprotaeins also proved to have sig-
nificantly more orthologs in the eukaryotic domain. This
was expected because of their essential roles in the eukary-
otic cell. This pattern has also been reported for other
phosphoproteomes.

Within the eukaryotic domain, we found that mitochondrial
as well as non-mitochondrial phosphoproteins have more
orthologs than non-phosphorylated proteins. This held true in
a large variety of experimental systems; for example, for the
analysis of mammalian phosphorylation conservation, we
used data obtained from measurements of two different hu-
man cell linas as well as a mouse cell line and a mouse tissue.
Our analysis of the global alignments of orthologs in 37 eu-
karyotes shows that mitochondrial mouse phosphorylation
sites are more conserved than non-phosphosites of the same
proteins with the same structural features throughout higher
eukaryotes. The significance of this observation decreases
with more distantly related lower eukaryotes.

The overall picture that emerges from our evolutionary anal-
ysis of serine/threonine/tyrosine phosphorylation contains
several major discontinuities. One is between bacteria and
aukaryotes: bacteria have only a few percent of the phosphor-
ylation events that eukaryotes have. In support of the endo-
symbiotic hypothesis of mitochondrial crigin, we found this
organelle to be sparsely phosphorylated, just like bacteria.
The second discontinutty of the phosphoproteome |s between
yeast and other eukaryotes. Here our phosphoproteomics

analysis parallels the notion that much of the signaling func-
tion of phosphorylation involves cell-cell communication. This
Is evident in the high conservation of phosphoproteins and
phosphosites within metazoans but low conservation in a
single cell organism. Furthermore, the womm phosphopro-
teome is poorly conserved throughout the eukaryotic domain,
which is in concordance with ite distinct kinome evolution and
overrepresentation of phosphorylation events on substrates
that are involved in the sex determination and development of
C. elagans (44).

Taken together, our analysis establishes the phylogenetic
study of the mitochondrial and non-mitochondrial phospho-
proteome as a fruitful adjunct to the evolutionary study of the
kinase-encoding genes. The recent increase in the number of
studies on the evolution of phosphorylation and its regulation
shows the current interest in this field. For example, a very
recent comparison of phosphorylation patterns across yeast
species showed that kinase-substrate interactions change 2
orders of magnitude more slowly than transcription factor-
promoter interactions and that protein kinases are important
for the phenotypic diversity (53).

In the future, the ever increasing quality and depth of pro-
teomics studies will help to identify more complete phospho-
proteomes and will also provide important quantitative infor-
mation, for example on phosphorylation site stoichiometry.
Combined with functional studies at the site level, which is still
a major bottleneck, as well as mora in-depth knowledge of
kinase-substrate relationships, this will allow the derivation of
a more detailed picture of the evolution of phosphorylation
and its role in the cell. Nevertheless, the major features of the
evolution of the kinome {54) and the phosphoproteome are
already clear.
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